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Abstract In gastrointestinal epithelia, apoptosis habe kinetics of the occurrence of apoptosis. In the intes-
been thought to play a part in the shedding of postmitatiice of rodents, kinetic data on the occurrence of apopto-
cells into the lumen. However, we have found that apagis and radiation-induced apoptosis have been accumu-
tosis more frequently in the generative cell (G) zone (tteed [1, 4, 15]. In small intestine and colon, apoptosis
lower one third of the pit) than in the luminal zone (theas been reported to occur at the tip of villi and in the
upper one third of the pit) and the gland zone in the agpermost part of the crypt, which is exposed to the mu-
nine pyloric gland. To analyse the regulation of apoptotiosal surface [7]. It serves as a removal mechanism for
cell death in each zone, we labelled S-phase cells by sitature cells in a tissue kinetic system with rapid cellular
gle and repeated injections of bromodeoxyuridine (Brditrnover. In the stomach, however, there are few quanti-
IV at intervals of 8 h. We found that 30% of apoptoses tative data on the relationship between cell proliferation
the G zone were flash-labelled by BrdU and might deriamd the occurrence of apoptosis, because both the inci-
from cells in or just after the S phase. The incidence dénce of apoptosis and its response to irradiation are
apoptosis and mitotic index did not change significantiguch smaller in the rodent stomach.
after repeated injections of BrdU until the 49-h point, We have found that apoptosis in the glandular epithe-
when the incidence of apoptosis increased and the mitatm is much more frequently detected in the canine than
ic index decreased significantly in the G zone, while the the rodent stomach. Using single and intermittent in-
incidence of apoptosis decreased in the luminal zofextions of bromodeoxyuridine (BrdU), we studied the
The BrdU-induced increase of apoptosis and cell-cydmetics of the occurrence of apoptosis in various parts of
arrest at the 49-h point may be caused by enhanced DiNA canine gastric gland in the steady state and in a state
mispairs that are elicited by incorporation of BrdU, iof heavy BrdU administration.
particular using the template of BrdU incorporated DNA. It is known that administration of excessive amount of
Apoptosis in the luminal zone may be down-regulated bymidine and thymidine analogues including BrdU re-
reduced cell production in the G-zone. sults not only in cell cycle arrest at @hase (through the
imbalance in the cellular pool of deoxyribonucleotide
Key words Apoptosis - Bromodeoxyuridine (BrdU) - precursors), but also in DNA strand breaks [3, 18]. In a
Stomach - Generative cell zone - [''og condition of continuous exposure of cells to a fairly low
concentration of BrdU in vitro, apoptotic cell death is re-
ported to occur in a time-dependent manner [13]. The
Introduction drawback of such a system, however, is the impossibility
of discriminating between the effect of free BrdU on
Gastrointestinal glandular epithelia, in which regular céNA precursor metabolism and the effect of the BrdU
proliferation and migration are known to occur [8, 1dncorporated into DNA strands. In order to analyse the
16, 19], give us a simple system suitable for the studylafter effect (DNA mispairs), we adopted intermittent in-
stead of continuous exposure to BrdU; the imbalance of
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higher than that of mature postmitotic cells, was further

. L . .. . Position  Non- Period of BrDU labelling

increased by intermittent BrdU injections — probably ina labelled

through the generation of DNA mispairs and strand gland lh 25h  49h

breaks. Regulation of apoptotic cell death of mature cg'~

was linked to cell proliferative activity of the generativ ~ ~ ~ ~

. . . n=5 n=8 n=6 n=5

cell (G) zone in the pyloric gland of the canine stomach.) Luminal 20.00+ 17.00+# 17.17+ 11.00+

b zone 4.47a 4.04 4.71 2.65a

Materials and methods

| Transition 2.00x 1.88% 3.33+  11.40+%

Eighteen 1-year-old and six 3- to 5-year-old beagle dogs wg
zone 071b  1.36 1.97 5.68b

