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Alzheimer’s disease (AD) is a progressive neurological disorder characterized by the aggregation of two proteins, amyloid-b and hyperphosphorylated tau, and by neuronal and synaptic loss. Although some drugs have
been shown to slow the progression of the disease, at present no treatment has been developed that can stop or
reverse the progression of the pathology. Recently, new therapeutic strategies have been proposed for the
treatment of the disease. Among these, the development of stem cells and gene-modified cells is an especially
promising therapeutic approach for AD. In this review we highlight the experimental and preclinical studies that
have been focused on stem cell-based and gene-modified cell-based uses as potential therapies for AD. The
potential clinical applications are also discussed.

Introduction

A

lzheimer’s disease (AD) is a neurodegenerative disease
and the most common form of dementia. The disease is
clinically characterized by a progressive impairment of
memory and other cognitive functions that interfere with
mood, reason, judgment, and language, leading to dementia
and death [1]. An estimated 10% of Americans over the age 65
are diagnosed with AD, with an incidence of 50% in people
aged 85 years or older [2]; In some cases, early-onset Alzheimer’s can occur between ages 40 and 50, with a mean life
expectancy following diagnosis of approximately 7 years [3].
The earliest damage in AD occurs in the entorhinal cortex,
hippocampus, and basal forebrain; these brain structures
play a critical role in memory [4]. The pathophysiology of the
disease involves the accumulation and aggregation of two
proteins, amyloid-b (Ab) and hypersphosphorylated tau,
which are the principal components of extracellular plaques
and intraneuronal neurofibrillary tangles [5]. Ab is produced
by the cleavage of amyloid precursor protein (APP), a
transmembrane protein present in neurons [6]. APP is
cleaved first by b-secretase and subsequently by g-secretase,
releasing the soluble Ab peptide [7]. There are two forms of
Ab peptide, Ab1–40, which is more common, and Ab1–42,
which is associated with early onset of AD [8].
The second hallmark of AD is the tau protein, a microtubule-associated protein (MAP) that plays a key role in
microtubule stabilization [9]. In AD, the accumulation of Ab
and hyperphosphorylated tau affects the connection between
certain groups of neurons that form synaptic partners,
causing them to function improperly and eventually die [10].
The disruption of neuronal circuits and the synaptic loss in the
human cortex and hippocampus contribute to the cognitive

decline observed in AD [11] suggesting that the synaptic loss
represents a critical event in AD pathology.
Currently, there are no drug treatments that can provide a
cure for AD. However, different treatments have been developed that can improve symptoms or slow down the
neuropathology [12,13]. The main types of drugs used to
treat AD patients are cholinesterase inhibitors and NMDA
receptor antagonists. Other forms of treatment that have
been explored by preclinical researchers were immunotherapeutic strategies aimed to reduce Ab and tau deposits
[14–16]. Although these treatments reduce the progression of
the disease, they do not provide a definite cure for AD. One
possible treatment option that has been proposed is the use
of stem cells and gene-modified cells in therapeutic strategies
for AD and other neurodegenerative disorders.
This review describes the various types of stem cells and
gene-modified cells that have been explored for potential
treatments and reviews the recent experimental and preclinical studies performed on the subject.

