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Abstract
Background: Effective therapy for the treatment of Alzheimer’s disease is far from satisfaction. Bone
marrow stromal cells (BMSC) and neurotrophin-4 (NT-4), well known for the protection of cholinergic
neuronal survival, are crucial for the treatment of AD, respectively. Combination treatment may be
an attractive method for neural repair in AD patients. This study therefore investigated the effects of
NT-4 gene modified bone marrow stromal cells on the cognitive ability and memory of AD rats, and
explored the protective mechanism. Methods: Human NT-4 RNA was obtained and subjected to reverse
transcriptase polymerase chain reaction, followed by recombinant reconstruction. Then, NT-4 gene was
transferred into BMSC derived from a green fluorescence protein transgenic mouse. BMSC and NT-4
gene modified BMSC were separately transplanted into the hippocampus of AD rats. Three months after
cell transplantation, behaviors and electro-physiology of the rats were assessed. The fate of BMSC in
vivo and neuroprotective effect of NT-4 gene modified BMSC for hippocampus neurons was determined,
also. Results: NT-4 gene modified BMSC could express high level of NT-4 and showed positive
biological activity in vitro. After transplantation, the cognitive ability and electrophysiological elements
like p50 of AD rats in the NT-4 gene modified BMSC group exhibited better improvement than in the
BMSC group. Transplanted BMSC could survive and migrate in host hippocampus till three months, and
increase the ratio number of CHAT positive neurons. Conclusions: Engrafted BMSC expressing NT-4
can survive, migrate and increase ChAT immunopositive neurons for the last function improvement in
AD rats. BMSC carrying NT-4 could be as an effective strategy for AD treatment in future clinic trial.
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no effective treatment strategy.
It is well known that neurotropic factors (NTFs), a cluster
of secretary proteins, can not only support the survival,
differentiation and functional maintenance of neurons
but also promote neurite growth and axonal regeneration
following injury (Davies AM, et al., 1988; Theonen H,
et al., 1980; Hartikka J, et al., 1988; Greene LA.,et al.,
1980; Barde YA, et al., 1989; Barde YA, et al., 1989).
Among NTFs, Neurotrophin-4 (NT-4), a crucial member
of nerve growth factor (NGF) family, can increase choline
acetyltransferas (ChAT) activity and cholinergic cell
survival, as well as reverse spatial memory impairments in
aged rats. It also played an essential role for hippocampusamygdala-dependent long-term memory (Xie CW, et al.,
2000; Fischer W, et al., 1994; Friedman WJ, et al., 1993).
These findings showed that NT-4 may be useful in the
therapy of acquired disorders of learning and memory. NT4, as a giant molecule, has problems crossing the blood
brain barrier, which limits its clinical application. Instead
gene therapy strategy provides the best possible means for
the solution of this problem.

Introduction
Alzheimer’s disease as an neurodegenerative disease,
first described by Alois Alzheimer in 1906, has been
well documented as the commonest reason for dementia
(Alzheimer A, et al., 1995; Maurer K, et al., 1997). The
molecular mechnisem for the progressive dysfunction in
learning and memory in AD patients are not well known.
Currently, scientists are likely to believe that formation
of pathological changes in AD are characterized by the
formation of senile plaques, accumulation of β amyloid
antibody, and neurofibrillary tangles as well as extensive
neurons loss (Lazarczyk MJ, et al., 2012; Kidd M, et al.,
1963; Terry RD, et al., 1964). What’s more amyloid protein
precursor gene mutation lead to abnormal secretion and
extraordinary production of Aβ (Yankner BA, et al., 1989;
Chen S, et al., 2013), which will further impair the synaptic,
neurons nearby. These induced the death or reductions
of cholinergic neuron, resulting in deletion of synthesis,
storage and release of Ach (acetyl choline). All of these
would be related with the progress of AD (Drachman DA, et
al., 1974; Bowen DM, et al., 1977), while currently there is
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C-3’, 5’-GCGAATTCACGTCAGGCACGGC- 3’. First
cDNA was generated from message RNA: 60 min at
42°C, followed by PCR with 35 cycles of denaturation:
1 min at 94°C; annealing: 1 min at 60°C; and extension:
1 min at 72°C. The amplified products were separated by
electrophoresis on a 0.8% agarose gel, stained with ethidium
bromide and visualized under UV light. The PCR products
were cut off from the gel and extracted according to the
manual of DNA-gel purification kit.
The eukaryotic expressing vector (pcDNA3.1) and the
fragments of NT-4 gene were respectively digested by
the same incision enzymes Hind III and EcoRI, and were
purified and retrieved by agarose electrophoresis separation.
After dephosphorylation of the 5’ terminal of the linear
pcDNA3, the linear pcDNA3 and the purified NT-4
fragments were incubated at 22°C for 2 h, then 65°C for 10
min to construct the recombinants. The recombinants were
then transformed into E.coli DH5α competent cells, which
were seeded and cultured in a dish containing AMP (+)
culture medium for 12-16 h. The recombinants plasmid was
then extracted from positive clones by SDS alkaline lyses.
The recombinants were identified by Hind III and XhoI
restriction endonuclease digestion and sent for sequence
analysis.

