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1994). For PCR analysis, nine pl of PCR reaction buffer
containing 0.1 ul of recombinant Tag DNA polymerase
at5 U/ul(TaKaRa Taq"™; No. R0O01A, Takara Shuzo Co.,
Ltd., Shiga, Japan) was mixed with 1 ul of genomic DNA
(approximately 0.5 ug), and the reaction mixture was
used for PCR. Forty cycles of PCR were performed with
cycle times of 1 min at 94 C, 1 min at 56°C, and 4 min
at 72'C. The primers used for amplification of the
sequences between the 3’ portion of the 2nd intron of
the rabbit -globin gene and the 5 region of luc cDNA in
the Cre-excised pCTL were A-S and luc-2RV (Fig. 1B).
PA-S (5-GTG TGA CCG GCG GCT CTA GAG-3)
corresponds to a junctional region between the 1st
intron of the chicken B-actin gene and the 2nd intron of
the rabbit f-globin gene in pCAGGS (Niwa et al,, 1991),
and lue-2RV (5'-TCT GCC AAC CGA ACG GAC ATT-3)
corresponds to nucleotides from 1,841 to 1,821 of the
firefly luc cDNA in pMAMneo-LUC (GenBank Accession
No. U02448). The primers used for amplification of
the sequences corresponding to the 5' portion of luc
cDNA in the luc-expression plasmid were luc-S and
lue-2RV (Fig. 1B). lue-S (5-TTA CAT TCT TGA ATG
TCG CTC-3') corresponds to nucleotides from 1,593 to
1,613 of luc cDNA in pMAMneo-LUC (GenBank Acces-
sion No. U02448). PCR with luc-S and lue-2RV is
expected to yield 249-bp products from luc-expression
plasmid. The sequence obtained from PCR of the intact
pCTL (without Cre-mediated excision) with the BA-S/
luc-2RV primer set is too long to amplify in this
assay, but can be amplified after the loxP-flanked CAT
sequence is removed in pCTL, producing a 471-bp DNA
fragment. Products of the reaction were analyzed
by electrophoresis in a 2% agarose gel. The gels were
stained with ethidium bromide (EtBr), and the ampli-
fied DNA bands were visualized by ultraviolet trans-
illumination. As a positive control, 5 ng of pCL DNA was
used. As a negative control, 0.5 pg of genomic DNA from
untreated mouse-tail was used.

Gene Transfer to Oviductal Epithelium by
In Vivo Electroporation (EP)

Intraoviductal injection was performed as described
previously (Sato, 2005). One pl of solution containing
plasmid DNA and trypan blue (TB; 0.05% final conecen-
tration) was slowly injected with a glass micropipette,
which had been attached to a mouth-piece, into the
ampulla of an oviduct of adult B6C3F1 (CLEA Japan,
Inc., Tokyo, Japan) females. These females had been
induced to superovulate 2 days previously by adminis-
tration of eCG (Serotropin; Teikoku Zohki, Tokyo,
Japan). The DNA introduced per oviduct was pCE-29
(0.2 pg) + phRL-8V (0.02 pg), pCTL (0.2 pg) + phRL-SV
(0.02 pg), pCAG/NCre-5 (0.2 pg) + phRL-SV (0.02 pg), or
pCTL (0.2 pug) + pTK/Cre-5 (0.2 pg) + phRL-8V (0.02 pg).
The phRL-SV, in which expression of Renilla reniformis
lue is driven by the SV40 early promoter, was from a
kit [Dual-Luciferase Reporter Assay System (No.
E1910); Promega Co.| used to normalize for transfection
efficiency. After injection, the micropipette was rapidly
removed. The oviductal regions were then subjected to

in vivo EP. Eight square-wave pulses with a pulse
duration of 50 msec and electric field intensity of 50 V
were administered from a square-wave pulse generator
(T820; BTX Genetronics, Inc., San Diego, CA). One day
after in vivo EP, the oviducts were subjected to
observation for fluorescence and then weighted. These
samples were deep-frozen prior to lysis for measurement
of lue activity, as shown below. A total of six oviducts
(three females) were electroporated for each trans-
fection group.

Gene Delivery In Vivo Via Tail Vein

Tail vein-mediated gene transfer was performed
using the method of Nakamura et al. (2004). Briefly, a
mixture of 25 pg of single plasmid DNA was mixed
with 50 pl of DMRIE-C (Invitrogen), and the mixture
was immediately injected by needle via the tail vein of
adult B6C3F1 females. For injection of two circular
plasmids, DNA (12.5 pg each) was mixed with 50 ul of
DMRIE-C and used. Injections were performed six times
(once per day). Four days after the final injection, major
organs including brain, liver, heart, kidney, lung,
intestine, skeletal muscle, and pancreas were dissected
from these treated mice, weighed, and then frozen prior
to measurement for luc activity. Four to six females were
subjected to in vivo transfection in each transfection
group.

Luciferase Assay

Luc assay was performed using a Promega Dual-
Luciferase Reporter Assay System kit. The tissues
(about 1 g) isolated from mice subjected to tail vein-
mediated gene transfer or oviducts 1 day after gene
transfer were homogenized in 1 ml of 1% reporter lysis
buffer (Promega Co.). After centrifugation at 15,000 rpm
for 10 min at 4'C, the supernatant (200 ul) was
transferred to a fresh Eppendorf tube. Cells, 1 day after
transfection, were collected with a cell seraper and
precipitated after brief centrifugation. Cell pellets were
then lysed with 1 mlof 1 « reporter lysis buffer. Relative
light units (RLU) obtained with luc were measured
for 5 sec following a 2-sec delay after the addition of
the lysate (10 ul) to 50 pl of luc assay substrate (Promega
Co.) using a luminometer (TD-20/20; Turner Designs
Instruments, Sunnyvale, CA). RLU values were nor-
malized to micrograms of tissue protein added in the luc
assay. Tissue protein determinations were performed
using Bradford reagent (Bio-Rad Laboratories, Inc.,
Hercules, CA).

RESULTS
Comparison Between Strong
and Weak Promoters in Driving
of EGFP Expression In Vitro

The Cre-loxP system is a unique system that permits
conditional induction of recombination events in a
reporter loxP site-containing construet. If co-transfection
with the reporter construct (pCTL) and the construct
carrying tissue-specific promoter-driven Cre gene into
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cells is performed, Cre expressed from an introduced
vector removes the floxed CAT sequence in pCTL and
lue expression commences (as shown schematically
in Fig. 1B). Prior to testing the Cre-loxP-mediated co-
transfection method, which permits enhancement of gene
expression from a weak promoter, we evaluated the
strength of promoters in the two EGFP-expressing
constructs, pCE-29 and pTE (Fig, 1A). pCE-29 has CAG
promoter, which is known to be a strong promoter (Niwa
et al., 1991; Ishii et al., 1994; Sato et al., 1997), while pTE
has HSV-tk promoter, known to be a relatively weak
promoter (Allen et al., 1988). Transient transfection
with single pCE-29 frequently resulted in generation of
cells with bright EGFP-derived fluorescence (arrows in
Fig. 2a). In contrast, pTE gave rise to poor fluorescence
after transfection (arrowheads in Fig, 2c). FACS analysis
confirmed the above findings. The percentage of cells
transfected with pCE-29 with strong EGFP expression
was a mean of 6.35% (Fig. 2d), while in cells transfected
with pTE it was below 1.5% (Fig. 2f). We therefore used
CAG and HSV-tk promoters as strong and weak ones,
respectively, as a model for testing our co-transfection
approach to enhancement of gene expression using the

pCTE/TC
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Cre-loxP system. Co-transfection with pCTE and pTC
resulted in increase in the number of cells exhibiting high
degrees of fluorescence (arrow in Fig. 2b). FACS analysis
demonstrated that the mean percentage of cells expres-
sing EGFP strongly after co-transfection with pCTE and
pTC was roughly intermediate (4.06%; Fig. 2e) between
those of cells transfected with pCE-29 and with pTE, as
expected.

Lue Activity in NIH3T3 Cells After Transfection
With Several Luc-Expression Plasmids

A comparison of the above two promoters (CAG
and HSV-tk) together with another podocyte-specific
nephrin promoter in NIH3T3 cells was also performed in
a transient luc expression assay. As shown in Figure 3,
activity was clearly obtained with the CAG promoter-
driven luc expression construct (pCL), which yielded the
highest expression of luc. Moderate activity was seen
when cells were transfected with luc-expression con-
struct (pTL) carrying HSV-tk promoter. The strength of
the CAG promoter was approximately 43-fold that of the
HSV-tk promoter. Co-transfection of reporter construct
(pCTL) and Cre-expressing plasmid pTC resulted in
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pCL  pTL  pCTL+

pTC

pNL  pCTL

Fig. 3. Luc activity in NIH3T3 cells after transient transfection
of lue reporter constructs. The cells (2 = 10%) were transfected with luc
expression  plasmid(s) + phRL-SV encapsulated by Lipofectamine
2000. One day after transfection, cells were lysed for measurement
of luc activity. Values were standardized individually for each trans-
fection group using a SV40 promoter-containing construct (phRL-8V)
and shown as HLU. The values shown are means for three
different experiments. Error bars indicate standard deviations. pCL,
cells transfected with pCL + phRL-SV; pTL, cells transfected with
pTL ¢ phRL-8V; pCTL 4 pTC, cells transfocted with pCTL +
pTC  phRL-SV; pNL, cells transfected with pNL + phRL-5V; pCTL,
cells transfected with pOTL & phRL-SV.

increased luc activity (approximately 10-fold that
with transfection with pTL). Transfection with pNL
(carrying mouse nephrin promoter + luccDNA) resulted
in very low levels of luc activity similar to that with the
reporter alone (pCTL). These findings indicate that the
Cre-loxP-mediated co-transfection system works well
in vitro for enhancement of gene expression from a weak
promoter.

