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ABSTRACT. We studied the survival and gene expression of glial
cell line-derived neurotrophic factor (GDNF) and GDNF receptor a-1
(GFRa-1) double-genetically modified rat bone marrow mesenchymal
stem cells (BMSCs) transplanted into the intestinal walls of the rat
models with congenital megacolon and determine the feasibility
of treatment by transplantation of double-genetically modified rat
BMSC:s. The rat colorectal intestinal wall nerve plexus was treated with
the cationic surface active agent benzalkonium chloride to establish
an experimental megacolon model. The rat target genes GDNF and
GFRa-1 were extracted and ligated into pEGFP-N1. Eukaryotic
fluorescent expression vectors carrying the GDNF and GFRa-1 genes
were transfected into BMSCs by in vitro culture. We treated congenital
megacolon by transplanting double-genetically modified rat bone
marrow mesenchymal stem cells. The pEGFP-EGFP-GDNF-GFRa-1
double-gene co-expressing the eukaryotic expression plasmid vector
was successfully established. Protein gene protein 9.5 and vasoactive
intestinal peptide-positive ganglion cells showed no positive expression
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in the phosphate-buffered saline transplantation group based on an
immunofluorescence test at 1, 2, and 4 weeks after transplantation of
BMSCs. Additionally, compared with the phosphate-buffered saline
transplantation group, the expression of rearranged during transfection,
GDNF, and GFRa-1 mRNA in the stem cell transplantation group
increased gradually. The double-genetically modified BMSCs colonized
and survived in the intestinal wall of the experimental megacolon rat
model and expressed related genes, partially recovering the colonic
neuromuscular regulatory functions and thus providing an experimental
basis for treating congenital megacolon by cellular transplantation.

Key words: Bone marrow mesenchymal stem cells; Transplantation;
Congenital megacolon; Glial cell-derived neurotrophic factor

INTRODUCTION

Congenital megacolon (Hirschsprung’s disease) is a common intestinal nervous sys-
tem developmental dysfunctional disease that is also known as aganglionosis. The morbidity
of HD is approximately 1:5000 (Kenny et al., 2010) and more common among male pediat-
ric patients. Currently, congenital megacolon is treated primarily by surgery, which involves
excision of the intestinal canal with ganglions. However, post-operative constipation relapse
and complications such as fecal incontinence and anal stenosis will severely affect pediatric
patients’ physiology and psychology (Kim and Oh, 2009; Tannuri et al., 2009). Particularly,
there are no ideal therapeutic measures for long-segment type and full-colon type megacolon.
In recent years, studies of the culture, induced differentiation, and transplantation of bone mar-
row mesenchymal stem cells (BMSCs) (Friedenstein et al., 1968) has brought new hope for
treating congenital megacolon by cellular transplantation and has become a research hotspot.

BMSCs are adult stem cells originating in the mesenchyma (Delorme et al., 2006)
and show multi-directional differentiation potential and plasticity. In addition, easy in vitro
separation and culture, massive expansion, low immunological rejection, self-renewal, and
autologous replantation of BMSCs (Ippolitog et al., 2004) enable these cells to have important
clinical application value and prospects in gene therapy and cell replacement therapy and have
become an ideal seed cell source in histological engineering. Studies of the application of
BMSCs have made it possible to transplant, repair, and reconstruct the enteric nervous system
and recover the intestinal functions for radical treatment of congenital megacolon.

