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Abstract

Aging, a complex process associated with various structural, functional and metabolic changes in 

the brain, is an important risk factor for neurodegenerative diseases and stroke. These diseases 

share similar neuropathological changes, such as the formation of misfolded proteins, oxidative 

stress, loss of neurons and synapses, dysfunction of the neurovascular unit (NVU), reduction of 

self-repair capacity, and motor and/or cognitive deficiencies. In addition to gray matter 

dysfunction, the plasticity and repair capacity of white matter also decrease with aging and 

contribute to neurodegenerative diseases. Aging not only renders patients more susceptible to 

these disorders, but also attenuates their self-repair capabilities. In addition, low drug 

responsiveness and intolerable side effects are major challenges in the prevention and treatment of 

senile diseases. Thus, stem cell therapies—characterized by cellular plasticity and the ability to 

self-renew—may be a promising strategy for aging-related brain disorders. Here, we review the 

common pathophysiological changes, treatments, and the promises and limitations of stem cell 

therapies in age-related neurodegenerative diseases and stroke.
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1. Introduction

Aging is a complex process associated with various structural, functional and metabolic 

changes in the brain, leading to an increase in vulnerability to diseases and eventually to 

organismal death (He et al., 2013). For example, aging is a critical factor in the development 

of neurodegenerative diseases and stroke. As human populations become progressively older 

worldwide, large numbers of patients are in urgent need of curative therapies for these 

intractable diseases (Isobe et al., 2014). In recent years, stem cell therapies have emerged as 

a promising therapeutic approach for age-related central nervous system (CNS) diseases.

2. Age-related changes in the CNS

It is well accepted that advancing age is accompanied by multiple alterations in brain 

structure, cellular and metabolic changes, increases in oxidative stress, decreased self-repair 

capacities, reduced sensorimotor and cognitive functions, and significantly increased 

susceptibility to neurodegenerative diseases.

Age-related alterations in brain structure, including decreases in neocortical and 

archicortical volume, surface area, brain weight, and a concomitant enlargement in the 

ventricular system (Pakkenberg et al., 2003), are associated with declined neural functions in 

elderly humans. For example, there is a negative linear relationship between cortical 

thickness and advancing age in most telencephalic areas (Fjell et al., 2014), and the rate of 

grey matter loss with age has been shown to range from 3.2 to 5.3 cm3 or 0.5% each year 

(Good et al., 2001). The age-related loss in neuron numbers is approximately 9.5% over a 70 

year age-span (from 20–90 years of age), with an average loss of nearly 85,000 cells per day, 

or 1 per second. Furthermore, the number of proliferating cells is negatively correlated with 

age, which suggests that neuronal regeneration capacity is also reduced as a function of age. 

In addition, decreases in receptors and neurotransmitters and decline in synapse numbers 

also contribute to age-related disturbances in neuronal function (Lanni et al., 2010).

Although neurogenesis persists throughout life, the ability of the adult brain to repair itself is 

limited and the rate of cell renewal slows down with age. The proliferation and number of 

neuroblasts in the subventricular zone (SVZ)—one of two regions in adult brain that have 

neurogenesis capacity—show an age-dependent decline (Arslan-Ergul et al., 2013), due to 

the decrease in neural precursors and enhancement of apoptosis of newborn cells (Chen and 

Sun, 2007). Increased expression of the senescence regulator, decreased growth factor 

concentrations, and decline in metabolic functions all contribute to impairments in neural 

stem cell (NSC) maintenance and neuronal differentiation (Rafalski and Brunet, 2011). In 

short, adult neurogenesis wanes exponentially as a function of age (Jinno, 2015).

In addition to age-related impairments in neurogenesis, there is a 30% decline in white 

matter volume with aging (Marner et al., 2003). Axon numbers decrease 10% per decade 

(Marner et al., 2003), and total myelinated nerve fiber lengths exhibit 40–50% reduction 

with age (Pakkenberg et al., 2003). The age-dependent white matter alterations encompass 

Wallerian degeneration, axonal damage, demyelination, gliosis, and fiber loss (Burzynska et 

al., 2010). However, white matter plasticity/restoration also continues through adulthood 
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(Wang and Young, 2014). Oligodendrocyte progenitor cells (OPCs) are activated by many 

chemical signals during axonal inflammation and demyelination and migrate from the 

ventricular zone to the appropriate destination and differentiate into mature, myelinating 

oligodendrocytes. Compared with young brains, the aged brain had fewer OPCs, with lower 

proliferation and differentiation potential (Ohta et al., 2003). Furthermore, the number of 

oligodendrocytes decreases in an age-dependent manner (Jinno, 2015). As a result, the 

efficiency of remyelination is significantly reduced in the aged brain (Yang et al., 2012). In 

addition, a decline in axonal regeneration and functional recovery in injured older animals is 

associated with loss of extracellular matrix components, neurotrophic factors, and intrinsic 

feedback mechanisms (Roozbehi et al., 2015). Thus, the capacity of white matter for 

plasticity and repair is greatly diminished during aging.

The neurovascular unit (NVU) is composed of neurons, glial cells (oligodendroglia, 

astrocytes, and microglia), and vascular elements (endothelium, pericytes, and vascular 

smooth muscle cells), and these components are known to communicate and interact with 

each other (Bell and Zlokovic, 2009). Oxidative stress, protein and DNA modifications and 

damage, and mitochondrial dysfunction are key mechanisms linked with aging (Sahin and 

Depinho, 2010). Other age-related pathophysiological alterations in the CNS include cell 

senescence and apoptosis, caloric restriction and metabolic dysfunctions, 

neuroinflammation, and microglia activation. All these factors contribute to NVU damage, 

leading to neurovascular uncoupling, basement membrane rupture, pericyte loss, and blood-

brain barrier (BBB) compromise. The role of the neurovasculature and BBB in the 

development and progression of neurological diseases is well accepted. Thus, neuronal 

injury is not the only contributor to disease initiation and development, and rectifying 

disruption in glial and vascular cells may offer new methods to ameliorate neuronal 

degeneration (Zlokovic, 2011).