Luc Activity in Oviducts After Gene
Delivery and Molecular Analysis of
Cre-Mediated Recombination

We next examined whether Cre-loxP system-medi-
ated enhancement of gene expression using pCTL as a
reporter plasmid can also be used in vivo. For this
purpose, gene delivery into murine oviductal epithelium
was performed by DNA injection into the lumen of
oviduets and subsequent EP (Sato, 2005). One day
after gene transfer, oviductal samples were dissected,
weighed, and homogenized to examine luc activity, The
results are shown in Figure 4A. As expected, instillation
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Fig. 4. A: Cre-mediated excision in vivo. Oviducts were transfected
by in vivo electroporation with lue expression plasmid(s) + phRL-SV,
and 1 day later lue activity in the oviducts was measured. pCL,
cells transfected with pCL 4 phRL-8V, pTL, cells transfected
with pTL 4 phRL-SV; pCTL 4 pTC, cells transfected with pCTL +
pTC + phRL-SV; pNL, cells transfected with pNL + phRL-SV; pCTL,
cells transfected with pCTL + phRL-SV. Four oviducts were tested per
transfection group, and results are expressed as mean £ SEM. B: PCR
analysis of genomic DNA derived from gene transfer to mouse oviducts
using primers (fA-S/luc-2RV and lue-Sue-2RV). Note the presence of a
471-bp band, evidence for Cre-mediated recombination in pCTL, in the
samples co-transfected with pCTL and pTC (lane 2). PCR with lue-8/
luc-2RV primers generated a 249-bp band, indicating the presence of
exogenous luc-expression plasmid in the transfected samples. Lane 1,
oviduet transfected with pCL + phRL-8V; lane 2, oviduct transfected
with pCTL ¢ pTC + phHL-8V; lane 3, oviduct transfected with
pTL + phRL-5V, lane 4, oviduct transfected with pNL + phRL-SV lune
5, oviduet transfected with pCTL + phRL-8V; lane C, intact oviduct
(without DNA transfection), lane PC, pCL DNA (5 ng! as a positive
control, "m"” indicates 100-bp ladder markers.

of single pCL plasmid yielded a high degree of luc
activity. When pTL was singly introduced, only slight
luc activity was observed, Co-expression of pCTL and
pTC yielded luc activity about 16-fold higher than
expression of pTL alone. Only residual levels of luc
activity were observed when pNL or pCTL plasmid DNA
was singly introduced. These findings indicate that the
Cre-loxP system using pCTL as a reporter construct
works well even in vivo.

Cre-mediated recombination in the introduced pCTL
was also confirmed by molecular biological analysis.
Genomic DNA from the oviductal samples isolated 1 day
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after gene delivery was subjected to PCR using pA-S and
lue-2RV or lue-S and lue-2RV as primers (Fig. 1B). PCR
using the former primer set should yield 471-bp
products if Cre-mediated recombination occurs in the
pCTL plasmid. The product derived from intact pCTL
could not be visualized in a gel electrophoretic assay
because its size (=2 kb) is too large for successful
amplification in our PCR system. PCR with the latter
primer set should yield 249-bp products corresponding
to the &' region of lue ¢cDNA if the oviductal samples
possess the plasmid DNA injected. As expected, PCR
using fA-S and lue-2RV primers revealed that only the
samples co-introduced with pCTL and pT'C exhibited the
471-bp band (lane 2 in the upper column of Fig. 4B).
Furthermore, all the tested samples that had been
injected with luc expression vectors had the exogenous
DNA (lower column in Fig. 4B).

Lue Activity in Major Organs After
Repeated Intravenous Injection of
Liposome-Encapsulated Plasmids

We next examined whether the Cre-loxP system-
based co-transfection method could confer enhanced
expression of a target gene in vivo in a tissue-specific
fashion. In this case, we aimed to force expression of lue
specifically in renal podocytes using pCTL and pNC
(carrying the NCre gene linked to the upstream nephrin
promoter) (Fig. 1A). Repeated intravenous injections of
plasmid DNA encapsulated by liposomes (six times in
total; one injection per day) were performed, since this
yielded systemic expression of the exogenous gene in
various organs such as kidney, intestine, lung, and heart
(Nakamura et al., 2004). Adult females were injected
with pCL alone, pCTL + pTC, pTL alone, pNL alone, or
pCTL + pNC, each of which had been included with
phRL-SV and complexed with the liposomal reagent
DMRIE-C. Four days after the final injection, organs
were dissected and subjected to measurement of luc. The
results are shown in Figure 5. Introduction of pCL alone
yielded high degrees of lue activity in some organs
including lung, intestine, kidney, and heart. In contrast,
transfection with pTL alone resulted in relatively
weak activity of luc in the lung, intestine, liver, kidney,
heart, and spleen. As expected, transfection with
pCTL + pTC resulted in increase of luc activity, from
1.8-fold to 4.1-fold that with pTL alone in all organs
tested. Interestingly, when mice were transfected with
pNL alone, kidney alone exhibited slight expression of
luc. Co-transfection with pCTL and pNC resulted in
increase in luc activity to 2.4-fold that with pNL
alone, and as expected, luc activity was restricted to
the kidney.

DISCUSSION

Strong, long-term expression of delivered foreign or
therapeutic genes in specific cell types is an essential
requirement for examination of gene function and
for experimental gene therapy. Efforts have been made
to manipulate vectors to restrict gene expression to
specific cell types. This can be achieved in part by
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Fig. 5. Effect of co-transfection by repeated intravenous injection of
Cre-expression vector on pCTL reporter gene. Twenty-five micrograms
of pCTL and 25 pg of Cre expression plasmid (pTC or pNC) or the control
plasmid alone (pCL, pTL, or pNL; 25 pg!) were co-formulated with 2.5 ug
of phRL-SV and 50 ul of DMRIE-C in a total volume of 200 pl
and injected intravenously. Six daily injections were performed, and
4 days after the final injection each organ dissected was weighed
and homogenized for ement of luc activity, Each bar is the
mean £+ SEM (n - 3). 3M, skeletal muscle.

employing tissue-specific promoters to drive transcrip-
tion of a target cDNA. However, as mentioned above, one
disadvantage of tissue-specific promoters is the rela-
tively low levels of gene expression obtained compared
with viral promoters. In this study, we employed a
co-expression approach to restrict enhanced gene
expression to specific cell types with a Cre-loxP system.
The feasibility of this approach was demonstrated
by enhancement of transcriptional activity (ca. 10 to
16-fold) in vitro and in vivo, compared to the activity
in cells transfected with vectors carrying a weak
but ubiquitous HSV-tk promoter or podocyte-specific
nephrin promoter.

Kaczmarczyk and Green (2001) created a single
vector that ineluded all necessary components required
for Cre-mediated enhancement of tissue-specific gene
expression. In this case, the possibility exists that
spontaneous Cre-mediated excision could occur within
a single construct, if the promoter used to drive the
downstream Cre gene occasionally functions during
cloning in E. coli. To prohibit unwanted Cre-mediated
recombination, they inserted a mutated sequence in
the 5' region of the Cre gene with which the trans-
lational start site was optimized for eukaryotic trans-
lation using a Kozak consensus sequence, as well as
an artificial intron within the Cre coding sequence.
These two treatments actually prevented translation
of Cre protein in bacteria, They also added chicken
p-globin insulators between the two constructs, a
construct carrying tissue-specific promoter to drive
the expression of Cre, and another unit carrying a
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strong promoter + loxP-floxed sequence (stop) + a target
gene. The addition of insulators reduced potential
enhancer effects from a strong transcriptional unit
on the relatively weak but tissue-specific expression of
Cre,

The co-transfection approach does not require modi-
fication of the Cre gene, incorporation of insulators, or
connection of different transcriptional units as a single
construct. However, the co-transfection protocol has its
own potential disadvantage, that not all transduced
cells receive an optimal molar ratio of both transerip-
tional units, with the effector carrying tissue-specific
promoter-driven Cre gene and the reporter (tester)
carrying strong promoter + loxP-floxed sequence +a
target gene. This would result in sub-optimal activity
and/or specificity. This is probably true in some cases
that transfection efficiency is very low. For example, in
this study only 10-fold enhancement of gene expression
was achieved (see Fig. 3), under the condition where
less than 10% of NIH3T3 cells appeared to be in vitro
transfected with a lipofection method (see Fig. 2a-c). In
contrast, we observed up to 16-fold enhancement of gene
expression with in vivo co-transfection toward murine
oviductal epithelium (see Fig. 4A). In this case, trans-
fection efficiency might have been higher than that
observed in the in vitro-cultured cells. In fact, we
previously observed that maximal approximately 40%
of oviduetal epithelial cells could be successfully trans-
fected by in vivo EP system (Sato, 2005). Co-transfection
via the tail vein resulted in from 1.8-fold to 4.1-fold
enhancement of expression of a target gene, which may
also reflect a low degree of gene transfer efficiency in this
system (see Fig. 5).

