
11

ORIGINAL PAPER

Nagoya J. Med. Sci. 71. 11 ~ 18, 2009

INVOLVEMENT OF DNA FRAGMENTATION  
OF ENTEROCYTES IN MUCOSAL INJURY  

TO A MOUSE JEJUNUM INCUBATED  
IN USSING CHAMBERS

EIKO INAGAKI-TACHIBANA1, TAKAMITSU TSUKAHARA2, KAZUHIKO KAJI3, RYOJI EGUCHI3, 
HIROAKI KANAZAWA4, HISAYOSHI HAYASHI5 and YUICHI SUZUKI5

1 Department of Nutritional Sciences, School of Nutritional Sciences, Nagoya University of Arts  
and Sciences, 57 Takenoyama, Iwasaki-cho, Nisshin 470-0196, Japan 

2 Kyoto Institute of Nutrition & Pathology, Kyoto 610-0231, Japan 
3 Laboratory of Cell and Molecular Biology of Aging and COE Program in the 21st Century,  

Department of Food and Nutritional Sciences, Graduate School of Nutritional  
and Environmental Sciences, University of Shizuoka,  

Yada 52-1, Surugaku, Shizuoka 422-8526, Japan 
4 Laboratory of Anatomy, School of Nursing, University of Shizuoka,  

Yada 52-1, Surugaku, Shizuoka 422-8526, Japan 
5 Laboratory of Physiology, School of Food and Nutritional Sciences, University of Shizuoka,  

Yada 52-1, Surugaku, Shizuoka 422-8526, Japan

ABSTRACT

A mouse jejunum, when incubated in vitro in Ussing chambers, was found to exhibit morphological 
deterioration of the villi with denudation of the epithelia (J Nutr Sci Vitaminol, 51: 406, 2005).   Our study 
examined the involvement of apoptosis in an intestinal injury model by a DNA ladder assay and terminal 
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay.  Electrophoresis of mucosal 
DNA revealed ladders, indicating the occurrence of DNA fragmentation.  Cells with TUNEL-positive nuclei 
were detected among the villus epithelial cells (enterocytes), whereas they are rarely seen among crypt 
epithelial cells.  These features were evident within 1 h after the start of incubation.  Apoptotic death of 
the enterocytes was thus involved in the destruction of villi when incubated in Ussing chambers.
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INTRODUCTION

Intestinal epithelial cells have a very rapid turnover, with villus epithelial cells (enterocytes) 
at the tip of villi removed by apoptosis, a physiological process for eliminating unwanted and 
damaged cells.1-2)  Apoptosis of intestinal epithelial cells is important not only in physiological 
cell renewal, but is also implicated in several pathological conditions.2-3)  Enterocyte apoptosis has 
been demonstrated in ischemia/reperfusion injury,4-7) and in the mucosal damage after traumatic 
brain injury.8)  In addition, an ex vivo culture of intestinal tissue has been shown to undergo 
apoptosis.9)
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We have previously demonstrated an injury to the small intestine when incubated in Ussing 
chambers.10-11)  The Ussing chamber (Fig. 1) has been used for in vitro studies of transport in the 
small intestine. Under this condition, the mucosa was disrupted, especially at the top of the villi, 
and that disruption was more severe in the proximal than in the distal small intestine, although 
the mucosal barrier function was not markedly reduced.11)  In the present study, we investigated 
the involvement of apoptosis in this intestinal injury model.  We detected internucleosomal DNA 
degradation (one of the final events of apoptosis) by ladder formation with electrophoresis and 
by in situ terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL).

MATERIALS AND METHODS

Animals and solutions
All procedures used in this study were performed in accordance with the “Guiding Principles 

for the Care and Use of Animals” of the Nagoya University of Arts and Sciences.  Male mice 
(30–40 g, 7–8 weeks old, Std:ddY; Japan SLC, Hamamatsu, Japan) were sacrificed by cervical 
dislocation between 10:00 and 14:00 h, and the small intestine from the ligament of Treiz was 
excised to about 3 cm below it.  The segment was opened and mounted between Ussing chambers 
with an exposed area of 0.2 cm2 (Fig. 1).  The volume of the bathing solution on each side was 
5 ml, and the solution temperature was maintained at 37ºC in a water-jacketed reservoir.  The 
composition of the incubation solution (in mM) was NaCl (119), NaHCO3 (21), KH2PO4 (0.6), 
K2HPO4 (2.4), CaCl2 (1.2) and MgCl2 (1.2), and was bubbled with 95% O2/5% CO2 (pH=7.4).  
The bathing solution on the mucosal side was supplemented with 8.5 mM mannose, and the 
serosal solution with 5 mM glucose, 2.5 mM L-glutamine and 1 mM b-hydroxybutyric acid as 

Fig. 1	 Schematic drawing of Ussing chamber. Chamber had an exposed area of 0.2 cm2 and contained 5 ml 
of bathing solution, which was bubbled with 95% O2 /5% CO2 gas.  The temperature was maintained at 
37ºC in a water-jacketed reservoir.
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metabolic substrates.  

