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Regeneration of the Rat Neonatal Intestine
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Objective: Based on development of stem cell technology, newborn
tissue, even undergoing cryopreservation, possesses promising po-
tential as a donor source in the field of organ transplantation.
However, the precise regeneration processes remains unclear. This
study was designed to investigate the regenerative potential of
newborn intestine with or without cryopreservation in the transplan-
tation.
Methods: Newborn rat intestines with or without cryopreservation
were transplanted subcutaneously into the syngeneic host, and spec-
imens were evaluated by histology, multiple immunostaining, and
comprehensive gene expression analysis.
Results: We determined that newborn rat intestine possessed
regenerative potential in the syngeneic host even after cryo-
preservation, where angiogenesis was induced early in the sub-
mucosa with subsequent maturation in the crypts. Furthermore,
newborn intestinal graft could facilitate the survival of matura-
tion-incompetent 10-day-old graft that lacked regenerating activ-
ity (P � 0.01, n � 13). Tissue aggregates from the maturation-
incompetent graft underwent reconstitution of their histologic
configuration in the presence of newborn intestinal aggregates.
Comprehensive gene expression analysis showed that 37 genes
were preferentially up-regulated, while 19 genes were down-
regulated in the regenerating 10-day-old graft (supported by the
newborn graft).
Conclusions: Regeneration of newborn intestine is implicated in
neo-angiogenesis in the host, and the newborn intestinal graft is

capable of mediating the survival of the maturation-incompetent
10-day-old graft. Notwithstanding ethical and legal limitations in the
clinic, these results may provide new insights into the regenerative
role of newborn grafts.

(Ann Surg 2005;242: 124–132)

Recent interest in the use of cells from a fetus or a newborn
as a source of somatic stem cells has increased in the area

of regeneration medicine. The fetus and newborns possess
active regenerative capability, and their immune function is
premature compared with adults. For example, postnatal
rodent animals have stem cells in their small intestine, which
can generate new small intestinal mucosa.1,2 Application of
recent cryopreservation techniques might enhance the viabil-
ity of the newborn intestine.

On the other hand, severe impairment of nutrient ab-
sorption results in clinical morbidity and mortality in the
majority of patients with small intestinal failure such as short
bowel syndrome.3–5 Small intestinal transplantation is an
optional treatment of patients with intestinal failure in an
effort to sustain their life.4 However, given chronic donor
shortages, cadavaric intestinal transplantation remains lim-
ited, and the clinical results of intestinal transplantation do
not always compare well with other organ transplantations.
Since the small intestine is a high immunogenic organ, it is
difficult to control acute and chronic rejection. Subsequently,
issues concerning the immunologic unresponsiveness of re-
cipients still need to be addressed, despite advances in the
immunosuppressive regimen.

In our previous study, we demonstrated prolonged
survival and subsequent development of the cryopreserved
newborn intestine when the grafts were transplanted into the
subcutaneous space of adult rats without vascular anastomo-
sis between the graft and the recipient.6,7 Thus, newborn
intestine possesses promising potential as a donor graft in the
field of intestinal transplantation. To ensure the generation of
a fully mature intestine from an avascular newborn intestinal
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graft, neo-angiogenesis is thought to be essential between the
graft and the recipient.8 Given that the maturation ability of a
fetal intestinal graft gradually decreases with time, angiogen-
esis should specifically occur shortly after birth.9 Many un-
characterized factors, however, are implicated in the en-
hanced survival of a newborn intestinal graft, the precise
mechanisms of which remain unclear. In this study, we
addressed the regenerative potential of newborn intestine
with or without cryopreservation in the transplantation. In-
terestingly, we found that the newborn intestinal graft was
capable of promoting the survival of a 10-day-old intestinal
graft that lacked regenerating potential when both grafts were
adhered to each other in parallel. Furthermore, we compre-
hensively analyzed the differential gene expression pattern
between the competent and the incompetent 10-day-old in-
testine using a high-throughput microarray technique. These
results may provide new insights into the regenerative role of
newborn intestinal grafts.