Stem-Cell Therapy in AD
Embryonic stem cells for AD
Embryonic stem cells (ESCs) are derived from the inner
cell mass of the developing blastocyst and they have the
capacity to produce every type of cell and tissue in the body
[17,18]. ESCs cannot serve direct treatment themselves because extrauterine ESCs transplantation commonly generates teratomas or teratocarcinomas and can also be rejected
immunologically [19]. Nevertheless, ESCs can still be of use
for cell replacement therapy after full differentiation toward
cells such as neural stem cells (NSCs), mesenchymal stem
cells (MSCs), or other types of cells.
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Neural stem cells
The identification of NSCs created high expectations for
clinical application of these cells in cell replacement therapeutic procedures of AD. NSCs are defined as self-renewing
multipotent cells that can differentiate into neurons, astrocytes, and oligodendrocytes [20]. NSCs were first discovered
in the subventricular zone (SVZ) and in the subgranular layer
(SGL) of the hippocampal dentate gyrus in adult brains of
mice [21]. NSCs produce neuroblasts that migrate from the
SVZ to the olfactory bulb where they form mature neurons
involved in the sense of smell [22]. NSCs from the SGL migrate and differentiate into neurons in the hippocampus, implying that neurogenesis in the SGL may be important for
memory [23]. The impairment in memory and the deterioration in odor identification [24] often observed in AD patients
might indicate that the development of the pathology affects
neurogenesis. Even so, the fact that there are NSCs in the adult
brain implies that inducing neurogenesis in the AD brain can
be a potential strategy for cell replacement therapy [25].
NSCs can be directly isolated from fetal or adult nervous
tissue or derived from ESCs [26,27]. Apart from being harvested from external sources, commercial NSC lines such as
HB1.F3 are also of potential use [28] and have been explored
as a potential therapeutic option for Parkinson’s disease [29]
and AD [30].
There are abundant examples in which NSCs have been
successfully used for cell-based therapies [31,32]. In one such
example, presented by Qu et al. [33], the transplantation of
NSCs into the lateral ventricle of aged and memory-impaired
rats, improved their cognitive function. In addition, the authors showed that these transplanted NSCs have successfully
differentiated into neurons and glia and migrated to different
brain areas. Another example, performed by Blurton-Jones
et al. [34], elucidated some of the factors needed for the proper
integration of transplanted NSCs. In their study, they showed
that NSCs that have been transplanted into the hippocampus
of aged triple transgenic mice (3xTg-AD) rescued their spatial
learning and memory deficits. In addition, the researchers
observed a highly significant increase in axonal outgrowth
and synaptic density with high levels of BDNF, leading them
to discover that the NSC-derived BDNF is essential for the
cognitive benefits induced by the NSC transplantation. These
results are in accordance with other studies that have suggested that NSC therapy is most likely to be successful when
used in conjunction with a continuous supply of trophic factors with the aid of genetically modified NSCs [35,36].
When grown in vitro, NSCs generate structures called
neurospheres, which are nonadherent spherical clusters of
cells [37]. These neurospheres can be directly transplanted
into specific brain sites, leading to their utilization in AD. For
example, Wang et al. [38] have transplanted neurospheres
derived from mouse ESCs into the frontal cortex and barrel
field of C57BL/6 mice after including a lesion of nucleus
basalis of Meynert and have demonstrated that these transplanted neurospheres can differentiate into neurons that can
form functional connections capable of improving motor and
cognitive function in mice.
NSCs have also been used for the differentiation of specific
types of neurons that have clinical applicability. Cholinergic
neurons are one such type of neuronal cells, that are especially vulnerable in AD [39,40]. NSCs can be differentiated
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specifically toward cholinergic neurons and can serve as a
source pool for these cells that might be advantageous for
developing cell-based treatments for AD. Differentiation into
cholinergic neurons can be achieved in vitro by the combination of basic fibroblast growth factor, heparin, and laminin [41]
or by transplanting NSC cell lines in specific brain sites [42].

The effect of Ab and APP on NSCs
Several articles have demonstrated both in vitro and in vivo
that Ab plays a role in the proliferation and differentiation of
NSCs in AD [43–45]. It should be noted, however, that the
form of Ab (oligomeric or fibrilic) can produce contrasting
results. A few studies described Ab as having a disruptive
effect on proliferation and migration of NSCs in the SVZ. In a
study that used adult APPSwe single-transgenic mice, a decrease in hippocampal neurogenesis was observed [46]. Conversely, a study performed by Jin et al. [47] found an increase
in proliferation and neuronal differentiation in young PDGFAPP (Sw, Ind) transgenic mice. These researches point that Ab
oligomers induce neurogenesis and that as pathology progresses, Ab aggregates into fibrils and these fibrils lead to the
apparent decrease in proliferation and cell survival.
These findings can reflect the expected implications when
treating pathology at different stages. At a late stage of pathology the therapeutic reduction of Ab aggregation could
enhance endogenous cell proliferation and differentiation
while an opposite effect may be received at an early stage. One
way that has been demonstrated as capable of reducing Ab
aggregation is immunotherapy [48]. Biscaro et al., [49], showed
that Ab immunotherapy using an antibody against Ab decreased Ab plaque burden and promoted survival of newly
formed neurons in 8–9-months-old APP/PS1 mice, supporting
the notion that a reduction in Ab accumulation by immunotherapy can restore neuronal functions in the AD brain.
Translating these findings into the clinical setting, however,
has been so far unsuccessful - in a phase III clinical trial, for
example, no efficacy was found when patients were treated
with Bapineuzmab, an anti Ab monoclonal antibody [50].
Apart from Ab, it appears that alterations in APP may itself
affect the faith of NSC differentiation. A study performed by
Marutle et al. [51] showed that transplanted NSCs in APP23
transgenic mice exhibited a higher tendency toward glial
differentiation when compared with wild-type mice. Similarly, in a previous in vitro study performed by researchers an
increase in glia differentiation was noted when NSCs were
grown in the presence of high concentrations of APP [52]. In
addition, the researchers found that reduction of the APP
levels by Phenserine, a cholinesterase inhibitor, led to an increase in the neuronal differentiation of NSCs. It was therefore
proposed that a combination of NSC transplantation and a
pharmacological approach to regulate APP levels may be a
potential strategy for the treatment of AD and other neurological disorders [51].