3. Common features of neurodegenerative diseases and stroke in aging

Neurodegenerative diseases, the most common disorders of the brain, are characterized by 

the formation of disease-specific misfolded proteins, loss of neurons and synapses, and 

eventually cause cognitive and/or sensorimotor malfunctions (Bredesen et al., 2006). Stroke 

is one of the major causes of disability and mortality worldwide and is characterized by 

ischemia-induced disruption of neuronal networks and disturbances in the BBB, both of 

which contribute to significant neurological dysfunction (Ding et al., 2013; Corbett et al., 

2014). Aging, an important risk factor for both neurodegenerative disease and stroke, not 

only renders patients more susceptible to these disorders, but also attenuates self-repair 

capabilities (Hung et al., 2010; Donnellan et al., 2012). In addition, lowered drug 

responsiveness and intolerable side effects remain key challenges in the prevention and 

treatment of senile diseases. Cell-based therapies, which offer both cell replacement and 

neuroprotection, have emerged as a new research tool and therapeutic approach in 

neurodegenerative diseases and stroke field.
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4. Stem cells at the forefront of basic research

Stem cells are characterized by the ability to self-renew and to differentiate into mature cells 

(Henningson et al., 2003). There are two therapeutic strategies employing stem cells: 

stimulation/boosting of the endogenous neural progenitor cells and implantation of 

exogenous stem cells. The potential mechanisms underlying stem cell therapies including 

direct replacement of damaged or lost cells, facilitation of tissue repair, secretion of trophic 

factors and growth molecules, mobilization of endogenous stem cells, and 

immunomodulation (Chiu and Rao, 2011). Engrafted stem cells have been shown to 

integrate into the resident neural and synaptic networks to promote neurological 

reconstruction in animal models of neurodegeneration (Chan et al., 2014a). Stem cell 

therapies have also been tested in neurodegenerative diseases and stroke clinical trials. 

Although stem cell research is still in its infancy, it has become evident that stem cell 

therapy is safe and beneficial (Karussis et al., 2013). Here we summarized the type and 

general aspects of stem cells used in basic research and clinical trials as well as the routes of 

stem cell delivery.

4.1. Embryonic stem cells (ESCs)

ESCs have potent self-renewal and differentiation capacities and can further divide into 

multilineage adult cells including mesenchymal stem cells (MSCs), neural stem cells 

(NSCs), and other cell types. Thus, ESCs can be used as a limitless cell resource for 

regenerative medicine (Wobus and Boheler, 2005), and their differentiation into specific 

neurons has great clinical utility in regenerative therapies for CNS disorders (Drouin-Ouellet 

and Barker, 2014). However, ethical considerations have prompted research into alternative 

stem cell sources. Furthermore, the equivalent capabilities to differentiate into various 

somatic cell types may be problematic for stem cell-based therapies (Kazmerova et al., 

2013). Multiple experiments have demonstrated that ESCs engrafted into animals present 

with poor differentiation and inappropriate migration properties, and, in some cases, the 

formation of teratomas or tumors (Carson et al., 2006). In addition, allogeneic 

transplantation of ESCs might lead to rejection of implanted cells by the host tissue (Spits et 

al., 2008). These problems have hindered the application of ESCs in translational medicine.

4.2. Induced pluripotent stem cells (iPSCs)

In 2006, Takahashi and Yamanaka successfully reprogrammed mature cells into iPSCs by 

forced expression of a set of transcription factors (Takahashi and Yamanaka, 2006). This 

process is now called reprogramming and refers to the induction of a pluripotent state in a 

previously differentiated cell type. iPSCs can originate from a wide variety of cells, such as 

fibroblasts, hepatocytes, circulating T cells and keratinocytes, despite varying efficiencies 

(de Lazaro et al., 2014). Cells from the same individual can be reprogrammed by specific 

manipulations to achieve entirely different cell states. For example, in a patient with a 

degenerative brain disorder, a pluripotent cell can be taken from the skin or blood, and the 

resulting iPSCs can become a reliable source for generating those neural cells that are 

affected by the neurological disorder. Transplantation of iPSCs into a syngeneic recipient 

overcomes the negative side-effects of immunogenicity (Isobe et al., 2014). As iPSCs can be 

produced without oocytes or embryos, ethical concerns that restrict the application of ESCs 
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do not apply (Hanley et al., 2010). iPSCs provide a valuable avenue for autologous cell 

transplantation with no risk of graft rejection (Behari and Singhal, 2011). Using an 

optimized differentiation method, iPSCs can be converted into mature functional neural 

lineages, such as motor neurons, dopaminergic, gamma aminobutyric acid (GABA)-ergic, 

and glutamatergic subtypes, as well as oligodendrocytes, greatly widening the scope of 

potential applications (Matsumoto et al., 2016).

As iPSCs can elicit disease-related, non-transformed human cell phenotypes that possess the 

genomic information of the subjects from which iPSC lines were originally derived, iPSCs 

have been used to establish various disease models in vitro. The results of the in vitro iPSC 

studies offer insight into the mechanisms underlying various disorders and may be useful in 

the screening of novel therapeutic targets (Sproul, 2015). However, there are also obstacles 

that impede the application of iPSCs as cell-based therapies, such as tumor formation and 

limited and immature reprogramming (Kazmerova et al., 2013).

4.3. Somatic stem cells (SSCs)

SSCs also have high proliferative and self-renewal capacities (Belenguer et al., 2016). They 

provide the basis for tissue maintenance and response to injury in areas with high cell 

turnover, such as the blood and skin (Tumbar et al., 2004). In addition, SSCs are derived 

from some tissues with low rates of cell turnover, such as brain and muscle (Montarras et al., 

2005). SSCs generally consist of hematopoietic stem cells (HSCs), MSCs, NSCs, and 

endothelial stem cells.

