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Regenerative and Repair Strategies 
for the Central Nervous System

Donald S. Sakaguchi

Abstract

This chapter has presented a number of approaches that may be effective in augmenting the 
limited repair capacity of the mammalian central nervous system (CNS). In comparison to 
the CNS, the regenerative capacity of the peripheral nervous system can be quite robust and 
a number of investigators have sought to identify differences in the hope of identifying 
molecular targets that may be exploited to enhance CNS regeneration. Another promising 
approach has been cell transplantation in order to replace lost cells within the damaged or 
diseased CNS. The choice of cell type will be critical in developing cell-based regeneration 
and repair strategies. For example, if stem cells (pluripotent or multipotent) are selected, the 
cells must be competent to generate specific cell types targeted for each disease. Furthermore, 
if pluripotent cells are selected, this increases the risk of teratoma formation. Cellular repro-
gramming or direct conversion of somatic cells into functional “induced” neuronal cell 
types may also be a feasible approach. However, there may be limitations on the number of 
cells that can be effectively generated using this methodology.
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47.1  Introduction

The field of regenerative medicine in the context of the central 
nervous system (CNS) is focused on the ability to repair, 
replace and regenerate neural tissues, affected due to some 
disease condition, injury, or due to the aging process. The 

underlying goals are to develop therapies capable of restor-
ing function of the CNS.

The nervous system is composed of two major parts, the 
central nervous system (CNS) and the peripheral nervous 
system (PNS). The major components of the vertebrate CNS 
include the brain, spinal cord, and retinas (and optic nerves). 
The CNS integrates sensory information from the environ-
ment as well as internally and is responsible for coordinating 
the organism’s activities and behaviors. The PNS consists of 
the ganglia and nerves outside of the CNS and a principal 
function is to connect the CNS with limbs and organs, serv-
ing as the communication relay. Disease or damage to the 
nervous system can lead to severe functional and behavioral 
deficits. The neuroregenerative capacity of the PNS and the 
CNS are quite different and can vary widely across species 

mailto:dssakagu@iastate.edu


800

(Horner and Gage 2000). While regeneration of cut or damaged 
axons readily occurs in the mammalian PNS, as well as in 
the CNS of lower vertebrates such as frogs, newts and some 
fish, the adult mammalian CNS has limited capacity for 
regeneration.

A prominent difference in the regenerative capacity of the 
mammalian PNS versus the CNS is associated with the glial 
cells that form the myelin sheath on the axons, the Schwann 
cells and oligodendrocytes, respectively. The myelin sheath 
formed by these two glial cell types serves as an electrical 
insulator and facilitates the propagation of action potentials 
along the length of many axons throughout the nervous sys-
tem. While there are a number of similarities between these 
two glial cell types, significant differences are clearly evi-
dent with respect to their role in neural regeneration (Martini 
et al. 2010). The Schwann cells of the PNS are derived from 
the neural crest and following peripheral nerve injury pro-
vide a conducive environment for axonal regeneration for 
peripheral neurons, as well as CNS neurons projecting 
through the PNS. Following peripheral nerve injury, prolifer-
ating Schwann cells produce and secrete a number of trophic 
factors with growth promoting activities including, nerve 
growth factor (NGF), brain-derived neurotrophic factor 
(BDNF), and glial cell line-derived neurotrophic factor 
(GDNF) (Bunge 1994; Johnson et al. 1988). These neuro-
trophic factors promote the survival of the injured neurons 
and are also involved in regulating gene expression programs 
involved in axon regeneration and formation of the growth 
cone (Reichardt 2006; Kwok et al. 2014). In addition, they 
produce extracellular matrix molecules (ECM) such as lam-
inin and fibronectin that promote neurite outgrowth and also 
express integrin ECM receptors and numerous cell adhesion 
molecules including, neural cell adhesion molecules 
(NCAMs) and N-Cadherin (Thornton et al. 2005).

A principal reason for the absence of a prominent regen-
erative capacity in the adult CNS resides within the glial 
environment. The myelin producing cells of the CNS, the 
oligodendrocytes are derived from oligodendrocyte progeni-
tor cells (OPCs) generated from neuroepithelial cells lining 
the ventricles and central canal of the brain and spinal cord, 
respectively. The limited regenerative capacity of the adult 
mammalian CNS is in large part due to the oligodendrocytes, 
along with astrocytes (another major glial cell component of 
the CNS), that produce a number of inhibitory molecules at 
the site of injury that suppress regeneration and the reestab-
lishment of function. Lesions in the CNS result in the forma-
tion of a glial scar and the production of myelin-associated 
molecules that inhibit axon regrowth including chondroitin 
sulfate proteoglycans (CSPGs), Nogo-A, myelin-associated 
glycoprotein (MAG), oligodendrocyte-myelin glycoprotein 
(OMgp), ephrins (B3 and A3), semaphorins (4D, 5A, and 
3F), and myelin glycolipid sulfatide (Giger et al. 2010; Silver 
et al. 2015). Identification of corresponding receptor systems 

for many of these molecules have demonstrated that the 
functional receptors mediate growth cone collapse and growth 
inhibition.

Advances in the fundamental understanding of neurode-
velopment can provide insight in development of strategies 
for rescue and repair of the damaged and diseased nervous 
system. Experimental studies during early neural develop-
ment as well as clinical observations suggest that when com-
pared to the adult mammalian CNS, the immature CNS 
provides a more permissive environment such as that can 
support regeneration. For example, axonal regeneration 
across a lesion site can occur in fetal mouse and rat spinal 
cord. Results for successful spinal cord regeneration across a 
crush or transection in the neonatal opossum spinal cord 
(before 12 days postnatal) have led to reestablishment of 
synaptic connections and behavioral recovery (Saunders 
et al. 1998). During this permissive period of CNS regenera-
tion there is a notable lack of myelin. Furthermore, the end of 
this “critical period” for CNS regeneration is marked by the 
appearance of neurite growth inhibiting molecules associ-
ated with the appearance of the oligodendrocytes (Varga 
et al. 1995). As such, a number of strategies to stimulate 
CNS regeneration have focused on neutralizing these inhibi-
tory myelin oligodendrocyte- associate factors.

An additional limiting factor for successful axon regen-
eration appears to be a relatively poor intrinsic regenerative 
capacity within adult mammalian CNS neurons (Lu et al. 
2014). Indeed, there is a difference in physiological neurite 
outgrowth during development compared to axon regenera-
tion in mature neurons. One might surmise that axonal 
regeneration recapitulates axonogenesis during development 
since both processes require the formation of a growth cone 
for process extension. However, although intrinsic mecha-
nisms play a significant role in axon outgrowth during devel-
opment, extrinsic environmental cues are also essential in 
regulating this process and in determining target recognition 
(Kolodkin and Tessier-Lavigne 2011). Understanding how 
intrinsic and extrinsic cues regulate regeneration in the 
mature CNS has been a focus for regenerative medicine for 
many years (Fawcett et al. 2012; Harel and Strittmatter 
2006). The earlier work of Aguayo and colleagues demon-
strated that providing a permissive environment that of a 
peripheral nerve graft, supported the regeneration of some 
adult CNS axons (David and Aguayo 1981; Keirstead et al. 
1989). Additional studies have demonstrated that, following 
lesions in the CNS, undamaged axons can sprout new neu-
rites and form functional synaptic connections with consid-
erable specificity within relatively localized regions. 
Furthermore, under the appropriate circumstances some sev-
ered CNS axons can regrow considerable distances (several 
centimeters) and form synaptic connections, however the 
majority of severed axons fail to regenerate. A number of 
recent studies have elucidated several molecular signaling 
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pathways that are involved in regulating the ability for adult 
axonal CNS regeneration (Lu et al. 2014). The PTEN/mTOR 
pathway appears to be a general signaling pathway regulat-
ing axon regeneration (Park et al. 2009). The JAK/STAT and 
DLK/JNK pathways may also be involved in providing sig-
nals from the damaged or lesioned axon to the neuronal soma 
in order to initiate an injury response leading to regeneration. 
Identification of these as well as other molecular pathways 
may provide insight into mechanisms for promoting regen-
eration of adult CNS axons following injury or disease.

