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Abstract

A variety of growth factors are being explored as therapeutic agents relevant to the axonal and 

oligodendroglial deficits that occur as a result of demyelinating lesions. This review focuses on 

five such proteins that are present in the lesion site and impact oligodendrocyte regeneration. It 

then presents approaches that are being exploited to manipulate the lesion environment affiliated 

with multiple neurodegenerative diseases and suggests that the utility of these approaches can 

extend to demyelination. Challenges are to further understand the roles of specific growth factors 

on a cellular and tissue level. Emerging technologies can then be employed to optimize the use of 

growth factors to ameliorate the deficits associated with demyelinating degenerative diseases.
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1. Introduction

The demyelinating disease, Multiple Sclerosis or MS, presents as a highly variable disorder. 

Nevertheless, most patients initially exhibit relapsing-remitting disease that becomes 

progressive in a subset of these individuals. In some patients disease progression is constant 

from the time of onset (Lublin & Reingold 1996). Traditionally MS is thought to be caused 

by peripheral T-cells that become activated, enter the brain and become re-activated by 

antigen presenting cells, leading to a succession of inflammatory events (Wekerle & 

Lassman 2006). Therefore, most therapies that have been directed to MS are anti-

inflammatory in nature. Unfortunately, these therapies have limited effectiveness. This may 

be due to the axonal- and oligodendroglial degenerative changes that also occur in 

demyelinating lesions and result in failure of oligodendrocytes to remyelinate the axons. For 

remyelination to occur oligodendrocyte progenitors must migrate to the active lesion site, 
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differentiate and remyelinate the denuded axons (Richardson et al 2011). In MS it has been 

estimated that approximately 70% of lesions that are demyelinated contain progenitor cells 

or premyelinating oligodendrocytes, suggesting an inability to differentiate, while 

approximately 30% of lesions contain few progenitors, suggesting an inability to migrate to 

the lesion site (Boyd et al 2013, Chang et al 2002, Lucchinetti et al 1999). This review 

focuses on growth factors that impact the regenerative processes that go awry and have been 

implicated in the pathology of MS (Mirowska-Guzel 2009). It is suggested that these may be 

possible therapeutic agents (Woodruff & Franklin 1997). The review then goes on to present 

approaches that may prove useful in the delivery of these factors, first in models of disease 

and then in clinical cases (see figure 1). The challenges are to understand roles of these 

factors on a cellular and tissue level and to manipulate the relevant factors at the 

demyelinated sites in a manner that enhances regeneration.

Before beginning, please note that because of space constraints, the growth factors chosen 

for discussion are limited to those long known to be present in demyelinating lesions and to 

impact the regenerative processes. For a more comprehensive list of factors that impact 

remyelination, please see the excellent reviews that cover multiple factors in detail (Chew & 

DeBoy 2015, Clemente et al 2013, Gallo & Deneen 2014, Hamby & Sofroniew 2010, Moore 

et al 2011).

2. Growth factors known to impact oligodendrocytes in demyelinating 

pathologies

2.1. Fibroblast growth factor (FGF)

One of the first growth factor families to be examined for effects on oligodendrocytes is 

FGF. FGF is a large family of factors that includes 22 members with multiple receptors to 

which these factors bind, making the study of FGF complex (Turner et al 2015). The most 

well examined FGF with respect to MS is FGF2 (also called basic FGF) that binds to four 

membrane-bound receptors (FGFR1-FGFR4). Oligodendrocyte lineage cells express 

FGFR1-3 (Bansal et al 1996). While FGF2's actions are diverse, effects mediated by specific 

receptors are less so and are found to regulate distinct aspects of oligodendrocyte 

development and myelination (Fortin et al 2005, Furusho et al 2011, Oh et al 2003).

In MS patients the disease impacts FGF2 and its receptors, suggesting a role for this factor. 

In particular, FGF2 is elevated in the cerebrospinal fluid (CSF) and serum of MS patients 

who exhibit relapsing remitting MS (RR-MS) or secondary progressive disease (SP-MS) 

(Harirchian et al 2012, Sarchielli et al 2008, Su et al 2006), however, note Mori et al, 2014 

who did not find significant changes in FGF2 (Mori et al 2014). Within the brain FGF2 is 

expressed in active lesions and in the periphery of chronic lesions. More specifically, FGF2 

is found in perivascular astrocytes in normal appearing gray matter where the blood brain 

barrier has been disrupted and in microglia/macrophages associated with the lesion sites. 

