
CONTENTS

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 977

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 977

Granulocyte colony-stimulating factor (G-CSF)  . . . . . . . . . . . . . . 978

Stem cell factor (SCF)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 981

Granulocyte–macrophage colony-stimulating factor

(GM-CSF)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 982

Monocyte colony-stimulating factor (M-CSF) . . . . . . . . . . . . . . . . 983

Stromal cell-derived factor 1 (SDF-1)  . . . . . . . . . . . . . . . . . . . . . . . 983

Erythropoietin (EPO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 983

Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 984

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 984

ABSTRACT

The search for trophic factors that impact the degenerating nervous
system has expanded beyond the classical neurotrophins. There is
increasing recognition that hematopoietic growth factors (HGFs) have
neurotrophic properties. This review will focus specifically on HGFs or
cytokines that have direct and indirect effects on the brain and which
may have therapeutic potential for neurodegenerative diseases, includ-
ing Alzheimer’s disease (AD). These  include stem cell factor (SCF),
granulocyte colony-stimulating factor (G-CSF), monocyte colony-stim-
ulating factor (M-CSF), granulocyte–macrophage colony-stimulating
factor (GM-CSF) and erythropoietin (EPO). HGFs have the capacity to
prevent neuronal death, stimulate the proliferation and differentiation
of neural stem/progenitor cells (NSCs) into new neurons, enhance the
formation of new synapses, modulate inflammatory processes, mobi-
lize monocytes from the peripheral circulation and increase their infil-
tration into the brain, where they reinforce the endogenous microglial
population. G-CSF has been safely and routinely administered to
enhance hematopoiesis in bone marrow donors and is now being test-
ed for therapeutic efficacy and safety in patients with stroke and AD.
HGF receptors expressed on neurons and NSCs provide novel targets
for drug discovery in the search for agents that can forestall or reverse
the pathological progression of AD.

INTRODUCTION

The most common cause of dementia in the elderly is Alzheimer’s
disease (AD), characterized pathologically by accumulation of extra-
cellular β-amyloid plaques, neurofibrillary tangles and synaptic loss
in regions of the brain important for learning and memory (1). Other
characteristics include diminished neuronal metabolism and distur-
bances of multiple transmitter systems (2, 3). The prominent
changes in the cholinergic system of the basal forebrain logically led
to the development of pharmacotherapy with acetylcholinesterase
inhibitors (AChE-I). These agents may transiently improve memory
but have no significant effects on the progressive degenerative
process. However, the observation that cholinergic neurons degen-
erate in the absence of nerve growth factor (NGF) led to numerous
studies of the neuroprotective effects of neurotrophins, including
brain-derived neurotrophic factor (BDNF) and neurotrophin-4/5
(NT-4/5), in animal models of AD (4). The ability of NGF to prevent
the degeneration of basal forebrain cholinergic neurons was also
demonstrated in nonhuman primate brain (5) and provided a strong
rationale to initiate clinical trials of NGF for AD. The intraventricular
infusion of NGF for 3 months in AD subjects resulted in mild
cognitive improvements, but adverse effects limited this mode of
delivery (6).

A gene therapy strategy for NGF delivery showed greater promise.
In a phase I study, autologous fibroblasts genetically modified to
express human NGF were grafted into the forebrain. After a mean
follow-up of 22 months, there was slight cognitive improvement in 6
subjects and no adverse effects (7). A randomized, controlled phase
II trial of NGF gene therapy is ongoing in subjects with mild to mod-
erate AD (ClinicalTrials.gov Identifier: NCT00876863) and results
will be eagerly awaited.

Pro- and anti-inflammatory cytokines play an important role in AD,
and common polymorphisms of genes controlling their production
have been shown to be associated with susceptibility to sporadic AD.
For example, functional polymorphisms in the interleukin-18 (IL-18)
promoter may be involved in the risk of developing sporadic late-
onset AD (8). An interaction associated with the risk of AD has been
reported between polymorphisms in the regulatory regions of the
genes for the proinflammatory cytokine IL-6 (gene: IL6) and the anti-
inflammatory cytokine IL-10 (gene: IL10) (9). Polymorphisms of the
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TNF-α gene (TNF) have been reported to affect the risk of develop-
ing AD (10). Plasma levels of the hematopoietic cytokine granulocyte
colony-stimulating factor (G-CSF) have been found to be significant-
ly reduced in patients with AD, leading researchers to question the
role of hematopoietic growth factors (HGFs) in the pathophysiology
of the disease (11).

Given the hint of success of neurotrophin therapy in AD, the search
for other trophic factors that may impact the degenerating nervous
system has expanded to include hematopoietic cytokines or HGFs.
Increasingly, researchers have become aware of the overlap between
neurotrophins and HGFs. HGFs enhance the proliferation, differenti-
ation and release of all blood cell lineages into the circulation, but
surprisingly, HGFs have also been shown to influence the prolifera-
tion of neural stem/progenitor cells (NSCs). Review of the similari-
ties and differences between the stem cells that give rise to neural
cell lineages (“neuropoiesis”) and those that generate the various
blood cell lineages (hematopoiesis), led to the concept of the “brain
marrow” (12, 13). “Brain marrow” was conceived as a proliferative
central core of the central nervous system (CNS) comprising the
subependymal zone and other cell groups (subgranular zone of the
hippocampal dentate gyrus) that give rise to new neural cells
throughout life. In addition to requiring special extracellular matrix
and supportive cells (the stem cell ”niches”), both  sets of stem cells
(blood and brain) require trophic factors, cytokines and other mole-
cules that are necessary for proliferation,  migration and differentia-
tion into their respective cell lineages. A major overlap between
bone and brain marrow is seen in the collection of cytokines and
trophic factors that promote blood cell and neural cell development.
Many of the cytokines and growth factors required for both
hematopoiesis and neuropoiesis are constitutively expressed by
bone marrow stromal cells (BMSCs) (12, 14). 