47.2  Development of Experimental 
Strategies to Regenerate and Repair 
the CNS

The lack of a robust regenerative capacity in the CNS, along 
with limited treatment options for patients with CNS injury 
or other neurodegenerative conditions has in part led to the 
development of the fields of regenerative medicine and CNS 
tissue engineering. A number of different strategies are 
actively being pursued to enhance CNS regeneration.

One approach takes into consideration the regenerative 
capacity of the PNS by grafting a segment of peripheral 
nerve into the CNS. Earlier studies by Aguayo and col-
leagues were among the first to demonstrate that CNS axons, 
those of the retinal ganglion cells (RGCs), were able to 
regenerate effectively through an autologous peripheral 
nerve graft (Keirstead et al. 1989). In these studies a segment 
of the optic nerve was removed and replaced by a peripheral 
nerve graft taken from the sciatic nerve. The other end of the 
sciatic nerve was then sutured into the normal visual target, 
the superior colliculus. Following regeneration of at least 
some RGC axons, electrophysiological recordings revealed 
light evoked activity in the superior colliculus. However, 
behavioral recovery was not demonstrated after regeneration 
of host projections. These early studies provided compelling 
evidence for the regenerative capacity of adult mammalian 
CNS axons, under the appropriate conditions. Thus, provid-
ing a regenerative conducive environment (in this case a 
grafted peripheral nerve containing Schwann cells) is an 
important consideration for development of CNS regenera-
tive therapies.

47.2.1  CNS Regenerative Failure and the Glial 
Environment

Studies using animal models of CNS injury have provided 
excitement in the field of CNS regenerative medicine by mod-
ulating and boosting the intracellular signaling pathways 
involved in axon outgrowth as well as manipulating the extra-
cellular barriers associated with the glial scar. A number of 

approaches have been employed to neutralize myelin- 
associated inhibitory factors that suppress CNS axon regener-
ation following injury. Approaches have included development 
of function-blocking antibodies, Nogo- receptor- blocking pep-
tides and fusion proteins, as well as extensive in vivo studies 
generating knockout mice to regulate levels of expression of 
the myelin-associated inhibitory molecules. These strategies 
have been used in a number of experimental models including 
spinal cord injury, stroke, and autoimmune diseases. Studies 
conducted in adult non- human primates subjected to a unilat-
eral spinal cord cervical lesion showed functional and behav-
ioral recovery of some motor skills following intrathecal 
administration of a function blocking anti-Nogo A antibody 
(Freund et al. 2009). These strategies have been implemented 
in clinical trials for acute spinal cord injury (Abel et al. 2011) 
and ozanezumab, a humanized monoclonal antibody against 
Nogo-A has been used in amyotrophic lateral sclerosis 
(ALS) patients (Meininger et al. 2014).

47.2.2  Inflammation and CNS Regeneration

Most neurodegenerative diseases and CNS injury are accom-
panied by a local inflammatory response. Characteristics of 
the neuroinflammatory response include invasion of circulat-
ing immune cells (macrophages and lymphocytes) and 
induction of inflammatory mediators including a variety of 
cytokines and other reactive molecules. Since many of these 
molecular entities are produced locally around the site of 
injury or inflammation, they have become targets for possi-
ble therapeutic intervention. Neurons and glial cells (oligo-
dendrocytes, astrocytes and microglia) can produce 
inflammatory mediators, as well as their respective cytokine 
receptors throughout the CNS. Their low levels of expression 
in the healthy brain suggest they may contribute to normal 
homeostatic functions within the CNS. Under pathological 
conditions, microglia and macrophages are recruited to the 
site of injury. Damaged cells and their associated debris 
serves to stimulate the resting microglia to transition into 
migratory macrophages that produce cytokines and trophic 
factors that can exert both damaging as well as protective 
effects on cells within the local environment. Differentiation 
of macrophages towards “classically” (M1) activated state 
can be neurotoxic and induce extensive retraction of dam-
aged axons (Horn et al. 2008; Kigerl et al. 2009). As such, 
depletion of M1 macrophages appears to have neuroprotec-
tive effects in models of spinal cord injury. Interestingly, 
macrophages can also mediate sprouting of injured CNS 
axons likely through release of neurotrophic and growth 
factors and/or by indirectly activating glial cells within the 
scar region (Benowitz and Popovich 2011). Provision of 
neurotrophic factors by transplanted microglia and macro-
phages may help to explain their activity in promoting axon 
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 outgrowth in different models of spinal cord injury (Rapalino 
et al. 1998). Differentiation of macrophages towards the 
“alternatively” (M2) activated state has been associated with 
neuroprotection and enhancement of neurite outgrowth from 
damaged CNS neurons. Compared with the M1 phenotype, 
the M2 macrophages appear more proficient at CNS repair 
(Silver et al. 2015). Therapeutic applications using autolo-
gous macrophage transplantation appears promising in clin-
ical trials (Jones et al. 2010). Methods that modify the local 
injury environment to favor the conversion of macrophages 
towards the M2 phenotype are likely to have benefits in 
CNS regeneration and offer additional interesting therapeutic 
targets.

47.2.3  Adult Neural Stem Cells 
and Endogenous Repair of the CNS

Many neurodegenerative diseases result in significant neuro-
nal loss. Neuronal cell death is also frequently associated 
with severe neural insults, such as traumatic brain injury 
(TBI), chronic traumatic encephalopathy (CTE), stroke, and 
spinal cord injuries. Development of strategies to replace 
dead or dying neurons is likely to rely, in part, on important 
advances in understanding the fundamental mechanisms of 
endogenous neurogenesis. As such, a fundamental concept 
of regenerative medicine in the CNS is to develop strategies 
to improve neuronal survival and replace cells lost as a result 
of neurological disease or injury.

The discovery of neural stem cells within the adult mam-
malian brain has focused considerable interest into harness-
ing the endogenous capacity of these cells for CNS 
regeneration and repair. The original concept of adult neuro-
genesis in the mammalian CNS was quite controversial and 
was met with considerable skepticism. However, it is now 
well established that new neurons are generated throughout 
life in specific neurogenic regions of the dentate gyrus (DG) 
of the hippocampus and the subventricular zone (SVZ) 
(Altman and Das 1965; Gage et al. 1998; Lois and Alvarez- 
Buylla 1993; Reynolds and Weiss 1992; Aimone et al. 2014). 
Since the original reports a number of studies have demon-
strated that adult neurogenesis in the DG plays a role in 
hippocampal- dependent learning and memory (Aimone et al. 
2014), while adult neurogenesis in the SVZ results in produc-
tion of new olfactory interneurons necessary for the normal 
function of the olfactory bulb and associated behaviors 
(Sakamoto et al. 2014). Considerable research efforts have 
elucidated mechanisms regulating proliferation and the dif-
ferentiation of these adult stem cells into specific neural cell 
types. Furthermore, studies have also investigated adult neu-
rogenesis in the context of neurodegenerative conditions such 
TBI and experimentally induced focal lesions (Perederiy et al. 
2013; Sun 2016). Studies have demonstrated that different 

models of TBI significantly increased cell proliferation in the 
DG and SVZ of rodents (Sun 2016). However, due to a num-
ber of challenges including, difficulties in obtaining human 
brain tissue and cell birth dating studies, evidence of TBI-
induced neurogenesis in the human brain is lacking. 
Nevertheless, mobilizing and augmenting endogenous adult 
neurogenesis is an attractive strategy towards repopulating 
the damaged or diseased CNS. Since the natural regenerative 
capacity of the adult CNS is quite limited, exogenous methods 
must be employed. With this type of strategy in mind, a num-
ber of studies have shown that different growth factors can 
enhance adult neurogenesis in vitro and in vivo in animal stud-
ies. Factors that have a demonstrated enhancement of neuro-
genesis and synaptic plasticity include, BDNF, basic fibroblast 
growth factor-2 (FGF-2), epidermal growth factor (EGF), 
NGF, vascular endothelial growth factor (VEGF) and insulin-
like growth factor (IGF) (Vivar et al. 2013). In addition to neuro-
trophic and growth factors, a number of drugs currently in 
clinical trials for treating neurological conditions, including 
TBI, enhance neurogenesis in animal studies. These include, 
erythropoietin, statins, and imipramine (Sun 2016; Xiong et al. 
2013). However, it should be noted that in addition to an 
enhancement of neurogenesis, these exogenous agents in many 
cases also exert neuroprotection which may also contribute to 
enhanced recovery in behavioral and functional studies. 
Nevertheless, these findings should prove valuable in designing 
clinical strategies to improve the prospects of endogenous adult 
neural stem cell- based therapies.