The receptor, FGFR1, is found in oligodendrocyte precursor cells recruited toward the 

chronic-active lesions, in perivascular astrocytes and in neurons (Clemente et al 2011).
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The findings using MS brains are consistent with results seen in demyelination models 

which also exhibit increased levels of FGF2 and FGFRs in lesion sites (Armstrong et al 

2002, Gudi et al 2011, Hinks & Franklin 1999, Liu et al 1998, Messersmith et al 2000). The 

significance of these increases has been evaluated by elevating levels of FGF2 after 

demyelination. Injections of FGF2 reverse deficits in myelin basic protein (MBP) gene 

expression and axonal function after lysolecithin treatment of the optic chiasm of adult mice 

(Dehghan et al 2012). It also increases MBP gene expression after lysolecithin treatment of 

the hippocampus of adult rats (Azin et al 2015). Similarly, intrathecal injection of a viral 

vector coding for FGF2 ameliorates clinical scores, reverses deficits in numbers of 

oligodendrocyte precursors and oligodendrocytes, and decreases the immune response in an 

experimental autoimmune encephalomyelitis (EAE) model (Ruffini et al 2001). Consistent 

with this is the observation that FGF2 -/- mice exhibit more severe EAE than do FGF2+/+ 

mice in a manner associated with increased activity of the immune system and reduced 

remyelination (Rottlaender et al 2011). These experiments that examine higher vs lower 

levels of FGF suggest that FGF enhances repair.

On the other hand are studies that suggest that endogenous FGF2 may inhibit remyelination 

in a demyelinating lesion. Thus, using the cuprizone model or the murine hepatitis virus 

strain A59 model (MHV-A59), increased numbers of oligodendrocytes are apparent in the 

lesioned white matter in FGF2-/- mice. This finding is consistent with culture results that 

suggest that cells in a depleted FGF environment increase differentiation (Armstrong et al 

2002). Moreover, during recovery following 6 weeks of cuprizone treatment (acute 

treatment) numbers of oligodendrocytes are increased in the FGF2 -/- mice (Murtie et al 

2005). When mice are subjected to chronic cuprizone treatment for 12 weeks and are then 

allowed to recover, similar results are noted. FGF-/- mice exhibit a recovery of 

oligodendrocytes and of myelin while FGF +/+ mice are inhibited in their ability to do so 

(Armstrong et al 2006, Tobin et al 2011).

Complementary to this are studies that assess the consequences of deleting FGF receptors 

associated with oligodendrocyte lineage cells. FGFR1 was deleted in PLP +cells during 12 

weeks of cuprizone treatment and then the mice were allowed to recover. Remyelination and 

axonal integrity are enhanced during the recovery period (Zhou et al 2012). In contrast, 

when both FGFR1 and FGFR2 were knocked out in CNP+ or Olig1+ oligodendrocyte 

lineage cells in the chronic cuprizone model, recovery from the demyelination is impaired 

(Furusho et al 2015). In particular, fewer mature oligodendrocytes are present and myelin 

oligodendrocyte glycoprotein (MOG) levels are reduced.

In sum, experiments evaluating the action of FGF have yielded conflicting results. It has 

been suggested that this is due to the fact that FGF2 plays multiple roles. For example, it is 

known that FGF2 can impact not only oligodendrocytes, but also astrocytes, microglia, 

neurons and hematopoietic cells in a lesion site. The roles of these cells can be altered by the 

type of lesion and these distinct cells can themselves influence the response to FGF2 

(Furusho et al 2015). Moreover, specific FGFRs are known to play different roles (Fortin et 

al 2005). How the receptors are affected by the lesion under immune conditions or more vs 

less severe demyelinating conditions may influence their response to FGF.
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2.2. Insulin-like growth factor (IGF)

The story of the role of IGF is, as in the case of FGFs, also complicated. This family 

includes IGF-I and IGF-II. The ligands mediate their actions through two receptors, IGF 

type 1 receptor (IGF-1R) and IGF type 2 receptor (IGF-2R). In addition, the availability of 

the ligands is dependent, in part, on six IGF-binding proteins (IGFBPs) and proteases that 

cleave the IGFBPs (Chesik et al 2007). IGF-I is known to support oligodendrocyte 

progenitor cell cycle progression, myelin formation and oligodendrocyte survival (Beck et al 

1995, Carson et al 1993, McMorris et al 1990, Min et al 2012, Roth et al 1995). It binds and 

mediates these effects through the IGF-1R (Zeger et al 2007).

In MS patients, IGF-I, IGF-1R, and IGFBPs are found in oligodendrocytes within normal 

appearing white matter and in chronic demyelinated plaques and are enhanced in areas 

surrounding the demyelinating plaques (Wilczak et al 2008, Wilczak & De Keyser 1997). 

This state in MS suggests that the IGF system is an important player in MS disease. On the 

other hand, circulating IGF-I levels in the serum and CSF are not different in MS patients 

when they are compared to control (Pirttila et al 2004, Poljakovic et al 2006, Wilczak et al 

2005), although the IGFBP-3 levels are increased in MS patient serum, which may account 

for reduced bioavailability of IGF-I (Lanzillo et al 2011).

IGF signaling molecules increase in animal models of MS. In the cuprizone-induced 

demyelinating model, IGF-I mRNA and protein are strongly upregulated in astrocytes and 

microglia of the demyelinated area (Gudi et al 2011, Komoly et al 1992). Similarly in the 

EAE model, IGF-I is increased in reactive astrocytes in demyelinating lesions and IGF-1R is 

expressed in oligodendrocytes and neurons (Liu et al 1994). When subjected to cuprizone, 

overexpression of IGF-I protects mature oligodendrocytes from apoptosis (Mason et al 

2000), while ablation of the IGF-1R results in poor recovery from demyelination (Mason et 

al 2003), suggesting a role of IGF-I in treating demyelinating disease.