Two cytokine superfamilies produced by BMSCs are TGF-α and the
hematopoietins. They mediate a range of developmental events in
the nervous system that rival those of the classic neurotrophins. The
bone morphogenetic proteins (BMPs), a subclass of the TGF-α
superfamily, are well known for their significant effects on the devel-
opment of osteocytes and chondrocytes in bone. However, BMP lig-
ands and their receptor subunits are also present throughout neural
development within discrete regions of the embryonic brain and
within neural crest-derived migratory zones (15, 16). BMPs exhibit a
broad range of cellular and context-specific effects during multiple
stages of neural development (17). For example, BMPs initially inhib-
it the formation of neuroectoderm during gastrulation, while within
the neural tube they act as gradient morphogens to promote the
differentiation of dorsal and intermediate cell types through cooper-
ative signaling. BMP-2 acts synergistically with fibroblast growth
factor (FGF2) on more lineage-restricted embryonic CNS progenitor
cells to induce the expression of the dopamine neuronal marker
tyrosine hydroxylase (18). Various hematopoietic cytokines have
been shown to enhance the number of dopaminergic neurons in
mesencephalic cultures, but only IL-1 induced the expression of the
dopamine neuronal marker tyrosine hydroxylase in progenitor
cells (19).

This review will focus specifically on HGFs that have a direct or indi-
rect effect on the brain and which may have therapeutic potential for
neurodegenerative diseases, including AD. A summary of the effects
of HGFs on brain that are to be discussed can be found in Table I.

GRANULOCYTE COLONY-STIMULATING FACTOR (G-CSF)

G-CSF is perhaps the most studied and clinically useful of the HGFs.
G-CSF is a multimodal cytokine that stimulates hematopoietic stem
cell (HSC) proliferation and increases the trafficking of monocytes
from the blood to the brain, resulting in increased numbers of acti-
vated microglia. G-CSF is anti-inflammatory (20), neuroprotective
(21, 22), antiapoptotic (23) and induces the proliferation and differ-
entiation of NSCs into new neurons and astrocytes (24, 25) (Fig. 1).
In addition, G-CSF (and other HGFs) promotes cerebral angiogene-
sis (26, 27), a biological response with implications for AD. Indeed,
cerebrovascular dysfunction is associated with and may precede
cognitive decline and the onset of neurodegenerative changes in AD
and in animal models of AD (28).

G-CSF is a 19-kDa glycoprotein formed into four antiparallel α
helices (29). G-CSF stimulates the proliferation and differentiation
of HSCs and exists in both 174- and 180-amino-acid forms, although
the 174-amino-acid form is more abundant and active and has been
used in three proprietary recombinant G-CSF proteins, including
lenograstim (Granulocyte®), filgrastim (Neupogen®) and pegylated
filgrastim (Neulasta®), which has a longer duration of action (30).

G-CSF has been shown to be synthesized by many cell types, includ-
ing BMSCs, fibroblasts and macrophages (29, 31, 32) and its recep-
tor G-CSF-R has also been indicated to be just as ubiquitous, as it
can be found on the cell surface of endothelial cells, lymphocytes,
platelets and neutrophils (33-36). G-CSF and G-CSF-R are also both
expressed by neurons in several areas of the brain, including pyram-
idal cells in cortical layers (specifically II and V), Purkinje cells of the
cerebellum, subventricular zone and in cerebellar nuclei in rats.
Also, the G-CSF ligand has been identified in cells within the CA3
region of the hippocampus, subgranular zone and the hilus of the
dentate gyrus, entorhinal cortex and the olfactory bulb. In post-
mortem studies G-CSF-R has been found in the human frontal
cortex (37).

G-CSF-R is composed of six functional domains which are broken up
into an immunoglobulin-like domain, a cytokine receptor-homolo-
gous domain (CRH) and three additional fibronectin type III domains
within its extracellular region. Various signaling cascades can be ini-
tiated by G-CSF binding to G-CSF-R. G-CSF induces the Janus
kinase (JAK)/signal transducer and activator of transcription (STAT)
pathway, the Ras/mitogen-activated protein (MAP) kinase and the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/Akt)
pathways. These pathways have been shown to induce cellular
proliferation, apoptotic processes and anti-inflammatory processes
(38-42). Mutations or polymorphisms in the genes encoding for
the G-CSF-R and its downstream effectors have been associated
with an altered response to G-CSF therapy. Although the clinical
implications of such genetic alterations are largely speculative,
there is a need for further studies to evaluate whether genetic
analysis of the G-CSF-R and/or downstream signaling proteins
might tailor the use of G-CSF in patients with neurodegenerative
diseases (43).