47.3  Stem Cells for CNS Repair Strategies

The successful isolation of human embryonic stem cells and 
the development of induced pluripotent stem cell technologies 
is making it possible to recapitulate developmental pro-
cesses, as well as modeling neurodegenerative conditions. 
Furthermore, the advent of cellular reprogramming technol-
ogies has made it possible to implement rational strategies to 
generate specific cell types with a goal of developing cell- 
based therapies for CNS disorders. Additionally, advances in 
biomaterials and in 3-D scaffold fabrication techniques is 
making it feasible to mimic the neural stem cell niche. In this 
section I provide an overview of approaches merging stem 
cells, scaffolds, drug delivery systems, gene therapy, cellular 
engineering and biomaterials to develop experimental regen-
erative strategies for the CNS (Mallapragada et al. 2015; 
Sandquist et al. 2016).

Current therapies targeted for CNS-related disorders 
often rely on the use of pharmacological-based methods, 
which in many cases are not without serious side effects. 
As such, the implementation of cell-based therapies has 
gained considerable interest. In recent decades the field of 
stem cell biology and cell transplantation has come to the 
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forefront of biomedical research with aspirations of develop-
ment of cures for various neurological disorders.

One approach is for transplanting cells that can replace 
the lost populations of neurons or glia (Fig. 47.1). 
Alternatively, transplanted cells may also provide trophic 
support via autocrine and paracrine signaling related to their 
cellular secretomes. An alternative approach involves har-
nessing the natural abilities for adult neurogenesis in order to 
generate new neurons. While another route takes advantage 
of bioengineering approaches, where cell-based approaches 
are combined with biomaterials, scaffolds and nanoneuro-
medicine concepts, in order to develop novel therapies that 
target neurological conditions.

47.3.1  Pluripotent Stem Cells

Stem cells are defined by their potentially unlimited capacity 
for self-renew and ability to differentiate into multiple cell 
types. These properties are attractive to the field of regenera-
tive medicine, which seeks to replace cells lost to neurode-
generative conditions, injury, or due to the natural aging 
process. Stem cells from a number of different sources are 
being used in neuroscience research in search of therapeutic 
treatment strategies targeting neurodegenerative diseases 
including Alzheimer’s, Parkinson’s, ALS and damage such 
as that from stroke as well as CTE. In general, stem cells are 
broadly categorized by their differentiation potential, from 
pluripotent cells, which are able to generate cells from all 
three primary germ layers (endoderm, mesoderm and ecto-
derm), to multipotent cells, which differentiate into a limited 
number of tissue specific cell types (Fig. 47.2).

47.3.1.1  Embryonic Stem Cells
Thomson and colleagues (Thomson et al. 1998) were the first 
to report the isolation and characterization of pluripotent 
human embryonic stem cells (ESCs) isolated from the inner 
cell mass of the blastocyst. Considerable interest has focused 
on the potential of ESCs to differentiate into various neural 
cell fates and thus, they have become useful as a source of 
cells for CNS transplantation and tissue engineering. However, 
derivation of specific cell types in some cases requires compli-
cated and expensive schemes to generate a relatively small 
proportion of the desired cells and hence considerable effort is 
being devoted to overcome these obstacles.

Differentiation conditions to drive ESCs into a number of 
different neural cell types have been elucidated and these cells 
tested for possible therapeutic benefits in a number of neurode-
generative conditions; including Alzheimer’s, Parkinson’s, and 
Huntington’s disease, spinal cord injury, TBI, stroke, as well as 
blinding ocular disease with varying success.

Generation of mesencephalic precursor cells and dopami-
nergic neurons derived from ESCs has been effective in 
recovering some motor function in models of Parkinson’s 
disease (Bjorklund et al. 2002; Kim et al. 2002; Kriks et al. 
2011; Yang et al. 2008). Implantation of ESC-derived neural 
precursors has also improved behavioral deficits in models 
of Huntington’s disease (Song et al. 2007). In addition, trans-
plantation of ESC-derived neural stem cells into the cortex of 
rodent models of Alzheimer’s disease has resulted in some 
improvements in cognitive function (Wang et al. 2006). 
Embryonic stem cell-derived neural stem cells and neurons 
have also provided functional improvements in models of 
stroke (Daadi et al. 2008; Yanagisawa et al. 2006) and epi-
lepsy (Cunningham et al. 2014). Preclinical studies using 

Fig. 47.1 Central nervous 
system regeneration and 
repair strategies. Injections 
and administration of 
therapeutic agents to enhance 
regeneration (neuroprotection, 
stimulating axon growth, 
neutralizing inhibitory 
factors). Stimulating 
endogenous neurogenesis. 
Cell-based therapies using 
stem cells (ESCs, iPSCs), 
neural stem cells, neurons and 
glial cell types. A variety of 
other somatic stem cells, as 
well as other cell types may 
be used for cellular therapies. 
Coupling of engineering 
approaches with cell-based 
therapies is another strategy 
for CNS regeneration

47 Regenerative and Repair Strategies for the Central Nervous System



804

human ESC-derived OPC transplants in a rat model of spinal 
cord injury demonstrated significant improvement in loco-
motor activity and histological examination of the injured 
spinal cords showed improved axon survival and extensive 
remyelination around the axons (Okamura et al. 2007). 
Clinical trials are underway utilizing human ESC-derived 
OPC transplants for acute spinal cord injury. Promising clin-
ical trials for wet age-related macular degeneration and 
Stargardt’s macular dystrophy (Schwartz et al. 2012) are 
employing transplantation of retinal pigmented epithelial 
(RPE) cells derived from human ESCs. In this paradigm, the 
human ESCs are directed along an in vitro differentiation 
paradigm taking into consideration the normal developmen-
tal profile to generate RPE cells.

The stem cell debate: While ESCs offer hope for devel-
opment of new therapies, their use in biomedical research is 

still hotly debated and raises considerable ethical and politi-
cal concerns. Many believe that ESC research may lead to 
discoveries of new medical treatments for a number of debili-
tating neurological conditions that would potentially alleviate 
the suffering of thousands of patients. However, it still neces-
sitates the destruction of a human embryo. This debate as to 
whether the potential benefits of human ES research outweigh 
ethical objections still remains a critical moral dilemma. 
The recent discovery of reprogramming somatic cells to plu-
ripotent stem cells (see below) may serve as an alternative 
method of deriving stem cells with minimal  ethical concerns. 
Nevertheless, many biomedical researchers strongly support 
the continued study of all stem cell types to determine simi-
larities and differences and it still remains unclear which cell 
source will be the most useful for cell replacement therapies 
in the future.