In contrast to results with cuprizone, conflicting effects have been reported when IGF-I is 

injected to EAE rodents. For example, in agreement with the cuprizone results, in acute rat 

EAE IGF-I, injected peripherally during the onset of disease, reduces maximum clinical 

scores as well as lesion severity, and promotes a faster recovery (Liu et al 1997, Liu et al 

1995). It also reduces the size and number of demyelinating lesions and upregulates myelin 

related protein mRNAs (Yao et al 1995, Yao et al 1996). In a chronic relapsing mouse EAE 

model, IGF-I treatment also reduces clinical deficits (Li et al 1998). However, other studies 

using the mouse EAE model reveal only a transient reduction of clinical scores and minor 

improvement in remyelination when IGF-I is infused during the acute phase, and no effect 

when IGF-I is infused during the chronic phase (Cannella et al 2000). Moreover, the 

injection of IGF-1 adeno-associated virus (AAV) into the quadriceps muscle has no effect on 

clinical scores of EAE when it is administered before disease onset and worsens the 

symptoms when it is administered post-disease onset (Genoud et al 2005). Similarly, 

oligodendrocyte remyelination is not improved when AAV-IGF-I is injected into the 

lysolecithin-induced demyelination lesion in aged rats (O'Leary et al 2002). In a clinical 

study of rhIGF-I in MS patients, 6 months of subcutaneous injection of rhIGF-I does not 

provide significant improvement to disease progress compared to baseline (Frank et al 

2002).
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Thus, as was the case with FGF, the results of experiments on IGF have been complicated. 

The differential results obtained may be due to the complexity of the different demyelinating 

models. Moreover, differences noted with cuprizone may be due to the lack of the immune 

component affiliated with EAE, MS or aged animals. Clearly, increased understanding of 

how the lesion environment is impacted in different models of disease would be helpful in 

delineating the cellular responses to IGF-I.

2.3. Platelet Derived Growth Factor (PDGF)

Experiments defining effects of PDGF, although not completely consistent, have yielded 

results that suggest it may be useful, particularly early in the progression of disease. The 

PDGF family includes four members with PDGF-AA being the protein that has been 

implicated in impacting oligodendrocyte progenitor cell proliferation and differentiation 

(Calver et al 1998, Reigstad et al 2005). PDGF-AA binds to platelet derived growth factor 

receptor α (PDGFR α) (Antoniades 1991). PDGFRα+ cells have been known for some time 

to be expressed by progenitor and preoligodendrocyte lineage cells (Ellison & de Vellis 

1994)

In MS PDGFRα+ cells are increased within white matter lesions. The PDGFRα+ cells 

express Ki-67, a nuclear cell proliferation marker, suggesting that they proliferate in 

response to PDGF (Maeda et al 2001). In agreement with this possibility, high levels of 

PDGF in CSF are associated with full recovery from RR-MS while poor recovery is evident 

in patients with low levels of PDGF (Mori et al 2014). Interesting, PDGF is reported to 

decrease with prolonged disease duration (Harirchian et al 2012) and in the CSF of patients 

with primary progressive MS (Mori et al 2013). Studies of MS models suggest that sources 

of PDGF may be peripheral immune cells (Koehler et al 2008). The authors suggest that 

enhancing levels of PDGF may be a valuable approach that can reduce clinical consequences 

of neuronal damage in progressive phases of MS (Mori et al 2013).

This possibility was investigated using lysolecithin or cuprizone models of demyelination. A 

PDGF injection to a lysolecithin lesion elicits an initial increase in oligodendrocytes, 

remyelinated axons, and a decrease in the size of the lesion. Proliferation of oligodendrocyte 

progenitors is also increased (Allamargot et al 2001). However, this increase is short lived 

and after 3 months the control group that did not receive PDGF catches up to the PDGF 

group (Allamargot et al 2001). In complementary studies by others where mice were treated 

with cuprizone for 4 or 6 weeks, or received a lysolecithin injection, overexpression of 

PDGF-A increases the density of total oligodendrocytes. However, unlike the situation in the 

studies above, there is no effect on remyelination in the lysolecithin lesion where it was 

evaluated at 14 days or 5 weeks (Woodruff et al 2004). This may be due to the different 

methods of increasing PDGF.

When effects of overexpression of PDGF were assessed with acute treatment of cuprizone, 

elevated PDGF results in increases in the progenitors. However, PDGF overexpression does 

not elicit increases in oligodendrocyte progenitors after 12 week treatment with cuprizone or 

when mice are removed from the cuprizone for 6 weeks following 12 week treatment, 

indicating that effects of PDGF on progenitors may have disappeared. Nevertheless, 

enhanced numbers of PLP mRNA+ cells are evident during the recovery phase in mice with 
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elevated PDGF (Vana et al 2007). Interestingly, this appears to be due to a reduction in 

apoptosis in oligodendrocytes (Vana et al 2007).

The results, then, largely agree that PDGF increases progenitors, at least during early phases 

of a demyelinating lesion. Later effects of the factor may be due to a reversal of cell death. 