4.3.1. HSCs—HSCs are mainly collected from the bone marrow and can develop into 

mature blood cells (Kim et al., 2016). HSCs can also transform into skin, liver, lung 

epithelium, and the gastrointestinal tract (Krause et al., 2001). The differentiation of HSCs 

into neurons and microglia has been reported in both in vitro and in vivo studies, and can be 

triggered by the specific microenvironment in damaged tissues, even though it occurs 

infrequently in the intact adult brain (Kan et al., 2007). HSC transplantation has been 

demonstrated to eliminate the dysfunctional immune system, and reconstruct a new immune 

system that is more compatible with the nervous system, together with significant and 

sustained inhibition of inflammation (Blanco et al., 2005). HSCs can migrate to the damaged 

lesion site and rebuild viable endothelia, enhance neurogenesis/angiogenesis, modulate 

immune responses, as well as suppress oxidative stress and inflammatory activity (Baker et 

al., 2007; Shin et al., 2011; Sobrino et al., 2011). The short-term side effects of HSC 

transplantation include infections and engraftment syndrome, whereas the long-term 

complications include secondary malignancies, endocrine disorders, and autoimmune 

diseases (Blanco et al., 2005; Epstein et al., 2009; Orio et al., 2014).

4.3.2. MSCs—MSCs found in various tissues can differentiate into bone, cartilage, fat, and 

epithelial cells of the liver, lung, skin, kidney, and gastrointestinal tract (Sanchez-Ramos, 

2002). Several studies have demonstrated that MSCs possess a neural predisposition and can 

differentiate into neural and glial cells (Glat and Offen, 2013). MSCs can produce and 

secrete neurotrophic factors, such as brain-derived neurotrophic factor and glial-derived 

neurotrophic factor (GDNF), and facilitate cell survival and promote their migration toward 
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lesion sites (Sadan et al., 2009b). MSCs can also express stromal-derived factor 1 and 

angiopoietin-1, thereby recruiting and supporting neural progenitors (Ohab et al., 2006). In 

addition, MSCs release angiogenic cytokines and extracellular matrix components, which 

are known to stimulate angiogenesis (Kinnaird et al., 2004; Hung et al., 2007). MSCs can 

activate microglia and cause their proliferation, enhance microglial phagocytosis, and 

modulate immune responses (Lee et al., 2010b; Lee et al., 2012). Finally, MSCs can mitigate 

oxidative stress, which facilitates the production of anti-inflammatory cytokines, inhibits 

glial activation, and suppresses cell apoptosis (Lee et al., 2010a).

4.3.2.1. Umbilical cord-derived MSCs (UC-MSCs): UC-MSCs are isolated from umbilical 

cord tissue, which is generally discarded after childbirth or stored for further use, thereby 

avoiding ethical concerns (Shetty et al., 2013). As an intermediate link between embryonic 

and adult tissue, UC-MSCs are a promising source of material for allogeneic stem cell 

therapies, as they can be harvested painlessly and noninvasively in abundance. UC-MSCs 

present both an immunoprivileged and immunomodulatory phenotype with low levels of 

human leukocyte antigen (Chao et al., 2012). UC-MSCs possess strong proliferation and 

stem cell properties, giving rise to multiple lineages and transforming into adipocytes, 

osteocytes, chondrocytes, cardiomyocytes, neurons, and oligodendrocytes (Koh et al., 2008). 

UC-MSCs exert neuroprotective and neuroregenerative effects through various mechanisms 

(Dalous et al., 2012). In the presence of the appropriate chemical factors, UC-MSCs can 

move to specific injury sites, and differentiate into and replace damaged or dead cells (Liao 

et al., 2009a; Yan-Wu et al., 2011). By releasing a plethora of growth and neurotrophic 

factors, UC-MSCs activate endogenous repair mechanisms to recruit and enhance 

proliferation and differentiation of host cells, leading to neurogenesis and angiogenesis (Koh 

et al., 2008; Zhou et al., 2015). By balancing anti- and pro-inflammatory cytokines, UC-

MSCs exert immunomodulatory functions, thereby inhibiting inflammation (Liao et al., 

2009b; Cheng et al., 2015). No studies to date have reported tumorigenesis after UC-MSC 

transplantation in vivo (Xiong et al., 2011).

4.3.2.2. Bone marrow-derived MSCs (BM-MSCs): BM-MSCs, the non-blood forming 

fraction of bone marrow, can differentiate into multiple cell types, including osteoblasts, 

chondrocytes, adipocytes, and vascular smooth muscle cells (Kan et al., 2007). Besides the 

properties of self-renewal, proliferation, and adherence to plastic surfaces, BM-MSCs stain 

positively for CD44, CD73, CD90, and CD105, and do not stain for CD14, CD19, CD34, 

CD45, and HLA-DR (Hilfiker et al., 2011). Several studies have demonstrated that BM-

MSCs can differentiate into neurospheres and neuron-like cells in the host brain, increasing 

their neurogenic transplant potential (Chung et al., 2013). Furthermore, BM-MSCs can be 

induced into astrocyte-like cells, which can release neurotrophic factors such as brain-

derived neurotrophic factor, GDNF, vascular endothelial growth factor, and nerve growth 

factor (Razavi et al., 2013). Through cell fusion-like processes, BM-MSCs can stimulate the 

expression of neurotransmitter receptors that are involved in synaptic transmission and 

neuronal network formation (Bae et al., 2007). In addition, BM-MSCs can improve the 

integrity of the BBB via upregulation of the tight junction-associated protein occludin and 

collagen IV (Wang et al., 2015a). BM-MSCs have strong potential as therapies for 

neurological diseases, given their capacity for reducing cell death and promoting cellular 
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proliferation, neurogenesis, oligodendrogenesis, angiogenesis, and synaptogenesis, 

(Gutierrez-Fernandez et al., 2013). BM-MSC transplantation in vivo has been regarded as 

safe over the past few decades, although BM-MSCs exhibit some neoplastic transformation 

ex vitro after a long period in culture (Sadan et al., 2009a). However, acquisition of BM-

MSCs is an invasive procedure, as they are confined to a small niche of adult tissues. With 

advancing age, the quantity, maximum life-span, and differentiation potential of BM-MSCs 

decline, somewhat limiting the application of BM-MSCs in the clinical setting (Ikegame et 

al., 2011; Yan et al., 2013).