MATERIALS AND METHODS

Animals
Inbred rat strains, Lewis (MHC haplotype: RT1l) and

Brown Norway (MHC haplotype: RT1n), were purchased
from CREA Japan, Inc. (Tokyo, Japan). PVG congenic rat
strains (MHC haplotype: RT1c-7.1 and 7.2) were mated and
maintained in our animal center. All experiments in this study
were performed in accordance with the Jichi Medical School
Guide for Laboratory Animals.

Donor newborn small intestines were obtained from
neonatal Lewis and PVG RT7.1 rats within 24 hours after
birth. Grafts of small intestine were isolated from 10-day-old
rats as donors. Seven- to 10-week-old male Lewis and PVG
RT7.2 rats were used as recipients.

For 5-bromo-2�-deoxyuridine (BrdU)-labeling, BrdU
(20 mg/kg of body weight) was intravenously administrated
into newborn rats 1 hour before killing them.

To establish green fluorescent protein (GFP)-express-
ing transgenic Lewis rats, the authentic microinjection tech-
nique was used as described previously.10 Briefly, enhanced
GFP cDNA from pEGFP vector (Clontech, Palo Alto, CA)
was inserted into the pCAGGS expression plasmid,11 and the
HindIII–SalI fragment containing the promoter and coding
sequence was injected into the fertilized Lewis rat (RT1l) egg.
The transgene expression was confirmed under an excitation
light (489 nm). The small intestine was strongly GFP-positive
in the expression analysis.

Newborn Intestinal Transplantation
Newborn intestinal transplantation was performed as

previously described.7,9,12 Briefly, following cervical decap-
itation, a transverse incision was made in the newborn rat
and the entire small intestine was excised, free of mesenteric

tissue. The small intestine was cut into 20-mm pieces for
grafting. Each lumen of the intestinal graft was flushed gently
with 10 mL of cold saline containing 10 mg/mL cefazolin
sodium (Fujisawa Phramaceutical Co., Osaka, Japan) using a
24-gauge needle. A nonabsorbable 4–0 nylon suture (Keisei
Medical, Tokyo, Japan) was inserted into the intestinal lumen
to avoid stoppage and kinking of the graft and to distinguish
between the explanted sources.

For the grafting operation, a median incision was made
in the recipient under ether anesthesia. A subcutaneous
pocket was made large enough to receive the graft. For the
purposes of twin grafting, a newborn and a 10-day-old graft
were attached to each other side-by-side (in parallel) using 3
sutures and was subsequently placed into the subcutaneous
pocket. In the single graft experiments, newborn and 10-day-
old grafts were transplanted separately into the subcutaneous
space on either side of the median incision. Following these
procedures, standard rat food and water were given to the
recipients.

Cryopreservation
The cryopreservation method used was as previously

described.7 Briefly, grafts were immersed in a cold (4°C)
preservation solution for 30 minutes and then placed into a
freezing chamber (NALGENE Cryo 1°C Freezing Con-
tainer). After cooling to �80°C at �1°C /min for 12 hours,
samples were quenched to �180°C in liquid nitrogen for 7
days prior to transplantation.

Antibodies and Immunohistochemistry
The monoclonal antibody (mAb), HIS 41, which rec-

ognizes the rat RT7.2 alloantigen, and the OX42 mAb (raised
against activated macrophages and neutrophils) were pur-
chased from Serotec (Oxford, UK). A mAb against BrdU was
purchased from Novocastra Laboratories (Newcastle upon
Tyne, UK). A rabbit polyclonal antibody against mouse type
IV collagen, which was used to outline the tissue frame-
work,13 was purchased from Cosmobio (Tokyo, Japan).
The alkaline phosphatase (ALP)-labeled donkey F(ab�)2 to
rat immunoglobulin (Ig) (Jackson ImmunoResearch, West
Grove, PA), and horseradish peroxidase (HRP)-labeled goat
F(ab�)2 to rabbit Ig (55693; Cappel, Aurora, OH) were used
as secondary antibodies.