The data are consistent with studies that elicited reduced PDGF signaling. For example, 

PDGFRα+/- mice exhibit decreases in oligodendrocyte progenitors after 5 weeks of 

cuprizone treatment (Murtie et al 2005). Moreover, intraperitoneal (ip) injections of trapidil, 

a potential PDGF antagonist, to rats elicits a decrease in remyelinating axons and thinner 

myelin sheaths in response to lysolecithin (McKay et al 1997).

2.4. Ciliary neurotrophic factor (CNTF)

Studies with CNTF suggest its possible utility as a therapeutic agent. CNTF is a 

neurotrophic cytokine that belongs to the IL-6 family. CNTF binds to its receptor CNTFRα, 

which is membrane bound by glycosyl-phosphatidylinositol linkage. Because CNTFRα 
lacks an intracellular domain, two other receptor proteins LIFRβ and gp130 are recruited to 

the receptor complex and are required for CNTF signal transduction (Davis et al 1993b, 

Davis et al 1991, Ip et al 1993). In adult rats, CNTFRα is found mainly in the CNS and 

skeletal muscles (Davis et al 1991). CNTFRα can also be cleaved off the membrane and 

exist as a soluble factor mediating the CNTF response (Davis et al 1993a). Components of 

the CNTF receptor complex are found on neurons and oligodendrocytes in the brain (Dutta 

et al 2007, Watanabe et al 1996).

Originally identified as a trophic factor to support neurons, CNTF has multiple functions on 

oligodendrocyte lineage cells that suggest an important role in myelin repair. For example, 

CNTF can promote oligodendrocyte progenitor cell proliferation, survival, and maturation 

(Barres et al 1996, Barres et al 1993, Louis et al 1993, Stankoff et al 2002). Further evidence 

implies the importance of CNTF in MS by showing that CNTF and the CNTF receptor 

complex are strongly upregulated in the cerebral cortex of MS patients (Dutta et al 2007). 

Consistent with this finding, CNTF mRNA is highly upregulated during demyelination and 

remyelination in the cuprizone-demyelinated mouse corpus callosum where it is found in 

microglia (Tanaka et al 2013). It is also found in astrocytes during remyelination of MHV-

A59 treated spinal cord (Albrecht et al 2003)

Although not a risk factor for MS, the homozygous null mutation of CNTF in humans 

(CNTF-/-) is associated with earlier disease onset compared to normal CNTF in MS patients 

(Giess et al 2002). Similarly, knockout animal studies show that CNTF-deficient mice 

experience a more severe disease course with poorer recovery in EAE (Linker et al 2002). 

This is associated with reduced oligodendrocyte progenitor cell proliferation, increased 

oligodendrocyte apoptosis, axonal damage and myelin dystrophy (Linker et al 2002). In 

addition, CNTF neutralizing antibodies reduce migration of oligodendrocyte progenitors 

toward a lysolecithin lesion in the corpus callosum of an adult animal (Vernerey et al 2013). 

In contrast to these human and rodent studies, another report indicates that although similar 

percentages of the CNTF gene mutation are noted between MS patients and controls, no 

correlation is found between null CNTF and the age of disease onset (Hoffmann & Hardt 

2002, Hoffmann et al 2002).
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CNTF has been applied in animal models of MS and shows some promising results. Daily ip 

administration of CNTF (days 8-24 post immunization) significantly ameliorates EAE 

clinical scores, as well as increases numbers of oligodendrocytes, NG2 cells, axons and 

neurons (Kuhlmann et al 2006), although effects return to control level after the injection is 

stopped. Continuous pump infusion of CNTF decreases demyelination, protects neurons and 

improves peak clinical scores (Fang et al 2013). Intravenous (iv) delivery of human 

mesenchymal stem cells (MSCs) overexpressing CNTF to EAE mice significantly delays the 

onset of EAE, improves clinical symptoms and reduces demyelination (Lu et al 2009). 

CNTF application also protects retinal ganglion cells from apoptosis in acute rat EAE 

neuritis (Maier et al 2004). On the other hand, in one study nanospheres containing CNTF 

are ineffective in enhancing numbers of oligodendrocyte progenitors or postmitotic 

oligodendrocytes following an ethidium bromide demyelinating lesion (Talbott et al 2007).

In sum, the studies using CNTF are generally in agreement that, because of its benefits in 

demyelinating disease, CNTF is a therapeutic target that should be pursued. However, this is 

mentioned with the caution that although not associated with MS, a clinical trial of 

recombinant human CNTF indicated no benefits for ALS patients, with dose-associated 

adverse effects, and even death, reported (Miller et al 1996). A further caution is noted with 

respect to a rat model of spinal cord injury where transplanted astrocytes derived from 

CNTF-treated glial-restricted precursors resulted in hypersensitivity to pain (Davies et al 

2008).