DNA ladder and TUNEL assays
At the end of various incubation times, the tissue was removed from the Ussing chamber 

and subjected to several treatments.  The tissue was scraped with a scalpel to harvest a mucosal 
sample for the DNA ladder assay.  The sample was homogenized with 100 ml of a lysis buffer 
consisting of 50 mM Tris-HCl, 10 mM EDTA and 0.5% SDS (pH=7.8).  One hundred mg/ml of 
RNase was added, and the sample incubated for 3 h at 37ºC.  Proteinase K (2 mg/ml, Takara 
Bio, Otsu, Japan) was then added, and incubation was continued overnight at 65ºC.  DNA was 
purified with sequential phenol and phenol/chloroform/isoaminoalcohol extraction.  DNA was 
precipitated with ethanol, resuspended in a TE buffer (10 mM Tris-HCl and 1 mM EDTA), 
and separated by electrophoresis on 2% agarose gel, before visualizing with ethidium bromide 
under ultraviolet light.  

Histological studies were performed on the removed tissue that had been fixed in a neutral-
buffered, 10% (v/v) formalin solution (pH 7.1), and then embedded in paraffin wax.  Four-mm-
thick sections were prepared for use in the hematoxylin-eosin staining or TUNEL assay.  The 
latter was conducted with a commercially available in situ apoptosis detection kit (Takara Bio) 
according to the manufacturer’s instructions.  

Statistics
Group comparisons were analyzed by a one-way analysis of variance and a subsequent Dun-

nett’s test.  Data are each presented as the mean ± SE (n=number of animals).

RESULTS

DNA fragmentation was determined by a DNA laddering assay in the mouse jejunum incubated 
in the Ussing chamber (Fig. 2).  In the normal jejunum (not shown) or in the tissue just after 
the start of incubation (0 min), DNA laddering was scarcely visible.  However, multiples of 
180-bp subunits detected in some, although not all, mucosal samples as early as 15 min, were 
always clear at 30 min and thereafter.  To quantify the time-course characteristics of DNA 
fragmentation, the ratio of fragmented DNA relative to total DNA was determined up to 4 h 
after the start of incubation (Fig. 2B).  The ratio of fragmented DNA rapidly increased during 
the initial 60 min, and then gradually increased up to 4 h.  

We have previously reported that a mouse jejunum incubated in Ussing chambers for 2 h 
exhibited villus damage, while the crypt remained morphologically intact.10)  We found in the 
present study that the villus damage was evident even in tissue incubated for as short a time 
as 1 h (Fig. 3).  In the villous region, some cells in the epithelial lining exhibited nuclear 
pyknosis and peripheral chromatin aggregation under the nuclear membrane (Fig. 3E), which 
are characteristic morphological features of apoptosis.  Such features were not apparent in the 
crypt cells (Fig. 3F).  

We next performed the TUNEL assay to identify the type of cells that had undergone DNA 
fragmentation (Fig. 4).  TUNEL-positive nuclei were virtually absent in the mucosa just after 
the start of incubation.  However, in the mucosa incubated for 1 h, cells with TUNEL-positive 
nuclei were frequently identified among the villous epithelial cells (enterocytes), while they were 
hardly seen among the crypt epithelial cells.  The number of enterocytes with TUNEL-positive 
nuclei gradually increased after the start of incubation, the increase being statistically significant 
after 60 min of incubation (Fig. 4 G). 
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DISCUSSION

Our results, taken together, suggest that apoptotic cell death was involved in the villous injury 
to the mouse jejunum incubated in an Ussing chamber.  The apoptotic features were hardly 
apparent just after the start of incubation, but became evident within 60 min.  Apoptosis as 
detected by TUNEL staining was evident in the enterocytes, although scarcely detectable in crypt 
epithelial cells, at least within 1 h of incubation.  The mechanism for initiating and executing 
apoptosis under this condition, however, remains unknown.  