MSCs for AD
MSCs are multipotent cells found in various tissues [53]
that can differentiate in culture into osteoblasts, chondrocytes, adipocytes, fibroblasts, myoblasts, and cardiomyoblasts [54,55]. MSCs have also been demonstrated as
capable of having the ability to differentiate in vitro and
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in vivo into neuronal and glial cells [56,57], although certain
cell modifications such as the expression of specific stem cell
genes [58] or epigenetic modifications [59] need to be performed before these cells acquire this ability. MSCs have
been considered as a potential therapeutic option because
they are readily available in various tissues, are capable of
differentiating into a variety of cell types, and can be easily
grown in large numbers [60]. Additionally, MSCs can be
used for autologous transplantation [61], circumventing the
need for immunosuppressant.
MSCs from various sources have been used in different
studies: bone marrow-derived MSCs were used by Lee et al.
[62] for transplantation into the hippocampus of APP/PS1
mice. Transplantation led to endogenous microglia/macrophage activation. A reduction in Ab depositing and tau hyperphosphorylation, and an improvement in spatial learning
and memory was also observed. These effects were associated with the restoration of microglial neuroprotective
function, as evidenced by increased Ab-degrading factors,
decreased levels of neurotoxic cytokines, and increased levels of neuroprotective cytokines.
Human umbilical cord-derived MSCs (hUCB-MSCs) have
also been transplanted in an acute AD mouse model.
Transplantation of these cells into double-transgenic mice
(APP/PS1) reduced Ab and tau deposition and improved
spatial learning and memory decline. These effects were associated with a decrease in levels of inflammatory factors
secreted by activated microglial cells [63,64]. Although a
therapeutic potential certainly exists for these cells, there
have been little comparative research between hUCB-MSCs
and other types of MSCs for treatment efficacy in AD models. Future research will need to address this question.

Induced pluripotent stem cells for AD
The generation of induced pluripotent stem cells (iPSC)
from somatic cells by Takahashi et al. [65] demonstrated that
adult mammalian cells can be reprogrammed by the expression of a few embryonic genes. Yamanaka and Takahashi first identified four key genes known as ‘‘Yamanaka
factors’’ that are essential for the reprogramming of adult
cells—klf4, sox2, c-Myc, and Oct4. Concurrently, Yu and
colleagues achieved similar results using oct4, sox2, nanog,
and lin28 [66].
iPSC offer the ability of investigating the different phenotypes present in AD by generating pluripotent cell lines
from patients with inherited forms of the disease, thus
maintaining their endogenous genome and transcriptional
feedbacks intact [67]. For example, Israel et al. [68] reprogrammed fibroblasts from patients with sporadic and familial AD into iPSC and differentiated them into neurons.
These neurons showed similar functional activity and biochemical changes associated with the disease. Similar results
have been achieved by other researchers [69,70]. A collection
of fibroblast cell lines from patients with tau mutations is in
fact available for the generation of iPSC with the same mutation, providing a new model for the study of alternative
splicing in tau that occurs only in humans [71].

Cell Therapy Using Astrocytes for AD
AD treatment may be achieved by transplanting supportive
cells such as astrocytes [72]. Astrocytes are responsible for
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maintaining an optimal environment for neurons by phagocytosis of cell debris [73], secretion of neurotrophic factors
[74], uptake of Glutamate [75], and maintaining the balance
and regulation of potassium and calcium ions [76]. Further, in
vitro studies have shown that astrocytes can improve neuronal differentiation, maturation, and synapse formation in rodents [77]. However, similar studies using human astrocytes
and human neurons demonstrated that human astrocytes do
not enhance differentiation of human NSCs (hNSCs), although the addition of astrocytes or astrocyte-conditioned
media enhanced the long-term in vitro survival of hNSCderived cholinergic neurons [78].
Several studies have associated glial function and the development of AD pathology. One finding pointing to this
interaction was the observation that in AD, a large number of
activated astrocytes and microglia accumulate around Ab
deposits [79–81] signifying that these cells are involved in the
clearance of Ab deposits. Interestingly, cultured adult mouse
astrocytes, but not neonatal mouse astrocytes, showed the
ability to degrade Ab deposits, although when transplanted
into the hippocampus of APdE9 mice, both adult and neonatal mouse astrocytes showed Ab clearance by phagocytosis [81]. Thus, it appears that astrocytes can play a role in the
dynamics of pathology and that astrocyte transplantation
may be an effective approach for the treatment of AD.

Gene-Modified Cell-Based Therapy for AD
Gene modification of stem cells prior to transplantation
can be useful for increasing cell survival and making them
more effective [82]. In addition, modified cells could be used
for the delivery of factors that can ameliorate neurological
disorders [83].
As previously mentioned, due to the loss of cholinergic
neurotransmitters in AD, some researchers were interested in
developing gene-modified cells that can produce acetylcholine (Ach). Primary fibroblast cell line genetically engineered
to express choline acetyltransferase showed the capacity to
produce Ach after transplantation into the hippocampus of
rats [84].
Another example of the use of the facilitation of gene
therapy for AD is the over expression of neprilysine (NEP),
an Ab degrading protease that has been shown to ameliorate
extracellular amyloids [85]. Transgenic mice (APP/PS1) injected with lentiviral vector expressing NEP showed a reduction in Ab deposits [86], and MSCs overexpressing the
NEP gene demonstrated the ability to degrade Ab peptides
in vitro [87]. Similar results were obtained in vivo with
transgenic mice that were transplanted with primary fibroblasts transfected with a lentivirus carrying NEP [88].
NSCs are also able to express growth factors that have
been shown to improve memory and cell function in AD
[34]. Human nerve growth factor (hNGF) is one such factor
and has been shown to possess the ability to rescue cholinergic neurons in the rodent and primate brains, and enhancing cholinergic function of neurons [89,90]. Taking note
of these findings, Wu et al. [36] showed that genetically
modified NSCs expressing hNGF can integrate into host
tissue and replace damaged or lost neuronal cells. In addition, a phase I clinical trial implantation of fibroblasts carrying the hNGF gene into the forebrain of eight AD patients
showed improvement in the rate of cognitive decline [91]. A
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phase II clinical trial for the efficacy of NGF delivery aided
with adenovirus is currently ongoing [92].
Another growth factor relevant for cell-based therapy is
BDNF. BDNF is produced and trafficked in several brain
regions, effecting neuronal activity, function, and survival
[93]. BDNF gene delivery administrated after the onset of the
disease in mice and primates reversed synapses loss, improved cell signaling, and restored learning and memory
[94]. Moreover, NSCs transplanted in a rat model with cholinergic neurons loss led to an increase in the number of
cholinergic neurons, but the combined use of NSCs with
BDNF demonstrated higher efficacy pertaining to spatial
learning and memory [95].

