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Summary

In vitro expansion and characterization of neural precursor cells from human gut biopsy
specimens with or without Hirschsprung's disease using a novel thermoreversible
gelation polymer (TGP) is reported aiming at a possible future treatment. Gut biopsy
samples were obtained from five patients undergoing gut resection for Hirschsprung's
disease (n = 1) or gastrointestinal disorders (n = 4). Cells isolated from the smooth muscle
layer and the myenteric plexus were cultured in two groups for 18 to 28 days; Group I:
conventional culture as earlier reported and Group II: using TGP scaffold. Neurosphere
like bodies (NLBs) were observed in the cultures between 8th to 12th day and H & E
staining was positive for neural cells in both groups including aganglionic gut portion
from the Hirschsprung's disease patient. Imnmunohistochemistry using S-100 and neuron
specific enolase (NSE) was positive in both groups but the TGP group (Group II) showed
more number of cells with intense cytoplasmic granular positivity for both NSE and S-100
compared to Group I. TGP supports the in vitro expansion of human gut derived neuronal
cells with seemingly better quality NLBs. Animal Studies can be tried to validate their
functional outcome by transplanting the NLBs with TGP scaffolds to see whether this can
enhance the outcome of cell based therapies for Hirschsprung's disease.

Keywords: Enteric neural precursor cells, Hirschsprung's disease, thermoreversible gelation
polymer (TGP)

1. Introduction

enteric nervous system (ENS). This is essential for
propulsion of food in the digestive tract. The ENS

The part of the peripheral nervous system (PNS) that
controls the peristaltic activity of the gut wall is the
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is composed of a large number of neurons and glial
cells, distributed throughout the length of the gut.
These ganglion cells develop from the neural crest
in the embryo. Hirschsprung's disease or congenital
megacolon is the failure or delay of the complete
colonization of the gut by these enteric neural crest
cells during early development which results in the
absence of ganglia or neurons in a portion of the gut,
usually the colon, that results in aperistalsis and severe
intestinal obstruction. Hirschsprung's disease affects
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1 in 5,000 newborns and affects boys more often than
girls at a ratio of 4:1 (/-3). It appears either sporadically
or has a familial basis and is often associated with other
developmental defects. Surgical management continues
to be the major treatment approach. The principle
involves reconstruction of the intestinal tract by pulling
the normal innervated portion of the colon down to
the anus preserving the sphincter function. This pull-
through surgery's recent variants include total transanal
endorectal pull-through (TERPT) and the laparoscopic
assisted pull-through (3). Inspite of advances in surgical
approach, constipation, abdominal distension and
enterocolitis are some of the long term obstructive
symptoms observed in patients who undergo operative
modalities for Hirschsprung's Disease (3). The extent
of aganglionosis varies between patients and there
are reports in the literature in which there are extreme
forms of aganglionosis in which even a complete
portion of the intestine is devoid of the ganglion
cells (4). In such cases, surgery is impossible. At this
juncture, cell-based therapies to replace the ganglion
cells or enteric neuronal cells in the aganglionic
portion of the gut aiming at restoring the function of
the gut are being considered as a potential solution
to Hirschsprung's disease (J,6). Earlier studies have
reported the isolation of enteric neural precursor cells
from normal gut tissues and Hirschsprung's disease
affected gut tissues (5,7). In this study, we report in
vitro culture and characterization of enteric neural
precursor cells from full thickness gut biopsy samples
of patients with or without Hirschsprung's disease in a
novel polymer scaffold.