4.3.2.3. Adipose tissue-derived MSCs (AD-MSCs): AD-MSCs, also called adipose tissue-

derived stem cells (ADSCs), are unique because they can be obtained easily in a minimally 

invasive manner from adipose tissue (Merceron et al., 2011; Bourin et al., 2013). AD-MSCs 

possess two crucial features: efficient and convenient production at a large scale and in vitro 
proliferation (Yeh et al., 2015). Besides providing a cellular source for adipogenesis, AD-

MSCs can differentiate into osteoblasts, neural cells, endothelial cells, myocytes, 

hepatocytes, and other cell types (Chan et al., 2014b), all of which are useful for tissue or 

cell replacement therapies. As they secrete high levels of self-renewal supporting factors, 

AD-MSCs may be able to reprogram into iPSCs with higher efficiencies than other cell 

types (Sugii et al., 2011). Through the release of chemokine receptors and ligands, AD-

MSCs can also home to the site of injury (Ong and Sugii, 2013). Due to deficiencies in 

surface expression of type II major histocompatibilty complex and co-stimulatory factors, 

AD-MSCs are immunoprivileged and enable allotransplantation into immunocompetent 

hosts with minimal immunoreactions in the recipients (Lindroos et al., 2011). Additionally, 

AD-MSCs exert suppressive effects on graft-versus-host disease, inflammation, and 

autoimmunity via cell-cell interactions or the secretion of immunomodulatory molecules 

AD-MSCs (Kokai et al., 2014). AD-MSCs can also release angiogenic, anti-apoptotic, 

trophic, and hematopoietic factors, which increase their potential to enhance tissue 

regeneration (Ong and Sugii, 2013; Pak et al., 2016; Wankhade et al., 2016). Thus, AD-

MSCs are characterized by versatile differentiation, manifold immunobiological functions, 

paracrine secretion of cytokines, and migration to the injury sites, all of which increase the 

therapeutic utility of AD-MSCs in regenerative medicine (Kokai et al., 2014).

4.3.3. NSCs—NSCs are precursors to both neurons and neuroglia. They are self-renewing 

cells that generate the main cellular phenotypes of the nervous system. NSCs have been 

isolated from various regions of both the embryonic and the fetal human brain (Belenguer et 

al., 2016; Harris et al., 2016). Adult human NSCs can also be obtained from brain tissue of 

patients undergoing surgical therapies. These cells are able to give rise to three major neural 

lineages—neurons, astrocytes, and oligodendrocytes (Brignier and Gewirtz, 2010). In 

models of brain injury, endogenous NSCs in the neurogenic niches propagate and migrate 

toward the areas of damage and then repair the damaged tissues (Arvidsson et al., 2002; Iwai 

et al., 2007). Furthermore, newborn neural cells can establish synaptic connections with 

surrounding neurons, integrate into existing circuitry, and repair the impaired network (Ming 

and Song, 2011). NSCs also engage in gliogenesis. Through the release of bioactive 

molecules, the newly generated astrocytes may regulate neuronal excitability, synaptic 

activity, and plasticity, and modulate neural circuitry and information coding (Araque et al., 
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2014). NSCs can also produce and release synergistic and antagonistic molecules, initiating 

signaling cascades that trigger intracellular NSC regulatory mechanisms, such as 

transcription factors, epigenetic responses, and metabolism (Bond et al., 2015).

Due to their capacity to differentiate into functional neural cells, their genetic stability, 

limited propagation, lack of tumorigenicity, and the circumvention of ethical concerns, 

NSCs are a promising therapeutic strategy for neurological disorders (Nam et al., 2015). 

However, limited sources, difficulties in isolation, proliferation and expansion, as well as 

immunological rejection remain major obstacles in the therapeutic application of NSCs. 

Although the NSC research field is still in its infancy, it nevertheless offers significant 

promise for the future treatment of CNS diseases.

4.4. In situ stem cell reprogramming

After brain injury, glial cells are activated and become hyperplastic and hypertrophic in 

order to fill up the area of tissue loss (Guo et al., 2014), a process called gliosis. Reactive 

gliosis exerts both beneficial and detrimental effects on brain function. In the acute phase, 

reactive glial scars can isolate/seal the injury site and act as protective barriers to minimize 

the area of inflammation and cellular degeneration. However, scar formation impedes axonal 

outgrowth/regeneration in the chronic phase, either by acting as a physical barrier or by 

secreting inhibitory extracellular matrix molecules, such as chondroitin sulfate proteoglycan 

(Pekny and Nilsson, 2005; Robel et al., 2011). Thus, endogenous reactive astrocytes might 

be a promising target for neuronal conversion and repair following brain lesions (Niu et al., 

2013).

Astrocytes are the most abundant and widely distributed non-neuronal cells in the adult 

CNS. Through the expression of specific transcription factors, astrocytes can be directly 

differentiated into neurons (Heinrich et al., 2011). In vitro experiments have shown that 

neurons derived from reprogrammed postnatal astrocytes in culture can acquire the 

functional identities of mature neurons and receive synaptic inputs from co-cultured cortical 

neurons (Berninger et al., 2007; Blum et al., 2011). Reactive astrocytes in vivo can be 

reprogrammed into proliferative neuroblasts in both adult and aged brains, which can be 

maintained for months and develop into functional and mature neurons, and ultimately 

integrate into existing neural circuitry. (Niu et al., 2013). By forced overexpression of three 

transcription factors, astrocytes can be successfully reprogrammed into oligodendrocytes, 

which not only repair injured white matter in experimental stroke and traumatic brain injury, 

but also attenuate the formation of the glial scar (unpublished data from Dr. Cao lab). These 

findings confirm the remarkable plasticity of astrocytes in vivo and show that astrocytes can 

be reprogrammed into fully differentiated neurons across cell lineages. Apart from 

astrocytes, NG2 cells in the cortex also can be reprogrammed into functional neurons in vivo 
(Guo et al., 2014). Thus, glial cells from the same individual may be an ideal source of cells 

for neuronal restoration, not only preventing an immune response, but also establishing a 

more natural or physiological neural network.
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4.5. Routes of stem cell delivery

Stem cells can be delivered by intracerebral or intracerebroventricular injection, 

intravascular infusion, and intranasal delivery (Misra et al., 2012). Transplanted stem cells 

not only appear in the lesion core area, but also in the region surrounding the lesion (Savitz 

et al., 2004). Different administration routes influence the migration, distribution, and the 

quantity of transplanted cells in the target area (Li et al., 2010). In addition, the type of 

disease, dosage of stem cells, and timing of cell delivery must be carefully considered 

(Misra et al., 2012). To date, there are few studies directly comparing the efficacy of diverse 

transplantation routes, and the optimum delivery route for specific cell types has therefore 

not been determined (Liu et al., 2014).