Summary
Multiple studies have been done on AD. Although some
drugs have been shown to slow the progression of the
disease, at present no treatment has been developed that
can stop or reverse the progression of the pathology. Different types of stem cells have been investigated for the
treatment of AD, showing promising results in animal
models and in vitro studies. Cell-based therapy using stem
cells or gene-modified cells offers several advantages such
as direct targeting of the pathology by incorporating new
cells with existing cells or replacing existing functional or
supportive cells. Treatment could be achieved even
through a single injection, and innovative technologies
have allowed generating different types of stem cells from
various sources and inducing their differentiation to specific directions. Clinical applications are already in the
process of being tested, showing some benefits. Although
challenges such as cell survivability, immunorejection, and
surgical procedures still need to be addressed, the use of
autologous cells from patients for the generation of iPSC or
harvesting autologous MSCs may circumvent some of
these challenges.

Author Disclosure Statement
No competing financial interests exist.

References
1. Barten DM and CF Albright. (2008). Therapeutic strategies
for Alzheimer’s disease. Mol Neurobiol 37:171–186.
2. Eby DW, NM Silverstein, LJ Molnar, D Leblanc and G Adler.
(2012). Driving behaviors in early stage dementia: a study
using in-vehicle technology. Accid Anal Prev 49:330–337.
3. Molsa PK, RJ Marttila and UK Rinne. (1986). Survival and
cause of death in Alzheimer’s disease and multi-infarct dementia. Acta Neurol Scand 74:103–107.
4. Eichenbaum H and T Otto. (1993). LTP and memory: can we
enhance the connection? Trends Neurosci 16:163–164.
5. Takata K and Y Kitamura. (2012). Molecular approaches to
the treatment, prophylaxis, and diagnosis of Alzheimer’s
disease: tangle formation, amyloid-beta, and microglia in
Alzheimer’s disease. J Pharmacol Sci 118:331–337.
6. Vassar R, BD Bennett, S Babu-Khan, S Kahn, EA Mendiaz, P
Denis, D Teplow, S Ross, P Amarante, et al. (1999). Betasecretase cleavage of Alzheimer’s amyloid precursor protein
by the transmembrane aspartic protease BACE. Science 286:
735–741.