In the study, the BMSCs of adult rats were separated, cultured, and expanded in vitro
(Metzger, 2010; Wang et al., 2010). BMSCs were modified using the exogenous glial cell-
derived neurotrophic factor (GDNF) and glial cell-derived neurotrophic factors receptor 1-a
(GFRa-1) co-transfection gene. BMSCs were subjected to intestinal neural induction and dif-
ferentiation in vitro and the cells were transplanted into the diseased intestinal canal of the
benzalkonium chloride (BAC) experimental rat megacolon model after induced differentia-
tion (Sato et al., 1978; Mortell et al., 2006; Vespucio et al., 2008). We found that the cells could
survive, settle, and proliferate locally, partially recover the intestinal functions, and improve
intestinal functions. A preliminary study was conducted for treating congenital megacolon by
transplanting BMSCs.
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MATERIAL AND METHODS
Experimental specimens

The rats used in the experiment for separation and culture of BMSCs were clean male
Sprague-Dawley (SD) rats weighing 100 g (Nanjing Better Biotechnology Co., Ltd., Nanjing,
China); the rats used to establish and identify SD rat experimental megacolon models included
110 clean SD rats (male or female) aged 8 weeks and weighing 200 + 15 g. The rats used to
establish the GDNF and GFRa-1 double-gene eukaryotic expression vector included 4 clean
SD immature male or female rats that were less than 7 days old. The rat used for the experi-
ment of the pEGFP-EGFP-GDNF-GFRa-1 eukaryotic expression vector was 1 clean male SD
rat aged 1 month and weighing approximately 100 g.

Separation and culture of rat BMSCs

In the experiment, BMSCs were separated and cultured using the pure adherence
method (Ringdén et al., 2006) and their biological characteristics were preliminarily identi-
fied. The rats were placed in 40°C phosphate-buffered saline containing double-antibody to
further separate the soft tissue on the marrow cavity. The marrow cavity was washed with the
L-DMEM complete culture solution. The bone marrow cell suspension was collected, inocu-
lated into a culture flask, and cultured in an incubator at 5% CO, at 37°C. The solution was
replaced (half volume) at 48 h and then replaced every 3 days or when the culture medium
became yellow. Non-adherent cells were removed and digested with 0.25% pancreatin for pas-
saging when the cells grew to 90% fusion. Cell morphology was observed under an inverted

microscope each day.
Establishment and identification of SD rat experimental megacolon models

The rat colorectal wall nerve plexuses were treated with the cationic surface active
agent BAC to establish an experimental megacolon model. The clean SD rats aged 8 weeks
were randomly divided into 2 groups: model group (N = 55), with the colon treated with 5
mL/LBAC, and control group (N = 55) with the colon treated with normal saline.

Establishment of GDNF and GFRo-1 double-gene eukaryotic expression vector

The target genes GDNF and GFRa-1 were extracted for ligation into the pEGFP-N1
vector (Wuhan Transduction Bio Co., Ltd., Wuhan, China). They were ligated into the eukary-
otic expression plasmid vector for expression of the double genes of GDNF and GFRa-1 to
explore and optimize the conditions for induced differentiation of BMSCs towards nerve cells.

PEGFP-EGFP-GDNF-GFRa-1 eukaryotic expression vector experiment

Rat BMSCs cultured in vitro were transfected with the eukaryotic fluorescent expres-
sion vector carrying the GDNF and GFRa-1 genes (Nanjing Genscript Biological Science
and Technology Co., Ltd., Nanjing, China). We then observed the expression of GDNF and
GFRa-1 in BMSCs and their effect on induced differentiation of BMSCs towards neuron-like
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cells. At 3 and 7 days after transfection and induction, neuron-like cells and control group cells
were collected. Total protein was extracted and the expression of the GDNF and GFRa-1 pro-
teins in the cells was determined by western blotting. Protein concentration was determined
using the Bradford method. The reagent is shown in Table 1.

Table 1. Assay reagents for protein concentration.