4.5.1. Intracerebral or intracerebroventricular (ICV) transplantation—
Intracerebral injection of stem cells requires fewer stem cells and is a precise delivery route, 

which may be most appropriate for NSC implantation (Liu et al., 2014). However, due to 

invasive procedures and severe adverse effects, such as seizures, motor exacerbations, 

syncope, chronic subdural hematoma, and tumorigenicity, direct stereotaxic injection has 

been used less often in clinical trials (Savitz et al., 2005). ICV injection is relatively less 

invasive than intracerebral injection, and has not shown cell-related tumorigenicity. 

However, only a small fraction of transplanted cells migrate to the target site, and ICV 

injection may cause higher risk of fever, infection, and meningitis (Rabinovich et al., 2005).

4.5.2. Intravascular infusion—Intravascular infusion is a safe and convenient 

administration approach for stem cell therapy in the clinic, and is far less invasive than ICV 

and intracerebral administration (Du et al., 2014). Intravenously-delivered cells can 

penetrate through BBB and migrate to the damaged tissue via a chemoattractant gradient 

(Bacigaluppi et al., 2008). However, cell homing to the lesion site is greatly compromised by 

peripheral filtering, such as in the lungs, liver, and spleen, (Yang et al., 2011) and there is a 

delay in functional recovery due to lengthy migration periods (Du et al., 2014). 

Nevertheless, intravenously delivered stem cells exert neuroprotection by stabilization of the 

BBB, and modulation of immune responses and anti-apoptotic pathways; these effects are 

actually independent of intracerebral migration and homing. Due to less invasive and 

convenient delivery, intravenous delivery is so far the most commonly used approach for 

stem cell delivery in clinical trials (Yang et al., 2013). However, intravenous administration 

also raises safety concerns, such as microembolus formation due to cell-to-cell adhesion, 

which can lead to lethal pulmonary emboli (Liu et al., 2014). Intra-arterial delivery of stem 

cells appears to be an attractive approach that results in faster initial accumulation, more 

widespread distribution, and relatively higher concentrations of transplanted cells in the 

target area than intracisternal or intravenous administration (Li et al., 2010). However, intra-

arterial delivery raises serious safety concerns in term of microvascular occlusion, injury 

exacerbation, and higher mortality (Li et al., 2010). The use of mononuclear cells via 

microneedles rather than catheters may circumvent these adverse events (Brenneman et al., 

2010; Chua et al., 2011).

4.5.3. Intranasal delivery—Intranasal administration can directly deliver cells to the 

CNS with minimal peripheral exposure (Chapman et al., 2013). The olfactory area is a 
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specific interface between the CNS and the external environment that bypasses the BBB 

(Chartoff et al., 2011). After intranasal injection, transplanted cells can migrate into the 

olfactory bulb, enter into the cerebrospinal fluid (CSF), and then migrate to the injured 

region. Adhesive interactions and chemokine gradients generated from injured cells may 

facilitate the homing of stem cells to target areas (Wei et al., 2013). Several studies have 

demonstrated that high quantities of intranasally delivered stem cells can enter the CNS, 

concentrate specifically at disease foci, and exert effects for several months post-infusion (Li 

et al., 2015). The safeness and efficiency of the intranasal delivery has been investigated in 

animal models of various neurological diseases (Tang et al., 2015). However, intranasal 

delivery has some disadvantages, such as active mucociliary clearance, enzymatic 

degradation, and low pH of the nasal epithelium, low permeability without absorption 

enhancers, as well as individual variability, which may cause low CNS delivery efficiencies 

and necessitate the delivery of high doses (Lochhead and Thorne, 2012). Despite these 

obstacles and a dearth of studies in the relatively novel field of intranasal delivery, it offers 

great potential for the implantation of stem cells into the brain, especially in neurological 

disorders.

5. Stem cell therapies in age-related central nervous system diseases

5.1. Alzheimer’s disease (AD)

AD, the most common neurodegenerative disease and the sixth leading cause of death in the 

United States (Xu et al., 2016), is characterized by progressive loss in memory, 

disorientation, language, problem-solving, mood swings, as well as loss of motivation and 

other cognitive functions that affect daily activities and quality of life (Wilson et al., 2012). 

Advancing age is the greatest risk factor for AD, which accounts for 60% to 70% of cases of 

dementia. Approximately 5.3 million Americans suffer from AD, including 5.1 million 

individuals over the age of 65 (Hebert et al., 2013). The cause of Alzheimer’s disease is 

poorly understood. The deposition of beta-amyloid plaques outside neurons and anomalous 

forms of tau tangles inside neurons lead to the failure of information transmission at 

synapses and neuronal death, contributing to the evolution of AD. Due to the decline and 

death of neurons, AD causes a profound shrinkage in brain volume and weight, especially in 

the telencephalon (Huang and Mucke, 2012). As a result, areas of the brain related to 

cognition and memory are severely affected, and eventually the patient is rendered unable to 

perform basic bodily functions (2012).

5.1.1. Age-related changes in the brain of AD victims—The main pathological 

changes in the AD brain are the extracellular accumulation of neuritic plaques containing 

beta-amyloid peptides, and the intraneuronal deposition of aberrant forms of tau proteins in 

neurofibrillary tangles, both of which contribute to synaptic injury and neuronal death 

(Montine et al., 2012). In addition, a second but non-amyloid process may be conducive to 

the formation of tangles in the medial temporal lobe (Mungas et al., 2014). Imbalances in 

mitochondrial dynamics and synaptic pathology are both early events in AD progression, 

and age-related mitochondrial dysfunction is associated with accumulating oxidative stress, 

elevation of intracellular calcium concentrations, and decreased mitochondrial adenosine 

triphosphate levels (Reddy et al., 2012).
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5.1.2. Current status of therapies for AD—The current treatments for AD include 

pharmacologic as well as non-pharmacologic therapies, such as music and reminiscence 

therapy. There are six drugs approved by the U.S. Food and Drug Administration (FDA) that 

can temporarily ameliorate symptoms of AD. However, the efficacy of these drugs differs 

across individuals. There are no curative treatments, including among the non-

pharmacological approaches, that have truly changed the progression of AD (2015; 

Hunsberger et al., 2015).