Another advantage to use of the co-transfection
system is that the target gene can be expressed in any
tissue if the loxP site-containing tester vector (in this
case, for example, pCTL) is combined with pre-existing
Cre gene-expression vectors (as effectors) carrying
tissue-specific promoter. Figure 6 schematically shows
examples of this co-transfection system. The tester
transgene can be introduced into the mouse genome as
a transgenic instead of using co-transfection with
effectors. Once transgenics carrying such tester trans-
gene are produced, a target protein can be expressed
from the integrated tester transgene in any tissues
desired by exogenously adding effector constructs
through intravenous injection of DNA or by other trans-
fection methods.

In this study, we succeeded in inducing enhance-
ment (ca. 2.4-fold) of gene expression in a specific cell-
type (i.e., podocytes) using the podocyte-specific nephrin
promoter by co-injection of liposome-encapsulated
pCTL and pNC into mouse-tail vein (see Fig. 5). The
histological distribution of lue in podocytes has not
yet been determined using anti-luc antibody. However,
in a preliminary experiment, we observed podocyte-
restricted expression of EGFP, when cryostat sections
derived from mice repeatedly receiving liposome-
encapsulated pNE (carrying 5-kb nephrin promoter
and EGFP ¢DNA) were examined by a confocal laser
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Fig. 6. Advantages of in vivo co-transfection method for enhance-
ment of gene expression in any tissue in which gene transfer is to
be performed Lomhmatlon of a reporter construct pCTL with & pre-
existing Cre-exp bles targeted and enhanced
expression of luc. For example, co-introduction of pCTL and pNC via
the tail vein (this study) will result in podocyte-specific luc expression.
Co-ntroduction of pCTL and pMC {carrying myosin heavy chain
promoter-driven Cre; Agah et al, 1997) will induce luc expression
specifically in heart. Co-introduction of pCTL and pAC (carrying
albumin promoter-driven Cre; Herweijer et al,, 2001) will induce luc
expression specifically in liver.

scanning microscope (data not shown). We are now
testing whether in vivo co-transfection of pCTE and pNC
(Fig. 1A) results in visualization of enhanced expression
of EGFP in podocytes at the histological level.

As mentioned above, there are several methods for
enhancement of gene expression with cell-type specific-
ity, including the Cre-loxP-based system (Kaczmarczyk
and Green, 2001; this study), and insertion of responsive
elements (i.e., SRF elements and WPRE) near the
tissue-specific promoter (Li et al., 1999; Glover et al.,
2002, 2003; Hermening et al., 2004), The latter method
is of special interest since it can be simply performed by
insertion of such elements near the CAG promoter in our
pCTL. Another approach that can improve the strength
of a tissue-specific promoter is the use of viral enhancers.
I[nclusion of an enhancer at the 5’ of a promoter improved
the transcriptional activity of a promoter without
affecting cell specificity (Liu et al., 2006). Chemical
methods using polyethylene glycol (PEG) for enhance-
ment of expression of a foreign gene exogenously
administered are also of interest. For example, Ishida
et al. (2006) reported the usefulness of PEG for this
purpose. It has also been demonstrated that Pluronic
block copolymers can increase regional expression of
naked plasmid DNA after its injection in skeletal and
cardiac muscle (Lemieux et al., 2000; Pitard et al., 2002),

In conclusion, we have demonstrated that Cre-loxP-
based co-transfection augments gene expression from a
weak promoter in vitro and in vivo in different gene
delivery systems. The strategy we have developed
will have great potential for a wide variety of studies
in molecular and cellular biology as well as for future
clinical applications.
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Photocrosslinkable Chitosan Hydrogel Can
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and Fibula Bone Defects
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Abstract: UV light irradiation to a photocrosslinkable chi-
tosan (Az-CH-LA) resulted in an insoluble and flexible
hydrogel within 30 s. The purpose of this study was to
evaluate the ability of the photocrosslinkable chitosan to
inhibit bone formation in the bone defects. A 5-mm-
diameter defect was made in the rat calvarium, and then
photocrosslinkable chitosan was implanted and irradiated
with UV for 30 s. Furthermore, a 2-mm defect was made in
the fibula of a rat hind leg, and then photocrosslinkable
chitosan was implanted and irradiated with UV. Bone
formations in the rat skull and fibula defects with photo-
crosslinkable chitosan hydrogel were significantly pre-
vented for 8 weeks. Thus, the chitosan hydrogel has an
inhibitory effect on bone formation. Key Words: Bone
formation—Hydrogel—Photocrosslinkable  chitosan—
Synostosis—Tissue engineering.

Recenl progress in regenerative medicine raises
the hope that bone defects can be treated with a
combination of biomaterials and growth factors (1).
However, orthopedic surgeons sometimes treat cases
in which bone formation needs to be inhibited rather
than stimulated (2). For example, congenital radioul-
nar synostosis results in loss of forearm rotation and
functional disability of the upper limb due to bone
union of the proximal radioulnar joint (2). Resection
of the synostosis and interposition of fat, muscle,
or silicon sheet have been tried to restore rotation;
however, postoperative re-union was inevitable (2).
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Heterotopic ossification often occurs after fractures,
burns, and spinal cord injuries, and this is one of the
major orthopedic problems to be solved because this
leads to considerable functional disability (3). Surgi-
cal excision of the ectopic bone is more complicated
when the ectopic bones are large and complicated
around the joints. If a material could be found that
can inhibit bone formation, then treatment for these
problems must be easier. The material to prevent
bone formation needs to be a good filler of bone
defect, slowly biodegradable, and biocompatible.
However, at present, there is no satisfactory material
for preventing bone formation.

Chitin is a linear homopolymer of 1, 4B-linked
N-acetyl-D-glucosamine, and chitosan is a partially
deacetylated chitin (4). Due to their biocompatibility,
chitin and chitosan have been proposed for use as
biomaterials in a range of biomedical and industrial
applications (5). We have reported previously the
preparation and characterization of a novel photo-
crosslinkable chitosan (4,5). The material is a viscous
solution and is easily crosslinked upon UV light irra-
diation which results in the formation of an insoluble
hydrogel within 30 s (4,5). In this article, we demon-
strated that chitosan hydrogel had a significant
inhibitory effect on bone formation.

MATERIALS AND METHODS

Preparation of photocrosslinkable chitosan
molecules (Az-CH-LA)

Az-CH-LA was prepared as previously described
(4) using chitosan with a molecular weight of
0.87' % 10" Da and a deacetylation ratio of 0.8 (DAC-
80). Azide (p-azidebenzoic acid) and lactose (lacto-
bionic acid) moieties were introduced through a
condensation reaction with amino groups. A viscous
Az-CH-LA aqueous solution has been converted
into an insoluble hydrogel within 30s upon UV
irradiation at a lamp distance of 2cm through
crosslinking of the azide and amino groups of the
Az-CH-LA molecules (5).

Experimental procedure and evaluation of the
inhibition of bone formation

Male, 6-week-old Sprague-Dawley rats were
obtained from Charles River Laboratories (Tokyo,
Japan). The National Medical Defense College
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Animal Care and Use Committee have approved all
experimental procedures prior to their use. Animals
were anesthetized with an intraperitoneal injection
of a 5% pentobarbiturate solution (1 mg/mL).

The animal's head was cut to expose the skull
bone, and periosteum of the calvarium was abraded.
Without injuring the underlying dura mater and mid-
sagittal blood sinus, we carefully made full-thickness
skull defects, 5mm in diameter, by trephine (RS-
9200, Roboz Surgical Instruments Co,, Inc., Gaithers-
burg, MD, USA). The critical size defect of the rat
skull bone was considered as 8 mm in diameter (6,7).
The chitosan hydrogels were placed in the defects
and fixed by UV irradiation. Untreated animals
were processed in the same way, but nothing was
implanted after the defects were created. After the
treatment, the abraded periosteum was sutured with
5-0 nylon monofilaments and the skin was sutured
with 3-0 nylon monofilaments. No antibiotics were
used; no bacterial infection occurred after surgery. To
reach the fibula, we made a skin incision in the pos-
terior and distal part of the hind legs. The fascia of the
flexor muscles was incised and fibula was exposed
without injuring the flexor muscles. The distal part of
the rat fibula was fused with the tibia. The critical size
defect of the rat fibula bone was considered as 4 mm
(8). A 2-mm segment of the distal part of the fibula
was excised, and the chitosan hydrogels were placed
in the osteotomy site and fixed by UV irradiation.
The contralateral fibula was processed in the same
manner but nothing was implanted in the osteotomy
site. After the treatment, the fascia was sutured with
5-0 nylon monofilaments and the skin was sutured
with 3-0 nylon monofilaments. No antibiotics were
used; no bacterial infection occurred after surgery.