For the purposes of double- or triple-immunostaining,13

fresh 4- to 6-�m-thick cryosections were stained with mAb(s)
by repetition of either the indirect immunoperuoxidase tech-
nique with a diaminobenzidine substrate (brown), or the
immuno-ALP technique with a Vector Blue substrate kit
(Vector Laboratories, Burlingame, CA) and New Fuchsin
substrate kit (Dako, Santa Barbara, CA).

Evaluation of the Grafts
Laparotomy was performed at 14 days following trans-

plantation, and grafts were removed for histologic analysis.
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Grafts were evaluated according to the histologic grade using
the following definitions as previously reported:9 “good,” the
structure of the mucosa was almost normal; “fair,” the villi
could be identified but were partially flattened; “poor,” mu-
cosal deformity was severe or the mucosa could not be found.
Cases that were classified as “good” or “fair” were judged
histologically as successful transplantations and were consid-
ered as mature grafts. In an effort to quantify these histologic
events, each grade was scored as 2, 1, and 0, respectively, and
grafts were evaluated with an average of these scores.

RNA Isolation and Microarray Analysis
Twin grafts (10-day-old newborn) and 10-day-old sin-

gle grafts were removed at 14 days following transplantation.
The 10-day-old twin grafts were removed microscopically,
free from surrounding tissue. All grafts were pooled at
�80°C until their histologic evaluation was determined.

Total RNA was isolated from pooled grafts using the
Atlas Glass Total RNA Isolation Kit (Clontech). Twenty
micrograms of RNA was used for Cy3-fluorescent labeling
using the Atlas Glass Fluorescent Labeling Kit (Clontech)
according to the manufacturer’s instruction. Synthesized
cDNA probes were purified using a NucleoSpin Extraction
Spin Column (Clontech). Atlas Glass Rat 1.0 array (1081 rat
genes; Clontech) was hybridized with the Cy3-labeled probes
in the GlassHyb Hybridization Solution (Clontech) at 50°C
overnight (more than 16 hours). Hybridized arrays were
washed 4 times with GlassHyb Wash Solution (Clontech)
according to the manufacturer’s instruction, briefly followed
by distilled water. After drying, the fluorescent images of the
array were digitized with a scanner and analyzed using
AtlasImage software (Clontech). A 3-fold difference in signal
intensity between the samples was considered to represent a
significant difference in gene expression. A complete listing
of genes included in the Atlas Glass Rat 1.0 array can be
obtained at the Clontech web site (http://www.bdbiosciences.
com/clontech/atlas/genelists/index.shtml).

Statistical Analysis
Mann-Whitney U nonparametric analysis was used for

the statistical evaluation. Differences between groups were
considered significant if the P value was less than 0.05.

RESULTS

Cryopreserved Newborn Intestine Possesses
Regenerative Ability

In an effort to examine the regenerative potential of
cryopreserved newborn intestine, grafts were transplanted
into the subcutaneous space of syngeneic rats. Newborn
intestines were isolated from Lewis rats and were preserved
in liquid nitrogen for at least 30 days. Cryopreserved new-
born intestine showed severe damage at 1 postoperation day
(POD). Compared with intestine prior to cryopreservation

(Fig. 1A), the mucosal epithelium and villi were stripped
away, and crypts were not observed (Fig. 1B). However, the
cryopreserved graft was capable of reestablishing a mature
configuration at 14 POD (Fig. 1C). Histologic scoring of this
graft (see Materials and Methods) yielded 5 good samples, 4
fair samples, and 1 poor sample. Experiments were per-
formed 2 to 4 times each with similar results. Thus, these
results suggest that cryopreserved newborn intestine pos-
sesses regenerative potential in the syngeneic host.