Well number A B C D E F G H
Bovine serum albumin sample (nL) 0 1 2 3 4 6 8 10
PBS (uL) 50 49 48 47 46 44 42 40
Coomassie brilliant blue (uL) 50 50 50 50 50 50 50 50
Corresponding amount of protein (ng) 0 1 2 3 4 6 8 10

Primary study on treating congenital megacolon by transplanting double-genetically
modified rat BMSCs

Three weeks after establishing the megacolon model (Martucciello et al., 1995; New-
green and Young, 2002), the surviving model rats were intraperitoneally injected with 0.03%
pentobarbital sodium for anesthesia. A median incision was made aseptically. The cell suspen-
sion was slowly injected into the diseased intestinal wall using a microsyringe at 5-6 sites.
The rats in both groups were observed for changes in mental state, abdominal distension, and
defecation each day after operation. Two rats were selected from each group at 1, 2, 4, and
8 weeks after transplantation and observed for changes of the intestinal canal on the trans-
planted section. Two rats were randomly selected from each group at 2 weeks after operation.
The colon of the treated section was subjected to routine hematoxylin and eosin staining and
acetylcholinesterase immunohistochemical and immunofluorescence tests for the expression
of protein gene protein (PGP9.5) and vasoactive intestinal peptide proteins. Three rats were
selected from each group at 1, 2, 4, and 8 weeks after transplantation. The intestinal canal of
the transplanted section was washed with phosphate-buffered saline and stored in a refrigera-
tor or liquid nitrogen at -80°C, and subjected to real-time polymerase chain reaction (PCR)
testing for expression of GDNF, GFRa-1, and rearranged during transcription (RET) mRNA.

The RET primer sequences were as follows: upstream primer: 5'-CTCAAGTGATGC
TTACTGG-3'"; RET downstream primer: 5'-ACTTGGGAAGGTGTCCTT-3". The following
reactions conditions were used: 50°C for 2 min, 95°C for 2 min for pre-denaturation; 94°C for
15 s, 58°C for 15 s, and 72°C for and 45 s for a total of 40 cycles; extension at 72°C for 10
min. The GDNF primer sequences were as follows: upstream primer: 5-TGGGATGTCGTG
GCTGTCTG-3'"; downstream primer: 5'-GCCGCTTGTTTATCTGGTGAC-3'. The following
reaction conditions were used: 50°C for 2 min, 95°C for 2 min for pre-denaturation; 94°C for
15 s, 58°C for 15 s, and 72°C for 45 s for a total of 40 cycles; extension at 72°C for 10 min.
The GFR-a-1 primer sequences were as follows: upstream primer: 5'-CCTCAGCCATTGAC
ATTCGG-3"; downstream primer: 5'-CCTGGCTTCTTTACACCTCGTT-3'. The following
reaction conditions were used: 50°C for 2 min, 95°C for 2 min pre-denaturation; 94°C for 15
s, 58°C for 15 s, and 72°C for 45 s for a total of 40 cycles; extension at 72°C for 10 min. The
actin primer sequences were as follows: upstream primer: 5'-CGTTGACATCCGTAAAGAC
CTC-3'; downstream primer: 5'-TAGGAGCCAGGGCAGTAATCT-3'". The following reac-
tion conditions were used: 50°C for 2 min, 95°C for 2 min pre-denaturation; 94°C for 15 s,
58°C for 15 s, and 72°C for 45 s for a total of 40 cycles; extension at 72°C for 10 min.
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RESULTS
Separation and culture of rat BMSCs

Based on the separation and culture of rat BMSCs, there were numerous blood cells
after primary culture using the complete bone marrow adherent cell culture method, which af-
fected the adherence of BMSCs. A small number of adherent cells grew and most cells were
suspended at 24 h after inoculation. A large number of suspended blood cells were removed
after the solution was replaced at 48 h, thus contributing to adherence and growth of additional
BMSCs. The cells were circular and spindle-shaped (Figure 1A). The cells number increased
gradually after being cultured for 5 days and were shuttle-shaped or polygonal. Partial cells
grew in a nesting form (Figure 1B). Cellular proliferation became active at 7-8 days. Several
fibroblast-like colonies were observed, arranged in a spiral or radial form (Figure 1C). Cellular
fusion reached over 90% after 12-14 days. Uniform long spindle-shaped cells were formed after
repeated solution replacement and digestion and passaging to the 3rd passage. The cells were
characterized as having a clear boundary, strong refractivity, and plump nucleus (Figure 1D).
The immunocytochemical method was used to test the marker antigens of CD44 and CD90
on bone marrow stroma stem cells and the marker antigen CD45 on hematopoietic stem cells.
Based on the results of the immunocytochemical test, the mesenchymal stem cell markers CD44
(91.7%) and CD90 (89.6%) were highly expressed in the cultured BMSCs (Figure 1E). The cells
exhibited positive expression and the cytoplasm was stained with claybank. The hematopoietic
cell marker CD45 was not expressed (Figure 1F). The cells exhibited negative expression and
the cytoplasm was not stained (Figure 1G), indicating that the cultured cells were BMSCs.