In a rat stroke model, G-CSF and G-CSF-R were upregulated 2 h
after occlusion and reperfusion of the middle cerebral artery (MCA)
in the ipsilateral forebrain (37). In another study, G-CSF mRNA lev-
els were greatly elevated in the ischemic brain versus the normal
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brain and returned to normal after 2 days. This elevation in G-CSF
mRNA extended to nonischemic areas of the frontal cortex after
photothrombosis in a rat model of focal cerebral ischemia (44).
G-CSF in combination with stem cell factor (SCF) administered 10
days after ischemia resulted in improved motor performance, induced
transition of bone marrow-derived neuronal cells into the penumbra
and proliferation of brain-derived NSCs in neurogenic zones (45).
G-CSF may have a protective autocrine signaling mechanism, similar
to that seen for other HGFs, such as erythropoietin (EPO), in response

to brain injury (46). It is known that G-CSF is able to mobilize CD34+

HSCs and to release them into the blood, allowing them to circulate
and migrate to areas of ischemic damage (27, 47-50).

The effects of G-CSF were studied in two mouse models of AD (51).
In the acute model aggregated β-amyloid (Aβ) was injected into the
hippocampal–cortical junction of the mouse brain, and the chronic
model used the Tg2576 AD mouse. Noticeable decreases in learning
and memory were seen in the acute model during initial perform-
ance in the Morris water maze. After 5 days of dosing of G-CSF,
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Table I. Summary of effects of hematopoietic growth factors (HGFs) in brain.

M-CSF GM-CSF (granulocyte–
G-CSF (granulocyte colony- (monocyte colony- macrophage colony-

SCF (stem cell factor) stimulating factor) stimulating factor) stimulating factor) EPO (erythropoietin)

Survival factor & chemokine Upregulated in ischemic brain Reduced cognitive deficiency Upregulation of its receptor in Its receptor is found in both
of NSCs and Aβ plaque load in areas of ischemia in the brain the nervous & cardiovascular

APP/PS1 Tg mice system

Increases neurogenesis Neurogenesis in AD mice Decreased Aβ plaque Receptor found on NSCs in Increased levels of EPO and
deposition in AD mice hippocampus its receptor in the brain with 

hypoxia or ischemia

Neuroprotective effects Protective autocrine signaling Improvement in spatial Antiapoptotic effect on neurons Antiapoptotic effects for 
in response to brain injury memory in AD Tg mice & effect induced by ischemia NSCs against Aβ-induced 

oxidative stress

Modulation of microglia & Improvement in learning, Promotion of proliferation, Decreased infarct size in Prevention of hyperphos-
possible suppression of cognitive function and activation and development ischemia & decreased phorylation of tau and 
microglia to decrease memory in AD mice of microglia apoptosis in spinal cord with formation of neurofibrillary
neuroinflammation spinal contusion tangles

Mobilization of BMSCs into Reduction of Aβ plaques in Low levels in presymptomatic Proliferation & differentiation Expression of antiapoptotic 
the brain hippocampus & entorhinal AD in combination with low of microglia genes preventing the 

cortex, as well as decreased levels of other HGFs results activation of caspases and 
soluble Aβ in hippocampus in progression towards a microglia, as well as 

decrease of cognitive prevention of phagocytosis 
function to dementia of damaged neurons

In brain primarily produced Mobilization of bone marrow- In brain primarily produced In brain primarily produced In brain produced in neurons 
by neurons derived microglia to Aβ plaque by astrocytes by astrocytes or neurons & astrocytes

in AD mice

Mobilization of neuron-like Increased synaptophysin in Antibodies to GM-CSF cause Increased differentiation of 
BMSCs & resident brain AD mice decreased Aβ plaque deposits, MSCs to neurons and 
NSCs to areas of brain injury decreased soluble Aβ1-42 decreased differentiation to 
such as ischemia production and microglial glial-like cells in the 

activation in AD patients presence of hypoxia

AChE-I increases SCF in AD Plasma levels decreased in Combination of Upregulation of ACh and 
patients AD patients Aβ/GM-CSF/IL-4 antibodies muscarinic receptors

decreased Aβ plaque load

Increased SCF levels are As plasma levels decrease, GM-CSF administered in Increased production of
correlated with increased Aβ1-42 levels increase in the combination with Aβ via glutamine synthase in
cognitive function in AD CSF in AD patients adenoviral vectors neuronal-like cells
patients intranasally in AD mice 

resulted in lower Aβ levels in
the brain

May increase BDNF

Modulate spatial memory
and hippocampal synaptic
potentiation

NSCs, neural stem cells; BMSCs, bone marrow stem cells; AChE-I, acetylcholinesterase inhibitors; SCF, stem cell factor; AD, Alzheimer’s disease; BDNF, brain-
derived neurotrophic factor; CSF, cerebrospinal fluid; MSCs, mesenchymal stem cells.



learning and memory function was restored to levels similar to those
of the control mice. Neurogenesis was increased in both the acute
and chronic AD mouse models treated with G-CSF, as seen by the
increase in bromodeoxyuridine/neuronal nuclei (BrdU+/NeuN) dou-
ble-labeling of cells. Twenty percent of the BrdU+ cells in the acute
AD mice were CD34+, indicating that a significant proportion of
HSCs were mobilized by G-CSF and directed to the Aβ injection site
in the brain. Tg2576 mice were examined and found to have signifi-
cant learning and memory disabilities when performing the
Morris water maze and Aβ was found to be present in both the
hippocampus and cortex. After 5 days of dosing of G-CSF an im-
provement in memory and learning was seen by a reduced
latency in the Morris water maze, similar to the improvement seen in
the acute AD mice treated with G-CSF. Three months after treat-
ment with G-CSF, Tg2576 mice were retested and found to still have
significant learning and memory improvement over the untreated
mice, indicating a long-lasting effect for G-CSF. Levels of the neuro-
transmitter ACh were increased by 20% in G-CSF-treated Tg2576
mice. Although learning and memory were improved, no reduction
in Aβ plaques was seen. Overall, treatment with G-CSF in both the
acute and chronic AD mouse models resulted in release of HSCs

from the bone marrow, stimulation of both NSC proliferation and
neurogenesis, increased ACh production and an overall improve-
ment in neurological function, specifically improvement in learning
and memory.