used: 8 were given a single injection of BrdU (100 mg/kg bo
weight V) about 1 h before sacrifice (flash label); 6 and 5 dog
were given 4 and 7 repeated injections of BrdU (each
100 mg/kg body weight 1V) at 8-h intervals, respectively. (The i
terval of 8 h corresponds to the duration of DNA synthetic phas G-zone  28.20+ 30.50+ 46.67+ 66.60+
4 16.50c  16.84  12.20c  3.85¢
The other 5 were control dogs and received no BrdU injections. 4 . i (30.22+ (67.16+ (91.88+
The stomachs were fixed in 10% formalin and embedded 33 ¥ : 14.41)  13.10) 2.55)

avidin-biotin-peroxidase complex method and detection of apopys
sis by the TdT-mediated dUTP-biotin nick end labelling (TUNEL##
method as well as for histological examination. .

Part of the pyloric mucosa was taken while fresh for an ele§#
tron microscopic study of apoptosis in 3 of the dogs. The sampted
tissues were fixed in 2% glutar-/2% paraform-aldehyde in 0.05Bg. 1 Incidence of apoptosis (mean+SD) per 50 gastric glamds (
cacodylate buffer (pH 7.4) at 4°C overnight, postfixed in 1% osnriumber of dogs). Numbers in brackets indicate percentages of all
um tetraoxide for 1 h at room temperature and embedded in epaggptoses that were BrdU labelles-d P=0.007,b-5 P=0.02,
resin (Quetol 812, Nissin EM, Tokyo). After staining of the ultrae—¢ P=0.005,c—c’ not significant P=0.08’
thin sections with uranyl acetate and lead citrate, electron micro-
graphs were taken with an electron microscope (Hitachi H-500).

We detected BrdU immunoreactivity following the method désoth apoptotic cells and bodies. We divided the pyloric gland into
scribed previously [22, 23] with modifications. Briefly, before apfour portions: the luminal zone (upper one third of foveolar pit),
plying anti-BrdU antibody, we pretreated sections in 1 N HGQhe transitional zone (middle one third of foveolar pit), the G zone
0.05% proteinase (type XXIV, Sigma, St. Louis, Mo.) and again {flower one third of the foveolar pit) and the gland zone (Fig. 1). In
1 N HCI for 20 min each. Incubation with monoclonal mouse angach zone, we calculated the incidence of apoptosis per 50 glands.
BrdU (Becton-Dickinson, Mountain View, Calif., 1:50) was don&Ve counted labelled apoptosis using a 100x objective lens and
at 4°C overnight, followed by incubation with biotinylated goatalculated the percentage of BrdU-positive fraction of the apopto-
anti-mouse antibody and streptavidin-biotin-peroxidase complsis in each zone. Similarly, the mitotic index of each zone was de-
(Histofine SAB-PO(M) kit, Nichirei, Tokyo) for 30 min each. Thetermined as the total number of mitosis in 50 pyloric glands. Sta-
nuclei were lightly counterstained with haematoxylin. tistical assessment of the data was done by Student’'s T-test, and

To detect DNA strand breaks, TUNEL was carried out acconghe difference was considered to be significant wherPtalue
ing to the method of Gauvrieli et al. [7] after microwave irradiatiowas smaller than 0.05.

[21]. We used the Mebstain Apoptosis Kit (MBL, Nagoya). Brief-

ly, after dewaxing and rehydration, the tissues were immersed in

10 mM citrate buffer (pH 6.0) and placed in a microwave oven
(Hitachi, MR-M33, Tokyo) at 500 W for 2 min. SubsequentlyResults
slides were gently cooled in a bath of cold tapwater and trans-

ferred to PBS. The irradiated sections were digested witig2al P . _ P,
proteinase K in PBS for 10 min at room temperature. ThenuILOOIn our staining conditions, TUNEL-positive cells were

of TdT solution (mixture of 90 ml of TdT buffer, 8 of biotinyla- MOstly restricted to apoptotic cells with condensed chro-
ted dUTP and 5ul of TdT), containing 0.3 Wil TdT and matin. In the pyloric glands of the dogs that received no
0.04 nmolfil biotinylated dUTP, were added to cover the sectiongrdU administration, some TUNEL-positive cells were

which were then incubated in a moist chamber for 60 min at 37¢ ; ; i _
Sections were washed with TB buffer (300 mM sodium chlorid(egncountered in_the luminal zone (Fig. 2a), more fre