» “s_ 2 - G

Figure 1. Micrograph for culture of whole bone marrow adherent cells. A. For cells cultured for 48 h, partial cells
grew on the surface. The cells were circular and spindle-shaped. B. The cells increased after culture for 5 days and
the cells were shuttle-shaped or polygonal. C. The cells formed a typical colony-like cell growth morphology after
culture for 7 days. D. The cells grew rapidly and were arranged in order and fused mutually (X10) after culture
for 10 days; Immunohistochemical testing of cell culture: E. and F. were expression of the CD44 and CD90 cells
cultured. The cells exhibited positive expression and the cytoplasm was stained with claybank. G. Test of CD45 cell
culture. The cells exhibited negative expression and the cytoplasm was not stained (20X).
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Establishment and identification of SD rat experimental megacolon models

The rats in the model group suffered from abdominal distension and decreased feed-
ing and defecation at 1 week after operation. The rats suffered from severe abdominal disten-
sion, non-defecation or a small amount of dry and hard excrement, and cachexia. Spasm and
stenosis occurred in the BAC treated segment of the colon after gross anatomy. The stenosis
segment was 2-3 cm in length on average. The proximal intestinal canal was dilated and con-
tent accumulated within the enteric cavity (Figure 2A).

Ganglion cells of the myenteric nerve plexus of the colonic wall of the treated segment
were absent, nerve fibers had proliferated, the intestinal wall were thickened and hardened,
there was no significant damage to the mucous epithelium and muscular layer, and there were
no scars formed in the model group 4 weeks after operation based on hematoxylin and eosin
staining (Figure 2B). The acetylcholinesterase immunohistochemical test results indicated that
no positive submucosal and intermuscular ganglion cells were present and that intermuscular
ganglion cells disappeared based on the neurone-specific enolase and PGP9.5 immunofiuores-
cence staining for the model group (Figure 2C and D). The acetylcholinesterase histochemical
staining indicated there was no significant positive nerve fiber proliferation at 2 weeks; there
were claybank-stained proliferated nerve fibers; the fibers were thickened and distorted com-
pared with the control group at 4 weeks (Figure 2E).

Figure 2. Pathological and immunohistochemical of megacolon models. A. We observed stenosis of the intestinal
canal of the treated section, dilatation of the proximal intestinal canal, a large amount of intestinal content retained
(10X) at 4 weeks after modeling; B. Hematoxylin and eosin staining results: The intermuscular ganglion cells
of the intestinal canal in the model group disappeared (20X); C. For the immunofluorescence test for NSE, the
intermuscular ganglion cells disappeared (20X); D. For the immunofluorescence test for PGP9.5, the intermuscular
ganglion cells disappeared (20X); E. For the acetylcholinesterase histochemical staining observation, the cholinergic
nerve fibers proliferated and were distorted (20X).
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Establishment of GDNF and GFRa-1 double-gene eukaryotic expression vector

Total RNA was extracted from the brain tissue of the newly-born rats and amplified
by reverse transcription-PCR to obtain the GDNF and GFRa-1 target gene segments. The
recombinant plasmids pEGFP-GDNF and pEGFP-GFRa-1 were amplified to obtain bands
with a size equal to the expected target gene after transformation and culture (Figure 3A).
The recombinant plasmids of pEGFP-GDNF-GFRa-1 could be amplified by PCR to obtain
bands with a size equal to the expected target gene after transformation and culture (Figure
3B). Gene sequencing results coincided with the sequences of the 2 target genes in GenBank.
Based on the double enzyme digestion, the target genes were equal to the 2 cDNA bands of the
plasmid in size, indicating that the pEGFP-GDNF-GFRa-1 recombinant eukaryotic expres-
sion plasmid was successfully established.