2.5. Brain derived neurotrophic factor (BDNF)

Studies of BDNF also suggest its possible utility as a therapeutic target. BDNF is a member 

of the neurotrophin gene family that includes NGF, BDNF, NT3 and NT4/5. BDNF binds 

specifically to trkB receptors that have been found on oligodendrocytes and oligodendrocyte 

progenitor cells (Vondran et al 2010, Wong et al 2013). Although it is well known for its 

actions on neurons (Huang & Reichardt 2001, Thoenen 2000), only relatively recently has 

its role on oligodendrocytes been appreciated, particularly after demyelination. This is due 

in part to the observation that it has relatively selective actions regionally, particularly during 

development. For example, in culture BDNF enhances numbers of oligodendrocytes of the 

basal forebrain, but not the cortex (Du et al 2003). In vivo, BDNF deficits in BDNF+/- mice 

are associated with decreases in myelin proteins in oligodendrocytes of the spinal cord and 

optic nerve early in development. These myelin deficits recover as the animal ages (Xiao et 

al 2010). In the basal forebrain, in contrast, the deficits are apparent throughout life 

(Vondran et al 2010). With respect to the corpus callosum, BDNF+/- mice do not show 

deficits in oligodendrocytes in the adult. However, effects of a reduction in BDNF on 

oligodendrocyte proliferation and differentiation are clearly observed after demyelination 

(VonDran et al 2011).

In the case of MS, levels of BDNF generally are reported to be elevated in peripheral blood 

mononuclear cells and serum, particularly during the relapsing phase of RR-MS (Caggiula et 

al 2005, Sarchielli et al 2002), but note (Azoulay et al 2008, Azoulay et al 2005) that report 

that less BDNF is in the serum of RR-MS patients with no difference when remission and 

relapse phases are compared and a reduced level of secreted BDNF from RR-MS patients in 
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remission compared to control patients. In MS BDNF is expressed not only in peripheral 

blood mononuclear cells (Caggiula et al 2005, Gielen et al 2003, Kerschensteiner et al 1999, 

Petereit et al 2003, Sarchielli et al 2002) but also in astrocytes, infiltrating lymphocytes and 

microglia/macrophages in the brain within perivascular areas and in lesions (Kerschensteiner 

et al 1999, Stadelmann et al 2002). It is reported that immune cells also express trkB 

receptors, suggesting that they can respond to BDNF (De Santi et al 2009) (although note 

the work of (Stadelmann et al 2002) that suggests the trkB receptors are not on the immune 

cells). During SP-MS less BDNF is in CSF than in the CSF from RR-MS patients assessed 

during the stable phase of the disease (Sarchielli et al 2002), indicating that in SP-MS a 

deficit in BDNF may be affiliated with disease progression.

As was the case with the study of multiple factors, studies using MS samples prompted 

examination of the roles of BDNF in models of demyelination. When the cuprizone model 

was evaluated, BDNF +/- mice exhibit greater deficits in myelin proteins when compared to 

BDNF +/+ mice during both the demyelinating and recovery phases. The deficit in BDNF is 

also associated with deficits in levels of progenitor cell proliferation that occur in response 

to this demyelinating model (Tsiperson et al 2015, VonDran et al 2011). Conversely, when 

BDNF levels are increased in the cuprizone model by enhancing astrocyte-derived BDNF, 

levels of myelin proteins are increased (Fulmer et al 2014).

In EAE, BDNF delivered into the brain through transformed MSCs, reduces the clinical 

score, decreases inflammation and apoptosis, as well as demyelination (Makar et al 2009, 

Makar et al 2008). In complementary study, injection of BDNF overexpressing T cells 

reduces clinical scores and axonal damage (Linker et al 2010). Conversely, induced deficits 

in BDNF, including those deficits directed to GFAP+ astrocytes or lck/lysM+ immune cells 

results in increased severity of the EAE and axonal damage (Lee et al 2012, Linker et al 

2010).

When considered together, these studies consistently indicate that BDNF may enhance the 

ability of the CNS to withstand a demyelinating lesion. Interestingly, similar effects of 

BDNF have been reported with respect to spinal cord injury where elevated BDNF is 

associated with increases in oligodendrocyte lineage cells and myelin protein (McTigue et al 

1998). However, the work of Javeri et al (Javeri et al 2010) should be noted which found that 

BDNF+/- mice have reduced EAE, suggesting that under some circumstances BDNF may 

have negative consequences.

This review has outlined advances made in our understanding of the role of a cadre of 

growth factors in reversing deficits in oligodendrocytes that may lead to the repair of a 

demyelinating lesion. As noted, within the study of each growth factor differences in effect 

are reported, due undoubtedly to the different models being evaluated at different times in 

the de-and re-myelination processes and complexities inherent therein. Clearly, further study 

in which effects on specific cells can be better defined and in which examination of the 

detailed cellular responses of the lesion site itself is carefully explored will be necessary to 

more precisely define the roles of individual growth factors. Nevertheless, because of results 

suggesting that these factors do impact demyelinating disease models, parallel studies are 

warranted to evaluate how levels of growth factors can be enhanced appropriately to 
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ameliorate disease. As noted below, these approaches have primarily been utilized in many 

models of neurodegenerative disease. We suggest, and in some cases it has been shown, that 

such manipulations may be also appropriate for MS.