In a recent study from the author’s laboratory, Tg APP/PS1 AD mice
were treated with subcutaneous G-CSF injections every other day for
2 weeks (24). A significant reduction of total Aβ deposits in both the
hippocampus and entorhinal cortex was seen, as well as a reduction
in soluble Aβ within the hippocampus. A correlation was observed
between decreased Aβ deposition and improvement in cognitive
function. In other studies it has also been shown that an increase in
Aβ decreases cognitive function (52, 53). Improved cognitive func-
tion was also seen with the removal of Aβ following long-term
caffeine administration (54) and administration of leuprolide acetate
(a gonadotrophin-releasing hormone [GnRH] analogue) (55). G-CSF
also mobilized bone marrow-derived microglia in the Tg mice which
targeted Aβ, without causing an additional inflammatory response.
It has been noted that in Tg APP/PS1 mice microglia are dysfunction-
al in their ability to produce the Aβ-binding receptor and Aβ-
degrading enzymes (56). Despite the increase in neutrophil count,
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Figure 1. Granulocyte colony-stimulating factor (G-CSF) has direct actions on bone marrow hematopoietic stem cells (HSCs), as well as direct and indirect
effects on brain. G-CSF stimulates the proliferation of HSCs and decreases apoptosis in hematopoietic progenitor cells. It also promotes trafficking of CD34
cells and monocytes from marrow to blood. G-CSF promotes the differentiation of the leukocytic lineage to neutrophils. It is also possible that G-CSF stimu-
lates the proliferation of multipotent adult progenitor cells (MAPCs) in the marrow and that this may lead to “transdifferentiation” into neurons, although this
process is rare. G-CSF readily accesses the brain parenchyma to activate endogenous microglia. G-CSF also enhances the infiltration of circulating monocytes
into the brain, where they differentiate into microglia and monocytic macrophages. G-CSF downregulates inflammatory cytokines in both brain and blood.
Within the brain, G-CSF interacts with neural cells bearing G-CSF receptors to inhibit apoptosis, stimulate neurogenesis and synaptogenesis.



G-CSF appears to dampen the release of proinflammatory media-
tors while anti-inflammatory cytokines are increased (20, 57).

Another interesting observation was the increased synaptophysin
immunostaining in the hippocampus, suggesting increased synap-
togenesis (24). Increased levels of Aβ have been linked to decreased
levels of synapses, but with decreased levels of Aβ the loss of synap-
ses is self-correcting, leading to an improvement in long-term
potentiation (LTP), an electrophysiological parameter of learning
(58-61). G-CSF was also shown to increase hippocampal neurogen-
esis in the AD mice, but it is unclear whether or not the neurogene-
sis was responsible for the improved cognitive performance in the
radial arm water maze.

In a recent study, a significant decrease in G-CSF plasma levels was
found in patients with early AD in comparison to healthy age-
matched controls (11). Also, a significant inverse correlation was
shown between G-CSF plasma levels and Aβ1-42 levels in the cere-
brospinal fluid (CSF) of AD patients. A significant inverse correlation
between G-CSF levels and age was seen in both AD patients and
healthy controls. Since G-CSF levels decrease with age, it would be
interesting to assess if G-CSF levels decrease as the severity of AD
progresses.

G-CSF is currently being used therapeutically to induce the genera-
tion of white blood cells (WBCs) in patients suffering from neutrope-
nia after anticancer therapy, as well as in patients with congenital
neutropenia (62-64). Given that G-CSF is already in clinical use, it
has been suggested that it could be used to treat various neurolog-
ical disorders without compromising the safety of the patient. Clini-
cal trials to examine the ability of G-CSF to treat ischemic strokes are
currently under way (65). Additionally, G-CSF has been used to treat
myocardial infarction (66-70). Very recently, a clinical trial to study
the efficacy and safety of G-CSF as a procognitive agent was initiat-
ed in mild to moderate AD at the University of South Florida (71).
This is a tolerability and safety study with a secondary objective of
detecting a procognitive benefit.

G-CSF has a long track record of safety.  A recent prospective study
of the safety of G-CSF in 1,278 normal donors found that 870 donors
(68%) presented with some G-CSF-related toxicity. Bone pain was
observed most frequently (784 donors, 90%), followed by headache
(290 donors, 33%), fever (56 cases, 6%), fatigue (6%) and nausea
(5%) (72). Bone pain was effectively treated with common analgesics
such as acetaminophen or ibuprofen, and the symptoms generally
resolved within 1 week after discontinuation of G-CSF administra-
tion. Other less common effects attributed to G-CSF were sweating
and insomnia, which were observed in 19 (2.2%) and 16 (1.3%)
donors, respectively. Two donors with previous hyperuricemia had
gout crises during the mobilization procedure. There were no mobi-
lization-related deaths, although some rare but serious side effects
of G-CSF were reported. One donor had a splenic rupture 12 h after
the last leukapheresis, which required splenectomy.