Four and 8 weeks after surgery, the animals were
sacrificed by an intraperitoneal injection of an over-
dose of a 5% pentobarbiturate solution. The skull
and fibula were removed and fixed in 10 wt% form-
aldehyde solution for 2 days. The radiographic assess-
ments of the skull and fibula defect were carried out
using soft X-ray (Softex CSM-2, 30KV, 10 mA, 155,
Softex Co., Inc., Kanagawa, Japan). The soft X-ray
examination was performed at 4 and 8 weeks after
surgery. The areas of the skull bone defect and the
length of the fibula bone defect were calculated by
using NIH Image (version 1.16, Scion Corporation,
Frederick, MD, USA). All data were analyzed by Stu-
dent’s t-test; P values less than 0.05 were considered
to be statistically significant.

RESULTS

Figure 1A shows soft X-ray films of rat skull bone
defects that were obtained 4 and 8 weeks after
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FIG. 1. Solt X-ray films of ral skull bone delecls that were
obtained 4 and 8 weeks alter surgery (A). The photographs (A)
include six representative chitosan hydrogel-treated- and control
bone defects. The chitosan hydrogels that were implanted were
still present in skull bone dafects 4 and 8 weeks after surgery,
while in control, a newly formed bone was found 4 weeks after
surgery and gradually increased up to 8 weeks. The areas of the
skull bone defects were evaluated using radiographic analysis
(B). The data are presented as the mean = SD. *P < 0.05, versus
control, unpaired Student’s f-test (n=&).

surgery. The remaining chitosan hydrogels were
observed in the skull bone defects treated with pho-
tocrosslinkable chitosan hydrogels at 4 and 8 weeks
(data not shown). However, in the untreated group,
newly formed bone was found 4 wecks after surgery
and gradually increased up to 8 weeks, although it did
not fill the bone defect completely. Figure 1B shows
the areas of the skull bone defects evaluated using
radiographic analysis. The mean areas were 16.5 mm’
in the experimental group and 14.0 mm’ in the
control group 4 weeks after surgery, and 14.8 mm® in
the experimental group and 10.1 mm’ in the control
group 8 weeks after surgery (P < 0.05).

Figure 2A shows soft X-ray films of the rat fibula
bone defects that were obtained 4 and 8 weeks after
surgery. As seen with the skull bone defects, the chi-
tosan hydrogels were observed in the fibula defects
treated with photocrosslinkable chitosan hydrogels
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FIG. 2. Soft X-ray fims of rat fibula bone defects which were
obtained 4 and 8 weeks after surgery (A). The photographs (A)
include six representative chitosan hydrogel-treated- and control
bone defects. The chitosan hydrogels that were implanted were
still present in fibula bone defects 4 and 8 weeks after surgery,
while the untreated control fibula defects were completaly
bridged by a newly formed bone 8 weeks after surgery. The
length of the fibula bone defects was evaluated by using radio-
graphic analysis (B). The data are presented as the mean = SD.
*P <005 *"P<0.01, versus control, unpaired Student's Mest
(n=8).

at 4 and 8 weeks (data not shown). However, the
untreated fibula defects were completely bridged by
a newly formed bone at 8 weeks. Figure 2B shows
the length of the fibula bone defects evaluated
using radiographic analysis. The mean lengths were
2.57 mm in the experimental group and (.66 mm in
the control group at 4 weeks after surgery, and
1.31 mm in the experimental group and 0.19 mm in
the control group at 8 weeks after surgery, The differ-
ences between the groups were statistically signifi-
cant at both 4 and 8 weeks after surgery (P < 0.05).

DISCUSSION

We have reported previously that a photo-
crosslinkable chitosan hydrogel was useful as a bio-
logical adhesive and defect filler (5,8). When the
photocrosslinkable chitosan hydrogel was implanted
into rat skull and fibula defects, bone regenerations
in the defects were strongly inhibited for at least
8 weeks This observation suggested that photo-

Artif Organs, Vol 13, No. 1, 2008

crosslinkable chitosan hydrogel was a useful bioma-
terial that could prevent the formation of the ectopic
bone formation that might occur as an unpredictable
result after a bone and joint surgery.

Chitin and chitosan are known as a biodegradable
and nontoxic natural polymer that enhances wound
healing (8,9). Furthermore, chitosan membrane (10),
nanofiber (11), and sponge (12) have been produced
as tissue-engineering scaffolds for bone formation.
However, chitin (chitosan) changes its physical and
biological properties according to its deacetylation
level (13). When mouse osteoblast cells were cultured
on sheets made of nondeacetylated chitin, and 35, 50,
and 70% deacetylated chitin (DAC-0, DAC-35, DAC-
50, and DAC-70, respectively), DAC-35 had the
highest effect of growth and differentiation of the
cells, and DAC-50 and DAC-0 had intermediate
cffects, while DAC-70 suppressed the growth and dif-
ferentiation of the cells (13). In the present study,
DAC-80 chitin (chitosan) was used to prepare pho-
tocrosslinkable chitosan hydrogel. Similarly to the
DAC-70 chitosan, the DAC-80 chitosan was used to
prepare photocrosslinkable chitosan hydrogel to sup-
press differentiation of osteoblast cells (data not
shown).

Although it has been reported that neutrophils
could degrade chitosan by the secretion of lysozyme
in addition to phagocytosis, a considerable fraction of
the photocrosslinked chitosan appeared to remain in
the bone defects even at 2 months. Similarly, the pho-
tocrosslinked chitosan hydrogel remained in lung-
(5) and gastric-submucosal layers (14) for several
months with weak infiltration of neutrophils. The
crosslinking of chitosan might cause its slower
biodegradation.

In summary, we found that the photocrosslinkable
chitosan hydrogel prevented bone formation. These
findings suggested that the chitosan hydrogel might
be a promising new suppressor for bone formation in
the field of orthopedic surgery.
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Binding affinities of chemically modified heparins for human stem cell factor (SCF)
were examined using fragmin/protamine microparticles (F/P MPs) and an enzyme-
linked immunosorbent assay (ELISA). The binding of SCF to F/P MP-coated plates
was inhibited with high concentrations of heparin and fragmin, but not others. The
binding of SCF was also inhibited with 0.55M or higher concentrations of NaCl in the
medium. These results suggested that a high content of all three sulfate groups
in repeating disaccharide units is required for interaction with SCF. Furthermore,
pre-immobilized SCF on F/P MP-coated plates significantly stimulated proliferati
of a human erythroleukemia cell line.

Key words: enzyme-linked immunosorbent assay (ELISA), fragmin/protamine
microparticles (F/P MPs), heparin-binding cytokine, heparinoids, human stem cell
factor (SCF).

Abbreviations: SCF, human stem cell factor; F/P MPs, fragmin (low-molecular-weight heparin)/protamine
microparticles; ELISA, enzyme-linked immunosorbent assay; TF-1 cells, human erythroleukemia cell line;
6-0-DS-H,

N-DS/N-Ac-H, N-desulfated, N-acetylated hoparin; 2-0-DS-H, 2.O-desulfated heparin;

6-O-desulfated heparin.

Hematopoietic stem cells proliferate and mature in a
niche consisting of semi-solid media when stimulated by
exogenous hematopoietic cell growth factors (HCGFs)
such as stem cell factor (SCF), interleukin (IL)-3,
and granulocyte-macrophage colony-stimulating factor
(GM-CSF), etc. In particular, SCF plays a key role in
the regulation of hematopoiesis, acting as a regulator at
various stages of this process. SCF promotes proliferation
and early differentiation of cells at the level of multi-
potential stem cells. It has been suggested that SCF is
essential for optimal production of various hematopoietic
lineages, mainly because of its ability to prevent apo-
ptosis when it co-stimulates with other cytokines (1).
Hematopoietic stem cells also proliferate in association
with bone marrow-derived stromal cells (2, 3). In fact, it
has been demonstrated that many natural and recombi-
nant HCGFs such as 1L-3, GM-CSF, etc. can be absorbed
by heparinoids (heparin, heparan sulfate, modified hepa-
rin and other heparin-like molecules), which constitute
the major sulfated glycosaminoglycans (GAGs) of bone
marrow stroma (2, 3). However, the heparin-binding
character of SCF has not yet been elucidated.