30 mM sodium citrate) for 15 min at room temperature, and theh€ntly in the G zone (Fig. 2b) and rarely in the transi-
with PBS. They were subsequently incubated with peroxidasedi®n and the gland zones.

belled streptavidin for 30 min and finally stained with diamino- Figure 3 demonstrates the ultrastructure of a typical
benzidine—HO, solution. Sections were lightly counterstalnerépoptotiC cell in the G zone of the gastric pit. Such a cell

with haematoxylin. . . - : .
We counted apoptosis using a 40 objective lens in 50 pylol IyPically located on the basal side of the epithelium

glands selected to include the full depth of foveolar pit in the sd&ig. 3a). The nucleus is markedly electron dense and the
tions. Apoptotic cells were recognized as contracted cells wightoplasm is condensed (Fig. 3b), with mitochondria (ar-

condensed nodular, ring-like or beaded nuclear chromatin [24] thg{ys in Fig. 3c). These pictures conform to those of clas-
were positively stained by TUNEL method. Apoptotic bodies co’z/

Gland 4.67+ 3.88% 3.83+ 4.40+
zone 1.53 1.25 0.75 0.89

sisted of small, rounded, dense chromatin fragments. As the a o3 apoptosis. The presence of mucous granules in the

ptotic cells and bodies were often difficult to differentiate at tHeytoplasm (arrowheads in Fig. 3c) indicates the epithelial
light microscopic level, we use the term apoptoses to represerigin of the cell.
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Table 1 Mitotic index (mean+SD) per 50 gastric glanasnum-
ber of dogs;

Position Nonlabelled Period of BrdU labelling
in a gland
1lh 25h 49 h

n=5 n=8 n=6 n=5
Luminal 0 0 0 0
Transition 0 0 0 0
G-zone 29.2+410.3* 32.6+12.1 31.7+6.0 13.8+4.8*
Gland zone 0 0 0 0
P=0.002%

The incidence of apoptosis and mitosis did not change
significantly from the level in non-labelled dogs follow-
ing single or repeated injections of BrdU for up to 25 h
in either zone (Figs. 1, 4, 5). After intermittent labelling
for 49 h, the incidence of apoptosis increased in the G-
zone (Fig. 6) and the transition zone, while it decreased
in the luminal zone and showed no significant change in
the gland zone (Fig. 1).

After 49 h of intermittent labelling with BrdU, the la-
belled zone was expanded to the transition and the gland
zones, but the mitotic index of the G-zone reduced sig-
nificantly (Table 1). Mitotic figures were hardly seen in
the labelled cells in the transition and gland zones. This
discrepancy indicated that the labelled cells were largely
postmitotic cells even at the 49-h point.

Apoptoses were scattered at random in the labelled
zone. In the G-zone, 30.3%, 67.2% and 91.9% of apopt-
oses were labelled by single and intermittent injections
for 25 h and 49 h, respectively (Figs. 4-6). In the luminal
zone, labelled apoptoses were hardly seen even after
49 h of intermittent labelling.

At the 49 h point of intermittent labelling, the in-
creased number of apoptoses in the transition zone was
largely labelled (77.3+9.1%). In the gland zone, the la-
belling index of apoptosis increased markedly to
66.7+24.9%, as against 7.5+11.7% at 2PH(.004). At
least some of the labelled apoptoses in these zones may
have migrated from the G zone. The non-labelled apopt-
oses decreased not only in the luminal zone, but also in
the gland zone; the incidence of non-labelled apoptoses
in the gland zone (per 50 glands) decreased from
3.9+1.3 at 1 h to 1.4+£1.0 at 49 R£0.002). In the gland
zone, this reduction in non-labelled apoptotses and the
above-mentioned increase in labelled cells were bal-
anced, so that the frequency of total apoptosis was not
significantly changed. In the foveolar pit these two
changes occurred separately in the luminal and the tran-
sition zones.