Several other studies have evaluated the effects of short–term
administration of G-CSF on the spleen in normal donors and
patients with cancer or neutropenia. These studies showed a medi-
an increase of 11 mm in spleen length in G-CSF recipients. In the
majority of the cases, the spleen length increase was transient and

reversible (73). At least four cases of splenic rupture have been asso-
ciated with an increase in spleen size in healthy adult donors. A ret-
rospective study on G-CSF-associated adverse events in healthy
individuals or subjects with chronic neutropenia or cancer did not
find an increased risk of malignancy among healthy individuals who
received G-CSF before peripheral blood stem cell harvesting. How-
ever, more than 2,000 donors would have to be followed for 10 years
to detect a 10-fold increase in leukemia risk (74).

STEM CELL FACTOR (SCF)

SCF is an 18.5-kDa glycoprotein that plays a key role in hemato-
poiesis. It is also known as c-kit ligand, steel factor or mast cell
growth factor. Its structure is similar to monocyte colony-stimulating
factor (M-CSF). SCF exists in both soluble (sSCF) and membrane-
bound (mSCF) forms. sSCF activates the c-kit (SCF) receptor more
transiently and downregulation is induced more rapidly than in
mSCF. mSCF may participate in guiding the HSCs to their final des-
tinations in the body during embryogenesis and be biologically more
active than sSCF (75). SCF and its receptor are found in organs
throughout the body, but of particular interest, both are expressed in
the neuroproliferative zones of the brain (76-78). Mutations or
genetic polymorphisms resulting in alteration of c-kit function may
alter the therapeutic effects of SCF and also result in specific dis-
eases (79).

Several biological functions have been observed for SCF in vitro and
in vivo. In vitro, SCF has been shown to increase the survival of HSCs,
generate direct colony-forming cells, potentiate the ability of epi-
nephrine and ADP to stimulate platelet aggregation, assist in sero-
tonin (5-HT) secretion, promote melanogenesis and gametogenesis,
have synergistic effects on megakaryocytes and support the growth
and function of mast cells. In vivo, SCF has been shown to partici-
pate in SC self-renewal, have a synergistic effect with other HGFs
such as G-CSF, have chemotactic effects for SCs, assist in the devel-
opment of early T cells and mobilize HSCs from the bone marrow to
the blood (75). Its specific functions in the CNS include acting as a
survival factor and chemokine for NSCs (80), neurogenesis (81), neu-
roprotective effects (82) and modulation of microglia (83). In the
normal brain, SCF is produced primarily by neurons and not glia
(84), and systemic administration of SCF enhances infiltration of
BMSCs into the brain (85). In the injured brain, SCF expression is
upregulated (84) and administration of SCF to ischemic brain mobi-
lizes neuron-like bone marrow-derived cells and resident brain NSCs
to areas of injury, especially the penumbra (45, 84, 86).

Interestingly, treatment of AD patients with donepezil (AChE-I) may
not only act by increasing cholinergic synaptic activity through an
increase of ACh, but also through an increase in HGFs, such as BDNF
and SCF (87). AD patients with higher levels of SCF had a higher
level of cognitive function or a smaller loss of cognitive function than
those with lower levels of SCF. AChE-I have been shown to activate
protein kinase C (PKC), which cleaves mSCF, releasing it from the
cell surface. This increase in SCF may be responsible for the increase
of BDNF and the decrease in neuroinflammation through the sup-
pression of microglia (88).

In c-kit mutant rats a decrease in escape latency with repeated trials
of the water maze was not shown, in contrast to wild-type mice, and
they displayed impairment in spatial memory. The mutant rats also
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showed impairment in hippocampal synaptic potentiation in com-
parison to wild-type rats in studies of paired-pulse facilitation (PPF)
in the mossy fiber-CA3 hippocampal pathway and LTP (89). There-
fore, a lack of SCF impairs both spatial memory and hippocampal
synaptic potentiation or long-term memory.

Lower levels of SCF have been observed in plasma of AD patients in
comparison to age-matched healthy controls. Also, lower levels of
plasma SCF have been significantly correlated with an increase in
the severity of dementia. Patients with AD had significantly lower
CSF levels of SCF compared to those with noninflammatory neuro-
logical disease (NIND). No correlation exists between the levels of
SCF found in the CSF and plasma, so the SCF in these locations may
have different sources (90). A decrease in HGFs, such as SCF, could
contribute to a decrease in HSCs in patients with AD, although due
to the negative feedback loop between sSCF and mSCF it is possible
that sSCF is decreasing while mSCF is increasing (91).

Both SCF and FGF2 protein and mRNA levels are increased with
hypoxia in cell culture. Also, SCF is increased in immature neurons in
both the subgranular zone and the subventricular zone in rat brain,
and administration of SCF increases BrdU labeling of immature neu-
rons, showing the effect of SCF in neurogenic zones (81). In those
cells adjacent to the areas of brain injury, higher levels of SCF are
expressed than those that are more distant from the site of injury,
and SCF mRNA is overexpressed in the injured area of the brain (84).