2. Materials and Methods

Postnatal gut full thickness 2-4 mm biopsy samples
were obtained from five patients undergoing gut
resection surgery after proper informed consent.
The work was conducted in accordance with the
Declaration of Helsinki (1964). Of the five patients,
one had Hirschsprung's disease (Patient I). The
remaining four patients (Patient II-V) underwent gut
resection surgery for conditions like biliary atresia and
exomphalos major with rectal atresia. From patient I,
biopsy samples from both the ganglionic portions and
the aganglionic portions of the gut were obtained. All
samples were washed in phosphate buffered saline
(PBS) containing penicillin (100 U/mL), streptomycin
(100 pg/mL) and amphotericin (100 U/mL). Using
forceps, the outer smooth muscle layers along with the
myenteric plexus were peeled off from the underlying
tissue as strips. Fibronectin (2 pg/cm’®) (Sigma-Aldrich,
USA) was coated on 6-well tissue culture (TC) Plates
(Corning Inc., Corning, NY, USA) and the plates
were undisturbed for at least two hours. The tissue
strips were washed with phosphate buffered saline
(PBS) Ca’” and Mg’" free and cut into small pieces

for enzymatic digestion using collagenase (1 mg/mL)
and dispase (1 mg/mL) and kept in a CO, incubator at
37°C for 30 min. Digested tissues were filtered using
a 70 um filter and centrifuged at 1,800 rpm for 8 min
at 24°C. Cell count of the pellet was obtained using
the Trypan blue dye exclusion method and the cells
were divided into two equal portions. The cells thus
divided were seeded as two groups, Group I (Gr.I): in
DMEM/F12 (Gibco BRL, Gaithersburg, MD, USA)
medium supplemented with penicillin (100 U/mL),
streptomycin (100 pg/mL), L-glutamine (2 mmol/L),
and growth factors including basic fibroblast growth
factor (bFGF) (20 ng/mL) (Sigma-Aldrich, USA) and
epidermal growth factor (EGF) (20 ng/mL) (Sigma-
Aldrich, USA) onto the fibronectin coated TC plates
according to the protocol reported by Bondurand et al.
(2); Group II (Gr.II): with thermoreversible gelation
polymer (TGP). TGP was obtained in a lyophilized vial
from Nichi-In Biosciences (P) Ltd, Chennai, India. The
Thermo-reversible Gelation Polymer (TGP) used in this
study is a copolymer composed of thermo-responsive
polymer block [poly(N-isopropylacrylamide-co-n-
butyl methacrylate) (poly(NIPAAm-co-BMA)] and
the hydrophilic polymer block (polyethylene glycol
[PEG]) as described by Yoshioka ef al. (8). Because this
polymer block is hydrophilic at temperatures below the
sol-gel transition temperature (20°C for the TGP used in
this study) and hydrophobic at temperatures above this
sol-gel transition temperature forming a homogenous
three-dimensional (3D) network of the gel in water,
cells for culture can be embedded at temperatures lower
than 20°C and cultured three dimensionally in the
hydrogel state at 37°C. For the present study, the TGP
was reconstituted with 10 mL of DMEM/F12 medium
and incubated at 4°C overnight. A drop of TGP-DMEM
tissue culture (TC) medium mixture was placed at
the center of the 6-well Fibronectin coated TC Plates
(Corning Inc., Corning, NY) and solidified at 37°C.
The cells from the remaining pellet were suspended in
the culture medium and placed over this solidified gel-
TC mixture after which a drop of the gel-TC medium
mixture was again placed to cover the cells. Thus, the
cells were embedded within the TGP. Culture medium
containing DMEM/F12 medium supplemented with
penicillin (100 U/mL), streptomycin (100 pg/mL),
L-glutamine (2 mmol/L), bFGF (20 ng/mL) and EGF
(20 ng/mL) was overlaid over the TGP. Cells were
incubated at 37°C with 5% CO, for 18-28 days. Cells
were observed daily and a media change was done
every 2-3 days.