1493
7. Selkoe DJ. (1999). Translating cell biology into therapeutic
advances in Alzheimer’s disease. Nature 399:A23–A31.
8. Parameshwaran K, C Sims, P Kanju, T Vaithianathan, BC
Shonesy, M Dhanasekaran, BA Bahr, and V Suppiramaniam.
(2007). Amyloid beta-peptide Abeta(1–42) but not Abeta(1–
40) attenuates synaptic AMPA receptor function. Synapse
6:367–374.
9. Avila J, JJ Lucas, M Perez and F Hernandez. (2004). Role of
tau protein in both physiological and pathological conditions. Physiol Rev 84:361–384.
10. Spires TL and BT Hyman. (2004). Neuronal structure is altered by amyloid plaques. Rev Neurosci 15:267–278.
11. Davies CA, DM Mann, PQ Sumpter and PO Yates. (1987). A
quantitative morphometric analysis of the neuronal and
synaptic content of the frontal and temporal cortex in patients with Alzheimer’s disease. J Neurol Sci 78:151–164.
12. Birks JS, D Melzer and H Beppu. (2000). Donepezil for mild
and moderate Alzheimer’s disease. Cochrane Database Syst
Rev CD001190.
13. Muir KW. (2006). Glutamate-based therapeutic approaches:
clinical trials with NMDA antagonists. Curr Opin Pharmacol
6:53–60.
14. Solomon B. (2002). Immunological approaches as therapy
for Alzheimer’s disease. Exp Opinion on Biol 8:907–917.
15. Yoshiyama Y, M Higuchi, B Zhang, SM Huang, N Iwata, TC
Saido, J Maeda, T Suhara, JQ Trojanowski and VM Lee.
(2007). Synapse loss and microglial activation precede tangles in a P301S tauopathy mouse model. Neuron 53:337–351.
16. Bacskai BJ, ST Kajdasz, RH Christie, C Carter, D Games, P
Seubert, D Schenk and BT Hyman. (2001). Imaging of
amyloid-beta deposits in brains of living mice permits direct
observation of clearance of plaques with immunotherapy.
Nat Med 7:369–372.
17. Thomson JA, J Itskovitz-Eldor, SS Shapiro, MA Waknitz, JJ
Swiergiel, VS Marshall and JM Jones. (1998). Embryonic
stem cell lines derived from human blastocysts. Science
282:1145–1147.
18. Rippon HJ and AE Bishop. (2004). Embryonic stem cells. Cell
Prolif 37:23–34.
19. Wobus AM and KR Boheler. (2005). Embryonic stem cells:
prospects for developmental biology and cell therapy. Physiol Rev 85:635–678.
20. Price J and BP Williams. (2001). Neural stem cells. Curr Opin
Neurobiol 11:564–567.
21. Temple S and A Alvarez-Buylla. (1999). Stem cells in the
adult mammalian central nervous system. Curr Opin Neurobiol 9:135–141.
22. Lennington JB, Z Yang and JC Conover. (2003). Neural stem
cells and the regulation of adult neurogenesis. Reprod Biol
Endocrinol 1:99.
23. Shors TJ, G Miesegaes, A Beylin, M Zhao, T Rydel and E
Gould. (2001). Neurogenesis in the adult is involved in the
formation of trace memories. Nature 410:372–376.
24. Morgan CD, S Nordin and C Murphy. (1995). Odor identification as an early marker for Alzheimer’s disease: impact
of lexical functioning and detection sensitivity. J Clin Exp
Neuropsychol 17:793–803.
25. Shruster A, E Melamed and D Offen. (2010). Neurogenesis in
the aged and neurodegenerative brain. Apoptosis 15:1415–
1421.
26. Reubinoff BE, P Itsykson, T Turetsky, MF Pera, E Reinhartz, A Itzik and T Ben-Hur. (2001). Neural progenitors
from human embryonic stem cells. Nat Biotechnol 19:1134–
1140.

Downloaded by Tel Aviv University from online.liebertpub.com at 07/13/17. For personal use only.

1494
27. Kukekov VG, ED Laywell, O Suslov, K Davies, B Scheffler,
LB Thomas, TF O’ Brien, M Kusakabe and DA Steindler.
(1999). Multipotent stem/progenitor cells with similar
properties arise from two neurogenic regions of adult human brain. Exp Neurol 156:333–344.
28. Kim SU. (2004). Human neural stem cells genetically modified for brain repair in neurological disorders. Neuropathology 24:159–171.
29. Yasuhara T, N Matsukawa, K Hara, G Yu, L Xu, M Maki, SU
Kim and CV Borlongan. (2006). Transplantation of human
neural stem cells exerts neuroprotection in a rat model of
Parkinson’s disease. J Neurosci 26:12497–12511.
30. Borlongan CV. (2012). Recent preclinical evidence advancing
cell therapy for Alzheimer’s disease. Exp Neurol 237:142–
146.
31. Akerud P, JM Canals, EY Snyder and E Arenas. (2001).
Neuroprotection through delivery of glial cell line-derived
neurotrophic factor by neural stem cells in a mouse model of
Parkinson’s disease. J Neurosci 21:8108–8118.
32. Hwang DH, BG Kim, EJ Kim, SI Lee, IS Joo, H Suh-Kim, S
Sohn and SU Kim. (2009). Transplantation of human neural
stem cells transduced with Olig2 transcription factor improves locomotor recovery and enhances myelination in the
white matter of rat spinal cord following contusive injury.
BMC Neurosci 10:117.
33. Qu T, L Brannen, HM Kim and K Sugaya. (2001). Human
neural stem cells improve cognitive function of aged brain.
Neuroreport 12:1127–1132.
34. Blurton-Jones M, M Kitazawa, H Martinez-Coria, NA Castello, FJ Muller, JF Loring, TR Yamasaki, WW Poon, KN
Green and FM LaFerla. (2009). Neural stem cells improve
cognition via BDNF in a transgenic model of Alzheimer
disease. Proc Natl Acad Sci U S A 106:13594–13599.
35. Martinez-Serrano A and A Bjorklund. (1996). Protection of
the neostriatum against excitotoxic damage by neurotrophin-producing, genetically modified neural stem cells.
J Neurosci 16:4604–4616.
36. Wu S, A Sasaki, R Yoshimoto, Y Kawahara, T Manabe, K
Kataoka, M Asashima and L Yuge. (2008). Neural stem cells
improve learning and memory in rats with Alzheimer’s
disease. Pathobiology 75:186–194.
37. Bez A, E Corsini, D Curti, M Biggiogera, A Colombo, RF
Nicosia, SF Pagano and EA Parati. (2003). Neurosphere and
neurosphere-forming cells: morphological and ultrastructural characterization. Brain Res 993:18–29.
38. Wang Q, Y Matsumoto, T Shindo, K Miyake, A Shindo, M
Kawanishi, N Kawai, T Tamiya and S Nagao. (2006). Neural
stem cells transplantation in cortex in a mouse model of
Alzheimer’s disease. J Med Invest 53:61–69.
39. Weiss JH, HZ Yin and DW Choi. (1994). Basal forebrain
cholinergic neurons are selectively vulnerable to AMPA/
kainate receptor-mediated neurotoxicity. Neuroscience 60:
659–664.
40. Kar S and R Quirion. (2004). Amyloid beta peptides and
central cholinergic neurons: functional interrelationship and
relevance to Alzheimer’s disease pathology. Prog Brain Res
145:261–274.
41. Tarasenko YI, Y Yu, PM Jordan, J Bottenstein and P Wu.
(2004). Effect of growth factors on proliferation and phenotypic differentiation of human fetal neural stem cells.
J Neurosci Res 78:625–636.
42. Doering LC and EY Snyder. (2000). Cholinergic expression
by a neural stem cell line grafted to the adult medial septum/diagonal band complex. J Neurosci Res 61:597–604.