In subacute brain ischemia the administration of SCF + G-CSF
decreased infarct size and resulted in functional improvement (45).
SCF + G-CSF treatment in a mouse model of chronic stroke
increased BMSC mobilization and differentiation, resulting in an
increase in neurogenesis and angiogenesis, and therefore enhance-
ment of brain repair in ischemia (92). Both SCF and G-CSF pass
through the intact blood–brain barrier (BBB) (86). Cerebral hypo-
perfusion and impaired Aβ clearance across the BBB may contribute
to the onset and progression of AD. Accumulation of Aβ in cerebral
blood vessels is associated with cognitive decline and can result in
disruption of the blood vessel wall, leading to micro- or macrointra-
cerebral bleeds that exacerbate the neurodegenerative process and
inflammatory response (28). Given the ability of SCF and G-CSF to
increase angiogenesis and ameliorate the neurovascular system in
animal models of stroke, it is likely that this mechanism may be
involved in mediating the beneficial effects of HGFs in AD.

Although SCF may be a potential treatment for neurological dis-
eases, such as AD and stroke, it has also been shown to have side
effects in early clinical trials. It can cause wheals at the site of injec-
tion due to activation of mast cells and darkening in pigmentation
due to activation of melanocytes, although if given at lower doses in
conjunction with a synergistic factor such as G-CSF these side effects
may be eliminated (75). Recently, phase I clinical trials have been
completed with SCF as a treatment for aplastic anemia, myelodys-
plasia and AIDS/AIDS-related malignancies.

GRANULOCYTE–MACROPHAGE COLONY-STIMULATING
FACTOR (GM-CSF)

GM-CSF is a 23-kDa glycoprotein with a four-helical-bundle struc-
ture (93) and promotes the maturation and differentiation of HSCs
into granulocytes and macrophages. GM-CSF stimulates the pro-

gression of the cell cycle by upregulating cyclins, and results in pro-
liferation of microglia and their transformation into the ameboid
(active) form (94).  In the brain, GM-CSF is expressed by astrocytes
(32), neurons and, to a lesser extent, oligodendrocytes (95).

The GM-CSF receptor (GM-CSF-R) is heterodimeric and contains an
α-chain, the GM-CSF ligand binder, and a β-chain, the signal trans-
ducer which is coupled to the STAT pathway (93, 96). GM-CSF-R is
expressed by hematopoietic cells, as well as neurons (97). In the
uninjured brain, GM-CSF-R is found throughout the brain in areas
such as the hippocampal CA2 and CA3 layers, entorhinal cortex and
pyramidal cells in the cortex, as well as several other areas. GM-
CSF-R can also be detected in some oligodendrocytes, but not
microglia or astrocytes (95), although other researchers claim that
GM-CSF-R is also expressed by astrocytes (98). GM-CSF-R and
nestin, a marker of NSCs, are coexpressed in the subgranular zone
of the hippocampus (99). Following experimental cerebral ischemia,
there is an upregulation of the GM-CSF-R in large pyramidal neu-
rons located in the penumbra, indicating an adaptive response to
neuronal damage (95).

In the peripheral nervous system, GM-CSF stimulates phagocytosis
of myelin during Wallerian degeneration (WD), but this is inhibited at
a later stage of WD by a binding protein (100, 101). In the CNS GM-
CSF causes the proliferation, induction and differentiation of
microglia (102, 103) and has a strong antiapoptotic effect on recruit-
ed neutrophils and neurons (95, 104). GM-CSF induces this anti-
apoptotic effect through an increase in the antiapoptotic proteins
Bcl-XL and Bcl-2, and partially through activation of the Akt path-
way; this antiapoptotic effect can be activated by stimuli such as an
ischemic insult. In two rat models of stroke GM-CSF was adminis-
tered i.v. and a decrease in infarct size was seen in both models (95).
GM-CSF treatment in the disease model of spinal contusion result-
ed in decreased apoptosis within the spinal cord (105). Treatment of
NSCs in vitro with GM-CSF increased differentiation of the stem cells
into neurons, evidenced by a significant increase in the numbers of
cells expressing the neuronal markers tubulin beta-III and micro-
tubule-associated protein 2 (MAP-2) (99).

Treatment of Tg2576 AD mice with an anti-GM-CSF antibody result-
ed in a significant decrease in Aβ plaque deposits, soluble Aβ1-42 pro-
duction, and a decrease in microglial activation (106). Since
decreased levels of cytokines such as GM-CSF are associated with a
decrease in microglia, the increased GM-CSF levels in AD may con-
tribute to microgliosis (107).  Administration of GM-CSF and Aβ via
adenoviral vectors intranasally to Tg2576 mice resulted in lower Aβ
levels in the brain compared to those not receiving the treatment
(108). Tg amyloid precursor protein (APP) mice treated with a com-
bination of Aβ/GM-CSF/IL-4 antibodies showed a significant
decrease in the Aβ plaque load (109).

In patients with stroke, AD and vascular dementia an increase in
GM-CSF levels has been observed in the CSF and plasma, except for
stroke which does not show an elevation in plasma.  The increase in
GM-CSF may be due to increased neuronal damage and cell death,
as a positive correlation was shown between markers for neuronal
damage such as TAU and FAS genes (107, 110, 111). GM-CSF has
recently been identified as a neuronal growth factor in the rat brain
that is both antiapoptotic and reduces infarct size in vivo (95).
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Clinically, GM-CSF has been used for the treatment of neutropenia.
GM-CSF, as well as G-CSF, is in clinical trials for the treatment of
stroke and appears to be safe. Given their availability, relative safety
and beneficial impact on the neurovascular system, some investiga-
tors advocate fast-tracking these agents for the treatment of neu-
rodegenerative diseases such as AD.