Since it is known that cryopreserved organs become
poorly immunogenic,14 we tested whether cryopreserved
newborn intestine could be readily accepted in allogeneic
recipients. Cryopreserved newborn intestines from Brown
Norway rats were transplanted subcutaneously into Lewis
rats, followed by tacrolimus (0.64 mg/kg per day, intramus-
cularly). As shown in Figure 1D, massive inflammatory
mononuclear cells were infiltrated and the intestinal graft was
almost completely destroyed. Histologic scoring designated
all 11 samples as poor. This low histologic scoring was not
due to cryopreservation since fresh intestinal graft was sim-
ilarly damaged by allogeneic transplantation using the same
immunosuppressive regimen.7 Thus, cryopreservation did not
enhance the survival of newborn intestine in the allogeneic

FIGURE 1. Regeneration of cryopreserved newborn intestine.
A, A representative newborn intestine (hematoxylin and eosin
�H&E�, original magnification �20). B, A newborn intestine
following cryopreservation (for 30 days) was transplanted sub-
cutaneously into a syngeneic Lewis rat. It was examined at 1
POD (H&E, original magnification �20). C, A newborn intes-
tine following subcutaneous transplantation at 14 POD (H&E,
original magnification �20). D, A cryopreserved newborn
intestine (Lewis; RT1l) was transplanted into the allogeneic
Brown Norway rat (RT1n), followed by treatment with the
immunosuppressant drug, FK506 (tacrolimus, 0.64 mg/kg per
day, intramuscularly) for 14 days (H&E, original magnification
�40).
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recipients, suggesting that newborn intestines, including
those that were cryopreserved, are still highly immunogenic.

Regeneration of Newborn Intestine Is
Implicated in Neo-Angiogenesis in the Host

We then attempted to determine the cellular processes
that are associated with the regenerative potential of newborn
intestine. In an effort to distinguish cells between the donor
and the recipient, we used an RVG congenic rat strain (MHC
haplotypes are RT1c-7.1 and 7.2). Fresh RT7.1-newborn
intestinal grafts were transplanted subcutaneously into
RT7.2-recipient rats. Serial immunohistochemical studies
were performed following transplantation. Concomitant with
histologic maturation in the graft, BrdU-positive cells
emerged around the vasculature in the submucosa at 2 POD
(Fig. 2A) and in the crypts at 3 POD (Fig. 2B). HIS41
(RT7.2)-positive recipient cells were also observed in the
vascular lumen of the graft. The number of BrdU-positive
cells increased in the crypts at 5 to 6 POD (data not shown),
with histologic maturation being almost complete at 14 POD
(Fig. 2C). Thus, these results suggest that neo-angiogenesis in
submucosa and crypts is associated with histologic matura-
tion in fresh newborn intestinal grafts.

We also examined the aforementioned cellular process
using cryo-preserved newborn intestine. RT7.1-newborn in-
testinal grafts were preserved in liquid nitrogen and then
transplanted subcutaneously into RT7.2-recipient rats. Cryo-
preserved newborn intestines were also regenerated toward
maturation in a similar time course to the fresh graft. BrdU-
positive cells emerged in the vascular endothelial cells, and
recipient-derived cells migrated to the vascular lumen (Fig.
2D). At 11 POD, the transplanted graft had matured histo-
logically, and increased numbers of BrdU-positive cells were
clearly seen in the crypts (Fig. 2E). Some of the BrdU-
positive cells were derived from the RT7.2-recipient (Fig. 2F,
arrowhead). Proliferation of vascular endothelial cells had
also progressed in parallel with histologic maturation in the
cryopreserved neonatal intestinal grafts. Neovascularization
appears to be essential for the maturation of the intestinal
graft in the recipient.