We have prepared fragmin/protamine microparticles
(F/P MPs) (about 1-0.5pm in diameter) by mixing
fragmin (low-molecular-weight heparin) as a heparinoid
and protamine (4). Briefly, 0.3 ml of protamine solution

*To whom correspondence should be addressed: Tel: +81-42-995-
1601, Fax: +81-42-991-1611, E-mail: ishihara@ndme.acjp

(10 mg/ml; Mochida Pharmaceutical Co., Tokyo, Japan)
was added drop by drop to 0.7ml of fragmin solution
(6.4 mg/ml; Kissei Pharmaceutical Co., Tokyo, Japan)
with vortexing for 1min. In order to maximize the
production of microparticles, protamine and fragmin
were mixed in a ratio of 3:7 (vol:vol) in this study. The
F/P MPs, which constituted a milky solution, were then
washed twice with phosphate-buffered saline (PBS) to
remove non-reactants using centrifugation, and finally
resuspended in 1 ml PBS. More than 7mg of dry F/P MPs
were obtained from 1ml of F/P MPs milky solution.
Although F/P MPs loosely bound to a plastic surface, the
particles were easily rinsed away by washing. When the
24-well plate-bound F/P MPs were air-dried for 1h on
a clean bench, they were stably coated on the plastic
surface.

IL-3 and GM-CSF are known to specifically bind to
heparinoids (5), but it was previously unknown if SCF
can bind to heparin. An enzyme-linked immunosorbent
assay (ELISA) using cytokines (SCF, IL-3, and GM-CSF
(R&D Systems Inc. Minneapolis, MN, USA)) and F/P
MP-coated plates was performed to evaluate the adsorp-
tion of cytokines to the plates. Dulbecco's Modified
Eagle'’s Medium (200ul) (DMEM; Life Technologies
Oriental, Tokyo, Japan) with indicated concentrations
of those cytokines and 2% fetal bovine serum (FBS) was
added to F/P MP-coated 48-well tissue culture plates
(0.66em* of surface area) (Sumitomo Bakelite Corp.,
Tokyo, Japan), and the cytokines were bound to the
plates at 37°C for 2h. The plates were then washed

© The Authors 2008. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.

134 -



276

0.600

0.400

OD450

0.200

0.000 x
0 I ] 3 % & &6 T =

Concentration of SCF (ng/ml)

1600
5

12001

0D450

0800

0400

0.000
0.15

035 055 075 095
Concentration of NaCl (M)

L1 135

Fig. 1. (A) Low FBS (2%) DMEM containing indicated
concentrations of SCF was added to first F/P MP-coated
plates (open circle) or non-coated plates (open triangle)
and incubated at 37°C for Zh. The used medium was then
added to second F/P MP-coated plates and incubated at 37°C for
another 2h (open square). (B) Various heparinoids and chon-
droitin sulfates (CSA and CSC) (200 pg/ml) were tested for their
ability to competitively inhibit the binding of SCF to F/P

thoroughly with PBS/ovine serum albumin (0.1%)
(BSA; Wako Pure Chemical Industries, Ltd., Osaka,
Japan) three times. Diluted antibody (1:500 with PBS/
BSA), anti-IL-3, anti-GM-CSF or anti-SCF (R&D
Systems Inc.) was added to the plates, which were then
incubated for 30 min at room temperature. Each well was
again washed thoroughly with PBS/BSA and 200 pg/ml of
anti-IgG  horseradish peroxidase conjugate (diluted
1:1000 with PBS/BSA) (Bio-Rad Lab., Hercules, CA,
USA) was added to the plates and incubated for 30 min
at room temperature. Each well was again washed
thoroughly with PBS/BSA, and the color was developed
by adding 300 ul/ml of horseradish peroxidase substrate
solution (Bio-Rad Lab.). The plates were mixed for 30 min
and 50pl of sulfuric acid (1M) was finally added to
each well to stop the reaction, The plates were read at
450 nm using a Mini Plate Reader (Nunc InterMed,
Tokyo, Japan).

When 200ul of various concentrations of SCF in
DMEM with 2% FBS was added to F/P MP-coated
48-well tissue culture plates and incubated at 37°C for
2h, SCF was detected on the plates in concentration-
dependent manner by ELISA (Fig. 1A). Subsequently,
the used culture medium was transferred into other F/P
MP-coated plates and incubated once again at 37°C
for 2h. When the immobilized SCF in F/P MP-coated
plates were measured by ELISA, the SCF levels of latter
plates decreased to about 60% of the former plates.
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MP-coated plates. C: Inhibitory effects of various concentrations
of NaCl on the binding of SCF (filled circle), IL-3 (open square)
and GM-CSF (open traingle) to F/P MP-coated plates. D: Release
profile of SCF (filled circle), IL-3 (open square) and GM-CSF
(open triangle) from pre-cytokine-immobilized F/P MP-coated
plates. Amounts of immobilized cytokines were evaluated using
an ELISA as described in text. Data represent mean 4 SD of six
determinations.

These results indicated that roughly 0.34ng of SCF
was immobilized onto the F/P MP-coated plates after
incubating with 200 ul of 5ng/ml SCF in DMEM with 2%
FBS at 37°C for 2h (Fig. 1A).

In order to measure the binding properties of SCF to
heparinoid, various chemically modified heparins were
evaluated for their ability to interact with SCF using
ELISA and F/P MP-coated plates. Heparin and various
chemically modified heparins which specifically bind to
SCF should competitively inhibit the binding of SCF
to the plates.

N-desulfated heparin was prepared according to the
selective solvolytic method of Inoue and Nagasawa (6).
The product was then converted to N-desulfated,
N-acetylated heparin (N-DS/N-Ac-H) by N-acetylation
procedures. Nitrous acid treatments at both pH 1.5 and
pH 4 (7) did not cleave the product at all, indicating
that N-desulfation and N-acetylation in those procedures
were complete.

The 2-O-desulfated heparin (2-0-DS-H) (8) and
6-O-desulfated heparin (6-0-DS-H) (9) were prepared by
methods reported previously. These procedures resulted
in approximately 70% removal of 2-O-sulfates in 2-0-DS-
H, 75% removal of 6-O-sulfates in 6-0-DS-H, and 954%
removal of N-sulfates in N-DS/N-Ac-H (Table 1)
Disaccharide compositional analyses of the chemically
modified heparins were performed as described pre-
viously (10, 11). Briefly, the polysaccharides (0.1 mg)
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lly modified heparins

Heparin (%) Fragmin (%) 2-0-DSH (%) 6-0-DS-H (%) N-DS/N-Ac-H (%)

UA-GleNAc 1.3 82 6.2 6.2 82
UA-GIcNS 38 7.2 20.5 5.3 0

UA-GleAc(6-0-5) 0.7 0.5 29 0.3 8.7
UA(2-0-S)-GleNAc 1.3 1.2 0 4.2 25.1
UA-GleNS(6-0-5) 8.1 112 43.1 6.8 0.5
UA(2-0-8)-GleNS 248 202 6.4 59.3 12
UA(2-0-58)- GleNAc(6-0-5) o 0 0 0.6 49.2
UA(2-0-8) GleNS(6-0-5) 52.6 47.2 14.4 12.7 29
Unknown 4.4 4.3 6.5 4.6 4.2

UA, uronate; GleNAe, Neacetylglucosamine; GleNS, N-sulfated glucosamine; UA(2-0-5), 2-O-sulfated uronate; GleNAc(6-0-8), 6-O-sulfated
N-acetylglucosamine; GleNS(6-0-5), 6-O-sulfated N-sulfated glucosamine,

were treated with a mixture of heparinase (50mll),
heparitinase 1 (20mU), and heparitinase 1 (20mU)
(Seikagaku Corp., Tokyo, Japan) in 220pul of 2mM cal-
cium acetate and 20 mM sodium acetate (pH 7.0) at 37°C
for 2h. The completeness of the digestion was confirmed
by gel-filtration chromatography with serially combined
columns of TSK-Gel PW 4000, PW 3000 and PW 2500
(Tosoh Inc. Tokyo, Japan) using 0.2 M NaCl while moni.
toring absorbance at 230nm and the refractive index for
detection. The disaccharide composition was analyzed by
ion-exchange chromatography of the reaction mixture
with Dionex CarboPac PA-1 (4 x 250 nm). The gel-filtra-
tion chromatography showed no depolymerization for
either 2.0-DS-H, 6-0-DS-H or N-DS/N-Ac-H.

As shown in Fig, 2B, heparin and fragmin at 200 pg/ml
completely inhibited the binding of SCF to F/P MP-
coated plates, while CSA, CSC, N-DS/N-Ac-H, 6-0-DS-H
and 2-0-DS-H did not inhibit the binding even at concen-
trations of 400pug/ml. We found that only a heparin-
like molecule enriched in tri-sulfated disaccharide
[UA(2-0-8)-GleNS(6-0-8)] units (52.6% for heparin;
47.2% for fragmin) can competitively inhibit the binding
of SCF to the F/P MP-coated plates; that is, only heparin-
like molecules enriched in tri-sulfated disaccharide
units (around 50%) can specifically interact with SCF.
In contrast, chemically modified heparing enriched in
di-sulfated disaccharide [UA-GlcNS(6-0-8), UA(2-0-8)-
GleNS and UA(2-0-8)-GleNAc(6-0-8)] units have no
inhibitory effect on binding. The inhibitory effects of
heparin and fragmin for binding were concentration-
dependent, and the half-inhibition concentrations were
25 and 35 ug/ml, respectively. These results suggest that
SCF has affinity for heparin and fragmin, and that a
high content of tri-sulfated (N-sulfate and 6-O-sulfate in
GleN residues and 2-O-sulfate in UA residues) disacchar-
ide units is required for their interaction with SCF.

