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Abstract

AIM: To investigate the patterns of cell proliferation in
proximal and distal colons in normal rats and rats with 1,2-
dimethylhydrazine (DMH) induced carcinogenesis using the
thymidine analogue bromodeoxyuridine.

METHODS: Colonic crypt cell proliferation was
immunohistochemically detected using the anti-
bromodeoxyuridine Bu20a monoclonal antibody.

RESULTS: Marked regional differences were found in both
groups. Total labelling index (LI) and proliferative zone size
in both normal (8.65+0.34 vs 7.2+0.45, 27.74+1.07 vs
16.75+1.45) and DMH groups (13.13+0.46 vs 11.55+0.45,
39.60+1.32 vs 35.52+1.58) were significantly higher in distal
than in proximal colon (P<0.05), although the number of
cells per proximal crypt was greater (31.45+£0.20 vs 34.45
+0.39, 42.68+0.53 vs 49.09+0.65, P<0.0001). Crypt length,
total LI and proliferative zone size all increased in both proximal
and distal regions of DMH rats compared to normal controls
(P<0.0001). In DMH-treated rat colon a shift of labelled cells
to higher crypt cell positions was demonstrated distally whilst
a bi-directional shift was evident proximally (P<0.05).

CONCLUSION: Our results show that changes in cell
proliferation patterns, as assessed by bromodeoxyuridine
uptake, can act as a reliable intermediate marker of colonic
cancer formation. Observed differences between proliferation
patterns in distal and proximal colon may be associated with
the higher incidence of tumors in the distal colon.

Ma QY, Williamson KE, Rowlands BJ. Variability of cell
proliferation in the proximal and distal colon of normal rats and
rats with dimethylhydrazine induced carcinogenesis. World J
Gastroenterol 2002; 8(5):847-852

INTRODUCTION

Abnormality in epithelial proliferation is considered to be a
characteristic of both human diseases associated with higher

risk of colonic cancer and animal colonic cancer model g9,
Hyperproliferation of colonic epithelia cellswas observed in
tritiated thymidine-labelled colorectal specimensfrom patients
with familial polyposis Coli, adenomas and hereditary non-
polyposis colon cancer*16, Assessment of colonic crypt cell
proliferation, including detection of increased proliferative state
and expansion of theproliferative zoneissuggested as aputative
intermediate marker of colon cancer risk(**l, Evidence from
animal studies showed that experimental colonic tumorsinduced
by procarcinogen 1,2-dimethylhydrazine (DMH) are of epithelial
origin with a similar histology, morphology and anatomy to
human colonic neoplasms!?21, Furthermore, prior to the
development of colonic cancer, DMH injections result in
increased colonic crypt cellularity, colonic crypt cell
proliferation and colonic crypt proliferative zone!???3. This
procarcinogen thus provides an adequate model for kinetic and
therapeutic studies of the colorectal cancer*, |n the normal
rat colon, the location of the stem cells and the direction of
colonocyte migration differ between the distal colon and the
proximal coloni®. Interestingly, differencesin the incidence,
morphology and clinical behaviour of colonic carcinoma have
been identified in the proximal and distal colon'®®¢. However,
there are no studies which use bromodeoxyuridine (BrdUrd)
to compare cell proliferation patternsin the distal and proximal
colonic locations of both normal and colonic cancer animals.

BrdUrd is athymidine ana ogue which, after incorporation
into normal and malignant cells during the S-phase of the cell
cycle, can be detected using a monoclonal antibody. BrdUrd
immunohistochemistry offers severa advantagesover thymidine
autoradiography. Firstly, because aradioactive precursor is not
required, there is less background interference in the tissue
sections. Secondly, aclear distinction between the labelled cells
and unlabelled cellsis provided. Thirdly, the BrdUrd technique
is less time-consuming, thus being more suitable for
incorporation into routine diagnostic services. Finally, because
BrdUrd isalso atherapeutic agent, BrdUrd may be safely injected
into the human body to study the cell proliferation in the patients
without introducing additional procedures®”. Severa studies
have demonstrated that the LI estimated by BrdUrd
immunohistochemistry is equivalent to that obtained by
thymidine autoradiography when anin vitro labelling technique
isused®. This suggests that BrdUrd LI may be used to replace
thymidine LI in both in vitro and in vivo studies.

In the present study, BrdUrd in vivo cell labelling was
employed to determine the crypt cell proliferation patternsin
the proximal and distal rat colons from normal and DMH-
induced colon cancer animals.