Newborn Graft Potentiates the Maturation-
Incompetent 10-Day-Old Graft Toward Their
Survival

There is striking evidence to suggest that newborn
intestinal grafts impart survival potential in a rat organ
transplantation model. While the graft survival decreased in
the 10-day-old graft following subcutaneous transplantation,
the newborn graft that underwent the same procedure as the
10-day-old graft clearly survived at 14 POD (Fig. 3A, B). We
therefore hypothesized that the survival potential of newborn
grafts might facilitate 10-day-old graft survival. Newborn and
10-day-old grafts were adhered to each other in parallel (twin

grafting) and transplanted subcutaneously into syngeneic rats.
As shown in Figure 3C, the 10-day-old graft morphologically
regenerated into mature intestine at 14 POD. Twin grafting
resulted in a high histologic score, even in the 10-day-old
graft, which was equivalent to that of the newborn graft
transplanted separately (Fig. 3D; P � 0.01, n � 13). Thus,
these results demonstrate that the newborn graft is capable of
mediating the survival of maturation-incompetent 10-day-old
grafts.

FIGURE 2. Regeneration process of rat newborn intestine.
Either fresh (A–C) or 30-day-cryopreserved (D–F) newborn
intestines of RT1c-7.1 rat were transplanted into RT1c-7.2
congenic rats, and specimens were multiply stained with anti-
RT1c-7.2 (HIS41) mAb (blue), antitype IV-collagen mAb
(brown), and anti-BrdU mAb (red). A, Blood vessels in the
submucosa at 2 POD (original magnification �100). The base-
ment membrane was stained with antitype IV collagen mAb
(brown). B, Crypts of the graft at 3 POD (original magnifica-
tion �40). C, The mucosal, submucosal and muscular layers
developed at 14 POD, and numerous BrdU-positive cells were
found in the crypts (original magnification �40). D, Blood
vessels in the submucosa of the cryopreserved graft at 2 POD
(original magnification �100). E, The mucosal, submucosal
and muscular layers developed at 11 POD. F, Arrowheads
indicate HIS41- and BrdU-double cells in the submucosal layer
at 11 POD (original magnification �100). Experiments were
performed 2 times with similar results.
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We further examined whether the survival of matura-
tion-incompetent 10-day-old grafts was associated with neo-
vacularization, by which newborn intestinal grafts induced
their own tissue maturation. BrdU-positive cells emerged in
the vasculature within the graft at 2 POD (Fig. 4A), and also
increased in the crypts after 3 POD (Fig. 4B). At 10 POD, the
10-day-old graft had morphologically matured, coupled with
the adjacent newborn graft (Fig. 4C). Similar phenotypes
were observed in 3 or more independent experiments. Thus,
primary angiogenesis associated with the newborn graft
appeared to determine the survival of the maturation-incom-
petent 10-day-old graft.

Histologic Reconstitution of 10-Day-Old Grafts
From Tissue Aggregates

In an effort to determine whether maturation-in-
competent 10-day-old grafts could survive even in the tissue
aggregates, 10-day-old intestinal grafts of ubiquitously GFP-
expressing transgenic Lewis rats were processed by chop-
ping, followed by transplanting subcutaneously together with
processed newborn grafts of wild-type Lewis rats. As shown
in Figure 5A and B, the control GFP-positive newborn grafts
showed morphologic reconstitution following transplanta-
tion, and regenerated epithelium gave rise to a green fluores-

cence under excitation light at 14 POD. The 10-day-old
intestinal grafts from GFP rats were able to survive in the
presence of chopped newborn grafts, and some mucus had
accumulated in the lumen (Fig. 5C, D). Substantial GFP
signal was also confirmed by immunohistochemistry using
specific antibodies against GFP (data not shown). These
findings demonstrate that the incompetent intestinal graft
from tissue aggregates could reconstitute its own tissue in the
presence of newborn grafts.