Stem cells, having a high capacity for self-renewal and
multi-differentiation, are getting more attentions from
the scientific community. Human stem cells injected
into the lateral ventricle of 24-month-old rats displayed
extensive and positional incorporation into the aged host
brain with improvement of cognitive score after 4 weeks
of transplantation (Qu T, et al., 2001). The use of bone
marrow stromal cells (BMSC) provides an optimal strategy
for the treatment of neurological diseases (Chen J, et al.,
2001; Azizi SA, et al., 1998; Li Y, et al., 2000). They can
express several neuronal makers such as glutamic acid
decarboxylase and differentiate into neuron-like cells (Li
CQ, et al., 2004; Woodbury D, et al., 2000; Mezey E, et
al., 2000; Brazelton TR, et al., 2000), and may therefore be
useful in AD treatment.
The present study explored the effect of BMSC modified
with NT-4 gene transplanted into AD treatment, and
investigated the related mechanism.

Methods
AD model
30 female Sprague-Dawley rats (180-220 g) were obtained
from the Animal Center of Kunming Medical University.
The rats were randomly divided into five groups with 6
animals in each group: (A) sham-operated; (B) AD rats; (C)
AD rats receiving DMEM; (D) AD rats receiving BMSC;
and (E) AD rats receiving NT-4 gene modified BMSC.
The AD rat model of the transected the fimbria-fornix
pathways bilaterally was reproduced according to our
previous report (Liu J, et al., 2009).

Transfection
BMSC were thawed and mixed into a 1×106/ml cell
suspension with DMEM/F12 nutrient solution containing
10% fetal calf serum. pcDNA3-NT-4 recombinants were
subsequently transfected into BMSC and lipoplast-blank
plasmid was used as control transfection. The procedure
was followed the manual of lipid Lipofectamine TM 2000
(Invitrogen). When the cells proliferated to a 60-70% of the
flask (3-4 days), transfected cells were selected by adding
G418 (700 mg/L cg) to the cell culture medium.

Isolation, culture and identification of BMSC
8-12 weeks homozygous C57BL/6CrSlcTgN (acr-EGFP)
OsbC 14- Y01-FM131 male or female mice (gifts from Dr
Xiao, Institute of Molecular and Cellular Biology, National
University of Singapore University) were used in this study.
The isolation and identification of BMSC followed the
procedure described in a previous report (Wu QY, et al.,
2007). Immunohistochemistry of CD44 (1:200, Chemicon),
CD54 (1:200, Chemicon) and CD45 (1:200, Chemicon)
monoclonal antibodies was respectively performed to
identify the character of the cultured cells. The specificity of
these antibodies had previously been verified in our lab. The
cells were fixed in 4% paraformaldehyde for 15 minutes,
and washed thoroughly with (0.01M) phosphate buffer
solution (PBS). Avidin-biotin peroxidase complex technique
was adopted. After coloration with diaminobenzidine, the
cells were examined in a light microscope. Immunopositive
reaction products appeared brownish. The primary antibody
was replaced with PBS in the control group.

Identification of NT-4 expression
The positive clones were subjected to anti-NT-4 (Chemicon
1:500) immunohistochemical procedure in the presence of
G418 to determine the expression of NT-4. Cells were firstly
fixed in 4% paraformaldehyde for 20 min, washed with
PBS and followed by the avidin-biotin peroxidase complex
technique and the coloration with diaminobenzidine. In the
negative control, NT-4 antibody was replaced with PBS. The
specificity of NT-4 antibody has previously been detected in
our Lab.
Bioactivity analysis of secreted NT-4
PC12 cells were plated with a density of 1×106 into 35
mm-diameter dishes overlaid with polylysine and cultured
in DMEM/F12 culture solution containing 10% fetal calf
serum. Supernatant of transfected cells and DMEM/F12
culture solution containing 10% fetal calf serum (1:1) were
respectively added into the dishes. Cell growth was observed
to assess the bioactivity of NT-4 secreted by BMSC.