Fig. 2 TUNEL-positive apoptoses iathe luminal zone anH the
G-zone of a non-labelled dog. Therows indicate apoptoses. The
arrowheadsndicate mitotic figures. x10(:)
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Fig. 3a—c Ultrastructure of an & |
apoptosis in the G zona. . a
Semithin section of the G zone %, !
of the pit. Thearrow indicates !
an apoptosis located on the bas-
al side.Bar 10 um b Electron
micrograph of the apoptosis in-
dicated by tharrowin a. It has L
an eccentric, condensed nucle- ,

us.Bar 1 um ¢ Higher magnifi-

cation ofb. The condensed cy-
toplasm contains mitochondria
(arrows) and mucous granules -~
(arrowhead$. Bar 0.5um

Discussion

Apoptosis occurred not only in the uppermost part of fo-
veolar pits (luminal zone) but also (more frequently)
within the G zone and in the gland zone. The apoptoses
in the luminal and gland zones are related to cellular
turnover; the incidence of apoptosis in the luminal zone
was greater than that in the gland zone, reflecting a more
rapid cellular turnover rate in the foveolar pit than in the
glandular portion [8]. However apoptosis in the G-zone
is supposed to play a role in the control mechanism of
cell proliferation even in the steady state. Quastler and
Sherman [19] already pointed out a discrepancy between
the cell production in the crypts and cell loss in the intes-
tinal villi; they supposed the overproduction of cells in
the G-zone may be balanced by the cell loss within the
crypt epithelium.

The apoptosis in the G-zone of the stomach was much
more common in dogs than in mice (data not shown), for
unknown reasons. In the human gastric mucosa, apopto-
sis in the G zone was recently described to be rare [9].
We recently found that cell proliferation of a human gas-
tric cancer cell line remained almost unaffected by inter-
mittent exposure to BrdU (unpublished data). These sug-
gest that susceptibility of proliferative cells to apoptosis
may vary remarkably from species to species and be-
tween in vivo and in vitro systems.

To study the regulation of the occurrence of apoptosis
in the canine pyloric gland, we carried out flash and iminimum estimation. As a result, at least 30% of the ap-
termittent labelling of proliferating cells with BrdU, andptoses in the G-zone were flash-labelled and considered
detected BrdU labels in apoptoses. At light microscogi be generated in and just after the S phase, as apoptosis
level, difficulty in unequivocal detection of BrdU labelss known to be recognized as soon as a few minutes after
in condensed apoptotic nuclei has hampered quantifittae induction. There are several reports pointing out that
tion of the labels [20]. We found that the detectability ¢fie apoptosis related to the €heckpoint occurs prefer-
BrdU label has much improved by using x100 objectientially in or just after the S phase [6, 12].
lens and light nuclear counterstain (Fig. 4). But it may be If the apoptosis in the G-zone occurred exclusively
safe to consider our labelling indices of apoptoses aduaing the S phase, most of the apoptoses in the G-zone
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Figsl. 4-6 Serial K;sectic;ns ?jf the G-zone of canine SftomC?Chf afieell cycle time of canine gastric gland [23], the cells tra-
single_injection Fig. 4) and intermittent injections of BrdU for yersing the Gcheckpoint may be largely non-labelled at
25 h Fig. 5) and 49 hig. €); staining incorporated BrdU andb 1, o tirr?e poi%t of 25ph after tze begignizg of BrdU expo-

TUNEL labels.Arrowsin Figs. 4b 5b and6b indicate TUNEL-la- . . .
belled apoptoses. x40@setin Fig. 5ashows clustered apoptosesSure, while only a small proportion of BrdU-incorporated
labelled with BrdU. x1000nsetin Fig. 5b shows higher magnifi- cells may reach the &heckpoint. This may be the rea-

cation of a TUNEL-labelled apoptosis. x1(:00 son why the incidence of apoptosis and mitosis in the G
zone did not significantly alter by single or intermittent
exposure to BrdU for up to 25 h.
should have been labelled by intermittent labelling for After 49 h of intermittent labelling of BrdU, the inci-
25 h, that is longer than the reported life time of apoptdence of apoptosis increased significantly, accompanied
sis (12—-18 h [24]). The actual labelling index was 67.2%y cell cycle arrest (decreased mitotic index). By this
This fact suggests that some apoptoses occur in the @elé point, most of the BrdU incorporating cells reach
cycle phase other than the S phase, possibly relatinght® G checkpoint and some ;@poptosis may occur at
the G checkpoint [10]. As it was estimated to take #lis checkpoint probably due to the presence of DNA
least 28 h for labeled S-phase cells to reach th&S@- mispairs. The amount of DNA mispairs may increase
terphase (G checkpoint) calculated from the reportedramatically in cells that have passed thec@eckpoint