Figure 3. A. Electrophoretogram for gene products from amplification of GDNF/GFRa-1: Lane M-marker,
1-DNA; B. electrophoretogram for recombinant plasmid pEGFP-GDNF-GFRa-1 double enzyme digestion result:
Lane M-marker, lane I-plasmid, lane 2-double enzyme digestion result.

PEGFP-EGFP-GDNF-GFRe-1 eukaryotic expression vector experiment

In terms of the expression of the pEGFP-EGFP-GDNF-GFRa-1 eukaryotic expres-
sion vector in the rat BMSCs and the neural induction results, the neuron markers neurone-
specific enolase and neurofilaments were positively expressed in the experimental group after
induced differentiation based on the immunofluorescence test. Neurone-specific enolase ex-
hibited green fluorescence (Figure 4A). NF exhibited red fluorescence (Figure 4B). The glial
cell marker glial fibrillary acidic protein was negative. Total protein was extracted from the
cells after induction for 3 and 7 days. Based on western blotting results, expression of GDNF
and GFRao-1 increased at 7 days after induction (Figure 4C).

Primary study on treating experimental congenital megacolon by transplanting
double-genetically modified rat BMSCs

Based on observation, rats in the experimental and control groups suffered from ab-
dominal distension, dry and hard defecation, and constipation after transplantation. Some rats
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even suffered from cachexia and non-defecation. The symptoms of rats in the experimental
group were less severe than those in the control group. Based on the anatomy at 4 weeks after
transplantation, there were strictures of different degrees in both groups. Dry and hard copro-
lith and intestinal canal dilation were present within the upper intestinal canal of the stricture
in the control group, while defecation was formed and wet and no significant dry and hard
coprolith was present in the upper intestinal canal of the stricture after transplantation.

3 days 7 days

——  GDNF

S GIRo-1

s
E

Figure 4. Situation of the plasmid expressing. A. and B. Cellular immunity fluorescence detection after induced
differentiation. NSE (A) was green fluorescence and NF (B) was red fluorescence (20X); C. expression of GDNF
and GFRa-1 was present in the cells 3 and 7 days after western blot detection and induction. The expression
increased gradually.

The pathological and histological results indicated that the ganglion cells in the myen-
teric nerve plexus in the colonic wall of the treated segment were absent and nerve fibers pro-
liferated in the control group based on the hematoxylin and eosin staining and histochemical
detection. There were transplanted neuron-like cells and no significant nerve fiber prolifera-
tion in the experimental group. No significant mucous epithelium and muscular layer damage
were present in either group.

Positive expression of PGP9.5 red fluorescence (Figure SA) and vasoactive intestinal
peptide green fluorescence (Figure 5B) was observed in cells in the muscular layer of the in-
testinal canal based on immunofluorescence detection at 1 week after transplantation, while
there was no positive expression in the control group. There were extensive and increased
cells with positive expression of fluorescence at 4 weeks after transplantation, indicating that
the transplanted cells colonized, survived, divided, proliferated, and migrated. The relative ex-
pression levels of GDNF, GFRa-1, and RET mRNA in the intestinal canal of the transplanted
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segment in the experimental group increased gradually, demonstrating that the transplanted
cells colonized, survived, and proliferated continuously in the local intestinal canal (Figure 5C).
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Relative expression level

GDNF GFRa -1 RET

Figure 5. Immunofluorescence detection of PGP9.5 and VIP expression after transplantation. A. PGP9.5,
there were ganglion cells with red positive fluorescence. B. VIP, there were ganglion cells with green positive
fluorescence. C. real-time PCR detection of the changes in expression of GDNF, GFRa-1, and RET mRNA at
1, 2, 4, and 8 weeks after transplantation. The relative expression levels of GDNF, GFRo-1, and RET mRNA
increased gradually.