The construction of NT-4 modified BMSC
Reconstruction of pcDNA3-NT-4
Total RNA was isolated from the rat hippocampus, using
the RNEasy Mini kit and following the procedure outlined
in the manufacturer's instruction (Qiagen, Germany).
Takara One Step RNA PCR Kit (AMV) was used to
perform RT-PCR. Forward and reverse primers of NT-4
were as follows: 5’-GCAAGCTTATGCTCCCTCGCCACT

Cellular transplantation
BMSC or BMSC containing PcDNA3-NT-4 were injected
bilaterally into the hippocampus of AD rats (200-300,000
2
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cells /each hippocampus) with a microinjector over a period
of 10 min. The needle was slowly withdrawn after injection.
The injection site was at 2.0 mm posterior to the midline,
and 2.5 mm lateral to the midline. DMEM injection was
used as control transfection.

to an amplifier, which helped to reduce intervention from
movement. All rats were in a sound proof chamber where a
sound reproducer produced 2 clicks (S1 and S2) with a 500
ms-interval. Sound intensity for S1 and S2 was 80 dB with
a 100-time superposition and 12 ms-scanning time for every
screen. Mata lab soft was used to analyze the data. Down
amplitude of P50 was observed in this experiment.

Behavioral test
Morris water maze test was used to assess the cognitive
ability of all rats 3 months after transplantation. Data
collection was done with Image Monitoring System.
Training in the water maze took place during the day
between 8:00 and 12:00 in the morning. Navigation test and
spatial exploration ability lasted 5 days. The latency scores
were recorded. Space exploration test lasted 2 days after the
5-day navigation test. The swimming track was recorded for
1 min. Training for rats in the water maze lasted 5 days, 4
times a day.

Histological and immunohistochemical examinations
After the behavioral test and the P50 test, the rats of each
group were perfused with 4% paraformaldehyde in 0.1
PBS. Their brains were obtained, further fixed in the same
solution for 24 h, and then placed sequentially in 10%,
20% and 30% sucrose. Serial coronal sections of the
hippocampus were cut at 20 μm thickness in a freezing
microtome. One in five sections of each rat was subjected
to ChAT immunohistochemical staining by routine ABC
method. The number of neurons in the CA1 zone from
each section was counted in three high power fields. Three
sections from each rat were subjected to statistic analysis.

P50 test
After behavioral test, the rats were anesthetized and
mounted on a stereotaxic apparatus. The cranium was
aseptically exposed, and the electrodes were placed as
follows: (1) reference electrode: 2.0 mm anterior and 2.0
mm left-lateral to the anterior fontanels; (2) recording
electrode: 3.0 mm posterior and 3.0 mm left-lateral to
the anterior fontanels; (3) grounding electrode: 4.0 mm
posterior and 3.0 mm right- lateral to the anterior fontanels.
The electrodes were fixed to the cranium with 3 screws
soldered to a 3-hole-plug. The whole device was fixed with
dental base acrylic resin powder. The plug was connected

Statistical analysis
The data were analyzed by using SPSS to perform
ANOVA. Tukey’s test was conducted for further post-hoc
comparisons. The significance level was set at 0.05.

Result

BMSC: morphology and identification
Cells in the primary culture displayed a plastic adherent
ability and appeared rounded and mononuclear after 4h of

Figure 1 Identification of BMSC. Picture A, B, C, show CD44+, CD54+and minority of CD45+cells respectively. Scale bar :( A-C) 250μm.

Figure 2 Agarose gel electrophoresis analysis results for NT-4 recombinant. Picture A shows the total RNA isolated form the rat hippocampus.
Picture B exhibits the RT-PCR products; band 1 is the DL2000 Marker, and band 2 is the NT-4 product. Picture C displays the recombinant
plasmid pcDNA-NT-4 after the addition of enzyme. Band 1 and 6 are DNA markers; band 2 shows the recombinant plasmid/Hind III + EcoRI;
Band 3 is the recombinant plasmid/Hind III; band 4 is the recombinant plasimid/EcoRI; band 5 is plasmid pcDNA3/ Hind III.
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incubation. The number of such cells and their intracellular
particles obviously increased 24 h later. 48 h after incubation,
a few wing-like and flat cells with one or more oval nucleus
in the center were seen. They appeared polygonal but lacked a
clear spatial view. About 96 h later, most of the cells displayed
a wing-like appearance. A minority of them showed other
morphology, but these gradually decreased with every passage
of subculturing. About 5 passages later, all cells presented
a uniform morphology showing swirling-or radiation-like
growths. Cells were further identified by cell surface markers
CD44, CD54 and CD45 (Figure 1A-C). Almost all BMSCs
exhibit CD44 and CD54 positive, but a few exhibit CD45
positive.