Gene Expression Pattern in Regenerating
10-Day-Old Intestinal Grafts

Comprehensive gene expression analysis is a powerful
strategy that can be used to predict the factors associated with
a particular biologic event. In an effort to determine which
genes are activated (or suppressed) in 10-day-old grafts, the
differential gene expression pattern of the regenerating 10-

FIGURE 3. Maturation-incompetent 10-day-old intestinal graft
was recovered in the presence of newborn graft. A, A fresh
10-day-old intestinal graft was transplanted in the subcutane-
ous space of syngeneic rats, and then removed at 14 POD for
inspection (H&E, original magnification �20). B, A fresh new-
born graft at 14 POD (H&E, original magnification �20). C,
Histologic recovery of the 10-day-old intestinal graft in the
presence of a newborn graft (twin grafting: H&E, original
magnification �20). D, Average histologic score of graft.
Data represent mean 	 SED (n � 13). *P � 0.006 versus
10-day-old � Newborn. One of 3 independent experiments
with similar results.

FIGURE 4. Regeneration process of 10-day-old intestinal graft
in the presence of newborn graft. A fresh 10-day-old intestinal
graft was transplanted subcutaneously as a twin graft in the
presence of a newborn intestine. Specimens of 10-day-old
grafts were multiply stained with antitype IV collagen mAb
(brown) and anti-BrdU mAb (red). The counterstaining is
hematoxylin. A, BrdU-positive cells were distributed in the
submucosa at 2 POD (original magnification �20). The upper-
right corner inset represents a close-up view of blood vessels
(original magnification �100). B, BrdU-positive cells in the
crypts at 3 POD (original magnification �100). C, Lower view
of 10-day-old intestinal graft at 10 POD (original magnification
�20). The dotted line represents the border between 10-day-
old and newborn grafts.
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day-old graft (by twin grafting) and the maturation-incompe-
tent single graft was examined using a DNA microarray
containing 1081 rat genes. In this assay, we excluded data
with less than a 3-fold difference in the signal ratio since a
low level of expression could often be below the level of
detection of the microarray system. Analysis of the hybrid-
ization signals revealed that 37 genes were up-regulated in
the regenerating graft, including some angiogenic and growth
factors, which are associated with intestinal development (eg,
CSF-1R, PKC-delta, and IGF-binding protein 5) (Table 1). In
contrast, 19 genes were down-regulated, including apoli-
poprotein A and glucose-6-phospahte dehydrogenase (Table
2). Furthermore, semi-quantitative RT-PCR analysis of sev-
eral transcripts correlated well with the differential expres-
sion level from the microarray analysis (data not shown).
This suggests that the microarray data correctly reflected the
magnitude and direction of the change. Thus, these genes
may be worthy of note due to their association with intestinal
regeneration and their known roles in cellular regulatory
pathways.

DISCUSSION
Herein, we demonstrated that the newborn intestine

possesses regenerative potential in the syngeneic host even
after it had been preserved in liquid nitrogen. Two remark-
able features were discovered in our investigations: (1) neo-
angiogenesis was induced early in the submucosa followed
by subsequent maturation in the crypts, and (2) the newborn
intestinal graft was capable of mediating the survival of the
maturation-incompetent 10-day-old graft. Furthermore, we
investigated the genes that were preferentially associated with
the survival of 10-day-old grafts in the newborn intestine.

Fetal and newborn tissues served as potential sources
for the transplantation because of their immature immuno-
genic property. Small bowel transplantation had successfully
been performed using a neonate donor.15 Furthermore, Kato
et al16 demonstrated that specific acceptance for fetal bowel
allografts in a mouse model could be introduced by a short-
term treatment with monoclonal antibodies against intercel-
lular adhesion molecule-1 and leukocyte function-associated
antigen. While it is known that tissue cryopreservation is
associated with a reduction in antigenicity,14 our observations
suggest that the small intestine still possesses immunogenic
potential, even after undergoing cryopreservation (Fig. 1D).
Given that it has been reported that even tissue-engineered
intestine has the capacity to develop a mucosal immune
system,17 it is likely that the regenerative ability of newborn
intestine leads to the development of the mucosal immune
system, thereby resulting in immunologic conflict.