Fig. 47.2 Stem cell hierarchy and multipotency of neural and reti-
nal stem cells. Pluripotent embryonic stem cells (ESC) are derived 
from the inner cell mass of a blastocyst (in humans the blastocyst 
stage is about 4–5 days post fertilization). Under appropriate culture 
conditions the ESCs can produce multipotent tissue specific stem 
cells from all three germ layers (ectoderm, mesoderm and endo-
derm). This illustration depicts the generation of differentiated cell 
types from multipotent neural and retinal stem cells. Multipotent 
neural stem cells generate the three major neural cell types present 

within the central nervous system (CNS): neurons, oligodendrocytes 
and astrocytes. Multipotent retinal stem cells produce the seven 
major cell types found within the vertebrate retina which include: 
ganglion cells, horizontal cells, cone and rod photoreceptors, ama-
crine cells, bipolar cells and Müller glial cells. Arrows curling back 
onto the same cell represent the ability for self renewal, while 
reversed arrows represent possible reprogramming events (Source: 
Reprinted from Sandquist et al.(2016), Copyright 2016, with per-
mission from Springer)
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47.3.1.2  Induced Pluripotent Stem Cells
The development of induced pluripotent stem cell (iPSC) 
technology was pioneered by S. Yamanaka and colleagues 
(Takahashi et al. 2007; Takahashi and Yamanaka 2006) who 
demonstrated that adult cells can be converted to pluripotent 
stem cells, thus removing many of the ethical barriers associ-
ated with ESC research. Induced pluripotent stem cells are 
created by genetically reprogramming adult cells into an 
“embryonic-like” pluripotent state by forced expression of 
genes and factors involved in maintaining pluripotency. 
Induced pluripotent stem cells hold significant promise in the 
field of regenerative medicine as they have become useful 
tools for drug development, for modeling diseases and have 
considerable appeal to generate patient specific- pluripotent 
stem cells (Fig. 47.3). Furthermore, since iPSCs have the 
ability of self-renewal, they can propagate indefinitely, as 
well as differentiate into a variety of cell types in the body 
(including, neurons, glia, heart, pancreatic, liver cells, etc.), 
thus representing a single source of cells that could poten-
tially be used to replace cells lost to disease or damage. 

These unlimited supplies of patient-specific cells could be 
used to generate autologous transplants, thus reducing graft-
host immune rejection. The iPSC technology has recently 
advanced to the stage of clinical trials for retinal degenerative 
conditions.

The field of stem cell biology has taken advantage of the 
normal developmental process of neural pattern formation of 
the CNS. Understanding and elucidating normal develop-
ment has provided a rational strategy to differentiate pluripo-
tent stem cells into specific neural cell types. Neuronal 
differentiation from iPSCs (as well as ESCs) is commonly 
achieved through a developmental profile that combines 
embryoid body cultures, retinoic acid stimulation and activa-
tion, and Sonic Hedgehog pathway agonists. Using specific 
factors that establish morphogenic gradients for patterning 
neural tissue, transcriptional regulation of modular patterns 
of CNS development has been key to differentiating pluripo-
tent stem cells into neural precursors (Zhou et al. 2010), 
OPCs (Wang et al. 2013), and subsequently differentiating 
these progenitors and precursors into dopaminergic neurons 

Fig. 47.3 Stem cell research. Recent advances in stem cell biology 
have revolutionized research opportunities in drug discovery. The 
ability to isolate and generate stem cell and somatic cell lines associ-
ated with specific diseases is providing effective in vitro models for 
pre- clinical testing. Stem cell research is also providing powerful tools 
to help decipher the molecular mechanisms of gene regulation and 

development. Another important goal of stem cell research is to eluci-
date the pathways for generating specific cell types that can be used for 
cell transplantation to treat a variety of degenerative diseases and inju-
ries (Source: Reprinted from Sandquist et al.(2016), Copyright 2016, 
with permission from Springer)
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(Kriks et al. 2011), cortical neurons (Shi et al. 2012), motor 
neurons (Chambers et al. 2009; Karumbayaram et al. 2009) 
as well as retinal cells (Hirami et al. 2009). In addition, iden-
tification of synthetic small molecules has also been useful 
for neural differentiation by activating signaling pathways 
that promote differentiation into specific cell lineages 
(Skalova et al. 2015).

A number of studies have successfully directed differen-
tiation of iPSCs into specific neuronal cell types for thera-
peutic applications (Lindvall 2012; Lindvall et al. 2012). 
Transplant of iPSC-derived dopaminergic neurons into ani-
mal models used for the study of Parkinson’s disease have 
shown functional benefits (Kriks et al. 2011; Wernig et al. 
2008). Re-myelination provided by OPCs derived from 
iPSCs has provided functional improvement in congenital 
hypomyelination disorder (Wang et al. 2013). Additionally, 
iPSC-derived neural progenitors transplanted into animal 
models of multiple sclerosis have ameliorated clinical fea-
tures (Laterza et al. 2013). In animal models used to study 
ALS, iPSC-derived neural stem cell transplants has resulted 

in improved neuromuscular function and significantly 
increased life span (Nizzardo et al. 2014). Neural stem cells 
from iPSCs have also shown benefits for stroke (Yuan et al. 
2013). A number of studies employing iPSC-derived neural 
precursor transplants in models of spinal cord injury have 
resulted in functional improvements as well (Romanyuk 
et al. 2014).

The development and differentiation of iPSCs and ESCs 
into specific neural cell types is often a very complicated, time 
consuming and expensive process. Furthermore, an inherent 
attribute of pluripotent stem cells is their ability for teratoma 
formation. To avoid this complication, a number of studies 
have used strategies to predifferentiate the stem cells and also 
selectively remove any remaining pluripotent cells prior to 
transplantation (Brederlau et al. 2006; Dihne et al. 2006; Doi 
et al. 2012; Erdo et al. 2003; Wernig et al. 2008).

Another approach is to avoid these developmental com-
plications by direct induction of somatic cells to neural 
cells, skipping a pluripotent state (Fig. 47.4). Direct conver-
sion has been achieved by forced expression of genes for 

Fig. 47.4 Stem cell sources for CNS transplantation. Left side of 
illustration: Pluripotent hESCs isolated from the inner cell mass of a 
blastocyst are differentiated towards neural stem cells. Isolation of 
fetal CNS derived neural stem cells. IPSCs generated by reprogram-
ming of somatic cells isolated from the patient. Direct conversion of 
somatic cells into neurons and/or glial cells. Right side of illustra-
tion: Different sources of MSCs for transplantation (BM-MSCs, 
UC-MSCs, and Adipose stem cells). Examples of other cell sources 
include OECs and OPCs. Arrows directed away from the patient 

indicate potential autologous cell sources. Arrows directed toward 
the patient indicate cell sources for transplantation to the CNS. 
Abbreviations: hESCs human embryonic stem cells, iPSCs induced 
pluripotent stem cells, OECs olfactory ensheathing cells, MSCs mes-
enchymal stem cells, BM-MSCs bone marrow-derived mesenchymal 
stem cells, hESCs human embryonic stem cells, iPSCs, induced 
pluripotent stem cells, OECs olfactory ensheathing cells, UC-MSC 
umbilical cord mesenchymal stem cells, OPCs oligodendrocyte 
progenitor cells
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differentiated neurons and by reprogramming somatic cells 
to a partially pluripotent state followed by culture with 
appropriate growth factors associated with neuronal differen-
tiation (Matsui et al. 2014). A number of neuronal subtypes 
have been generated using these methods and have included, 
cholinergic neurons (Liu et al. 2013), dopaminergic neurons 
(Caiazzo et al. 2011; Pfiesterer et al. 2011), and motor neu-
rons (Son et al. 2011).

Human iPSCs have been praised as potential replacements 
for human ESCs. Although ESCs and iPSCs possess many 
similarities in differentiation potential, some studies suggest 
there are differences in gene expression and thus questions the 
equivalence of these two cell types (Ghosh et al. 2010; Narsinh 
et al. 2011). Comparison between different iPSC lines, as well 
as between different ESC lines has revealed differences in 
gene expression profiles, implicating differences in regulatory 
control (Chin et al. 2009; Wilson et al. 2009).