In the ELISA procedure, various concentrations of
NaCl were tested for their ability to block the binding
of the cytokines to F/P MP-coated plates. To inhibit the
binding of SCF to the plates, 0.65 M NaCl was required.
This requirement (0.65M NaCl) is similar to that for
GM-CSF (Fig. 1C). The binding of heparin-hinding
proteins to heparinoids can be blocked by high concen-
trations of NaCl, and the required concentration of NaCl
is correlated with the affinity of the protein for
heparinoid (/2). To inhibit the binding of fibroblast
growth factor (FGF)-1 and FGF-2 to F/P MP-coated

Vol. 145, No. 3, 2009
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Fig. 2. (A) TF-1 cells were cultured in low FBS (2%)
DMEM with 5ng/ml SCF either on F/PP MP-coated plates
(filled circle) or non i plates (open circle), and
cultured in the same medium without SCF on pre-SCF-
immobilized F/P MP-coated plate (filled ) or non-
coated plates (open square). (B) TF-1 cells were cultured in
low FBS (2%) DMEM used to wash the pre-immobilized SCF for
2 days on F/P MP-coated plates (filled circle) or non-coated
plates (open circle), and cultured in the same medium without
SCF on the washed pre-SCF-immobilized F/P MP-coated plate
(filled square) or non-coated plates (open square) for 2 days.
Data represent mean + SD of six determinations.

plates, 1.05M NaCl is required (12). On the other hand,
the binding of hepatocyte growth factor (HGF) and IL-3
to the F/P MP-coated plates appears to be blocked with
0.75M NaCl. Although the affinity of SCF for heparinoid
is relatively low compared with other heparin-binding
cytokines, the F/P MP-coated matrix efficiently adsorbed
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and stably retained SCF just as well as other heparin-
binding cytokines.

It is recognized in polymer chemistry that positively
and negatively charged polymers interact ionically. Basic
protamine molecules complexed with acidic molecules
(fragmin) form microparticles through ionic interactions
(4). The F/P MPs are able to attach to polymeric surfaces
such as plastic and glass, and they generate a stable
paste-like coating upon complete drying as described
in this study. It seems that SCF, once bound to F/P
MP-coated plates, is gradually released from the coated
surface in vitro with a half-life of 4-6 days (Fig. 1D).
Furthermore, growth of TF-1 cells was stimulated both
in low FBS (2%) DMEM (without SCF) on pre-SCF-
immobilized F/P MP-.coated plates and on non-coated
plates using low FBS (2%) DMEM containing 5ng/ml
SCF (Fig. 2A). The medium to which the immobilized
SCF was released for 2 days had little stimulatory effect
on TF-1 cell growth (Fig. 2B). In contrast, TF-1 cell
growth was significantly stimulated in low FBS (2%)
DMEM (without SCF) on the pre-SCF-immobilized F/P
MP-coated plates which were washed with low FBS (2%)
DMEM (without SCF) for 2 days (Fig. 2B). Thus SCF
immobilized onto F/P MP-coated plates appears to be
bioactive for TF-1 growth. Our current study suggests
that both the activity and stability of SCF are modified
by the presence of heparin-like molecules which contain
a high proportion of tri-sulfated disaccharide units. The
molecular mechanism by which SCF is activated by
interacting with F/P MP-coated plates 1s currently being
investigated.

Heparinoids are known to bind various cytokines
including FGFs, HGF, vascular endothelial growth
factor, heparin-binding epidermal growth factor, platelet-
derived growth factor, transforming growth factor-f,
GM-CSF, interleukins (i.e. 1L-1, IL-2, IL-3, 1L-4, IL-6,
IL-7 and IL-8), interferon y and macrophage inflammatory
protein-1, ete. (13, 14). The present study suggests that
SCF may be added to the list of heparin-binding cytokines.
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Background and study aims: Saline as an injec-
tion solution for endoscopic resection techniques
has several disadvantages such as a short-lasting
effect leading to a potentially higher risk of bleed-
ing and perforation. The new substance of photo-
crosslinkable chitosan hydrogel in a DMEM/F12
medium (PCH) can be converted into an insoluble
hydrogel by ultraviolet irradiation for 30s, and
was evaluated in two sets of animal experiments.
Methods: 18 pigs were used in the two parts of
the study. First, mucosal resections were done
with either PCH or hypertonic saline; the effects
of both agents on wound healing were examined
endoscopically and histologically. Second, in vivo
degradation of PCH was examined using six pig
stomachs.

Introduction

v

Saline-assisted endoscopic mucosal resection
(EMR] is an established therapy with low inva-
sion. En bloc resection of the lesion and histopa-
thological analysis are required to evaluate cura-
tiveness [ 1]. However, complete resection of le-
sions larger than 2 cm in diameter is still difficult
|2}, even though EMR techniques have been im-
proved [3,4]. The development of endoscopic
submucosal dissection (ESD) has raised the suc-
cess rate for en bloc resection, but perforation oc-
curs more frequently in the course of ESD than
during EMR [5].

Photocrosslinkable chitosan in DMEM/F12 medi-
um (PCH) is a viscous solution that crosslinks
upon ultraviolet irradiation, resulting in an inso-
luble hydrogel. The substantial effects of PCH
have been observed in significant granulation tis-
sue formation and vascularization in vivo, as has
the significant neutrophil infiltration and biode-
gradation of PCH |6,7]. In a previous study of
rats, we reported that PCH was a useful submu-
cosal injection agent |8]. The aims of the present
study, using pigs. were to investigate the feasibil-

Result: PCH injection led to a longer-lasting ele-
vation with clearer margins, compared with hy-
pertonic saline, thus enabling precise endoscopic
submucosal dissection (ESD) along the margins of
the elevated mucosa. The endoscopic appearance
after ESD was similar in both groups. PCH biode-
gradation was completed within 8 weeks accord-
ing to endoscopic and histologic analyses.
Conclusion: PCH is a promising agent for submu-
cosal injection prior to various techniques of en-
doresection. It should be evaluated in clinical
trials after biocompatibility testing for PCH is
completed.

ity and safety of PCH-assisted ESD and to evalu-
ate the in vivo biodegradation of PCH.

Materials and methods

v

Photocrosslinkable chitosan hydrogel in
DMEM|F12 medium (PCH)
Photocrosslinkable chitosan hydrogel was prepar-
ed as described previously [9]. In brief, the chito-
san (Yaizu Suisankagaku Industry Co., Shizuoka,
Japan) had a molecular weight of 800 - 1000 kDa,
and was B0% deacetylated. Azide (p-azido-benzo-
icacid) and lactose (lactobionic acid) moieties had
been introduced to the amino group and about
2.5% and 2% of the amino groups in the chitosan
had been replaced by p-azidobenzoic acid and lac-
tobionic acid, respectively.

In this study, 0.75% PCH was prepared by dissolv-
ing the lyophilized photocrosslinkable chitosan
hydrogel with DMEM/F12 medium (GIBCO Life
Sciences Corp., Grand Island, New York, USA).
This solution (PCH) was converted into an insolu-
ble hydrogel by 30 s of ultraviolet irradiation at a
lamp distance of 2 cm (250 W lamp, MUV-250U-

Ishizuka T et al, Evaluation of PCH as injection solution for ESD... Endoscopy 2009; 41:25-28
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L; Moritex Co., Saitama, Japan), through crosslinking of the azide
and amino groups of PCH.

PCH-assisted endoscopic submucosal dissection (ESD)
Animal experiments were carried out according to the protocol
approved by the Animal Experimentation Committee of the Na-
tional Defense Medical College (Saitama, Japan). The two experi-
mental groups consisted of six pigs each (stockbreeding pigs,
50-60 days, all male, average weight 20 kg; Saitama Experimen-
tal Animals Supply Co. Ltd, Saitama, Japan). After 2 days of fast-
ing, pigs were sedated with ketamine (50 mg/kg intramuscular-
ly) and then anesthetized with a bolus of sodium pentobarbitone
(induction 20 mg/kg intravenously), followed by continuous in-
fusion (5 mg/kg/h intravenously). Endoscopic procedures were
performed with the animals under anesthesia receiving general
mechanical ventilation,

We used a single-accessory channel endoscope for animals
(Olympus VQ-8143A; Tokyo, Japan). Using a 23-gauge injection
needle (Olympus NM-200U-0423) passed through the endo-
scopic accessory channel, mucosal elevations were created by
submucosal injection of 5ml of either 10% hypertonic saline
(Ohtsuka Pharm., Tokushima, Japan) or 0.75% PCH. When PCH
was injected, ultraviolet irradiation was applied over the elevat-
ed mucosa for 1 min, using an ultraviolet lamp system (MUV-
250U-L; Moritex Co. Japan) and the ultraviolet light-fiber for
EMR (AFP01437; Moritex Co. Japan) passed through the endo-
scopic accessory channel. The submucosal injection of 0.75%
PCH was done using an endoscopic injection needle and a
small-caliber syringe (3 ml).