died in the non-transfection and the blank vector-transfection,
while in the NT-4 gene modified BMSC group, more cell
colonies were observed during the culture (Figure 3). To
determine the biological activity of NT-4 secreted from NT-4
gene modified BMSC, PC12 cells incubated in the culture
media of the NT-4 gene modified BMSC grew well with
shuttle-like bodies and process-like extensions more than the
group in BMSC alone (Figure 3:B,C). Immunocytochemical
procedures on the screened cells displayed strong NT-4
immunopositive products in NT-4 gene modified BMSC
(Figure 3: D). The difference between NT-4 gene modified
BMSC and negative control is obvious

Behavioral test
The results of spatial learning test are shown in Figure 4.
The latency to find the platform in sham operated rats is the
shortest (mean 31.75s). There was a significantly long delay
in AD rats (61.04s) (p﹤0.05), showing some disruption in the
learning ability of AD rats. Comparatively, the latencies in
the BMSC treated group were significantly shorter than the
AD group (p﹤0.05), especially in NT-4 gene modified BMSC
treated rats. This showed that NT-4 gene modified BMSC had
the best results (p﹤0.05). The latency of DMEM treated rats
(61.31s) showed no significant difference from that in AD

Reconstruction of pcDNA3-NT-4
Electrophoresis was performed on RNA and subsequent
RT-PCR products (Figure 2). After the pcDNA3-NT-4
recombinant was constructed, double digestion was used
to check the insertion (Figure 2). Recombinant was sent
for sequence analysis (date not shown) which showed a
successful construction.

NT-4 expression in BMSC
After transfection, each group was screened with G418. Cells

Figure 3 Identification of NT-4 BMSC after transfection. A: Strong fluorescence emitted by BMSC selected by G418 in vitro. B: PC12
cells cultured 7 days in the NT-4 containing conditioned medium. C: PC12 cells cultured in control medium. D: BMSC-NT-4 showed NT-4
immunoreactivity 30 days after transfection. E: BMSC transfected by blank pcDNA3: negative reaction. Scale bar: (A) 200 μm, (B-E) 250 μm.
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Figure 4 Data of water Morris test from each group. Graph A displays the average escape latency of each group. Transplantation of BMSC
carrying NT-4 gene showed an optimal consequence for AD rats.Graph B shows the swimming times in the platform quadrant of each groups.

(p﹤0.05). Moreover, the amplitude of C-P50 in NT-4 gene
modified BMSC treated group was higher than that in the
BMSC group (p﹤0.05).

rats, indicating that DMEM had no therapeutic effects on AD
rats.
In the probe test for memory, the swimming times in the
platform quadrant of each group are shown in Fig 4B. The
impairment of memory in the AD group was obvious when
compared with the sham operated group (p﹤0.05). Swim
tracks in rats treated with BMSC and NT-4 gene modified
BMSC are more near the platform position than the AD.
This demonstrated that both BMSC and NT-4 gene modified
BMSC improved significantly the memory ability of AD rats.
The NT-4 gene modified BMSC showed better results than
BMSC not genetically modified (p﹤0.05)

Fate of BMSC in host brain and their neuroprotective effect
Ninety days following transplantation, the implanted GFPpositive cells were detected in the hippocampus and in the
implantation track (Figure 5A, B). Relatively, the cells that
survived in group 5 gave the best exhibition (Figure 5C, p﹤
0.05). This showed that the implanted cells survived in vivo at
90 days after transplantation.
C o m p a r e d w i t h A D g r o u p , t h e n u m b e r o f C h AT
immunopositive neurons increased in BMSC treated group
(p﹤0.05). Moreover, a larger increase (p﹤0.05) in NT-4 gene
modified BMSC treated group when compared with the
BMSC treated group (Figure 6).

P50 test
The results of P50 test are shown in Table 1. Compared with
the sham operated group, AD rats displayed a significantly
decreased (p﹤0.05) amplitude of C-P50, weakened
suppression of T-P50 and increased (p﹤0.05) rate of T/C,
decline in the amplitude margin of S1-S2. Compared with
the AD group, rats in the BMSC and the NT-4 gene modified
BMSC treated group, demonstrated a significantly heightened
amplitude of C-P50, suppression of T-P50 swelled, decreased
rate of T/C (p﹤0.05), increased amplitude margin of S1-S2

Discussion
AD model is a useful tool for investigating the etiology
of AD. The fimbria-fornix is the main fiber pathway for
bilateral cholinergic projections to the hippocampus.
Removal of this pathway results in a degeneration of
cholinergic septo-hippocampus terminals, accompanied by a
5
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Figure 5 Fate of engrafted BMSC in hippocampus. The transplanted cells with green fluorescence were seen surrounding the pin holes, and
migrated in the hippocampus (A). NT-4gene transfected BMSC give rise to more cell that survived in hippocampus (B) than in BMSC grafts alone
(A). Quantitative analysis was sham in C.