MONOCYTE COLONY-STIMULATING FACTOR (M-CSF)

M-CSF (also known as CSF-1) is another HGF that is an 80-100-kDa
glycoprotein or a 130-160-kDa chondroitin sulfate-containing pro-
teoglycan, or expressed as a membrane-bound 68-86-kDa glyco-
protein on M-CSF-producing cells. In all its active forms it is dimeric
(112). M-CSF is produced by astrocytes (113). M-CSF has been shown
to reduce cognitive deficits and Aβ plaque load in APP/PS1 (prese-
nilin 1) Tg mice, as demonstrated by decreased escape latencies in
repeated T-water maze trials in Tg mice receiving i.p. injections of M-
CSF and wild-type mice versus Tg mice receiving saline showing an
improvement in spatial memory with M-CSF. Tg mice receiving M-
CSF injections at 6 months of age had an improved quality of nest
building, reflecting diminished social withdrawal and apathy as
compared to saline-treated Tg mice.  Also, M-CSF-treated Tg mice
had a higher ratio of microglia per plaque than control Tg animals.
The increase in microglia per plaque may be related to the
decreased density, size and overall Aβ burden in the plaques seen in
the M-CSF-treated Tg mice (114).

It has also been shown that M-CSF can promote the proliferation,
activation and development of microglia, and mice with decreased
levels of M-CSF therefore exhibit lower numbers of microglia (113,
115, 116).  M-CSF induces proliferation of microglia in culture without
affecting the microglial response to lipopolysaccharide (LPS) or Aβ;
hence, M-CSF can be used to improve microglial yield in culture
without introducing activation artefacts (117). Low levels of M-CSF in
presymptomatic AD in combination with low levels of other HGFs
are associated with a progression towards a decrease in cognitive
function to dementia (118).

STROMAL CELL-DERIVED FACTOR 1 (SDF-1)

SDF-1, also known as C-X-C motif chemokine 12 (CXCL12), is a mem-
ber of the C-X-C subfamily of chemokines and thus a potent
chemoattractant for HSCs that is expressed in the bone marrow
(119-122). SDF-1 and its receptor CXCR4 may play a role in blood ves-
sel growth and development, as well as attraction of HSCs to injured
vessel walls (123-125). SDF-1 plays an important role in the mobiliza-
tion, differentiation and adhesion of HSCs and has neuroprotective
effects in the CNS (125-127). Decreased plasma levels of SDF-1 have
been seen in patients with AD (128) and low levels of SDF-1 may
therefore further contribute to the deficient profile of HSC support in
the AD brain.

ERYTHROPOIETIN (EPO)

EPO is a 30-kDa hematopoietic cytokine consisting of 165 amino
acids and coded by a single copy on chromosome 7 (129, 130). The
biological activity of EPO appears to be dependent on its glycosylat-
ed chains, as well as the disulfide bonds between the cysteine
residues located at positions 7 and 160 and 29 and 33 (131). EPO is

ubiquitous throughout the body and is primarily produced in the kid-
ney by peritubular fibroblasts in the renal cortex (132, 133). The main
actions of EPO include promotion of red blood cell (RBC) survival
through the prevention of apoptosis in threatened RBCs and stimula-
tion of colony-forming erythroid cells to proliferate into new RBCs
(134, 135). The production of EPO also occurs in the liver by Kupffer
cells and hepatocytes, as well as in the uterus (136). Surprisingly, EPO
production and the expression of the erythropoietin receptor (EPO-R)
are found in cells of the nervous and cardiovascular systems, sug-
gesting that EPO may have neurovascular protective benefits (129).

The expression of EPO and its receptor have been shown to correlate
with decreased levels of oxygen or increased metabolic stress, and 
to be under the control of hypoxia-inducible factor 1 (HIF-1). HIF-1
is constitutively produced in cells, but undergoes elimination
through ubiquitination and proteasome degradation in the presence
of oxygen. In hypoxic events, however, the degradation of HIF-1 is
inhibited, allowing it to upregulate the expression of both EPO and
EPO-R. The timely appearance of EPO and EPO-R in the event of a
decrease in oxygen allows EPO to protect cells from apoptosis
(129, 130). EPO is currently used to treat anemia in various clinical
scenarios (137).

Neurons and astrocytes synthesize EPO and also express the EPO-R
on their cellular membranes (138-141). EPO is able to cross the BBB
through receptor-mediated transport, allowing EPO produced in
peripheral tissues to enter the brain (138). This event, however, only
accounts for 6-8% of the total EPO concentration found in the CSF,
indicating that most of the EPO in the CSF is produced in the brain
(129). Various regions of the brain are considered to be involved in
the production of EPO, such as the hippocampus, cortex and mid-
brain (129, 130). The presence of EPO and EPO-R is relatively low in
normal brain and only after metabolic stress or hypoxia do their
levels increase, as demonstrated by increases in EPO levels in the
CSF, as well as in postmortem brains that have sustained injury,
hemorrhage or stroke (142-145).

EPO-R expression is increased in chronic cerebrovascular diseases,
such as AD, suggesting that the AD brain is under hypoxic or meta-
bolic stress (146). Aβ plaques are believed to increase oxidative
stress and Aβ-induced apoptosis associated with AD (147-150). EPO
is able to attenuate the apoptosis induced by reactive oxygen
species (ROS) induced by Aβ. Aβ was shown to decrease the ratio of
Bcl-2/BAX, leading to activation of caspase-3 and eventually apop-
tosis. However, EPO was able to reverse this ratio by increasing the
expression of the antiapoptotic gene BCL2 and by decreasing the
expression of the proapoptotic gene BAX, thus leading to protection
of PC-12 cells from Aβ-induced oxidative stress. This was linked to
the activation of JAK2/PI3K/Akt pathways, as indicated by an
increase in phosphorylated Akt following treatment of PC-12 cells
with EPO (151, 152).