GLAT AND OFFEN
43. Ermini FV, S Grathwohl, R Radde, M Yamaguchi, M Staufenbiel, TD Palmer, and M Jucker. (2008). Neurogenesis and
alterations of neural stem cells in mouse models of cerebral
amyloidosis. Am J Pathol 172:1520–1528.
44. Lopez-Toledano MA and ML Shelanski. (2004). Neurogenic
effect of beta-amyloid peptide in the development of neural
stem cells. J Neurosci 24:5439–5444.
45. Lopez-Toledano MA and ML Shelanski. (2007). Increased
neurogenesis in young transgenic mice overexpressing human APP(Sw, Ind). J Alzheimers Dis 12:229–240.
46. Haughey NJ, A Nath, SL Chan, AC Borchard, MS Rao and
MP Mattson. (2002). Disruption of neurogenesis by amyloid
beta-peptide, and perturbed neural progenitor cell homeostasis, in models of Alzheimer’s disease. J Neurochem 83:
1509–1524.
47. Jin K, V Galvan, L Xie, XO Mao, OF Gorostiza, DE Bredesen
and Greenberg DA. (2004). Enhanced neurogenesis in Alzheimer’s disease transgenic (PDGF-APPSw-Ind) mice. Proc
Natl Acad Sci U S A 101:13363–13367.
48. Schenk D, R Barbour, W Dunn, G Gordon, H Grajeda, T
Guido, K Hu, G Huang, K Johnson-Wood, et al. (1999).
Immunization with amyloid-beta attenuates Alzheimerdisease-like pathology in the PDAPP mouse. Nature 400:
173–177.
49. Biscaro B, O Lindvall, C Hock, CT Ekdahl and RM Nitsch.
(2009). A beta immunotherapy protects morphology and
survival of adult-born neurons in doubly transgenic APP/
PS1 mice. J Neurosci 29:14108–14119.
50. JANSSEN Alzheimer Immunotherapy Research & Development LLC, Pfizer. (2012). Retrieval of patient information after discontinuation (RAPID). In: ClinicalTrials.gov [Internet].
Bethesda (MD): National Library of Medicine (US). Available
at www.clinicaltrials.gov/ct2/show/NCT01658722 NLM
Identifier: NCT01658722.
51. Marutle A, M Ohmitsu, M Nilbratt, NH Greig, A Nordberg and K Sugaya. (2007). Modulation of human neural
stem cell differentiation in Alzheimer (APP23) transgenic
mice by phenserine. Proc Natl Acad Sci U S A 104:12506–
12511.
52. Kwak YD, CL Brannen, T Qu, HM Kim, X Dong, P Soba, A
Majumdar, A Kaplan, K Beyreuther and K Sugaya. (2006).
Amyloid precursor protein regulates differentiation of human neural stem cells. Stem Cells Dev 15:381–389.
53. da Silva Meirelles L, PC Chagastelles and NB Nardi. (2006).
Mesenchymal stem cells reside in virtually all post-natal
organs and tissues. J Cell Sci 119:2204–2213.
54. Blondheim NR, YS Levy, T Ben-Zur, A Burshtein, T Cherlow, I Kan, R Barzilai, M Bahat-Stromza, Y Barhum, et al.
(2006). Human mesenchymal stem cells express neural
genes, suggesting a neural predisposition. Stem Cells Dev
15:141–164.
55. Prockop DJ. (1997). Marrow stromal cells as stem cells for
nonhematopoietic tissues. Science 276:71–74.
56. Arnhold S, Y Absenger, H Klein, K Addicks and U
Schraermeyer. (2007). Transplantation of bone marrowderived mesenchymal stem cells rescue photoreceptor cells
in the dystrophic retina of the rhodopsin knockout mouse.
Graefes Arch Clin Exp Ophthalmol 245:414–422.
57. Sanchez-Ramos J, S Song, F Cardozo-Pelaez, C Hazzi, T
Stedeford, A Willing, TB Freeman, S Saporta, W Janssen,
et al. (2000). Adult bone marrow stromal cells differentiate
into neural cells in vitro. Exp Neurol 164:247–256.
58. Alvarez A, M Hossain, E Dantuma, S Merchant and K Sugaya.
(2010). Nanog overexpression allows human mesenchymal

CELL AND GENE THERAPY IN AD

59.