There are several animal models for intestinal injury in which apoptosis is probably the major 
mode of epithelial cell death.  Injuries induced by pneumonia-induced sepsis, by a variety of 

Fig. 2	 DNA laddering assay. A) Representative agarose gels of DNA (20 mg) extracted from jejunum mucosa 
incubated in Ussing chambers for indicated periods (in min).  One animal was used for each panel.  
0 min, just after start of incubation.  M, 100-bp DNA size markers.  B) Time-course characteristics 
of DNA fragmentation.  Percentage of fragmented DNA (< 1500-bp) relative to total DNA is shown.  
Control (Cont) is DNA in mucosa obtained from a freshly isolated jejunum.  *p<0.05 compared with 0 
min (n=4–26).
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drugs, mutagens, and ionizing radiation or by injection of the monoclonal anti-CD3 antibody have 
been demonstrated to occur mainly in the crypt region.12-16)  On the other hand, the epithelial 
damage and apoptosis induced by ischemia-reperfusion, traumatic brain injury and fasting occur 
mainly in the villus region.5-6, 8, 17)  Since the present preparation in Ussing chambers exhibits 
both the villus damage and apoptosis, it can be used as an in vitro model for studying intestinal 
injuries by ischemia-reperfusion, traumatic brain injury and fasting.  Many factors such as reac-
tive oxygen or nitrogen species, TNF-a and the platelet-activating factor have been implicated 
in these diseases with villous epithelial apoptosis.7, 18-21)  In addition, a loss of cell anchorage to 
the extracellular matrix often induces a specific type of apoptosis known as detachment-induced 
cell death or anoikis.22-24)  Therefore, it would be interesting to examine whether these factors 
might be responsible for induction of the mucosal injury and apoptosis observed in the mouse 
jejunum incubated in Ussing chambers.  

Fig. 3	 Histology of jejunum mucosa incubated in Ussing chambers for 0 h (A, B and C) and 1 h (D, E and 
F).  Hematoxylin and eosin staining.  B and E show villus region, and C and F show crypt region, 
and represent an enlargement of enclosed areas in panels A and D, respectively.  Arrows indicate 
morphological features of apoptosis.  Data are representative of 3 independent experiments with similar 
results.  Bars are 50 mm for A and D, and 25 mm for B, C, E and F.
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Fig. 4	 Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) analysis.  Staining of 
jejunum mucosa incubated in Ussing chamber for 0 min (A, B and C) and 60 min (D, E and F).  B and 
E show villus region, and C and F show crypt region, which represent an enlargement of enclosed areas 
in panels A and B, respectively.  Bars are 50 mm for A and D, and 25 mm for B, C, E and F.  Arrows 
indicate positive staining of villous epithelial cells (enterocytes).  Arrowheads indicate positive staining 
of subepithelial cells.  G) Number of TUNEL-positive enterocytes in mucosa incubated for 0 min, 30 
min and 60 min.  Approximately 100 nuclei in epithelia-like cell lining in villous region were evaluated 
in each preparation.  Number at 60 min was significantly higher than that at 0 min (n=3–4).
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In summary, apoptotic death of enterocytes was involved in the injury to villi when the proxi-
mal mouse intestine was incubated in Ussing chambers.  Further elucidation of the mechanism 
underlying the villous damage in this injury model would shed light on a variety of mucosal 
disorders such as inflammatory bowel diseases, and also providing a clue to reducing graft 
preservation injury for intestinal transplantation.

ACKNOWLEDGMENT

We wish to thank Mr. Tony Innes of Link Associates for his assistance in editing the English 
text.

REFERENCES

  1)	 Iwanaga T. The involvement of macrophages and lymphocytes in the apoptosis of enterocytes. Arch Histol 
Cytol, 1995; 58: 151–159.

  2)	 Johnson LR. Apoptosis in the gastrointestinal tract. In: Physiology of the gastrointestinal tract, 4th edition, 
edited by LR Johnson. pp. 345–373, 2006, Elsevier Academic Press, Burlington.

  3)	 Lemasters JJ. Dying a thousand deaths: redundant pathways from different organelles to apoptosis and 
necrosis. Gastroenterology, 2005; 129: 351–360.

  4)	 Farber A, Connors JP, Friedlander RM, Wagner RJ, Powell RJ, Cronenwett JL. A specific inhibitor of 
apoptosis decreases tissue injury after intestinal ischemia-reperfusion in mice. J Vasc Surg, 1999; 30: 
752–760.

  5)	 Ikeda H, Suzuki Y, Suzuki M, Koike M, Tamura J, Tong J, Nomura M, Itoh G. Apoptosis is a major 
mode of cell death caused by ischaemia and ischaemia/reperfusion injury to the rat intestinal epithelium. 
Gut, 1998; 42: 530–537.

  6)	 Noda T, Iwakiri R, Fujimoto K, Matsuo S, Aw TY. Programmed cell death induced by ischemia-reperfusion 
in rat intestinal mucosa. Am J Physiol, 1998; 274: G270–276.

  7)	 Wu B, Ootani A, Iwakiri R, Fujise T, Tsunada S, Toda S, Fujimoto K. Ischemic preconditioning attenuates 
ischemia-reperfusion-induced mucosal apoptosis by inhibiting the mitochondria-dependent pathway in rat 
small intestine. Am J Physiol, 2004; 286: G580–587. 