47.4  Multipotent Stem Cells for CNS Repair 
Strategies

Multipotent stem cells have the ability of self-renewal and 
can give rise to other cell types, but with more limited dif-
ferentiation capacity when compared to pluripotent stem 
cells. Also referred to as somatic stem cells, multipotent stem 
cells tend to be tissue specific and are essentially committed 
to produce a particular set of cell types under normal condi-
tions. Multipotent stem cells have been isolated and charac-
terized from many organs and tissues, and are found in 
juvenile as well as in adult animals. In general, they appear 
to function to replenish cells in the various tissues through-
out the life of the organism. Because of this cell replacement 
capacity, adult stem cells are of considerable interest in the 
field of regenerative medicine. Multipotent stem cells iso-
lated from a number of different tissues have been used for 
CNS regeneration and repair strategies and include cells iso-
lated from: brain, retina, bone marrow, adipose tissue, teeth, 
and skin (Fig. 47.4).

An important challenge has been to identify conditions or 
“factors” that trigger multipotent stem cells to generate spe-
cific cell types from that of their original tissue. Furthermore, 
it appears that at least some multipotent stem cells possess 
greater “plasticity” than originally thought, as they can be 
coaxed to go beyond original lineage boundaries for produc-
ing other cell types. However, the ability to isolate large 
quantities of somatic stem cells and to maintain them in a 
laboratory setting in order to generate therapeutic quantities 
of cells remains a significant issue. Although a number of 
challenges must be overcome before multipotent stem cells 
can be considered for routine use in the CNS, their potential 
benefits are numerous and they hold promise for treating 
neurodegenerative diseases and CNS injury (Fig. 47.4).

47.4.1  Neural Stem Cells

Neural stem cells are self-renewing multipotent stem cells 
that can differentiate into neurons, astrocytes and oligoden-
drocytes (Fig. 47.2). They have been isolated from the devel-
oping and adult CNS and have been produced in vitro 
through the differentiation of pluripotent stem cells (ESCs 
and iPSCs). Although significant progress has been made in 
understanding the biology of neural stem cells, much remains 
to be elucidated regarding identification of factors and con-
ditions that regulate their fate.

Neural stem cells possess a number of characteristics that 
make them ideal vectors for CNS rescue and repair. Once iso-
lated, they can be maintained long-term in vitro. In some 
cases neural stem cells isolated from the neonatal and adult 
mammalian brain have been maintained in culture as free- 
floating neurospheres in the presence of EGF and/or FGF-2 
(Reynolds and Weiss 1992). Neural stem cells have also been 
isolated from the adult hippocampus and maintained in 
monolayer cultures grown on laminin or other ECM sub-
strates in the presence of growth factors (Gage et al. 1998; 
Palmer et al. 1995). In addition, neural stem cells have also 
been isolated from the adult spinal cord (Weiss et al. 1996) 
and adult retinal stem cells from the pigmented ciliary margin 
(Tropepe et al. 2000).

Novel therapeutic applications are being developed that 
call for replacement of specific cell types, such as dopaminer-
gic neurons for Parkinson’s disease, oligodendrocytes to treat 
spinal cord injury, and generating photoreceptors and RPE 
for blinding ocular disorders. One approach to manipulate 
neural stem cell fate has been through addition of neuro-
trophic and growth factors in vitro as well as in vivo. A num-
ber of different trophic factors, have been identified that can 
influence gene expression and ultimately neural stem cell dif-
ferentiation potential. For example, as mentioned earlier, the 
mitogenic growth factors EGF and FGF-2 are important for 
maintenance and proliferation of neural stem cells. In addi-
tion, EGF converts transit-amplifying neurogenic precursors 
in the adult brain into multipotent stem cells (Doetsch 2003). 
Leukemia Inhibitory Factor (LIF) has been shown to support 
neural stem cell self-renewal in the adult brain (Bauer 2009; 
Bauer and Patterson 2006). A number of other studies have 
also demonstrated that multiple classes of trophic factors and 
growth factors, individually and especially in combinations, 
are also required for cell survival, avoidance of programmed 
cell death and for differentiation of neural stem cells and glial 
progenitors (Gallo and Deneen 2014; Urban and Guillemot 
2014). Epigenetic regulation of transcription as a means of 
manipulating stem cell fate is a very active area of biomedical 
research (Fan et al. 2005). Micro-RNAs are an additional 
means to regulate transcription/translation and to influence 
neural stem cell fate (Hsieh et al. 2004; Kuwabara et al. 
2004). The discovery of neural stem cells in the adult brain as 
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well as retina has encouraged research into their role during 
neurogenesis in the normal mature nervous system and fol-
lowing traumatic injury. Gaining a more thorough under-
standing of adult neurogenesis can contribute greatly to our 
knowledge of neurodegenerative diseases and to develop-
ment of novel treatment platforms.

47.4.2  Non-neural Adult Stem Cells

It is well established that endogenous CNS stem cells, as 
well as those derived through differentiation of ESCs or 
iPSCs, can generate neurons, astrocytes, and oligodendro-
cytes. However, since neural stem cells are difficult to har-
vest from the adult brain, other stem cell sources are being 
evaluated as alternatives for cell-based therapies for neuro-
logical disorders. A number of somatic stem cell sources 
have been investigated for potential therapeutic applications 
in the CNS, including mesenchymal stem cells (MSCs), 
umbilical cord (blood) stem cells, adipose stem cells, and den-
tal pulp stem cells, all sources that normally do not generate 
neural cell types (Fig. 47.4). In most cases, these non- neural 
adult stem cells appear to be capable of inducing endogenous 
neurogenesis. In addition to their neurogenic influence, these 
cell types may also have trophic effects that exert neuroprotec-
tive benefits when used to treat neurodegenerative conditions. 
However, evidence that they in fact differentiate into specific 
neural phenotypes is limited (Abraham and Verfaillie 2012; 
Stewart and Przyborski 2002).

This section will focus on MSCs as they have been iso-
lated from a number of different tissue sources, including 
bone marrow, adipose tissue, liver, umbilical cord, and dental 
pulp tissues (Ding et al. 2011). They have the ability to dif-
ferentiate into osteocytes, chondrocytes, myoblasts and adi-
pocytes (Prockop 1997). Mesenchymal stem cells are 
emerging as particularly strong candidates for CNS cellular 
therapies (Fig. 47.4) due to a number of advantages. First, 
they are readily isolated from a number of tissue sources 
using well-established procedures. Second, they are easily 
maintained and expanded in culture and can be engineered to 
produce neurotrophic growth factors for long-term delivery 
of neuroprotective substances to the injured CNS (Harper 
et al. 2011; Levkovitch-Verbin et al. 2010; Sasaki et al. 
2009). Third, MSCs can be isolated from the patient and 
therefore potentially serve as an autologous cell source. In 
addition, because MSCs express intermediate to low or neg-
ligible levels of MHC Class I or MHC Class II antigens, 
respectively, they are potentially suitable for use in alloge-
neic transplantation procedures and may thus avoid or mini-
mize the need for aggressive immunosuppressive therapy 
(Aggarwal and Pittenger 2005; Le Blanc et al. 2003). Fourth, 
unlike pluripotent stem cells, MSCs have not been reported 
to form teratomas following transplantation. Another impor-

tant advantage is that there are few if any moral objections 
associated with the isolation and use of this adult stem cell 
population.

Mesenchymal stem cells have been used to treat CNS dis-
eases in a number of preclinical models used to study 
Parkinson’s disease, cerebral ischemia, TBI, retinal degen-
eration, and spinal cord injury. Benefits that have been 
reported include reduced lesion size, enhanced neuronal sur-
vival, axonal regeneration, and improved functional out-
comes (Harper et al. 2011; Johnson et al. 2011; Kocsis 2009; 
Kurozumi et al. 2005; Abraham et al. 2009; Sasaki et al. 
2009; Zhao et al. 2002; Lin et al. 2011). Although consider-
able optimism is associated with the use of MSCs for treat-
ment of CNS neurological conditions, many challenges 
remain that must be overcome before their widespread clini-
cal application.