60.

Downloaded by Tel Aviv University from online.liebertpub.com at 07/13/17. For personal use only.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

stem cells to differentiate into neural cells. Neurosci Med
1:1–13.
Qu TY, XJ Dong, I Sugaya, A Vaghani, J Pulido and K Sugaya. (2004). Bromodeoxyuridine increases multipotency of
human bone marrow-derived stem cells. Restor Neurol
Neurosci 22:459–468.
Lo Surdo J and SR Bauer. (2012). Quantitative approaches
to detect donor and passage differences in adipogenic potential and clonogenicity in human bone marrow-derived
mesenchymal stem cells. Tissue Eng Part C Methods
18:877–89.
Sadan O, E Melamed and D Offen. (2009). Bone-marrowderived mesenchymal stem cell therapy for neurodegenerative diseases. Expert Opin Biol Ther 9:1487–1497.
Lee JK, HK Jin and JS Bae. (2009). Bone marrow-derived
mesenchymal stem cells reduce brain amyloid-beta deposition and accelerate the activation of microglia in an acutely
induced Alzheimer’s disease mouse model. Neurosci Lett
450:136–141.
Lee HJ, JK Lee, H Lee, JW Shin, JE Carter, T Sakamoto, HK
Jin and JS Bae. (2010). The therapeutic potential of human
umbilical cord blood-derived mesenchymal stem cells in
Alzheimer’s disease. Neurosci Lett 481:30–35.
Lee JK, EH Schuchman, HK Jin and JS Bae. (2012). Soluble
CCL5 derived from bone marrow-derived mesenchymal
stem cells and activated by amyloid beta ameliorates
Alzheimer’s disease in mice by recruiting bone marrowinduced microglia immune responses. Stem Cells 30:1544–
1555.
Takahashi K, K Tanabe, M Ohnuki, M Narita, T Ichisaka, K
Tomoda and S Yamanaka. (2007). Induction of pluripotent
stem cells from adult human fibroblasts by defined factors.
Cell 131:861–872.
Yu J, MA Vodyanik, K Smuga-Otto, J Antosiewicz-Bourget,
JL Frane, S Tian, J Nie, JA Jonsdottir, V Ruotti, et al. (2007).
Induced pluripotent stem cell lines derived from human
somatic cells. Science 318:1917–1920.
Byers B, HL Lee and R Reijo Pera. (2012). Modeling Parkinson’s disease using induced pluripotent stem cells. Curr
Neurol Neurosci Rep 12:237–242.
Israel MA, SH Yuan, C Bardy, SM Reyna, Y Mu, C Herrera,
MP Hefferan, S Van Gorp, KL Nazor, et al. (2012). Probing
sporadic and familial Alzheimer’s disease using induced
pluripotent stem cells. Nature 482:216–220.
Yagi T, D Ito, Y Okada, W Akamatsu, Y Nihei, T Yoshizaki,
S Yamanaka, H Okano and N Suzuki. (2011). Modeling familial Alzheimer’s disease with induced pluripotent stem
cells. Hum Mol Genet 20:4530–4539.
Jang J, JE Yoo, JA Lee, DR Lee, JY Kim, YJ Huh, DS Kim, CY
Park, DY Hwang, et al. (2012). Disease-specific induced
pluripotent stem cells: a platform for human disease modeling and drug discovery. Exp Mol Med 44:202–213.
Wray S, M Self, PA Lewis, JW Taanman, NS Ryan, CJ Mahoney, Y Liang, MJ Devine, UM Sheerin, et al. (2012).
Creation of an open-access, mutation-defined fibroblast resource for neurological disease research. PLoS One 7:e43099.
Sugaya K, YD Kwak, O Ohmitsu, A Marutle, NH Greig and
E Choumrina. (2007). Practical issues in stem cell therapy for
Alzheimer’s disease. Curr Alzheimer Res 4:370–377.
Hauwel M, E Furon, C Canova, M Griffiths, J Neal and P
Gasque. (2005). Innate (inherent) control of brain infection,
brain inflammation and brain repair: the role of microglia,
astrocytes, ‘‘protective’’ glial stem cells and stromal ependymal cells. Brain Res Brain Res Rev 48:220–233.