5.1.3. Stem cell therapies for AD—MSCs initiate neural reconstruction, remyelination, 

and immune adjustment (Urdzikova et al., 2014). MSCs can also influence amyloidogenesis 

and/or microglial activation, resulting in a reduction in amyloid-β peptide (Aβ) 

accumulation and recovery from cognitive deficits (Lee et al., 2009). MSCs also can produce 

neurotrophic factors, which can stimulate endogenous neurogenesis, angiogenesis, and 

neuronal defense systems (Martinez-Morales et al., 2013). As a result, transplantation of 

MSCs into an AD model can induce the proliferation, differentiation, and maturation of 

endogenous NSCs toward a neuronal phenotype (Kan et al., 2011). Several studies have 

shown that MSCs can remove Aβ plaques and diminish vascular injury (Garcia et al., 2014; 

Salem et al., 2014). AD-MSCs can alleviate memory impairments and decrease the amount 

of amyloid plaques and Aβ in AD mouse models by upregulating the levels of interleukin-10 

and vascular endothelial growth factor and modulating microglial activation in the brain AD-

MSCs(Kim et al., 2012; Ma et al., 2013). NSC transplantation can increase synaptic 

plasticity, reduce pathology and ameliorate spatial learning and memory dysfunction by 

increasing the expression of multiple cognition-related proteins in AD models (Blurton-

Jones et al., 2014; Chen et al., 2014c; Zhang et al., 2014). iPSC-derived macrophage-like 

cells have also been found to reduce the levels of Aβ (Takamatsu et al., 2014). However, 

aberrant metabolism of the Aβ precursor protein may interfere with stem cell biologic 

functions, leading to gliogenesis activation, and finally disable NSC migration or 

differentiation into neurons (Sugaya, 2005).

In 2015, the FDA approved the first phase 2A clinical trial of MCSs for AD treatment, and 

similar trials are currently underway or being designed in Europe and Asia (Hunsberger et 

al., 2015). The “Allogeneic Human MSCs for Alzheimer’s Disease” study (NCT02833792) 

is a phase IIa multicenter, single-blind, randomized, placebo-controlled and crossover study 

in the US, and is designed to assess the safety, tolerability and preliminary efficacy of 

ischemia-tolerant allogeneic human MSCs in patients with mild to moderate dementia due to 

AD. The “Safety and Exploratory Efficacy Study of NEUROSTEM® Versus Placebo in 

Patients With Alzheimer’s Disease” study (NCT02054208) is a combined phase 1/2a 

double-blind, single-center clinical trial in Korea and is still in the recruiting stage.

5.2. Parkinson’s disease (PD)

PD is the second most common age-related neurodegenerative disease and is characterized 

by the progressive degeneration of dopamine (DA) neurons of the nigrostriatal system in the 

midbrain and loss of other neurotransmitter phenotype neurons in non-DA brain areas 

(Buddhala et al., 2015; Schneider and Obeso, 2015). As a result of the depletion of 

dopamine release from the nigrostriatal pathway, afflicted individuals suffer from motor 
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dysfunctions such as tremor, rigidity, bradykinesia and postural instability, usually in their 

fifth to seventh decade of life (Ye et al., 2007). The motor pathologies are typically clinically 

manifested when ~60–80% of DAergic neurons in the substantia nigra are irreversibly lost 

(Cheng et al., 2010). The prevalence of PD ranges between 40 ~328 per 100,000 and rises in 

incidence from 50 years of age onwards, with a sharp increase after 60 years of age (Behari 

and Singhal, 2011). Thus, age is the largest risk factor for the occurrence and development 

of PD. Compared with younger onset patients, older onset PD patients become demented 

earlier and have more inclusion bodies throughout the brain and additional age-related 

plaque pathology (Halliday and McCann, 2010). Furthermore, aging may influence the 

clinical manifestation of PD with alterations in responsiveness to medications and drug 

adverse effects, and increased risk of dementia.

5.2.1. Age-related changes in the brain of PD victims—Apart from the 

degeneration of DA-containing neurons, PD is classified as a synucleinopathy and is 

characterized by the aggregation of misfolded alpha-synuclein and other proteins in 

intracytoplasmic inclusions called Lewy bodies and Lewy neurites (Goedert, 2001; Braak et 

al., 2003; Singh et al., 2007). Lewy pathology is not limited to the ventral mesencephalon 

but is found in multiple vulnerable brain regions, including the medulla oblongata and the 

olfactory bulb (Goedert, 2001; Braak et al., 2003; Singh et al., 2007). Mitochondrial 

impairments, oxidative damage and abnormal metabolism play crucial roles in the regulation 

of biochemical reactions triggered by the known risk factors and causes of PD (Schapira et 

al., 2009). In addition, PD may reflect a loss of endogenous compensatory mechanisms in 

vulnerable brain areas, a susceptibility that is enhanced by aging (Hindle, 2010).

5.2.2. Current status of therapies for PD—Current treatments focus on promoting the 

level of DA or simulating the effects of DA in brain, including pharmacological therapies 

such as dopamine agonists and surgical interventions (Trzaska and Rameshwar, 2007). 

Although all these measures appear to be effective in alleviating the symptoms, they are 

unable to arrest or reverse the disease progression. Furthermore, these therapeutic effects 

wane over time, and the incidence and severity of side effects increase as the disease 

progresses. Aged patients are particularly sensitive to the pharmacological therapies, 

potentially leading to confusion, hallucinations, orthostatic hypotension, and fatigue. Due to 

the possible adverse side effects such as brain hemorrhage, infarction, seizures, and even 

death, invasive surgical methods are not recommended for elderly patients (Singh et al., 

2007).