3. Approaches to the therapeutic application of growth factors

When addressing the problem of treating brain disease with growth factors, issues include 

how to first, enhance levels of growth factors within specific regions of the central nervous 

system and second, how to optimize entry of these factors from the periphery. While some 

reports indicate that growth factors do not cross the blood brain barrier in vivo (Pardridge 

2002), others report that the ability to cross the barrier may exist (Pan et al 1998), but differs 

depending on the growth factor in question (Poduslo & Curran 1996). As indicated in the 

following section, many of the therapies that are being tested focus on these issues.

3.1. Introduction of growth factors into the central nervous system by injection of viral 
vectors or encapsulated engineered cells

The use of viral vectors to introduce specific growth factors into the central nervous system 

is being explored in multiple neurodegenerative disease models (Bartus et al 2007, Gasmi et 

al 2007, Gelfand & Kaplitt 2013, Giralt et al 2011, Nagahara & Tuszynski 2011) and is even 

being tested in humans (Tuszynski et al 2015). Relevant to the present review, this approach 

is being explored in the EAE model (Nygardas et al 2013, Ruffini et al 2001). Vectors used 

are modified viruses that can carry growth factor genes to the brain and spinal cord and 

include herpes simplex virus type-1 (HSV-1), lentivirus and AAV. This approach is used to 

deliver FGF-2 (Ruffini et al 2001), IGF-1 (Tsai et al 2012), BDNF and NGF (Ruitenberg et 

al 2004, Tuszynski et al 2015, Ziemlinska et al 2014) or a combination of factors (Paradiso 

et al 2009) to lesioned areas, suggesting that it may also be useful in the case of MS.

Concerns with this approach involve the need to inject the vectors into the CNS, 

complicating its use when multiple injections are necessary. A related strategy that is being 

pursued is to deliver growth factors in microspheres directly into the brain. The 

microspheres have the ability to release the factors over a prolonged time course. Data is 

accumulating that indicates that NGF and GDNF delivered this way may ameliorate signs of 

disease in models of Alzheimer's disease or Parkinson's Disease (Garbayo et al 2009, Gu et 

al 2009).

In a related approach cells genetically manipulated to produce growth factors are being 

encapsulated with immunoisolatory, semipermeable membranes to limit humoral rejection. 

The encapsulated cells are implanted directly into the brain where they produce factors over 

prolonged times. Encapsulated cells secreting CNTF reverse signs of disease in models of 

Huntington's disease, Alzheimer's disease and retinitis pigmentosa (Emerich et al 1997a, 

Emerich et al 1996, Emerich & Thanos 2006, Emerich et al 1997b, Garcia et al 2010, Tao et 

al 2002), while cells secreting GDNF rescue neurons in models of amyotrophic lateral 

sclerosis (Sagot et al 1996) Interestingly, CNTF producing capsules were implanted into 

Huntington disease and retinitis pigmentosa patients with promising results (Bachoud-Levi 

et al 2000, Bloch et al 2004, Kauper et al 2012, Sieving et al 2006).
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3.2. Approaches to enable peptide growth factors to cross the blood brain barrier

As noted above, growth factors are large proteins that do not cross the blood brain barrier 

efficiently; hence, they are not ideal for application in the periphery without any 

modification. A method that is now being developed to approach this problem is to 

incorporate growth factors such as FGF-2 into nanoparticles able to cross the blood brain 

barrier. In a recent report, nanoparticles were conjugated with antibodies directed against 

transferrin receptor-1, a peptide endogenously expressed on brain endothelial cells. When 

the nanoparticles were injected to an animal exposed to a stroke model, receptor mediated 

transcytosis occurs across the blood barrier and FGF-2 is able to enter the brain, resulting in 

reduction in the size of the injury (Yemisci et al 2015). Additional approaches, such as using 

glucose transporters (Bonina et al 2003, Patching 2016) or gene therapy with AAV9 (Dayton 

et al 2012), are also seeking to develop systemic gene delivery strategies to bypass the 

barrier.

Using a similar tactic, cell-penetrating peptides are being developed as vectors for delivery 

of peptides across the blood brain barrier and into cells (Kristensen et al 2016). In 1988 it 

was reported that the Human Immunodeficiency Virus Trans-activator of transcription (Tat) 

protein can cross cell membranes (Frankel & Pabo 1988). Further study identified a second 

protein, the Drosophila antennapedia Homeodomain protein as having similar properties 

(Joliot et al 1991). Subsequently, the peptide sequence that is necessary to ensure membrane 

penetration in the Drosophila antennapedia Homeodomain protein was identified and is 

known as penetratin (Derossi et al 1994). Other peptides are now been recognized as having 

similar capabilities. This strategy is being used to introduce BDNF as well as glial cell line-

derived neurotrophic factor (GDNF) into the brain undergoing degeneration. When the core 

functional domain of BDNF was fused with a TAT transduction domain and injected 

intraperitoneally, it is able to cross the blood brain barrier in two Alzheimer's disease 

models, improve memory deficits, stimulate trkB, as well as downstream signaling cascades, 

reverse synaptic deficits and reduce A beta and tau pathology (Wu et al 2015). When GDNF 

was fused to TAT and intravenously injected into mice subjected to ischemia, neuronal 

apoptosis is reduced (Kilic et al 2005). The utility of this approach, although promising, is 

limited by the instability of the cell-penetrating peptides and studies are ongoing to address 

this issue.