1495
74. Ridet JL, A Privat, SK Malhotra and FH Gage. (1997). Reactive astrocytes: cellular and molecular cues to biological
function. Trends Neurosci 12:570–577.
75. Schousboe A and HS Waagepetersen. (2005). Role of astrocytes in glutamate homeostasis: implications for excitotoxicity. Neurotox Res 8:221–225.
76. Lian XY and JL Stringer. (2004). Astrocytes contribute to
regulation of extracellular calcium and potassium in the rat
cerebral cortex during spreading depression. Brain Res
1012:177–184.
77. Engele J, D Schubert and MC Bohn. (1991). Conditioned
media derived from glial cell lines promote survival and
differentiation of dopaminergic neurons in vitro: role of
mesencephalic glia. J Neurosci Res 30:359–371.
78. Jordan PM, LD Cain and P Wu. (2008). Astrocytes enhance
long-term survival of cholinergic neurons differentiated
from human fetal neural stem cells. J Neurosci Res 86:35–47.
79. Griffin WS, JG Sheng, MC Royston, SM Gentleman, JE
McKenzie, DI Graham, GW Roberts and RE Mrak. (1998).
Glial-neuronal interactions in Alzheimer’s disease: the potential role of a ‘cytokine cycle’ in disease progression. Brain
Pathol 8:65–72.
80. Haga S, K Akai and T Ishii. (1989). Demonstration of microglial cells in and around senile (neuritic) plaques in the
Alzheimer brain. An immunohistochemical study using a
novel monoclonal antibody. Acta Neuropathol 77:569–
575.
81. Pihlaja R, J Koistinaho, T Malm, H Sikkila, S Vainio and M
Koistinaho. (2008). Transplanted astrocytes internalize deposited beta-amyloid peptides in a transgenic mouse model
of Alzheimer’s disease. Glia 56:154–163.
82. Ian PM and Y Liang Tang. (2008). Genetic modification of
stem cells for transplantation. Adv Drug Deliv Rev 60.2:
160–172.
83. Lindvall O and Z Kokaia. (2006). Stem cells in human neurodegenerative disorders—time for clinical translation?
J Clin Invest 120:29–40.
84. Fisher LJ, HK Raymon and FH Gage. (1993). Cells engineered to produce acetylcholine: therapeutic potential for
Alzheimer’s disease. Ann N Y Acad Sci 695:278–284.
85. Iijima-Ando K, SA Hearn, L Granger, C Shenton, A Gatt, HC
Chiang, I Hakker, Y Zhong and K Iijima. (2008). Overexpression of neprilysin reduces alzheimer amyloid-beta42
(Abeta42)-induced neuron loss and intraneuronal Abeta42
deposits but causes a reduction in cAMP-responsive elementbinding protein-mediated transcription, age-dependent axon
pathology, and premature death in Drosophila. J Biol Chem
283:19066–19076.
86. Marr RA, E Rockenstein, A Mukherjee, MS Kindy, LB Hersh,
FH Gage, IM Verma and E Masliah. (2003). Neprilysin gene
transfer reduces human amyloid pathology in transgenic
mice. J Neurosci 23:1992–1996.
87. Habisch HJ, B Schmid, CA von Arnim, AC Ludolph, R
Brenner and A Storch. (2009). Efficient processing of Alzheimer’s disease amyloid-beta peptides by neuroectodermally converted mesenchymal stem cells. Stem Cells Dev
19:629–633.
88. Hemming ML, M Patterson, C Reske-Nielsen, L Lin, O
Isacson and DJ Selkoe. (2007). Reducing amyloid plaque
burden via ex vivo gene delivery of an Abeta-degrading
protease: a novel therapeutic approach to Alzheimer disease.
PLoS Med 4:e262.
89. Alderson RF, AL Alterman, YA Barde and RM Lindsay.
(1990). Brain-derived neurotrophic factor increases survival

1496

90.

91.

Downloaded by Tel Aviv University from online.liebertpub.com at 07/13/17. For personal use only.

92.
93.

94.

and differentiated functions of rat septal cholinergic neurons
in culture. Neuron 5:297–306.
Li Y, DM Holtzman, LF Kromer, DR Kaplan, J Chua-Couzens,
DO Clary, B Knusel and WC Mobley. (1995). Regulation of
TrkA and ChAT expression in developing rat basal forebrain:
evidence that both exogenous and endogenous NGF regulate
differentiation of cholinergic neurons. J Neurosci 15:2888–
2905.
Tuszynski MH, L Thal, M Pay, DP Salmon, H Sang U, R
Bakay, P Patel, A Blesch, HL Bahlsing, et al. (2005). A phase
1 clinical trial of nerve growth factor gene therapy for Alzheimer disease. Nat Med 11:551–555.
Gravitz L. (2011). Drugs: a tangled web of targets. Nature
475:S9–S11.
Nagahara AH and MH Tuszynski. (2011). Potential therapeutic uses of BDNF in neurological and psychiatric disorders. Nat Rev Drug Discov 10:209–219.
Nagahara AH, DA Merrill, G Coppola, S Tsukada, BE
Schroeder, GM Shaked, L Wang, A Blesch, A Kim, et al.
(2009). Neuroprotective effects of brain-derived neurotrophic factor in rodent and primate models of Alzheimer’s
disease. Nat Med 15:331–337.

GLAT AND OFFEN
95. Xuan AG, DH Long, HG Gu, DD Yang, LP Hong and SL
Leng. (2008). BDNF improves the effects of neural
stem cells on the rat model of Alzheimer’s disease with
unilateral lesion of fimbria-fornix. Neurosci Lett 440:
331–335.

Address correspondence to:
Prof. Daniel Offen
Laboratory of Neuroscience
Sackler Faculty of Medicine
Felsenstein Medical Research Center
Rabin Medical Center
Campus Beilinson
Petah-Tikva 49100
Israel
E-mail: danioffen@gmail.com
Received for publication November 10, 2012
Accepted after revision January 11, 2013
Prepublished on Liebert Instant Online January 16, 2013