3. Results and Discussion

The average cell number obtained from the ganglionic
samples was 0.94 million cells. The cell number
obtained from the aganglionic portion of Patient I was
0.19 million cells. In all samples (both Gr.I and Gr.II),
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Figure 1. Neurosphere like body (NLB) observed. (A) Group I (Conventional). (B) Group II (TGP).

neurosphere like bodies (NLBs) were observed in
culture between the 8th day and 12th day (Figure 1)
including the aganglionic sample from Patient I with
Hirschsprung's disease. The neurosphere like bodies
(NLBs) observed in the culture were then subjected
to histological and immunohistochemical (IHC)
studies for S-100 and neuron specific enolase (NSE),
a neuronal specific marker. H&E staining showed that
both ganglionic and aganglionic samples in both Gr.I
and Gr.II had round to oval cells with a large nucleus
and moderate amount of pale cytoplasm. The cell size
varied greatly in all the smears. These cells did not
form sheets or any other specific pattern. They were
mostly loose clusters and vague, short filamentous
extensions were seen from the cytoplasmic borders.
H&E stains were positive for neural cells (Figure 2). In
immunohistochemistry (IHC), morphologically there
was no difference in cultured cells from ganglionic
and aganglionic segments in Gr.I and Gr.Il. However,
the cellularity was relatively higher in Gr.Il (TGP
group). Though both groups showed a cytoplasmic
granular appearance, the TGP group (Gr.II) showed
more number of cells with intense cytoplasmic granular
positivity for both NSE and S-100 (Figure 3B, 4B)
compared to Gr.I (Figure 3A, 4A).

Earlier studies have reported the generation of NLBs
containing functionally active neural progenitors from
gut tissue (7,9,10). Almond et al. isolated and expanded
progenitor/stem cells from the post-coitum embryonic
mouse cecum and postnatal human myenteric plexus
and successfully transplanted the differentiated neurons
and glial cells into aganglionic murine hindgut. The
implanted cells colonized postnatal aganglionic bowel
and expressed neuronal markers including nitric oxide
synthase and vasoactive intestinal polypeptide (/7).
Metzger et al. generated NLBs from postnatal human
gut mucosal tissue and after transplantation; the cells
from NLBs colonized aganglionic chick and human
hindgut to generate ganglia-like structures, enteric
neurons and glia (/). In this study, we have examined
the feasibility of culturing NLBs obtained from routine

Figure 2. H&E staining of cultured Neurosphere like
bodies (NLBs).

gut biopsy samples of patients undergoing surgeries
for Hirschsprung's disease or other disorders of the
gastrointestinal system in a Thermo-reversible Gelation
Polymer (TGP) and compared it to conventional
culture techniques. Though ENS progenitors from the
ganglionic gut of children diagnosed with and without
Hirschsprung's disease have been isolated, characterized
and reported earlier (/2), a study similar to ours using
a TGP which has proven to yield an increased number
of neural progenitors (/3), makes this unique. Apart
from this, among the various types of thermo-reversible
hydrogels reported for cell culture in the literature, the
TGP used in this study is novel because it is a purely
synthetic hydrogel and does not contain any biological
components like proteins such as Hen Egg White
Lysozyme (/4) or poly-saccharides such as Chitosan
(15) which are used in hydrogels to improve properties
like cell-adhesion (/4). Further, the TGP has been
proven to maintain the three-dimensional morphology
(106) of different kinds of stem cells, pre-cursor cells and
adult cells without alteration of their gene expression
(17) for longer periods of time in contrast to other
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Figure 3. Neuron specific enolase (NSE) positive Neurosphere
like bodies (NLBs). (A) Group I (Conventional). (B(i) and B(ii))

Group II (TGP).
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Figure 4. S-100 positive Neurosphere like bodies (NLBs).
(A) Group I (Conventional). (B(i) and B(ii)) Group II (TGP).

thermo-reversible hydrogels reported (/4). Previous
studies have suggested that from the 10th day onwards,
NLBs can be observed in culture and NLBs have been
grown in culture up to 28 days (2,/0). In our study, the
NLBs were observed in culture between the 8th day
and 12th day in all samples in both Gr.I and II including
that of the aganglionic tissue. Ability of the cells to
generate NLBs in the aganglionic sample demonstrates
the presence of neural progenitors in that portion of the
gut also. However, further characterization and studies
are required to identify whether the NLBs from the
ganglionic portion and the aganglionic portion have
similar characteristics and capability to colonize the
aganglionic portion in animal models of Hirschsprung's
disease. Furthermore, this would shed light upon the
fact that perhaps neural crest progenitors do migrate to
the distal colon but fail to proliferate or differentiate
due to micro-environmental abnormalities in the
distal colon (3) and due to in vitro culture conditions,
they might form NLBs. The relatively higher cellular
staining in Gr.II (TGP group) demonstrates that TGP
supports growth of NLBs. Because transplantation
of neurospheres from fetal and post natal intestine
derived neural crest cells has already proven to produce