In this section we have presented some examples of adult, 
non-neural stem cells that have been, or are currently, being 
evaluated for possible neural plasticity and neuroregenerative 
properties. While it is clear that true neural stem cells have the 
capacity to generate CNS neurons and glia, there is only lim-
ited evidence that non-neural stem cells generate CNS neural 
progeny. Nevertheless, many sources of non- neural adult stem 
cells, including bone marrow, adipose tissue, dental pulp and 
skin, appear to possess unique qualities that make them useful 
for consideration in cell-based therapies for CNS repair and 
regeneration. In some cases these cells appear to stimulate 
endogenous neurogenesis and in many cases can also provide 
neuroprotection when transplanted into the diseased or dam-
aged brain, spinal cord, or retina.

47.4.3  Cellular Reprogramming Strategies

The biotechnological advancement of the ability to generate 
iPSCs has brought tremendous excitement to the field off 
regenerative medicine (Takahashi et al. 2007; Takahashi and 
Yamanaka 2006). However, the methodology is not without 
limitations and the reprogramming technology is sometimes 
inefficient, variable, time intensive and expensive. 
Furthermore, the pluripotent nature of the iPSCs can result in 
genetic instability, and when transplanted into animal mod-
els, the iPSCs may be tumorigenic. Therefore, it is important 
to develop alternative (or complementary) approaches for 
cellular reprogramming.

47.4.3.1  Directed Differentiation 
Towards Specific Cell Types

Cellular reprogramming is a strategy used to convert fully 
differentiated somatic cell types with defined functions, into 
another cell type. As a result, these reprogrammed cells dis-
play different characteristics and functions not normally 
associated with their original phenotype. In developing 
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reprogramming strategies clues are often collected from nor-
mal embryonic or early developmental processes. For exam-
ple, normal embryonic cellular development is guided by an 
assortment of specific extracellular soluble factors, gradients 
of chemical cues and cell-to-cell interactions that ultimately 
lead to induction and activation of specific combinations of 
lineage-determining transcription factor pathways. By focus-
ing on key developmental pathways and cell differentiation 
factors it has been possible to directly convert somatic cells 
from one fate/lineage to another using a small molecules 
approach (Zhang et al. 2012). This approach has identified a 
number of small molecules that serve to maintain self- 
renewal and to induce and/or facilitate cellular reprogram-
ming (Zhang et al. 2012). Recently, epigenetic reprogramming 
of skin-derived fibroblasts into neural cells was achieved 
using a small molecules approach (Thoma et al. 2014). In 
this approach fibroblasts were initially subjected to condi-
tions that enhance reversion towards a more “primitive” 
state. Under these conditions the cells were more susceptible 
to cell-fate changes, a process often referred to as transdif-
ferentiation (Tursun et al. 2011). Potent neural inducing fac-
tors were then used to drive the cells towards proliferating 
neural progenitor cells, and finally the cells were induced 
towards specific neural cell fates. In this study the selection 
of small molecules was guided by developmental signaling 
molecules known to be involved in generation of the particu-
lar cell types. This gene-free approach for cellular repro-
gramming is likely to have applicability beyond generation 
of peripheral glial cells and may become an important strat-
egy to generate CNS cell types as well (Thoma et al. 2014).

The direct conversion of somatic cells into neural stem/
progenitor cells, as well as neurons has been demonstrated 
using viral delivery of transcription factors. Vierbuchen and 
colleagues (Vierbuchen et al. 2010; Vierbuchen and Wernig 
2012) demonstrated that fibroblasts can be reprogrammed 
into functioning neurons using combinatorial expression of 
neural-lineage-specific transcription factors. They identified 
a combination of three factors, Ascl1, Brn2 (also called 
Pou3f2) and Myt1l, which were sufficient to convert mouse 
embryonic and postnatal fibroblasts into functional neurons 
in vitro. Recently, the direct conversion of mouse fibroblasts 
into induced dopaminergic precursors was achieved by 
ectopic expression of a set of transcription factors that 
directly reprogram somatic cells into neuronal lineage-
restricted progenitors (Tian et al. 2015). Following trans-
plantation into a mouse Parkinson’s disease model 
(MPTP-lesioned mice), the induced precursors differenti-
ated into dopaminergic neurons and were found to alleviate 
some motor deficits. Using direct reprogramming strategies 
to convert somatic cells into neurons or neuronal precursors 
has important applications for studies of neural develop-
ment, patient-specific neurological disease modeling and 
CNS regenerative medicine.

47.4.3.2  Ex Vivo Gene Therapy Approaches 
for CNS Neuroprotection

Regeneration and repair strategies for the CNS should com-
prise a multi-factorial approach addressing a number of rel-
evant issues, including optimization of survival and function 
of remaining CNS elements and modulation of trophic influ-
ences to promote neuroregeneration. Neurotrophic/growth 
factors are important candidates to augment neurorepair. 
Neurotrophic factors, including NGF, BDNF, and GDNF are 
essential during neuronal development and plasticity, and 
also can prevent apoptosis, enhance neuronal survival and 
facilitate axon regeneration. A number of approaches have 
been used for delivery of trophic factors to the damaged 
CNS. These have included direct bolus injections of the fac-
tors, incorporation into biodegradable polymer microparti-
cles that slowly release the trophic factors, and gene therapy 
approaches. While each of these methodologies has advan-
tages, a number of disadvantages necessitate the need to 
develop alternative strategies. Transplantation of genetically 
engineered cells can deliver therapeutic factors to the target 
site in the CNS and produce therapeutic effects at lower 
doses than are required with other means of delivery. In addi-
tion, a cell-based delivery system provides a potentially 
long-term delivery source.

Ex vivo gene transfer to a variety of different somatic cell 
types, including neural stem cells, MSCs, Schwann cells, 
and fibroblasts, prior to transplantation holds promise as cel-
lular platforms for delivery of therapeutic factors. A number 
of viral vectors are available for ex vivo gene delivery, 
including, adeno-associated viral, adenoviral, retroviral and 
lentiviral vectors, each with their own advantages and disad-
vantages (Hendriks et al. 2004). A number of in vitro studies 
have demonstrated proof of concept for use of genetically 
engineered cells for delivery of trophic factors for neuropro-
tective strategies. Fibroblasts and MSCs engineered to 
secrete BDNF (Frim et al. 1994) enhanced the survival of 
retinal ganglion cells (RGCs) (Castillo et al. 1994) and also 
provided neuroprotection in a retinal cell line (RGC-5) when 
exposed to toxic cellular stressors such as glutamate or 
hydrogen peroxide (Harper et al. 2009), respectively. 
Mesenchymal stem cells engineered for delivery of BDNF 
have been transplanted into the striatum of a mouse model of 
Huntington’s disease and resulted in a decrease in behavioral 
symptoms typically associated with the disease (Dey et al. 
2010). In addition, Harper and colleagues transplanted neu-
rotrophic factor-engineered MSCs to deliver a constant, low 
level of BDNF and demonstrated that this approach had 
potential for functional and structural neuroprotection in an 
experimental rat model used to study glaucoma (Harper et al. 
2011). Olfactory ensheathing cells (OECs) genetically modi-
fied to secrete GDNF were effective in promoting spinal cord 
repair. Another study demonstrated that human neural pro-
genitor cells (hNPC) can be genetically modified to release 
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GDNF using an inducible promoter system (Behrstock et al. 
2006). When transplanted into the striatum of mice the engi-
neered cells migrated within the striatum, released physio-
logically relevant levels of GDNF, and enhanced host 
dopamine neuron survival and fiber outgrowth. Furthermore, 
these cells were found to survive and release GDNF for up to 
3 months following transplantation into the aged monkey 
brain. These studies demonstrated the genetically modified 
hNPCs may be considered a safe and powerful cellular plat-
form for delivering therapeutic factors to specific targets 
within the CNS for diseases such as Parkinson’s.