280

as these cells incorporate more BrdU using the BrdU-if- Gavrieli Y, Sherman Y, Ben-Sasson SA (1992) Identification
corporated template DNA. In this circumstance, mispairs of programmed cell death in situ via specific labeling of nucle-

ar DNA fragmentation. J Cell Biol 119:493-501
between DNA strands and DNA strand breaks may OCCYI yattori T, Fujita S (1976) Tritiated thymidine autoradiographic

so frequently that many proliferative cells undergo apop- studies on cellular migration and renewal in the pyloric muco-
tosis during the S phase or at thedBeckpoint. sa of golden hamster. Cell Tissue Res 175:49-57

DNA mispairs elicited by BrdU have been underesti9- Ishida M, Gomyo Y, Tatebe S, Ohfuji S, Ito H (1996) Apopto-

; ; ; sis in human gastric mucosa, chronic gastritis, dysplasia and
mated in studies using cell culture systems [2, 11, 17]. carcinoma: analysis by terminal deoxynucleotidyl transferase-

Our results suggest that the proliferative cells in Vivo mediated dUTP-biotin nick end labeling. Virchows Arch
may be much more sensitive to DNA mispairs than those 428:229-235

in cell lines, which may have partially lost the checRO. Kastan MB, Canman CE, Leonard CJ (1995) Cell cycle and

point function during the process of immortalization. It 3293“‘1)?: implication for cancer. Cancer Metastasis Rev

is also i_mportapt to qemonStrate to What extent p53 p'&i)iS Kaufman ER, Davidson RL (1978) Bromodeoxyuridine muta-
a role in the induction of apoptosis by BrdU. To ap- genesis in mammalian cells: mutagenesis is independent of the
proach this point, we are now trying to detect p53 prod- amount of bromouracil in DNA. Proc Natl Acad Sci USA

ucts in our material. 75:4982-4986

: _ Kelley LL, Green WF, Hicks GG, Bondurant MC, Koury MJ,
The increased occurrence of apoptosis in the G ZaﬁeRuley HE (1994) Apoptosis in erythroid progenitors deprived

and the probable elongation of cell cycle time induced of erythropoietin’ occurs during the,@nd S phase of the cell
by BrdU incorporation may result in reduction of cell cycle without growth arrest or stabilization of wild-type 53.

production. The reduced incidence of non-labelled apop- '\Igglrlgglll(B:\(/l)!atiAtfz:aél%g(?ngJ%?%mmunocytochemistry of apoptosis

tosis after 49 h of intermittent labelling in the luminat™ o by bromodeoxyuridine in human leukemic HL-60

and the gland zones suggests that the occurrence of apselis. Jpn J Cancer Res 88:44-48

optosis in these zones is down-regulated to compensata. ipkin M, Sherlock P, Bell B (1963) Cell proliferation kinetics

the reduced cell production. in the gastrointestinal tract of man. Gastroenterology 45:721—
In summary, BrdU-induced apoptosis elicited by in 12

¢ ittent to BrdU b d f 7 Merritt AJ, Potten CS, Kemp C, Hickman JA, Balmain A,
ermittent exposure 1o br can be used for an In VIVO | gne pp, Hall PA (1994) The role of p53 in spontaneous and

assessment of checkpoint function and regulation mecharadiation-induced apoptosis in the gastrointestinal tract of nor-

nism between the cell death of mature cells and cell pro-mal and p53-deficient mice. Cancer Res 54:614-617

Ilferatlon |n experlmental anlmal Systems 16. Messier B, Leblond CP (1960) Cell prOlIferatlon and migra-
tion as revealed by radioautography after injection of thymi-

. . dine-H3 into male rats and mice. Am J Anat 106:247-285
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