One group of pigs underwent PCH-assisted ESD while the other
underwent hypertonic saline-assisted ESD. Markings for the in-
cision line were placed 5~ 10 mm outside the margin of the 3 cm
diameter mucosal resection area, with a needle-knife (Olympus
KD-620 LR) and an electrosurgical current generator (Olympus
PSD-60) set at 15W for forced coagulation mode, PCH was then
injected through an endoscopic injection needle to the submu-
cosal layer of the distal margin, and ultraviolet irradiation was
applied over the elevated mucosa, as described above, A mucosal
incision was then made with a needle-knife around the distal
margin of the mucosal resection area. Submucosal injection and
ultraviolet irradiation of the proximal margin of mucosal resec-

Fig.1 Endoscopic appearance after the injection
of photocrosslinkable hydrogel PCH (upper panel)
and hypertonic saline (bottom panel) in living
porcine stomachs, immediately after injection
(left), after S min (center), and after 10 min (right).

10 min

e | [} VT

tion area were done in the same way as at the distal margin. Fi-
nally, a circumferential mucosal incision was made with the nee-
dle-knife.

As a control, hypertonic saline-assisted ESDs (n=6) were carried
out using the same single-accessory channel endoscope (Olym-
pus VQ-8143A), another attachable channel (Olympus VH-114-
CH), a needle-knife (Olympus KD-620 LR) for precut, and an in-
sulated-tip (IT) knife (Olympus KD-610 L).

The artificial ulcers produced by either hypertonic saline-assis-
ted or PCH-assisted ESD were observed, and the lengths of the
artificial ulcers were endoscopically measured at 1 and 4 weeks
after the ESD procedures.

Histological examination

The animals were sacrificed by means of an anesthesia overdose
at 8 weeks and their stomachs were resected for the preparation
of histological specimens. The tissues were then fixed in 10% for-
malin for 2 days, embedded in paraffin and sectioned, followed
by staining with hematoxylin and eosin (H&E) reagents.

Biodegradation of PCH injected into the submucosa

In vivo degradation of PCH was examined using six pig stom-
achs. After an injection of 5 ml of 0.75% PCH endoscopically and
ultraviolet irradiation over the elevated mucosa, which was not
followed by resection of the mucosa, the biodegradation was en-
doscopically observed at 1, 4, and 8 weeks after the application
of PCH. Finally three animals were sacrificed by means of an an-
esthesia overdose at 4 weeks and three at 8 weeks, and their sto-
machs were resected for the preparation of histological speci-
mens.

Results

=

Elevation of the submucosal layer

The changes in elevations at the injection sites were observed
endoscopically at 0, 5, 10, 30, and 60 min after the injections
(O Fig.1).

The margin of the elevated mucosa became indistinct within
5 min after the injection of hypertonic saline, and the elevation
collapsed after 10 min. Where PCH had been injected, the shape

Ishizuka Tet al, Evaluation of PCH as injection solution for ESD... Endoscopy 2009; 41: 25-28
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Fig.2 Endoscopic images of PCH-assisted endoscopic submucosal
dissection (ESD). a Marking. b Elevation of the distal margin of the muco-
sal resection area by submucosal Injection of PCH. ¢ irradiation with ultra-
violet. d Elevation of the proximal margin of the mucosal resection area
& incision using the needle knife. I Artificial ulcer after mucosal resection.

of the elevated mucosa was unchanged for more than 3 h (data
not shown). We attribute this difference to the properties of the
PCH which had the viscosity of soft rubber following ultraviolet
irradiarion for 1 min [6,7].

PCH-assisted ESD

The PCH-assisted ESD procedures (n = 6) were carried out by en-
doscopic injection of 5 ml of 0.75 % PCH and two incisions of the
elevated mucosa (the distal and the proximal margins of the mu-
cosa) (© Fig. 2).

Most of the injected and irradiated PCH could be removed with
the resected mucosa. Thus, there was little residual PCH in the
artificial ulcers (about 3 cm in diameter) as observed endoscopi-
cally. No complications were observed in the PCH-assisted ESD
procedures.

In contrast, the elevation rapidly collapsed in hypertonic saline-
assisted ESD procedures, Thus, it was difficult to resect the 3-cm
diameter elevated mucosa because submucosal dissection had
to be used in hypertonic saline-assisted procedures,

The areas of the resected mucosa were 16.2+1.78 mm? and
15.8 + 1.25 mm* with PCH-assisted ESD and hypertonic saline-
assisted ESD, respectively. The volume of submucosal injection
fluid was 10.1 + .60 ml for PCH-assisted ESD and 12,0+ 1.79 ml
with hypertonic saline-assisted ESD. In addition, minor bleed-
ings were observed several times in the course of hypertonic sal-
ine-assisted ESD procedures {data not shown),

Wound healing after PCH-assisted ESD

After 1 week the artificial ulcers generated from both PCH-assis-
ted and hypertonic saline-assisted ESD exhibited an early heal-
ing stage with some edematous changes in the surrounding mu-
cosa. The extent of wound closure was 23.4 £5.8% in PCH-assis-
ted ESD lesions, and was 19.0 £ 10.3 % in hypertonic saline-assist-
ed ESD lesions; these results were not significantly different.
After 4 weeks, the surfaces of the artificial ulcers created by
PCH-assisted ESD were covered with regenerated mucosa but
mucosal folds remained (© Fig. 3), similar to those seen with hy-
pertonic saline-assisted ESD.

Ishizuka Tet al. Evaluation of PCH as injection solution for ESD
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Fig.3 Changes in endoscopic appearance after mucosal resection
using PCH-assisted ESD (upper panel) and hypertonic saline-assisted ESD
(bottom panel) in living porcine stomach, immediately after resection
(left), after 1 week (center), and after 4 weeks (right)

Biodegradation of PCH injected into the submucosa

In vivo degradation of PCH was examined endoscopically and
pathologically. The sites at which PCH had been applied were re-
duced in size after 4 weeks and only mucosal folds were endo-
scopically observed at 8 weeks (© Fig.4a). In the pathological
examinations, a small amount of PCH could be observed after 4
weeks, but it had completely disappeared after 8 weeks
(& Fig.ab).

Discussion

Y

EMR has been widely accepted as a standard local treatment for
superficial neoplastic lesions in the alimentary tract [10,11]
since the development of the strip biopsy method in 1984 [12].
The use of a submucosal injection agent, such as hypertonic sal-
ine with epinephrine [1]. 50% glucose [13], sodium hyarulonate
|14 =16}, or hydroxypropyl methylcellulose | 17] can help to pre-
vent major complications from the EMR procedure, A sufficient
volume of the injection solution must be maintained in the sub-
mucosa until the lesion is removed. En bloc resection of a large
lesion is often not achieved by conventional EMR, but the devel-
opment of ESD allowed en bloc resection of extensive lesions
|5,18). However, ESD requires a high level of technical skill and
the frequency of complications caused by ESD is higher than
that for conventional EMR |5,18].

We have previously reported that PCH is a useful submucosal in

jection agent |8]. Because this viscous solution is converted into
an insoluble, flexible hydrogel with the consistency of soft rub-
ber, it can maintain good mucosal elevation and physically pre-
vent bleeding from the artificial ulcers.

In the case of PCH-assisted ESD, submucosal injections and inci-
sions were done at two different sites of the area to be resected
(© Fig.2), because incision at the distal margin of the elevated
mucosa had to be performed blindly, PCH-assisted ESDs have
many advantages compared with conventional EMR and ESD.
Techniques for PCH-assisted ESD are simple and relatively easy
since this method needs only two injection sites, ultraviolet irra-
diation, and incision without submucosal dissection. En bloc re-
section can be done, and accurate pathological diagnosis can be
made. During the mucosal incision, there was no minor bleeding

Endoscopy 2009; 41: 25-28
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Fig.4 Invivo degradation of PCH. a Endoscopic appearance of elevated
mucosal areas following injection of 5 ml of PCH, immediately after
application, 4 weeks later, and 8 weeks later. PCH application sites
revealed only mucosal folds after 8 weeks. b Histologlcal appearance
of PCH application sites at 4 and 8 weeks. Although minor residual PCH
was observed at 4 weeks, none was observed at 8 weeks. The triangles
represent residual PCH.

at the site of the artificial ulcers. Perforation was prevented by the
application of PCH. This is because insoluble PCH seems to pre-
vent the electrosurgical current from entering the muscle layer.
PCH-assisted ESD can be done using a single-accessory channel
endoscope without using special devices or a polypectomy snare.
Regarding application in the human stomach, PCH-assisted ESD
could be used for early cancer of the cardia, as bleeding is pre-
vented. On the other hand, hypertonic saline-assisted ESD might
not be applied to large lesions (over 3 cm in diameter). In addi-
tion, the feasibility of PCH-assisted ESD in pig esophagus and co-
lon is now under investigation,

With regard to wound healing, conventional chitosan reduces
ethanol-induced gastric mucosal injury and accelerates the
healing of acetic acid-induced gastric ulcers in rats [19]. Chito-
san hydrogel also induces wound contraction and accelerates
wound closure and healing in skin [20,21]. These characteristics
of PCH are useful for healing of artificial ulcers after EMR and
ESD [8,22). However, a significant stimulation of wound healing
after PCH-assisted ESD was not observed in this study. These re-
sults were probably due to the strong adhesion of injected PCH
to the dissected mucosal tissue; thereby, none of the PCH re-
mained within the wounds.