Although recent advances in the cryopreservation tech-
nique has made it possible to preserve many cell types, its
application to complicated whole organs, including the small
intestine, remains problematic given that the procedure can
inflict damage on the tissue. Notwithstanding the hope that
the tissue preservation technique is expected to resolve the
donor shortage problem in transplantation, it is still limited to
use with homogeneous tissues such as the aortic valve and
skin for providing superior viability.18,19 As demonstrated in
our current work, the newborn small intestine has the capac-
ity to regenerate, while its maturation potential is not signif-
icantly inhibited by cryopreservation. Therefore, we propose
that newborn intestine is a suitable tissue for cryopreservation
and possible transplantation.

It has long been known that newborn, as well as fetal, cells
possess great potential for proliferation and development. In this
study, BrdU-positive cells were observed mainly in the endo-
thelium of the blood vessel at 2 days following transplantation of
newborn intestine into syngenic rats, indicating that neovascu-
larization had occurred. Subsequently, BrdU-positive cells
emerged in the crypts of the graft, where intestinal stem cells had
generated including midcrypt columnar, oligomucous, young
entero-endocrine and Paneth cells.4,20–22 Tait et al have shown
that transplantation of corresponding crypt stem cells was able to

FIGURE 5. Histologic reconstitution of a 10-day-old graft from
tissue aggregates. A, Neonatal intestinal grafts from GFP-
transgenic Lewis rats were chopped at random and trans-
planted into the subcutaneous space of wild-type Lewis rats. A
representative specimen is shown at 14 POD (original magni-
fication H&E, �40). B, GFP expression of the specimen in a
(under a 489-nm excitation light, original magnification �40).
C, 10-day-old intestinal grafts from GFP-transgenic Lewis rats
were chopped at random and transplanted subcutaneously
together with similarly chopped newborn grafts from wild-
type Lewis rats. A representative specimen is shown at 14 POD
(H&E, original magnification �20). D, GFP expression of the
specimen in c (under a 489-nm excitation light, original mag-
nification �20). Note the substantial expression of GFP from
the 10-day-old intestinal graft. One of 2 independent experi-
ments with similar results.
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generate neomucosa with normal morphology.23 Thus, the pres-
ence and protection of these stem cells seem to be essential for
successful newborn intestinal transplantation.

How are the intestinal stem cells of the graft activated
in the recipient (host)? There are 2 possible explanations that

account for the graft and host interaction: (1) host-derived
enterocytes are stimulated in the intestinal graft,24 and (2)
bone marrow-derived cells repair damaged epithelia of the
graft.25 Although we observed some cellular migration of the
host cells (Fig. 2F), we were unable to determine which

TABLE 1. Most Activated Transcripts in Regenerating 10-Day-Old Intestinal Grafts

Gene Name GeneBank Ratio

B7.1 AF010465 9.14
SHPS-1 receptor-like protein with SH2 binding site D85183 8.04
Adenosine A2A receptor (ADORA2A) S47609 7.73
Cationic amino acid transporter 3 AB000113 6.33
Macrophage colony-stimulating factor I receptor (CSF1R) X61479 5.51
Nonprocessed neurexin III alpha L14851 5.41
Glycine transporter M88595 5.12
Protein kinase C delta type (PKC-delta; PRKCD; PKCD) M18330 4.97
Kidney oligopeptide transporter; peptide transporter 2 (PEPT2) D63149 4.55
Gastrin M38653 4.55
Transforming growth factor-beta receptor type II (TGF-beta