functional neurons in the post natal colon of mice
(18), further studies asking whether TGP can be used
as a carrier for NLB transplantation in aganglionic
gut models to help retain the neural progenitors in the
region where they should re-colonize and form neural;
glial cells are warranted. Suggesting TGP as a carrier
for transplantation of NLBs is based upon earlier
studies in which TGP was employed for transplantation
of stem cells, progenitor cells and adult cells in animal
models (/9-21). The present study is only a preliminary
study and extensive studies are warranted before this
approach could be standardized and considered for
treatment of Hirschsprung's disease.

4. Conclusion

We successfully isolated and expanded human
enteric neural precursor cells in the form of NLBs
from postnatal gut biopsy samples of patients with
Hirschsprung's disease as well as other gastrointestinal
disorders. Because the NLBs in the TGP group showed
a higher positive in IHC staining compared to the
group without TGP, there could be potential to utilize
the NLBs cultured in TGP in cell-based therapies for
Hirschsprung's disease, after confirming their efficacy
in appropriate animal models. The transplantation of
NLBs encapsulated in TGP or along with TGP is also
another area for further experimentation because it
might enhance the outcome, comparing it to earlier
published studies.

Acknowledgements

The authors thank /) M/S Hope Foundation for funding
the study. 2) Loyola ICAM College of Engineering
Technology (LICET) and Loyola Institute of Frontier
Energy (LIFE) for their support of our research work.
3) M/S Department of Clinical Research, Yamanashi
University, Japan for their assistance with the publication
of the manuscript.

References

1.  Metzger M, Caldwell C, Barlow AJ, Burns AJ, Thapar
N. Enteric nervous system stem cells derived from
human gut mucosa for the treatment of aganglionic gut
disorders. Gastroenterology. 2009; 136:2214-2225.¢1-3.

2. Bondurand N, Natarajan D, Thapar N, Atkins C, Pachnis V.
Neuron and glia generating progenitors of the mammalian
enteric nervous system isolated from foetal and postnatal
gut cultures. Development. 2003; 130:6387-6400.

3. Gunnarsdoéttir A, Wester T. Modern treatment of
Hirschsprung's disease. Scand J Surg. 2011; 100:243-
249.

4. Berger S, Linke F, Heymanns M, Boor R, Coerdt W,
Hofmann-v Kap-herr S. Complex long-segment intestinal
dysganglionosis. J Pediatr Surg. 2000; 35:1123-1126.

5. Rauch U, Hénsgen A, Hagl C, Holland-Cunz S, Schéfer

www.irdrjournal.com



Intractable & Rare Diseases Research. 2013; 2(3):98-102.

102

10.

11.

12.

13.

14.

KH. Isolation and cultivation of neuronal precursor cells
from the developing human enteric nervous system as a
tool for cell therapy in dysganglionosis. Int J Colorectal
Dis. 2006; 21:554-559.

Gershon MD. Transplanting the enteric nervous system:
A step closer to treatment for aganglionosis. Gut. 2007;
56:459-461.

Lindley R. Isolation, characterisation and transplantation
of human enteric nervous system stem cells (Doctoral
thesis). University of Liverpool, Liverpool, UK, 2011.
http://research-archive.liv.ac.uk/4933/ (Accessed July
15,2013).

Yoshioka H, Mikami M, Mori Y, Tsuchida E. A synthetic
hydrogel with thermoreversible gelation. I. Preparation
and rheological properties. ] Macromol Sci Pure Appl
Chem. 1994; A31:113-120.

