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a b s t r a c t

Stem cell transplantation therapy is currently in clinical trials for the treatment of

ischemic stroke, and several beneficial aspects have been reported. Similarly, in Alzhei-

mer’s disease (AD), stem cell therapy is expected to provide an efficient therapeutic

approach. Indeed, the intracerebral transplantation of stem cells reduced amyloid-β (Aβ)
deposition and rescued memory deficits in AD model mice. Here, we show that intrave-

nous transplantation of bone marrow-derived mononuclear cells (BMMCs) improves

cognitive function in two different AD mouse models, DAL and APP mice, and prevents

neurodegeneration. GFP-positive BMMCs were isolated from tibiae and femurs of 4-week-

old mice and then transplanted intravenously into DAL and APP mice. Transplantation of

BMMCs suppressed neuronal loss and restored memory impairment of DAL mice to almost

the same level as in wild-type mice. Transplantation of BMMCs to APP mice reduced Aβ
deposition in the brain. APP mice treated with BMMCs performed significantly better on

behavioral tests than vehicle-injected mice. Moreover, the effects were observed even with

transplantation after the onset of cognitive impairment in DAL mice. Together, our results

indicate that intravenous transplantation of BMMCs has preventive effects against the

cognitive decline in AD model mice and suggest a potential therapeutic effect of BMMC

transplantation therapy.
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1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disease involving senile dementia and is characterized by
senile plaques consisting of extracellular amyloid β-peptide (Aβ)
deposits in the brain and atrophy of the cerebral cortex or
hippocampus (Duyckaerts et al., 2009). According to the amyloid
hypothesis, deposition of Aβ in the brain is the primary culprit
promoting AD pathogenesis (Hardy and Selkoe, 2002). Recent
studies have shown that prior to plaque development, amyloid
β-derived diffusible ligands (ADDLs) play a pivotal role in
triggering the cognitive deficits and neurodegeneration of AD
by specifically targeting synapses and disrupting synaptic sig-
naling pathways (Pozueta et al., 2013; Krafft and Klein, 2010).
Over the past decades, intense research has evaluated potential
therapies, with numerous clinical trials to evaluate these put-
ative therapies. However, most studies have reported little
clinical improvement in addition to various side effects; there-
fore, current therapeutic strategies for AD (e.g., acetylcholine
esterase inhibitors and N-methyl-D-aspartate receptor antago-
nists) typically only relieve the symptoms and do not cure AD.

Stem cell therapies have the potential to be effective because
they regenerate and replace cells and tissues themselves.
Indeed, clinical trials of stem cell transplantation are presently
under way for treatment of ischemic stroke (Honmou et al.,
2012; Moniche et al., 2012). It has already been reported that AD
symptoms can be mitigated by transplanting stem cells derived
from human umbilical cords, amniotic membrane-derived
epithelial cells, and mesenchymal stem cells (MSCs) into the
brains of AD model animals (Bae et al., 2013; Kim et al., 2012;
Lee et al., 2010; Ma et al., 2013; Magga et al., 2012; Njie et al.,
2012; Yang et al., 2013b; Zilka et al., 2011). The stem cells were
directly transplanted intracranially in these reports. Although
direct (intracerebral) injection provides the most efficient deliv-
ery of stem cells to the brain, a less invasive and safer
technique will be required for clinical application in humans.
In addition, MSCs require a long culture duration, thus adding
to the difficulty of preparing cells as needed. Considering clin-
ical applicability, in the present study we decided to intrave-
nously transplant bone marrow-derived mononuclear cells
(BMMCs) in mouse models of AD. Intravenous transplantation
is easier and less invasive than intracranial transplantation,
and BMMCs do not require culturing and are easily purified by
centrifugal separation (Kamiya et al., 2008). Moreover, BMMCs
contain MSCs and other several progenitor white cells, includ-
ing hematopoietic stem cells and endothelial progenitor cells
(Orkin, 2000; Weissman et al., 2001). Another advantage of
BMMCs in comparison to MSCs is the heterogeneity of the cell
population, which could provide bone marrow-derived growth
factors and cytokines that may also regulate cellular growth
and regeneration via secreted molecules (Strauer and Ran,
2003).

We previously constructed transgenic (DAL) mice expres-

sing a dominant-negative mutant form of mitochondrial ald-

ehyde dehydrogenase 2 (ALDH2) (Ohsawa et al., 2008), which is

an enzyme that protects against oxidative stress by detoxify-

ing toxic aldehydes, such as 4-hydroxy-2-nonenal (HNE), an

end product of lipid peroxides. ALDH2 dysfunction is proposed

to contribute to AD (Chen et al., 2014; Ohta and Ohsawa, 2006).

DAL mice exhibit several AD-like phenotypes including neu-
rodegeneration, cognitive decline, tau phosphorylation, and
acceleration of onset with apolipoprotein E (ApoE) accumula-
tion. The phenotype emerges in an age-dependent manner
(Ohsawa et al., 2008). Additionally, ALDH2-deficient cells have
an increased level of oxidative stress, as shown by oxidation–
reduction-sensitive green fluorescent protein (GFP) (Endo et al.,
2009). To investigate the preventive effect against neuronal
degeneration, we transplanted BMMCs in DAL101 (DAL) mice.
Furthermore, to investigate the preventive effect on aggrega-
tion of Aβ, we transplanted BMMCs in Tg2576 (APP) mice,
where mutated APP leads to the overproduction of Aβ (Hsiao
et al., 1996).

2. Results

2.1. BMMCs are detected in the brains of DAL mice after
transplantation

We first examined whether intravenously transplanted
BMMCs can reach the brain. To examine whether BMMCs
can immediately arrive at the cerebral parenchyma and cross
the blood–brain barrier, we collected the brains of 18-month-
old DAL mice 5 min after transplantation and then prepared
brain sections or isolated DNA from whole brains. To detect
the transplanted BMMCs in the brain, we used BMMCs
harvested from transgenic mice that express enhanced GFP
(EGFP); many BMMCs (EGFP-positive cells) were observed in
the brain sections of BMMC-treated mice (Fig. 1A), and the
EGFP sequence was detected by PCR in DNA isolated from the
brains of BMMC-treated mice (Fig. 1B). We estimated from the
content of the EGFP gene relative to the genomic DNA content
that the transplanted cells comprised 0.008% of the total host
cells. These results show that transplanted BMMCs can cross
the blood–brain barrier and reach the brain.

2.2. BMMCs prevent learning and memory impairment in
DAL mice

To examine whether transplantation of BMMCs has preventive
effects against spatial learning and memory impairment in
mouse model of AD, we performed a behavioral analysis using
a spontaneous Y-maze alternation test (Y-maze). DAL mice
present age-dependent cognitive decline and show learning
and memory impairment at the age of 12 months Thus, at the
age of 9 months, DAL mice received BMMCs intravenously, and
the Y-maze test was performed at 12 months of age (Fig. 2B).
The alternation rate of BMMC-treated DAL mice was signifi-
cantly higher than that of vehicle-treated mice 3 months after
transplantation (total age of 12 months) (65.974.9% versus
59.376.5%, Po0.01). The performance of BMMC-treated DAL
mice was similar to that of wild-type mice (65.974.9% versus
66.379.7%, P¼0.91). Next, we examined continuous transplan-
tation because we previously reported that repeated transplan-
tation is more effective than single transplantation in a rat
model of ischemic stroke (Kamiya et al., 2014). To examine the
effect of continuous transplantation, DAL mice were trans-
planted with BMMCs again after the first behavioral test and
the second Y-maze test was performed at 15 months of age
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