The fragmentation of DNA through caspases is a relatively late-
occurring phenomenon, as many earlier stimuli also lead to phago-
cytosis or apoptosis of cells in the CNS. Aβ plaques are able to
induce microglial secretion of TNF-α, as well as other inflammatory
cytokines (153, 154). Aβ plaques also cause the early expression of
externalized phosphatidylserine (PS), signaling microglia to phago-
cytize the compromised neurons (155-157). EPO has been shown to
provide long-term survival through Akt activation, causing the
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translocation and activation of nuclear factor NF-kappa-B (NF-κB)
to the nucleus, leading to expression of antiapoptotic genes and
thus preventing TNF-α-induced apoptosis and the activation of cas-
pase pathways, as well as preventing the externalization of PS that
would normally lead to microglial activation and phagocytosis of
damaged neurons (158-160).

EPO may also have an impact on the phosphorylation status of tau,
a component of neurofibrillary tangles. Hyperphosphorylation of tau
protein by glycogen synthase kinase-3 β (GSK-3β) causes destabi-
lization of the cytoskeleton, resulting in the cell death seen in AD
(161, 162). GSK-3β phosphorylation of tau is carried out through a
reduction in Akt activity, leading to activation of GSK-3β. On the
other hand, EPO was shown to induce dephosphorylation and deac-
tivation of GSK-3β by EPO binding its receptor and upregulating Akt
activity through the JAK2/PI3K pathway, thus preventing hyper-
phosphorylation of tau protein and subsequent tangle formation.
This provided a possible avenue for preventing Aβ-induced cellular
death in the brain (152, 163).

In addition to its neuroprotective capacity, EPO provides the neces-
sary signaling to cause mesenchymal stem cells (MSCs) to differen-
tiate into neurons during simultaneous hypoxia (164, 165). In the
presence of EPO, MSCs have been shown to increase the expression
of neural markers, such as choline acetyltransferase (ChAT), NeuN
and muscarinic receptors, and to increase functional markers, such
as synaptophysin, the glutamate/aspartate transporter (GLAST)
and neprilysin (164). EPO has also been shown to upregulate the
production of ACh and, along with the increase in muscarinic recep-
tors, it appears that these MSCs can be used to replace ACh neurons,
which are often associated with cognitive loss in AD (164, 166). It has
also been observed that EPO not only increases the differentiation of
MSCs into neurons, but also inhibits their differentiation into glial-
like cells, evidenced by a decrease in the number of glial fibrillary
acidic protein (GFAP)-positive cells following EPO administration.
EPO-treated MSCs are able to produce glutamine synthase (GS),
which is normally produced by astrocytes to combat glutamate tox-
icity, but GS activity is decreased in AD, which causes neurons to syn-
thesize it (164, 167). Along with EPO induction of GLAST and GLT-1
production, it has been suggested that EPO-treated MSCs can take
over the task of metabolizing glutamate that is normally performed
by astrocytes (164, 168). It is therefore hypothesized that coadminis-
tration of transplanted MSCs and EPO could offer a possible thera-
peutic option for the treatment of AD (164).

CONCLUSIONS

The application of HGFs for the treatment of AD is based on a grow-
ing body of strong preclinical data and the fact that many of these
agents are already in clinical use in the field of hematology/oncolo-
gy. In the past 10 years, it has become apparent that hematopoiesis
and neuropoiesis have much in common, especially the trophic fac-
tor/cytokines that regulate self-renewal and differentiation into
blood cell lineages and neural cell lineages. Bone marrow houses
more “primitive”, multipotent adult progenitor cells (MAPCs) that
are capable of giving rise to tissues of all embryonic germ layers.
Bone marrow-derived cells have been shown by independent inves-
tigators to give rise to neural cells in vitro, and in vivo studies have
demonstrated that bone marrow cells migrate into the brain, where

they appear to differentiate into neurons and glia. The mechanism
for transdifferentiation of bone marrow cells to neural cells is not
clear and may reflect the capacity of bone marrow-derived cells to
fuse with injured neurons. In vivo studies suggest that the genera-
tion of new neurons from BMSC/progenitor cells, if it really occurs,
may be a rare phenomenon. Nevertheless, bone marrow-derived
cells from the peripheral circulation are the source of at least 10% of
the adult brain’s immune cells (microglia) under normal conditions,
and following various brain injuries, the trafficking of bone marrow
cells from blood to brain is markedly increased. Microglia have been
clearly observed in the core of amyloid plaques in transgenic mouse
models of AD. Perhaps as many as 10% of these cells originate from
the bone marrow. The Aβ1-40 and Aβ1-42 isoforms are among the
many signals that trigger this chemoattraction. HGFs also modulate
the humoral neuroimmune response: G-CSF decreases proinflam-
matory cytokines and upregulates anti-inflammatory cytokines.
Moreover, G-CSF and other HGFs have direct actions on the CNS.
They inhibit programmed cell death and promote neurogenesis and
synaptogenesis. Administration of G-CSF has been shown to be safe
and well tolerated in early clinical studies in patients with ischemic
stroke. There is likely to be a surge in the development of clinical tri-
als of G-CSF, as well as other HGFs, to reverse dementia or forestall
the progression of AD.
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