receptor II)
L09653 4.48

Synaptobrevin 2 (SYB2) M24105 4.47
Glutamate receptor subunit epsilon 3 (GRIN2C) D13212 4.14
Prostaglandin D2 receptor U92289 4.12
Glucose transporter 3 U17978 4.11
Somatostatin receptor 5 (SSTR5; SS5R) L04535 4.01
G protein-coupled receptor 27; gustatory receptor 27 (GUST27) D12820 4
N-Methyl-D-aspartate receptor-2A subunit (NMDAR2A) AF001423 3.97
Retinoid X receptor-alpha (RXR-alpha; RXRA) L06482 3.93
Mitogen-activated protein kinase 9 (MAPK9) L27112 3.92
Mitogen-activated protein kinase 5 (MAPK5) U37462 3.84
Liver Na
/Cl� betaine/GABA transporter U28927 3.74
Cyclin G-associated kinase (GAK) D38560 3.71
Sodium channel SCNB2, beta 2 subunit, brain U37026 3.63
Insulin-like growth factor binding protein 5 (IGF-binding protein 5;

IGFBP5)
M62781 3.62

Voltage-dependent L-type calcium channel alpha 1C subunit
(CACNA1)

M59786 3.53

Voltage-gated dihydropyridine-sensitive L-type calcium channel
beta 3 subunit

M88751 3.52

ADP-ribosylation factor 2 L12381 3.51
Retinoid X receptor beta (RXR-beta; RXRB) M81766 3.4
cAMP-dependent protein kinase type I alpha regulatory subunit

(PRKAR1A)
M17086 3.3

Cytochrome P450 IIA1 (CYP2A1) J02669 3.28
Mineralocorticoid receptor (MCR) M36074 3.18
Sodium/potassium-transporting ATPase alpha 2 subunit (Na
/K


ATPase; ATP1A2)
M14512 3.15

ATPase, subunit F, vacuolar (vatf) U43175 3.15
Aquaporin 5 (AQP5) U16245 3.07
G protein, gamma 5 subunit M95780 3.03
Proteasome subunit RC10-II D21800 3.01

Tahara et al Annals of Surgery • Volume 242, Number 1, July 2005

© 2005 Lippincott Williams & Wilkins130



host-derived cells contributed to the tissue reconstruction. We
speculate that an initial neoangiogenic event at early POD
may stimulate the stem cells toward their maturation.

Newborn intestine can revascularize and mature fol-
lowing subcutaneous transplantation without surgical vascu-
lar anastomosis. This phenomenon was specifically observed
shortly after birth, where the maturation ability of newborn
intestinal grafts gradually decreased with time (this regener-
ation ability peaked within 24 hours after birth). In our
previous study, electromyography of the newborn intestinal
graft showed a similar pattern to that of the native intestine,12

suggesting functional graft maturation. Surprisingly, the re-
generation-incompetent 10-day-old graft was rescued by twin
grafting in the presence of the newborn graft. The histologic
characteristics of both specimens were equivalent, and there
was no difference in the restructuring of the newborn and
10-day-old grafts. In our microarray trial (on 1081 rat genes),
the RNA levels of 37 transcripts preferentially increased in

the regenerating 10-day-old graft following twin grafting
with the newborn graft. Interestingly, some of the up-regu-
lated genes included growth factors and intracellular signal-
ing molecules such as colony-stimulating factor-1, which can
promote angiogenesis in rats,26 and insulin-like growth factor
(IGF) binding protein 5, which is capable of enhancing the
IGF-mediated survival of small intestinal cells.27 Activation
of protein kinase C-delta is required for basic FGF-induced
angiogenesis.28 The family of mitogen-activated protein ki-
nases has been shown to enhance cell growth, differentiation,
and survival.29–31 Thus, these molecules induced by the
newborn intestine graft appear to contribute to neovasclariza-
tion and enhance the maturation of the old intestine graft,
although further functional linkages are needed.

CONCLUSION
These results provide new insights into the regenerative

process of newborn intestinal grafts and suggest new mole-
cules for future studies in the area of small intestinal trans-
plantation. Although ethical and legal limitations in the clinic
should be further discussed, transplantation, coupled with
advanced regenerative studies, may reduce the clinical mor-
bidity and mortality in patients with intestinal failure in the
near future.
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