Stem cells can be used to obtain a more thorough under-
standing of the complex events occurring during animal and 
human development. Gaining a more complete understand-
ing of the genetic and molecular controls regulating develop-
mental processes will likely yield information about how 
neurological diseases arise, and may provide novel strategies 
and targets for therapy (Fig. 47.3). Furthermore, stem cells 
(pluripotent and multipotent) and their derivatives are prov-
ing to be useful as model cellular systems for drug discovery 
and for toxicological bioassays (Fig. 47.3). This is particu-
larly important for preclinical testing and verification of drug 
efficacy. Perhaps an especially significant application is for 
development and implementation of cell-based transplanta-
tion therapies (Fig. 47.3). Stem cells have the ability to gen-
erate specific cell types, providing a potentially renewable 
source of replacement cells that may be used to treat a vari-
ety of neurodegenerative conditions. Coupling stem cell 
biology with biocompatible materials provides a powerful 
toolbox for development and implementation of experimen-
tal strategies for CNS regenerative medicine.

47.5  Stem Cells and Bioengineering 
for CNS Repair Strategies

Materials fabricated from natural and synthetic polymers 
have been successfully used for fabrication of biomimetic 
3-D scaffolding environments. A central goal of biomimetics 
in the context of CNS regenerative medicine is to imitate and 
model the extracellular matrix (ECM) and cellular microen-
vironment that support the growth and differentiation of 
native and transplanted cells. When developing materials and 
constructs for 3-D-scaffolds there are a number of important 
considerations regarding material selection, including bio-
compatibility, biodegradability,  biological activity, mechan-
ical properties, surface chemistry, cytotoxicity and trophic/
growth factor binding capabilities (Dhandayuthapani et al. 
2011; Sell et al. 2010; Zhu and Marchant 2011; Marti et al. 
2012). Materials that are biodegradable, with chemistries 
permitting tunable degradation rates, and displaying mechan-
ical and structural properties favoring cell adhesion, growth 
and proliferation will be important to neural regeneration 

applications. This section provides a brief survey of potential 
stem cell-based biomaterial applications for CNS repair and 
regeneration. Recent review articles provide greater detail 
about specific biomaterials and applications in tissue engi-
neering and CNS regeneration (Tam et al. 2014; Mallapragada 
et al. 2015; Sandquist et al. 2016).

A number of bioactive molecules have been used to 
enhance plasticity, stimulate neurogenesis, provide neuro-
protection and promote CNS regeneration following neuro-
logical insults. Neurotrophins are a family of bioactive 
molecules that play a role in growth and survival of develop-
ing as well as maintenance of mature neurons. The neuro-
trophin family of trophic factors includes NGF, BDNF and 
Neurotrophin-3 and 4 (NT-3, NT-4). Other neurotrophic fac-
tors include CNTF, the GDNF family of ligands (GDNF, 
Nurturin, artemin and persephin), transforming growth fac-
tor β family, interleukin-6-related cytokines, FGF family 
members, as well as a number of other inductive signaling 
molecules involved in neural patterning (Reichardt 2006). 
Development of nano/microparticle systems capable of 
delivering and releasing such therapeutic molecules has rev-
olutionized the field of drug delivery. Natural and synthetic 
polymers have been used to fabricate particulate systems for 
drug release due to their advantages, including improved 
drug stability, optimal encapsulation capacity, lower toxicity, 
fewer administration time points, ability to incorporate 
hydrophobic as well as hydrophilic drugs, sustained drug 
release capabilities, cellular uptake potential and ability to 
cross the blood–brain barrier (BBB) (Gelperina et al. 2005; 
De Jong and Borm 2008; Singh and Lillard 2009). The 
encapsulation of biologically active agents within biodegrad-
able particulate systems has provided an effective means of 
overcoming numerous challenges encountered when devel-
oping strategies for drug and gene delivery, stem cell differ-
entiation, imaging of live cells and encapsulated cell delivery 
systems for therapeutic proteins (Mudshinge et al. 2011; 
Norizadeh-Abbariki et al. 2014; Brustle et al. 2015; Ilie et al. 
2012; Lee et al. 2012; Wang et al. 2010).

A number of studies have investigated delivery of neuro-
trophic growth factors including NGF, BDNF, CNTF and 
GDNF-encapsulated in poly-lactic co-glycolic acid (PLGA) 
microparticles as a therapeutic approach in animal models 
used for study of neurodegenerative conditions, including 
Alzheimer’s, Parkinson’s disease and retinal degeneration 
(Garbayo et al. 2009; Andrieu-Soler et al. 2005; Jollivet et al. 
2004a, b; Péan et al. 2000; Grozdanic et al. 2010; Kyhn et al. 
2009). Delivery of these trophic factors resulted in functional 
improvements and tissue regeneration, likely resulting from 
neuroprotective qualities associated with these factors. As a 
combination strategy, microparticles have also been incorpo-
rated into polymer or hydrogel scaffolds for better localization, 
sustained release and better clearance when implanted in vivo 
(Burdick et al. 2006). Other studies have encapsulated cells 
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along with growth factors within biofunctionalized polymer 
scaffolds as a promising strategy for neural regeneration 
(Wang et al. 2012).

A number of synthetic and natural polymers have been used 
to develop scaffolding platforms for organizing and delivering 
cells to the CNS. Nano and microfiber systems [such as poly(L-
lactic acid) (PLLA), poly(D,L-lactide-co- glycolide) (PLGA), 
poly(ɛ-caprolactone) (PCL) etc.] have been extensively used to 
direct neural regeneration. Yang and colleagues produced 
aligned fibrous scaffolds using an electrospinning technique 
and found that the aligned nanofibers improved neurite out-
growth and enhanced differentiation of neural stem cells (Yang 
et al. 2005). Others have also used nano/microfiber systems to 
direct neurite growth and cellular alignment (Subramanian 
et al. 2011). In addition to providing physical alignment cues 
for cell growth, these types of scaffolds have also been func-
tionalized and loaded with neurotrophic factors to promote 
neural regeneration (Chew et al. 2005).

Different types of scaffolds including films, nanotubes, 
gels, and porous materials have been used in developing neu-
ral regeneration strategies (Spivey et al. 2012; McCreedy and 
Sakiyama-Elbert 2012). Polymer-based porous films loaded 
with neurotrophic factors have been used to create gradients 
and surface modification used to create nano/micropatterns 
as conduits for neural regeneration (Tang et al. 2013; Kim 
et al. 2015). Scaffold systems bearing surface patterning 
have been used to provide topographic guidance cues to cre-
ate regenerative platforms for a variety of cells, including 
astrocytes, neural stem cells, MSCs and Schwann cells 
(Roberts et al. 2014; Ho et al. 2015; McMurtrey 2014; 
Houchin-Ray et al. 2007; Rutkowski et al. 2004; Recknor 
et al. 2006; Sharma et al. 2016). Coupling stem cells and cel-
lular reprogramming, along with 3-D scaffolds (i.e., nerve 
regeneration conduits) is a significant strategy to facilitate 
nerve regeneration. In many cases these bioengineering 
approaches have been effective in promoting peripheral 
nerve regeneration. However, with appropriate modifications 
these approaches will likely have significant benefits when 
applied to CNS regeneration as well.

47.6  Summary

The complexity and accessibility of the CNS has been a limi-
tation in development of effective therapeutic interventions 
promoting neural regeneration. In addition, the environment 
of the damaged or diseased CNS is generally somewhat hos-
tile and does not support extensive regeneration. The use of 
stem cells and/or neuroprotective factors coupled with bioma-
terials may provide a powerful approach to overcome many of 
these limitations.