Table 1 the comparison of P50 among five groups of rats ( ± S, n=6)

Groups
A
B
C
D
E

C-P50 amplitude
15.05±6.32
5.51±2.54a
6.51±1.56
8.58±1.87c
9.98±3.75d

T-P50 amplitude
7.09±2.35
4.53±2.53a
3.79±5.07b
5.73±0.54
5.05±2.38

T/C
0.27±0.16
0.84±0.23a
0.71±1.90b
0.58±0.10c
0.44±0.20

|S2-S1|
11.13±2.56
1.17±2.14a
1.01±0.56b
3.28±1.83c
4.84±2.46d

Note: A: Normal group; B: AD group; C: DMEM group; D: BMSC group; E: BMSC-NT4 group. c&a: P﹤0.01; d&a: P﹤0.01;
c&d : P﹤0.05. In electrophysiological test for P50, transection of hippocampus umbrella results in decrease of amplitude on C-P50.
BMSC grafts can increase amplitude of C-P50, and NT-4 gene modified BMSC give the best performance.

persistent decrease of both ChAT and acetylcholine esterase
activities similar to the cholinergic malfunction in AD
(Naumann T, et al., 2003; Krügel U, et al., 2001).
This study demonstrated the improvements in the cognitive
and memory functions of AD rats after implantation of
BMSC or NT-4 gene modified BMSC, especially the latter.
The observations indicated the therapeutic potential of NT-4
gene modified BMSC in the treatment of AD.
The underlying mechanisms in functional improvement
in AD rats after the implantation of BMSC or NT-4 gene
modified BMSC are not clear. Recent report demonstrated
that BMSC can differentiate into neurons and glial cell in
vivo(Li CQ, et al., 2004; Woodbury D, et al., 2000). After
human BMSC (hBMSC) were grafted into the rat brain
with induced ischemia, there was significant recovery of
neurological functional deficits. Ikonomovic (Ikonomovic
MD, et al., 2007) also reported that ChAT activity had an
intimate relation with cognitive function. These reports,

combined with our data, indicated that the contribution of
implanted BMSC towards functional recovery in rats might
be linked to the ChAT activity. It was therefore important
that BMSC increase the number of ChAT positive neurons.
This was supported ChAT-immunopositive staining. It
would not be unreasonable to presume that implanted cells
could increase the ChAT activity to improve learning and memory
in AD rats.
In the knowledge of the authors, there are few reports on the
effects of BMSC carrying NT-4 in AD treatment. In our study,
strong NT-4 products could be observed in BMSC, which
showed the successful constructing of BMSC expressing NT4. The number of ChAT-like cells in BMSC-NT-4 group was
significantly more than that in the BMSC group, indicating that
NT-4 might be available to increase ChAT immunopositive
number, and therefore be of benefit to AD treatment. Royo and his
colleagues (Royo NC, et al., 2006) hypothesized that NT-4 could
offer neuroprotection for selectively vulnerable hippocampus
6

Zhang Z, et al. / Ibrain 2016;2(1):1-8

Figure 6 Change of ChAT-positive neurons in hippocampus of each group. A shows the ChAT positive neuron in Hippocampus of normal
group; and B, C, D, E are respectively display the ChAT positive neuron in DMEM group, AD group, BMSC treated group and BMSC-NT-4 treated
group (Scale bar: 100 μm ). F shows comparison on the number of ChAT positive neurons in hippocampus indicated by immunohistochemistry
result.

respectively. Jia liu is responsible for the cell culture.

neurons following traumatic brain injury, and the increase in
endogenous NT-4 may be an adaptive neuroprotective response in
the injured brain. Our results gave a new evidence to address role
of BMSC carrying NT-4 gene for the treatment of AD.
In conclusion, the present study firstly reported that the
transplantation of BMSC modified with NT-4-gene could
effectively improve the cognitive ability and memory of AD rats.
NT-4 secretion, in addition to its own neuroprotective function
also played a significant role in the survival of ChAT positive
neurons in host hippocampus. The addition of NT-4 and BMSC
graft may therefore be considered a promising strategy for the
treatment of AD patient in future clinical trial.
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