3.3. Mimetics as alternatives to growth factors

A different strategy is the development of small molecules that can cross the blood brain 

barrier and mimic the effects of the growth factor of interest. An example of this approach is 

the use of an NCAM-derived FGFR1 agonist, fibroblast growth loop (FGL) that is derived 

from the NCAM FGFR1 binding site (Kiselyov et al 2003). Neuroprotective effects of FGL 

are reported in a model of Alzheimer's disease, elicited upon intranasal and subcutaneous 

administration (Klementiev et al 2007). The drug is also effective in reversing inflammatory 

events and glial cell activation noted in aged rats (Downer et al 2009, Ojo et al 2011), but 

has adverse effects on hippocampal neurons in young animals (Ojo et al 2013). 

Nevertheless, it is reported to be in clinical trials in Alzheimer's patients (Woodbury & Ikezu 

2014).
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BDNF mimetics have been generated. In these cases small molecules were developed that 

mimic a region of BDNF that binds to its receptor, trkB (Massa et al 2010, Wong et al 2014). 

While one of these mimetics promotes myelination of oligodendrocytes in culture (Wong et 

al 2014), another has been applied intranasally and restores motor learning deficits following 

traumatic brain injury (Massa et al 2010). Other approaches to enhancing BDNF's actions 

involve the development of chimeric peptides formed by the conjugation of BDNF to a 

monoclonal antibody to the blood brain barrier transferrin receptor. As was the situation 

using nanoparticles above, this antibody enhances the travel of BDNF into the brain, 

resulting in protection from ischemia (Zhang & Pardridge 2001).

3.4. The use of intranasal delivery or mesenchymal stem cells (MSCs) to deliver growth 
factors and enhance repair

A different approach to enhancing growth factor transport across the blood brain barrier is 

the use of intranasal administration. In this approach, growth factors are delivered to the 

brain through the nasal epithelium. Proteins applied to the epithelium are then transported 

through the olfactory and trigeminal nerve pathways to reach the brain and spinal cord. 

Successful delivery of BDNF, CNTF (Alcala-Barraza et al 2010, Vaka et al 2012), IGF-I 

(Thorne et al 2004), and FGF-2 (Feng et al 2012) is reported in rodents. Intranasal 

administration of proteins is also used in humans (Reger et al 2006) and in EAE models of 

MS (Li et al 2014).

MSCs are also used in a number of disease models to enhance repair, including models of 

MS and MS itself. In these cases the MSCs are injected into the CNS or peripherally 

(Gharibi et al 2015, Karussis et al 2010). Their ability to reverse injury sites is due to the fact 

that MSCs can migrate preferentially to regions where lesions are evident (Cohen 2013) and 

to modulate immune responses through the release of growth factors (Gerdoni et al 2007, 

Zappia et al 2005). MSCs do not elicit their effects through their differentiation into other 

cell types (Gerdoni et al 2007). Of interest to this review, recent work using the cuprizone 

and EAE models indicate that MSCs have effects on neurons and oligodendrocytes that are 

coincident with increases in BDNF (El-Akabawy & Rashed 2015, Kassis et al 2008, Zhang 

et al 2005), consistent with the possibility that one of the growth factors they produce is 

BDNF. Other studies have enhanced this potential by engineering the ability of MSCs to 

produce increased levels of growth factors. In particular, stem cells engineered to express 

increased levels of BDNF (BDNF-MSC) that are delivered to EAE animals elicit decreased 

EAE clinical scores, reduce immune response and cell death and reduce demyelination 

(Makar et al 2014, Makar et al 2008). Similarly, when BDNF-MSCs are injected 

intraspinally to the lesioned spinal cord, increased recovery occurs (Gransee et al 2015). In a 

final example, MSCs engineered to overexpress CNTF also ameliorate EAE and effects of 

demyelination. The data suggest that trophic effects of MSCs can be augmented by their 

manipulation to produce specific growth factors.

3.5. Drugs that are being used for MS may also make use of growth factors

Interestingly, multiple MS drugs developed because of their immunomodulatory 

characteristics appear to elicit their effects, in part, through the action of growth factors that 

impact remyelination in MS models. This has been most clearly observed in the case of 
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BDNF. An excellent example is the role of glatiramer acetate (GA), also known as copaxone 

(Cop-1), identified because of its actions to inhibit the progression of EAE, and now known 

to be an effective therapy for MS.

In recent data, cultured GA-specific T cells are shown to release BDNF in rats and in 

humans in response to GA (Kipnis et al 2000, Ziemssen et al 2002). Moreover, in an EAE 

mouse transferred GA-specific T cells express BDNF when they migrate to the brain, 

putting them in position to impact local cells (Aharoni et al 2003). That they may do so in 

response to GA is indicated by studies in which BDNF is deleted from immune cells in EAE 

mice. While GA reduces clinical signs in these animals, deletion of BDNF from immune 

cells results in a more severe disease course and loss of axons, suggesting that GA elicits its 

effects through BDNF (Linker et al 2010). This observation may have relevance to MS as it 

is noted that reduced levels of BDNF in serum and CSF of relapsing remitting MS patients 

are elevated by GA treatment (Azoulay et al 2005)

Complementary studies using GA suggest that GA may elevate other growth factors as well. 