  8)	 Hang CH, Shi JX, Sun BW, Li JS. Apoptosis and functional changes of dipeptide transporter (PepT1) in 
the rat small intestine after traumatic brain injury. J Surg Res, 2007; 137: 53–60.

  9)	 Scheving LA, Jin WH, Chong KM, Gardner W, Cope FO. Dying enterocytes downregulate signaling 
pathways converging on Ras: rescue by protease inhibition. Am J Physiol, 1998; 274: C1363–1372.

10)	 Inagaki E, Natori Y, Ohgishi Y, Hayashi H, Suzuki Y. Segmental difference of mucosal damage along 
the length of a mouse small intestine in an Ussing chamber. J Nutr Sci Vitaminol (Tokyo), 2005; 51: 
406–412.

11)	 Inagaki-Tachibana E, Natori Y, Hayashi H, Suzuki Y. In vitro diffusion barriers of the mouse jejunum in 
Ussing chambers. J Nutr Sci Vitaminol (Tokyo), 2008; 54: 30–38.

12)	 Coopersmith CM, Stromberg PE, Dunne WM, Davis CG, Amiot 2nd, DM, Buchman TG, Karl IE, Hotchkiss 
RS. Inhibition of intestinal epithelial apoptosis and survival in a murine model of pneumonia-induced sepsis. 
JAMA, 2002; 287: 1716–1721.

13)	 Deng W, Viar MJ, Johnson LR. Polyamine depletion inhibits irradiation-induced apoptosis in intestinal 
epithelia. Am J Physiol, 2005; 289: G599–606.

14)	 Ijiri K, Potten CS. Response of intestinal cells of differing topographical and hierarchical status to ten 
cytotoxic drugs and five sources of radiation. Br J Cancer, 1983; 47: 175–185.

15)	 Marshman E, Ottewell PD, Potten CS, Watson AJ. Caspase activation during spontaneous and radiation-
induced apoptosis in the murine intestine. J Pathol, 2001; 195: 285–92.

16)	 Vyas D, Robertson CM, Stromberg PE, Martin JR, Dunne WM, Houchen CW, Barrett TA, Ayala A, Perl 
M, Buchman TG, Coopersmith CM. Epithelial apoptosis in mechanistically distinct methods of injury in 
the murine small intestine. Histol Histopathol, 2007; 22: 623–630.

17)	 Fujise T, Iwakiri R, Wu B, Amemori S, Kakimoto T, Yokoyama F, Sakata Y, Tsunada S, Fujimoto K. 
Apoptotic pathway in the rat small intestinal mucosa is different between fasting and ischemia-reperfusion. 



18

Eiko Inagaki-Tachibana et al.

Am J Physiol, 2006; 291: G110–116.
18)	 Chen LW, Egan L, Li ZW, Greten FR, Kagnoff MF, Karin M. The two faces of IKK and NF-kappaB 

inhibition: prevention of systemic inflammation but increased local injury following intestinal ischemia-
reperfusion. Nat Med, 2003; 9: 575–581.

19)	 Genescà M, Sola A, Miquel R, Pi F, Xaus C, Alfaro V, Hotter G. Role of changes in tissular nucleotides 
on the development of apoptosis during ischemia/reperfusion in rat small bowel. Am J Pathol, 2002; 161: 
1839–1847.

20)	 Lu J, Caplan MS, Saraf AP, Li D, Adler L, Liu X, Jilling T. Platelet-activating factor-induced apoptosis is 
blocked by Bcl-2 in rat intestinal epithelial cells. Am J Physiol, 2004; 286: G340–350. 

21)	 Wu B, Iwakiri R, Ootani A, Fujise T, Tsunada S, Fujimoto K. Platelet-activating factor promotes mucosal 
apoptosis via FasL-mediating caspase-9 active pathway in rat small intestine after ischemia-reperfusion. 
FASEB J, 2003; 17: 1156–1158. 

22)	 Bouchard V, Demers MJ, Thibodeau S, Laquerre V, Fujita N, Tsuruo T, Beaulieu JF, Gauthier R, Vézina 
A, Villeneuve L, Vachon PH. Fak/Src signaling in human intestinal epithelial cell survival and anoikis: 
differentiation state-specific uncoupling with the PI3-K/Akt-1 and MEK/Erk pathways. J Cell Physiol, 2007; 
212: 717–728.

23)	 Fouquet S, Lugo-Martínez VH, Faussat AM, Renaud F, Cardot P, Chambaz J, Pinçon-Raymond M, Thenet 
S. Early loss of E-cadherin from cell-cell contacts is involved in the onset of anoikis in enterocytes. J Biol 
Chem, 2004; 279: 43061–43069.

24)	 Grossmann J. Molecular mechanisms of “detachment-induced apoptosis--anoikis”. Apoptosis, 2002; 7: 
247–260.