5.2.3. Stem cell therapies for PD—As there is massive DA neuron loss in PD, stem cell 

therapies have been proposed as a novel method for treating this condition (Chiu and Hall, 

2006). MSCs have been shown reduce dopamine depletion and rebuild the damaged striatal 

dopaminergic nerve terminal network in experimental PD in vivo (Sadan et al., 2009b). 

Adult human MSCs can develop into neural progenitor cells (NPCs), with the ability to 

express both DAergic and GABAergic characteristics in vitro. However, transplanted human 

NPCs differentiate into GABA but not DA neurons in the Parkinsonian rat, and the survival 

duration of neurons is short (Suon et al., 2006).
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AD-MSCs have been shown to inhibit 6-OHDA-induced neurotoxicity and ROS production 

in neurons, thereby protecting rostral mesencephalic neurons against 6-OHDA neurotoxicity. 

ADSC therapy also exhibits neuroprotective effects in methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP)-lesioned hemi-parkinsonian rhesus monkeys, with symptom 

amelioration and autograft survival (Zhou et al., 2013).

SVZ NSCs naturally exhibit a DAergic interneuron phenotype and may be a potential 

autologous source of substitution cells for PD therapy (Cave and Baker, 2009). Several 

studies have shown that DAergic neurons derived from ESCs or iPSCs grafted into PD 

model systems can both survive and integrate into the host network with remarkable 

functional improvements (Cave et al., 2014). Thus, the use of iPSCs and induced dopamine 

neurons (iDA) neurons offers a suitable approach for autologous cell-based therapy in PD 

(Han et al., 2015).

Transplantation of autologous BM-MSCs causes marginal amelioration of symptoms but 

nevertheless improves quality of life in PD patients, in the absence of significant adverse 

effects (Venkataramana et al., 2010). Human retinal pigment epithelial (hRPE) cells, an 

alternative to human fetal tissue transplants, possess the features of NPCs that permit 

differentiation into DA neurons. In a pilot clinical trial on 12 patients with idiopathic PD, 

Yin et al found that intrastriatal transplantation of hRPE cells with stereotactic operation was 

safe and tolerable, and elicited behavioral and motor improvements (Yin et al., 2012). 

However, in a randomized, double-blind study enrolling 71 eligible patients with advanced 

PD, implantation of hRPE cells provided no advantage over placebo (Gross et al., 2011). 

Benefits in open-label studies that have not reproduced in controlled studies are associated 

with patient bias, observer bias, or both, and a placebo controlled, double-blind design is 

therefore quite important. Overall, the outcomes of stem cell transplantation in PD have been 

quite diverse and adverse events such as dyskinesia have diminished the therapeutic effects 

(Karussis et al., 2013).

5.3. Stroke

Stroke is caused by reduction or interruption of the blood flow to the brain by blocked or 

disrupted vessels, leading to cerebral infarction, intracerebral hemorrhage (ICH), and/or 

subarachnoid hemorrhage (SAH). Worldwide, stroke is the second most common cause of 

mortality and the leading cause of adult disability (Gutierrez-Fernandez et al., 2015), with 

795,000 new or recurring cases reported per year in the USA alone (Roger et al., 2012). 

Aging is a major risk factor for stroke, increasing the risk of stroke by 9% for each year 

lived (Asplund et al., 2009). Due to progressive atherosclerosis, higher incidence of cardiac 

arrhythmia, hypertension and hypercholesterolemia, and vascular alterations in the aged 

population (Shuaib and Boyle, 1994), the incidence of stroke increases significantly with 

aging.

5.3.1. Age-related changes in the brain of stroke victims—Previous research 

suggested that aged animals exhibit earlier destruction of the BBB, enhanced neuronal 

damage, larger infarct sizes, higher death rates, and poorer prognosis than younger animals 

after ischemic stroke (Dong et al., 2014). Increased oxidative stress, protein and DNA 
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modifications and damage, mitochondrial dysfunction, as well as impaired energy 

metabolism contribute to the enhanced susceptibility of the aged brain to ischemia. Although 

aged brains still reserve the capacity for cytoproliferation after injury, newly generated 

neural cells are more likely to differentiate into astrocytes rather than neurons in the aged 

brain (Popa-Wagner et al., 2006), leading to rapid formation of the glial scar surrounding the 

infarcted area, which impedes the genesis of new axons, neurons, and blood vessels (Badan 

et al., 2003). Finally, the premature appearance of proliferating astrocytes and enhanced 

cellular degeneration contributes to a rapid emergence and development of the infarction as 

well as poor prognosis (Popa-Wagner et al., 2007).

5.3.2. Current status of stroke therapies—Despite positive results in animal models, 

all neuroprotectants have failed in clinical trials (Hoyte et al., 2004). Currently, recombinant 

tissue plasminogen activator (rt-PA) is the only validated approach for ischemic stroke. 

However, less than 5% of stroke patients received tPA therapies due to the narrow 

therapeutic time window and potential for hemorrhage side effects.

5.3.3. Stem cell therapies for stroke—Ischemic stroke results in brain tissue infarction 

and massive loss of neural cells. Although ischemia can trigger endogenous neurogenesis 

and angiogenesis, the majority of newly generated cells die rapidly and few of them migrate 

to ischemic regions and differentiate into mature neurons. Cell-based therapies can increase 

neuroplasticity, improve the architecture and physiology of cerebral tissue, and promote 

neurological recovery after ischemic stroke (Chen et al., 2014b). Thus, ischemic stroke 

might be more suitable for cell-based therapies than other CNS diseases. The underlying 

mechanisms for these therapeutic effects include cell replacement, nutritional support, 

immunomodulation, and activation of endogenous pro-survival processes such as 

neurogenesis, vasculogenesis, and oligodendrogenesis (Liu et al., 2014). A variety of cell-

based therapies have been investigated in ischemic stroke, including BM-MSCs, AD-MSCs, 

NSCs, and iPSCs.