DISCUSSION

BMSCs exhibit numerous biological advantages including self-renewal, multi-direc-
tional differentiation potential, stable genetic background, and low immunogenicity, among
others, and can be used as a gene vector (Hamada et al., 2005; Schrepfer et al., 2007; Sasaki et
al., 2009; Trzaska et al., 2009) for in vivo transplantation therapy.

In this study, BMSCs separated and purified in vitro using the pure adherence method
showed characteristics of stem cells, including high purity, fast proliferation, and stable
growth traits. This method is simple to operate, practical, and is inexpensive. The megacolon
rat models were similar human megacolon in terms of histopathological examination and
clinical symptoms and were easily operated. In this study, the neurotrophic factors GDNF and
GFRa-1 that played an important nutrition and regulatory role in differentiation of intestinal
nerve cells and fetal gut culture medium were used to induce differentiation of intestinal
nerve cells in vitro for transformation into BMSCs. After induced and differentiated intestinal
neuron-like cells were transplanted into the diseased intestinal wall of the rat models without
ganglion cells, there was no improvement in the symptoms of the rats in the control group
after operation, including abdominal distension and constipation, and the symptoms were
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gradually exacerbated. Symptoms improved at 2 weeks after operation in the transplantation
group. Neuronal cells showed positive expression of PGP9.5 and vasoactive intestinal peptide,
indicating that the transplanted nerve cells were colonized successfully and proliferated
continuously.

Based on the reverse transcription-PCR detection, the expression of GDNF and
GFRo-1 mRNA in the transplanted intestinal wall and the expression of RET mRNA was ob-
served. Thus, the transplanted intestinal nerve cells colonized and proliferated on the intestinal
wall and secreted the RET protein after stimulation by local environmental factors, activating
the RET/GDNF signal pathway and further promoting division of the intestinal neuron-like
cells (Natarajan et al., 2002; Metzger, 2010; Wang et al., 2010). The intestinal neuron-like
cells transfected in the experiment carried the green fluorescent protein gene, which was tran-
scribed, translated, and expressed along with the cellular genomes, thus allowing for dynamic
observation of changes in the transplanted cells, such as distribution and migration (Makino
et al., 1999; Brazelton et al., 2000). Care should be taken to control the depth and direction of
needle insertion during local injection for cellular transplantation as the colonic wall is very
thin. An excessive insertion depth enables the needle to enter the enteric cavity, thus leading
to invalid transplantation. An insufficient insertion depth enables the needle to only enter the
seromuscular layer, thus causing susceptibility to exosmosis of the cell suspension and affect-
ing the transplantation results. Thus, a microsyringe was used for inclined insertion, which
allowed us to control the depth of insertion into the intestinal wall. Injection was performed
slowly and retained for 3-5 min, enabling the cell suspension to sufficiently scatter and avoid-
ing leakage of the cell suspension. In the study, rat BMSCs were separated, cultured, and
purified in vitro. The intestinal neuron-like cells were induced and differentiated at the gene
level. The induced and differentiated cells carrying the green fluorescent protein gene were
transplanted into the intestinal wall of the megacolon rat model. The transplanted intestinal
neuron-like cells colonized, differentiated, and proliferated on the intestinal wall. These cells
repaired and reconstructed the myenteric nerve plexus of the diseased intestinal section and
improved intestinal functions, thus providing a new potential method for treating intestinal
motility neurological disorder diseases such as congenital megacolon by transplantation of
mesenchymal stem cells. Further studies are required to determine the timing of BMSC trans-
plantation, transplantation approach, cell concentration, long-term effect following transplan-
tation, and homing to corresponding tissues.
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