For example, GA-stimulated T cells release PDGF and IGF-I into culture medium (Skihar et 

al 2009). This conditioned medium elevates numbers of cultured oligodendrocyte 

progenitors. Moreover, after a lysolecithin lesion GA treatment elevates oligodendrocyte 

progenitors in lesions of the spinal cord coincident with increases in IGF-I, as well as BDNF 

(Skihar et al 2009) and GA treatment during development enhances numbers of 

oligodendrocyte progenitors as well as mature oligodendrocytes and myelin in a manner 

coincident with increases in IGF-I and BDNF (From et al 2014).

Other MS drugs involve BDNF in their actions. Laquinimod elevates BDNF levels in the 

serum of MS patients (Thone et al 2012). In a manner analogous to that of GA, deletion of 

BDNF from immune cells inhibits protective effects of laquinimod in an EAE mouse (Thone 

et al 2012). Fingolimod, also used to treat MS patients, elevates BDNF in the brain of mice 

and in mouse models of disease (Deogracias et al 2012). In the case of the MS drug, 

alemtuzumab, MBP stimulated peripheral blood mononuclear cells from patients who are 

treated with the drug, release BDNF, CNTF and PDGF into medium. When neuronal 

cultures are grown in this conditioned medium, there is an increase in numbers of neurons 

and axonal length that is reversed by anti-BDNF or anti-CNTF, suggesting that the factors 

are at least partially responsible for the effects of the conditioned medium (Jones et al 2010).

PDGF function may also play a role in the action of another MS drug. The human 

monoclonal IgM (rHIgM22), a drug used in clinical trials, enhances remyelination in the 

demyelinating Theiler's murine encephalomyelitis virus model and the lysolecithin model 

(Bieber et al 2002, Warrington et al 2007). When mixed cultures that include OPCs are 

exposed to rHIgM22, OPC proliferation is enhanced in a process mediated by PDGFRα, 

suggesting the role of this factor in the drug's actions (Watzlawik et al 2013).

4. Summary

A number of growth factors are now known to directly impact oligodendrocytic responses to 

demyelination through the activation of their receptors on oligodendrocyte progenitor cells 
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or postmitotic cells. There is hope that these factors may be used therapeutically to influence 

repair in addition to the anti-immune therapies currently in use. Because of a growing 

literature that suggests the importance of these proteins in demyelination as well as multiple 

other degenerative diseases, a number of promising therapeutic approaches are being 

developed to elevate the growth factors within the damaged CNS. It is suggested that these 

approaches will also be useful in attacking demyelinating diseases such as MS.
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Abbreviations

AAV adeno-associated virus

BDNF brain-derived neurotrophic factor

CNP 2′,3′-cyclic neucleotide 3′-phosphodiesterase

CNS central nervous system

CNTF ciliary neurotrophic factor

CNTFRα ciliary neurotrophic factor receptor alpha

Cop-1 copaxone

CSF cerebrospinal fluid

EAE experimental autoimmune encephalomyelitis

FGF fibroblast growth factor

FGFR fibroblast growth factor receptor

FGL fibroblast growth loop

GA glatiramer acetate

GDNF glial cell line-derived neurotrophic factor

GFAP glial fibrillary acidic protein

HSV-1 herpes simplex virus type-1

IGF-I insulin-like growth factor 1

IGFBP insulin-like growth factor binding protein
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IGF1R insulin-like growth factor type 1 receptor

IL-6 interleukin-6

IP intraperitoneal

IV intravenous

LIFRβ leukemia inhibitory factor receptor beta

MBP myelin basic protein

MHV-A59 murine hepatitis virus strain A59

MOG myelin oligodendrocyte glycoprotein

MS multiple sclerosis

MSCs mesenchymal stem cells

NCAM neural cell adhesion molecule

NGF nerve growth factor

NT3 neurotrophin-3

NT4/5 neurotrophin-4/5

Olig1 oligodendrocyte transcription factor 1

PDGF platelet derived growth factor

PDGFRα platelet derived growth factor receptor alpha

PLP proteolipid protein

rHIgM22 recombinant human monoclonal IgM 22

RR-MS relapsing remitting multiple sclerosis

SP-MS secondary progressive multiple sclerosis

trkB tyrosine receptor kinase B
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Highlights

Growth factors that affect the proliferating and maturing oligodendrocyte lineage cells 

within a demyelinating lesion may impact repair.

These factors include FGF-2, IGF-I, PDGF, CNTF and BDNF.

Therapeutic approaches that are being developed to manipulate and deliver growth 

factors within the lesion site of multiple neurodegenerative diseases may also influence 

demyelinating lesions and be useful to diseases such as MS.
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Figure 1. 
This figure presents the structure of the review. First the review indicates roles of the growth 

factors FGF2, IGF-I, PDGF, CNTF and BDNF on demyelination and remyelination in MS 

and MS models. It then details therapeutic approaches that are being used to manipulate 

levels of these factors within the brain and possibly impact demyelinating disease.
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