Schafer KH, Hagl CI, Rauch U. Differentiation of
neurospheres from the enteric nervous system. Pediatr
Surg Int. 2003; 19:340-344.

Lindley RM, Hawcutt DB, Connell MG, Edgar DH,
Kenny SE. Properties of secondary and tertiary human
enteric nervous system neurospheres. J Pediatr Surg.
2009; 44:1249-1255.

Almond S, Lindley RM, Kenny SE, Connell MG, Edgar
DH. Characterisation and transplantation of enteric
nervous system progenitor cells. Gut. 2007; 56:489-496.
Ruiz-Ferrer M, Torroglosa A, Nufiez-Torres R, de
Agustin JC, Antifiolo G, Borrego S. Expression of
PROKR1 and PROKR2 in human enteric neural
precursor cells and identification of sequence variants
suggest a role in HSCR. PLoS One. 2011; 6:¢23475.
Osanai T, Kuroda S, Yasuda H, Chiba Y, Maruichi
K, Hokari M, Sugiyama T, Shichinohe H, Iwasaki
Y. Noninvasive transplantation of bone marrow
stromal cells for ischemic stroke: Preliminary study
with a thermoreversible gelation polymer hydrogel.
Neurosurgery. 2010; 66:1140-1147.

Yan H, Saiani A, Gough JE, Miller AF. Thermoreversible
protein hydrogel as cell scaffold. Biomacromolecules.
2006; 7:2776-2782.

15.

16.

17.

18.

19.

20.

21.

Chen JP, Cheng TH. Thermo-responsive chitosan-
graft-poly(N-isopropylacrylamide) injectable hydrogel
for cultivation of chondrocytes and meniscus cells.
Macromol Biosci. 2006; 6:1026-1039.

Yasuda A, Kojima K, Tinsley KW, Yoshioka H, Mori Y,
Vacanti CA. In vitro culture of chondrocytes in a novel
thermoreversible gelation polymer scaffold containing
growth factors. Tissue Eng. 2006; 12:1237-1245.
Kataoka K, Huh N. Application of a Thermo-Reversible
Gelation Polymer, Mebiol Gel, for Stem Cell Culture and
Regenerative Medicine. J Stem Cells Regen Med. 2010;
6:10-14.

Hotta R, Stamp LA, Foong JP, McConnell SN, Bergner
AlJ, Anderson RB, Enomoto H, Newgreen DF, Obermayr
F, Furness JB, Young HM. Transplanted progenitors
generate functional enteric neurons in the postnatal
colon. J Clin Invest. 2013; 123:1182-1191.

Sitalakshmi G, Sudha B, Madhavan HN, Vinay S,
Krishnakumar S, Mori Y, Yoshioka H, Abraham S.
Ex vivo cultivation of corneal limbal epithelial cells
in a thermoreversible polymer (Mebiol Gel) and their
transplantation in rabbits: An animal model. Tissue Eng
Part A. 2009; 15:407-415.

Parveen N, Khan AA, Baskar S, Habeeb MA, Babu
R, Abraham S, Yoshioka H, Mori Y, Mohammed
HC. Intraperitoneal Transplantation of Hepatocytes
Embedded in Thermoreversible Gelation Polymer
(Mebiol Gel) in Acute Liver Failure Rat Model. Hepatitis
Monthly 2008; 8:275-280.

William JB, Prabhakaran R, Ayyappan S, Pushkinraj H,
Rao D, Manjunath SR, Thamaraikannan P, Dedeepiya
VD, Kuroda S, Yoshioka H, Mori Y, Preethy S, Abraham
S. Functional recovery of spinal cord injury following
application of intralesional bone marrow mononuclear
cells embedded in polymer scaffold — Two year follow-
up in a canine. J Stem cell Res Ther. 2011; 1:110.
doi:10.4172/2157-7633.1000110.

(Received July 19, 2013, Reviesed August 9, 2013,
Accepted August 12, 2013)

www.irdrjournal.com