MSCs can secrete multiple angiogenic factors, develop into other cell phenotypes, and 

promote proliferation of endogenous NSCs. Transplantation of human MSCs into ipsilateral 

brain parenchyma in animal models of middle cerebral artery occlusion (MCAO) may 

promote endogenous neurogenesis, migration, survival and mature of neuroblasts, which 

may lead to reductions in infarct volume and improvements in neurological function (Bao et 

al., 2011). MSCs also can facilitate axonal regeneration by inhibiting neurocan generation in 

astrocytes around the infarction zone (Shen et al., 2008). In addition, MSCs are known to 

promote angiogenesis (Liao et al., 2009a). ADSC transplantation can reduce infarct sizes 

and improve clinical outcomes, which offers promise for both ischemic and hemorrhagic 

stroke (Gutierrez-Fernandez et al., 2015). NSCs can mitigate white matter injury and 

regulate microglial/macrophage function and have emerged as a robust neuroprotective 

therapy against cerebral ischemia (Wang et al., 2015b). Transplantation of human ESC-

derived endothelial cells increases neovascularization and consequently reduces infarct 

volume with neurological recovery after stroke in a transient MCAO model (Oyamada et al., 

2008). Human ESC-derived neuronal precursor cells survive the transplantation procedure, 

migrate into the infarct zone, and differentiate into mature neural cells, resulting in reduced 
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infarct volume and enhanced behavioral recovery (Kim et al., 2007). Several studies have 

also shown neuroprotective effects of iPSCs in reducing infarct size and restoring 

neurological functions after ischemic stroke (Jiang et al., 2011; Yuan et al., 2013). In a 

parallel comparison of the curative effects of iPSCs and ESCs in a rat MCAO model, 

transplanted cells of both types survived and migrated close to the ischemic area, followed 

by development into mature astrocytes or neurons, with similar protective effects in 

functional, histological, and metabolic assays (Wang et al., 2013).

Several open clinical studies have shown the safety and feasibility of stem cell therapy in 

cerebrovascular diseases. Phase I and II trials have indicated that administration of cultured 

NSCs improves clinical outcomes without cell-related adverse effects in the follow-up 

period (Kondziolka et al., 2000; Kondziolka et al., 2005). Intra-arterial delivery of 

autologous CD34+ bone marrow stem cells into the infarct territory has also been shown to 

be safe in patients with acute ischemic stroke, and can facilitate functional recovery and 

reduce the lesion volume (Banerjee et al., 2014). A non-randomized phase-I clinical study 

enrolling eleven patients with subacute ischemic stroke showed that intravenous 

transplantation of autologous bone marrow mononuclear cells (BMMNCs) seemed safe and 

feasible, and seven out of 11 total patients exhibited improved functional outcomes (Prasad 

et al., 2012). Patients with severe embolic stroke who were administered autologous 

BMMNCs intravenously also displayed a tendency to exhibit improvements in cerebral 

perfusion and metabolism, followed by favorable neurological recovery without apparent 

adverse events (Taguchi et al., 2015). Bhasin et al demonstrated the tolerance, safety, and 

feasibility of bone marrow-derived stem cell therapy in patients with chronic stroke, and 

indicated that stem cells act as “scaffolds” for neural implantation and may support repair 

mechanisms in stroke (Bhasin et al., 2013). A multicentric, randomized phase II trial on 120 

subacute ischemic stroke patients revealed that intravenous BMMNCs therapy was safe but 

ineffective (Prasad et al., 2014). These negative results may be attributed to patient 

characteristics, cell therapy timing, dose, and route of cell administration. Furthermore, the 

location and extension of the lesions, the unstandardized endpoints and outcome assessment 

also contribute to variance (Kim et al., 2013). Stereotaxic transplantation of autologous 

peripheral blood stem cells in elderly ischemic stroke patients was safe, feasible and 

effective, and resulted in amelioration of neurological dysfunction and improvements in 

corticospinal tract integrity (Chen et al., 2014a). Additionally, intra-artery infusion of 

umbilical cord MSCs to the proximal end of the injured artery in stroke patients has been 

found to be safe and effective (Jiang et al., 2013). A study of transplantation of combinations 

of MSCs and NSCs in ischemic stroke patients with two-year follow-up revealed no 

evidence of neurological infection, neurological deterioration and tumor formation, and 

showed improvements in neurological functions (Qiao et al., 2014). Combination therapies 

of multiple cells based on an intraparenchymal approach appeared to be clinically safe and 

initially beneficial for chronic stroke patients (Chen et al., 2013). In summary, these clinical 

data demonstrate the safety and potential of stem cell therapy in stroke, but need to be 

further verified in full-scale, double-blind, and properly randomized clinical trials (Bliss et 

al., 2010).
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6. Future prospects, limitations, and conclusion

To date, research into cell-based therapies in age-related CNS diseases has not fully 

matured. Several small clinical trials of cell transplantation have been completed but have 

not yielded satisfactory evidence favoring substantial clinical improvements. In addition, 

multiple issues, such as target populations, type and source of cells, cell dosage, optimal 

timing and administration routes must be given more attention (Leak et al., 2014). Safety 

considerations such as the potential for malignant transformation and side effects such as 

epilepsy, injection site injury, and immune allergic reactions remain important concerns 

(Ding et al., 2013). iPSC-derived specific phenotype stem cells offer promise for future 

clinical trials as they reduce the potential for side effects and lessen other disadvantages of 

stem cell therapies. Harvesting sufficient allogeneic or syngeneic iPSCs is relatively easy 

and the inherent properties of these cells mitigate immune responses and guarantee specific 

terminal differentiated cell phenotypes. As the pathophysiological environment pushes the 

differentiation of stem cells toward astrocytes, it would be advantageous to use a pool of 

different differentiated neural/endothelial cells derived from iPSCs rather than iPSCs 

themselves. Aged populations exhibit a higher incidence of neurodegenerative diseases and 

stroke and have an attenuated brain self-repair capacity and poor response to treatment, 

leading to more severe outcomes. Although much research remains to be completed to 

ensure safety, tolerability, and efficacy of stem cell delivery in aged populations and to 

further optimize the delivery protocols, stem cell therapy is a promising approach for the 

future treatment for age-related neurodegenerative diseases and stroke.
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Highlights

1. We describe common pathophysiological changes 

underlying age-related neurodegenerative diseases and 

stroke.

2. We introduce the properties of different stem cells and 

discuss stem cell therapies in neurodegenerative diseases 

and stroke.

3. We describe the benefits and limitations of stem cell 

therapies in neurodegenerative diseases and stroke.
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