PCH is nontoxic for human skin fibroblasts. human endothelial
cells, and human smooth muscle cells [9]. In vivo degradation
of PCH has been observed at the injection site in rat stomach
[8]. In the present study, applied PCH also appeared to be biode-
graded within 8B weeks (© Fig. 4). These results suggest that PCH
is safe for use as a submucosal injection agent, although more
detailed toxicity testing in appropriate animal models remains
to be performed. The ultraviolet radiation may be associated
with the inflammation of residual tissue. However, it can be pre-
dicted that ultraviolet irradiation for PCH-assisted ESD might
not have any association with carcinogenesis though further
study will be required.

In conclusion, PCH-assisted ESD can be performed using a sin-
gle-accessory channel endoscope and without any special devi-

Ishizuka Tet al. Evaluation of PCH as injection solution for £SD.
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ces. This submucosal injection agent may permit reliable ESD
without complications such as bleeding and perforation. It
should be evaluated in clinical trials after biocompatibility test-
ing for PCH has been completed.
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Abstract: Despite advances in surgical reconstruction,
total gastrectomy still is accompanied by various complica-
tions, especially chronic ones, such as pernicious anemia,
resulting in refractory malnutrition. As an allernative
approach, we have proposed a tissue-engineered stomach
as a replacement of the native stomach. This study aimed
to assess the secretory functions of a tissue-engineered
stomach in a rat model and the nutritional status of the
recipients over an extended time period. Stomach epithe-
lial organoid units were isolated from neonatal rats and
seeded onto biodegradable polymers. These constructs
were implanted into the omenta of adult recipient rats.
After 3 weeks, cyst-like structures had formed, henceforth
referred to as tissuc-enginecred stomachs. The recipient
stomachs were resected and replaced by their tissue-
engineered counterparts. At 24 weeks after implantation,
the secretory function of the tissuc-engincered stomach
was evaluated using immunohistochemical staining. The
hemoglobin levels and nutritional status of the recipients
were compared with a control group that had undergone a
simple Roux-en-Y reconstruction following total gas-
trectomy. Recipient rats tolerated the tissue-engineered
stomachs well. X-ray examination using barium as contrast
showed no bowel stenosis. Staining for proton pump
a-subunit and gastrin demonstrated the existence of pari-
etal cells and G-cells in the neogastric mucosa, respectively,
suggesting secretory functions. The treatment group
showed significantly higher hemoglobin levels than the
control group, although no differences in the body weight
change, total protein, or cholesterol levels were observed
between the two groups. A tissue-engineered stomach has
the potential to function as a food reservoir following total
gastrectomy. It is conjectured that replacement with a
tissue-engineered stomach might restore the proton pump
parietal cells and G-cells, and thereby improve anemia
after a total gastrectomy in a rat model. Key
Words: Tissue-engineered stomach—Total gastrectomy—
Pernicious anemia.

The best reconstruction mode following a total
gastrectomy has not been identified yet, because no
substitutes possess gastric mucosal cells such as the
parietal or G-cells. Pernicious anemia usually occurs
in patients after a total gastrectomy due to the abro-
gation of parietal cells that exclusively produce the
intrinsic factor, which is essential to absorb vitamin
B-12. The patients therefore deplete the storage of
vitamin B-12 within a few years after a total gas-
trectomy and require vitamin B-12 supplements via
intravenous or intramuscular injection on a semiper-
manent basis.

It is argued that restoration of the parietal and
G-cells is indispensable to prevent pernicious anemia
following a total gastrectomy. Our laboratory has
investigated the use of a tissue-engineered stomach
as an alternative approach to a total gastrectomy
(1-3). Here, we present a study on the effectiveness
of a tissue-cngineered stomach over an extended
time frame (24 wecks) after a total gastrectomy
focusing on restoration of the parietal cells and
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G-cells and prevention of refractory malnutrition
including pernicious anemia.

MATERIALS AND METHODS

Fabrication of tissue-engineered stomachs

Tissue-engineered stomachs were prepared as pre-
viously described (1,2). Briefly, organoid units of
stomach epithelium were isolated from neonatal
Lewis rats (Charles River Laboratories, Wilmington,
MA, USA). Following euthanasia with methoxyflu-
rane, whole stomachs were harvested, stripped of the
omentum, and placed in cold Hank's balanced salt
solution (HBSS) (Cellgro, Herndon, VA, USA). The
stomachs were opened, and the contents were
removed. The forestomachs, consisting of stratified
squamous epithelium, were removed to isolate the
area consisting of columnar epithelium. Each
stomach was washed seven times with HBSS to
remove debris and mucus. Thereafter, the lavaged
stomachs were minced into less than 1 mm’ pieces
with sterile scalpel blades. The tissue [fragments
were enzymatically digested with dispase 1 (0.1 mg/
ml., neural protease type I, Boehringer Ingelheim
GmbH, Ingelheim, Germany) and collagenase XI
(300 U/mL, Clostridium histolycium type XI, Sigma-
Aldrich, St. Louis, MO, USA) at room temperature
on an orbital shaker at 80 cycles/min for 25 min, The
stomach epithelium organoid units were further puri-
fied by centrifugation in a solution of Dulbecco’s
modified Eagle medium (Gibco, Gaithersburg, MD,
USA) supplemented with 2.5% fetal call serum
(Sigma-Aldrich), and 2% sorbitol (Sigma-Aldrich) at
300 rpm for 2 min.

Microporous  biodegradable polymer tubes
(10 mm length, S mm outer diameter, 2 mm inner
diameter) were made from a fibrous, nonwoven
polyglycolic acid (PGA) mesh (15 pm fiber diameter,
porosity >95%; Smith & Nephew, Heslington, York,
UK), coated with 5% poly(L-lactic acid) (Sigma) in
chloroform. Prior to seeding, the polymer tubes were
coated with type I collagen (Vitrogen 100, Cohesion
Technologies, Palo Alto, CA, USA) to improve cell
attachment. The isolated stomach epithelium orga-
noid units were resuspended and seeded onto the
inner luminal surface of each polymer tube at a
density of 1-3 x 10* units/tube. The stomach epithe-
lium organoid units were allowed to attach to the
polymer for 1h prior to implantation. Syngeneic
adult rats (200-250 g) were used as recipients, Under
ketamine/xylazine anesthesia, the recipients under-
went an upper midline incision and the omenta were
exposed. The seeded polymer tubes were wrapped
completely into the omentum, secured with suture,

and placed back into the abdominal cavity. The
abdominal cavities were closed in two layers
with suture. The animals were maintained in a
temperature-regulated environment on a 12-h light-
dark cycle, and given access to rat chow and tap water
ad libitum. The status and well-being of the animals
were checked daily.

Replacement surgery

Three weeks after implantation, cystic structures
had formed. The recipients (n=15) underwent a
second operation for the replacement of the native
stomach. A midline incision was performed, and the
cyst, henceforth referred to as tissue-engineered
stomach, was exposed. The caudal side of the tissue-
engineered stomach was opened longitudinally, and
the contents were removed. The caudal side of the
tissue-engineered stomach was anastomosed to the
native jejunum at the 5 em distal site to the ligament
of Treitz in a side-to-side fashion. The omentum was
preserved to maintain blood supply to the tissue-
engineered stomach, and the native stomach was
resected. The proximal side of the duodenum was
closed 10 be a stump. A hole for anastomosis
was made at the cephalic side of the tissue-
engineered stomach. The cephalic side of the tissue-
engineered stomach was anastomosed to the native
esophagus in the abdominal cavity in an end-to-end
fashion. The abdominal cavity was closed in two
layers with suture.

The control group consisted of rats that underwent
a simple Roux-en-Y reconstruction in conjunction
with a total gastrectomy (n=3). The jejunum was
dissected at 4 em distal from the ligament of Treitz,
and its distal end was brought up in an antecolic
position for an esophagojejunostomy in an end-to-
end fashion. Bile and pancreatic juice were diverted
at 10 cm below the esophagojejunostomy in an end-
to-side fashion. The proximal side of the duodenum
was closed to be a stump.

Assessment

The body weights of recipients were measured
every day for 24 weeks following the replacement
surgery. At 24 weeks, all recipients underwent an
upper gastrointestinal study. Under anesthesia, a sili-
cone tube was cannulated into the esophagus, and
10 mL of barium solution was injected. The animals
were observed, and X-rays were taken for 30 min at
5-min intervals. Subsequently, the rats were sacrificed,
and the tissue-engincered stomachs with native
esophagus and jejunum were harvested for histologi-
cal examination. The volumes of the tissue-engineered
stomachs were measured by applying ligations just
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