MATERIALS AND METHODS

Twelve male Wistar rats with initial weight between 180 g
and 220 g were housed, 3in acage, and maintained on standard
laboratory diet (41 B (M)) with free access to water. Six of
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these animals received weekly subcutaneous injections of
colonic procarcinogen 1,2-dimethylhydrazine (DMH, Aldrich
Chemical Company Inc) at a dosage of 20 mg/kg body weight
for 20 weeks. The DMH was prepared asa0.5 % solutionin 1
mM ethylenediaminetetra-acetic acid (EDTA, BDH Limited
Poole, England) adjusted to pH 7.0 with 10 % sodium
bi carbonateimmediately beforeinjection. Animaswereinjected
at the same time on the same day each week. Animals were
sacrificed 2 weeks after the last DMH injection. Fifteen minutes
before removal of the colon, the anaesthetized rats received a
peritonedl injection of 5 mg 2 % BrdUrd (Sigma B-5002). This
was always done between 9 am. and 11 am. to avoid diurna
variation. The colon was removed and rinsed with tap water.
Following excision of the caecum and rectum, the remaining
colon was divided into proximal and distal halves. A 1-2 cm
segment of each end of the proximal and distal colon was
discarded. After fixationin 70 % ethanol for 4 hours,the ssgments
wererolled prior to processing and embedding in paraffin wax.

BrdUrd immunohistochemistry

Several 3 mm sections were cut and placed on poly-L-lysine
coated slides. The slides were dewaxed before DNA was
denatured in 1M HCI at 37 °C for 12 minutes. After rinsing in
phosphate buffered saline (PBS, pH 7.1) the sections were
incubated with 30 mM mouse anti-BrdUrd monoclonal antibody
(M 744 Dako, Bucks, England) diluted 1:50 in PBSwith 0.05 %
Tween 20 (PBST) with added normal rat serum diluted 1:25
for 60 minutes at room temperature. After afurther rinsing in
PBS, the sections were incubated with biotinylated rabbit anti-
mouse F(ab’ ), antibody (E 413 Dako, Bucks, England) at a
dilution of 1:200in PBST with added rat serum for 30 minutes
at room temperature. Slideswere again rinsed in PBS and then
incubated with Streptavidin-Biotin Peroxidase complex (K 377
Dako, Bucks, England) for 30 minutes at room temperature.
Finally, the reaction product was visualized using
diaminobenzidine hydrochloride (DAB) (Sigma, Dorset,
England) primed with 100 m of 30 % H,O, (diluted 1:20 with
distilled water) for approximately 5 minutes. After DAB was
washed off with distilled water, the sections were lightly
counterstained in Harris haematoxylin before dehydration and
mounting in DPX.

Counting and scoring

Only complete well-orientated longitudinally sectioned crypts
which displayed lumen at the top and muscularis mucosae at
the base was used for analysis. Comparisons between the
following 4 groups were undertaken: distal colon from normal
rats, proximal colon from normal rats, distal colon from DMH
rats and proximal colon from DMH rats. To facilitate scoring,
each crypt was divided at the base into 2 crypt columns
(hemicrypts). Starting at the base of the hemicrypt, cellswere
numbered up to the lumina surface of the colon to determine
the number of cells per hemicrypt (CPC) and then divided into
5 equal compartments each containing the same number of cells.
The number and the position of BrdUrd-labelled cellsin the
hemicrypt were recorded. The proliferative zone, which was
expressed as a percentage, was obtained by calculating the
difference between the highest and lowest labelled cellsin each
hemicrypt and dividing this Figureure by the total number of
cellsin the hemicrypt. Labelling index (L1) was determined for
the whole hemicrypt, for each compartment and for the
proliferative zone, by dividing the number of labelled cells by
thetotal cellsand multiplying by 100. Each hemicrypt wasthen
normalised to a notional 100 cell positions. The frequency of
BrdUrd positive cellsin each of the 100 positions was recorded.

Statistical analysis

All results are presented as the mean +SEM. Two design
variables were generated: (1) DMH, where 1 represents a case
where DMH has been administered, O represents otherwise; and
(2) POSITION, where 1 represents a sample from the proximal
colonic crypt, while O represents one from distal colonic crypt.
Multivariate linear regression analyses were performed using
the two design variables as covariates against each of the
measured parameters (Table 1). Whenever appropriate a two
sided Student’ st test wasused to identify the differences between
individua variables. Kolmogorov-Smirnov 2 sampletest (3) was
used to compare the BrdUrd cumulative labelling frequency
curvesin thefour subsetsin the sampleidentified with reference
to (1) the presence of DMH trestment, and (2) the site of origin
of the sample from the colon. Results were considered to be
significant when P<0.05 in all cases.