This chapter has presented a number of approaches that 
may be effective in augmenting the limited repair capacity of 

the mammalian CNS. In comparison to the CNS, the regen-
erative capacity of the PNS can be quite robust and a number 
of investigators have sought to identify differences in the 
hope of identifying molecular targets that may be exploited 
to enhance CNS regeneration. Another promising approach 
has been cell transplantation in order to replace lost cells 
within the damaged or diseased CNS. The choice of cell type 
will be critical in developing cell-based regeneration and 
repair strategies. For example, if stem cells (pluripotent or 
multipotent) are selected, the cells must be competent to 
generate specific cell types targeted for each disease. 
Furthermore, if pluripotent cells are selected, this increases 
the risk of teratoma formation. Cellular reprogramming or 
direct conversion of somatic cells into functional “induced” 
neuronal cell types may also be a feasible approach. However, 
there may be limitations on the number of cells that can be 
effectively generated using this methodology.

Once cells have been carefully and rigorously character-
ized in vitro they must be tested in vivo in preclinical animal 
models that best model the disease/condition. In vivo the 
transplanted cells must survive long-term at multiple CNS 
regions, integrate into existing host circuitry (for neurons), 
receive appropriate and specific regulatory inputs and elabo-
rating axons that grow and form specific and functional syn-
aptic contacts. Moreover, the transplanted cells must induce 
a clear long-term functional benefit. While established mod-
els may continue to prove beneficial, the generation of new 
genetic models, toxin-induced lesion models, or surgically 
induced lesion models should also be considered.

For cell transplantation, not only is choice of cell type 
important, but also the dose (number of cells) and location of 
cell transplants will need to be carefully considered. In addi-
tion to possible cell replacement, cell transplantation may also 
mediate repair and recovery through neuroprotection via 
release of neurotrophic growth factors, as well as the modifi-
cation of the inflammatory environment. The successful out-
come of cell transplants will also depend critically on the 
timing of the transplant in relation to the optimal stage of the 
disease at which the patient is likely to benefit the most from 
the therapy. It is important that preclinical studies also 
 demonstrate protection of remaining neural elements using 
strategies that might be employed in future patients. Although 
histological evidence for cellular protection will be important, 
this must be accompanied with significant functional and 
behavioral improvements. To be clinically viable as a treat-
ment option for CNS neurological conditions, the therapy 
must induce substantial amelioration of the neurological defi-
cits without inducing significant deleterious side effects.

The combination of cellular-based therapies along with 
bioengineering approaches is an extremely powerful 
approach for regenerative medicine. Stem cell bioengineer-
ing provides a means of manipulating the molecular, physi-
cal and cellular environment in order to enhance regeneration 
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and repair of the CNS. Understanding and mimicking the 
complexity of the local environment, composed of a multi-
tude of soluble and surface-associated signaling molecules, 
cell-to-cell contacts, cell-to-ECM, and local mechanical/
physical cues will be important in regulating not only cell 
fate, but also cell behavior.

As the field of regenerative medicine in the CNS moves 
toward the future, it is apparent that systems-level 
approaches will help guide the field of stem cell bioengi-
neering and the development of effective therapeutics. 
Understanding regulatory networks as well as the continued 
elucidation of neural connectomes will be essential for 
development of novel and effective neurotherapeutics for 
CNS regeneration and repair.

47.7  Review Questions

 1. A prominent difference in the regenerative capacity of the 
mammalian PNS versus the CNS is associated with the:
 (a) Neurons
 (b) Glial cell types
 (c) Stem cells

 2. Stem cells are characterized by which of the following 
features?
 (a) unlimited capacity for self-renew
 (b) ability to differentiate into multiple cell types
 (c) ability to differentiate into neurons only
 (d) a and b only
 (e) a and c only

 3. A CNS neural stem cell can differentiate into which of 
the following cell types?
 (a) neurons, muscle, and skin cells
 (b) neurons, astrocytes and oligodendrocytes
 (c) astrocytes, oligodendrocytes, and Schwann cells
 (d) Schwann cells, motor neurons and microglia

 4. What group of proteins plays a key role in controlling 
the program of developmental changes?
 (a) motor proteins
 (b) transporter proteins
 (c) transcription factors
 (d) synaptic proteins
 (e) restriction endonucleases

 5. A pluripotent stem cell is capable of:
 (a) generating skin cells, but not nerve cells
 (b) generating epidermal cells, but not mesoderm or 

endodermal cells
 (c) generating cell types from skin and brain, but not 

muscle
 (d) generating muscle and intestinal cells, but not neurons
 (e) generating neurons, skin, muscle and lung cells.

 6. Adult neural stem cells have been isolated from:
 (a) muscle tissue and pancreatic tissue
 (b) the hippocampus and the subventricular zone
 (c) the pons and the superchiasmatic nucleus of the 

thalamus
 (d) lewy bodies and neurofibrillary tangles

 7. Which cell type produces factors that actively inhibit 
CNS regeneration?
 (a) dorsal root ganglion neurons
 (b) Schwann cells
 (c) spinal reticular neurons
 (d) oligodendrocytes

 8. Myelin producing cells of the CNS are the:
 (a) dorsal root ganglion neurons
 (b) Schwann cells
 (c) spinal reticular neurons
 (d) oligodendrocytes

 9. Myelin producing cells of the PNS are the:
 (a) dorsal root ganglion neurons
 (b) Schwann cells
 (c) spinal reticular neurons
 (d) oligodendrocytes

 10. Which of the following are members of the neurotrophin 
family?
 (a) CNS, PNS and ESC
 (b) NCAM, N-cadherin, and laminin
 (c) NGF, BDNF and NT-3
 (d) IL-6, CNTF and FGF-2

 11. Which of the following can be involved in cell-cell or 
cell-ECM interactions?
 (a) PLLA, PLGA and PCL
 (b) NCAM, N-cadherin, and laminin
 (c) NGF, BDNF and NT-3
 (d) IL-6, CNTF and FGF-2

 12. Which of the following are myelin-associated molecules 
that inhibit axon regrowth?
 (a) integrin receptors, neural cell adhesion molecule, 

and N-Cadherin
 (b) PTEN/mTOR, JAK/STAT, and DLK/JNK
 (c) fibroblast growth factor-2 and epidermal growth 

factor
 (d) chondroitin sulfate proteoglycans, Nogo-A, myelin- 

associated glycoprotein, and oligodendrocyte- 
myelin glycoprotein

 13. Generating dopaminergic neurons would likely be a 
very important consideration when developing stem 
cell-based therapies to treat which disease?
 (a) glaucoma
 (b) spinal muscular atrophy
 (c) Parkinson’s disease
 (d) macular degeneration
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 14. Bone marrow-derived mesenchymal stem cells normally 
differentiate into which of the following cell types?
 (a) islet cells, Schwann cells, and macrophages
 (b) osteocytes, chondrocytes, and adipocytes
 (c) neurons, astrocytes, and oligodendrocytes
 (d) pigment cells, skin cells, and dorsal root ganglion 

cells
 15. In designing an in vitro system to isolate and character-

ize neural stem cells which factors might you select to 
promote cell proliferation?
 (a) NGF and/or BDNF
 (b) CNTF and/or GDNF
 (c) CSPG and/or LIF
 (d) EGF and/or FGF-2

 16. Integrin receptors typically bind …
 (a) neurotrophins
 (b) ECM molecules
 (c) myelin glycoproteins
 (d) Nogo-A, but not Nogo-B

 17. Characteristics of the neuroinflammatory response 
include invasion of circulating …
 (a) immune cells (oligos and astrocytes)
 (b) MSCs
 (c) immune cells (macrophages and lymphocytes)
 (d) iPSCs

 18. Adult neurogenesis in the SVZ results in production of 
new …
 (a) granule cells
 (b) photoreceptor cells
 (c) retinal pigment epithelial cells
 (d) olfactory interneurons

 19. Formation of teratomas is a potential risk associated 
with transplantation of …
 (a) MSCs
 (b) ESCs
 (c) neurons
 (d) astrocytes

 20. In theory, pluripotent cells are able to generate cells 
from which primary germ layers?
 (a) endoderm, mesoderm and ectoderm
 (b) periderm, endoderm and meristem
 (c) mesencephalon, diencephalon and metencephalon
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