Table 1 Multivariate linear regression analyses with 2 design
variables against 7 measured parameters

Response variable Covariate Coefficient P-value
CPC DMH 12.386 <0.05
POSITION 5.004 <0.05
TOTLI DMH 4.433 <0.05
POSITION -1.528 <0.05
INDLI 1 DMH 3.915 <0.05
POSITION -9.006 <0.05
INDLI 2 DMH 4.504 <0.05
POSITION -2.159 0.14
INDLI 3 DMH 10.425 <0.05
POSITION 3.343 <0.05
PZONE DMH 18.169 <0.05
POSITION -4.454 <0.05
PZONELI DMH -18.312 <0.05
POSITION 1.725 0.43

CPC, cell per hemicrypt; TOTLI, total hemicrypt labelling index;
INDLI 1, individual LI in compartment 1; INDLI 2 individual
LI in compartment 2; INDL 3, individual LI in compartment 3;
PZONE, proliferative zone; PZONELI, labelling index of pro-
liferative zone.

RESULTS

Proximal compared to distal colon

CPC was significantly greater in the proximal compared to
the distal colon in both normal (t=7.42, P<0.0001) and DMH-
treated groups (t=7.76, P<0.0001, Table 1). Thetotal hemicrypt
LI was significantly higher in distal than proximal colon in
both normal (t=2.43 , P=0.016) and DMH treated animals
(t=2.47, P=0.014). In the normal controls, BrdUrd labelled
cellsin the proximal colon were located predominantly in
compartment 2 and 3 (88.4 %), whereas the labelled cellsin
the distal colon were found mostly in compartment 1 and 2
(85.3 %). In compartment 1, L1 was significantly higher in
distal than in proximal colon (t=8.05, P<0.0001), while in
compartment 3 LI was significantly lower in distal than in
proximal colon (t=-4.46, P=0.0001, Figure 1). Labelled cells
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never appeared in compartment 5. The size of the proliferative
zonewashigher digtally (t=2.57, P=0.011). When thecumulative
labelling distribution curves of the proximal and distal colons
of normal rats were compared the distal colon showed a
significant shift to the left (K-S=2.192, P<0.0001, Figure 2).
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Figure 1 Labelling indices of compartment 1 and compart-
ment 3 in proximal and distal colon of normal rats. 2P<0.0001
when distal is compared to proximal colon in the same
compartment. Values are mean+SEM.
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Figure 2 The different patterns of cumulative labelling distri-
butions in proximal (NP) and distal (ND) rat colon of normal
controls. The curve is significantly shifted towards the right
when the proximal colon is compared to distal colon.

DMH compared with control rats

DMH treatment significantly increased CPC in both proximal
(t=15.9, P<0.0001) and distal colon (t=20.6, P<0.0001) when
compared with normal controls. Total LI was also increased
significantly by DMH injections in both proximal (t=6.23, P
<0.0001) and distal colon (t=7.94, P<0.0001, Table 2). The
effects of DMH on the individual LIsfor the 5 compartments
in the proximal and distal colon are shown in Figures 3 and 4.
In proximal colon, the increase in LI was in compartments 1
and 3, whereasin distal colon, theincreasein LI in DMH rats
was most marked in compartments 2 and 3. The extent of the
increase in LI in compartment 3 of the distal colon was
significantly greater than the corresponding increase in
compartment 3 L1 of the proximal colon (t=3.44, P=0.001).
Additionally, DMH increased the size of the proliferative zone
in both proximal (t=7.9, P<0.0001) and distal colonic crypts
(t=10.6, P<0.0001). However the LI of proliferative zone was
reduced because of the increased size. Further analysis of the
cumulative labdlling distributions showed a shift of the DMH
distal curve to the 81st centile which was to the right of the

plateau of the normal distal colon located at 61st centile (K-
S=1.89, P=0.001, Figure5). In contrast the cumul ativelabelling
distribution curve in proximal colon demonstrated a shift to
the left in the lower crypt cell positions and then shifted to the
right high up the crypt (K-S=3.625, P<0.0001, Figure 6).

Table 2 Comparison of cell proliferation in proximal and dis-
tal hemicrypts of normal and DMH rat colon

Normal control DMH

Parameters Proximal Distal Proximal  Distal

Cells/hemi-crypt 34.45+0.39 31.45+0.2% 49.09+0.65° 42.68+0.53¢

Labelled cells 2.49+0.16 2.74+0.11 5.7+0.24° 5.67+0.23°

Total LI 7.2+0.45 8.65+0.34% 11.55+0.45° 13.13+0.46%¢

Proliferative zone 16.75+1.45 21.74+1.07% 35.52+1.58°  39.6+1.323¢

LI of proliferative zone 59.43+3.39 56.55+2.13 39.84+1.77° 38.89+1.5°

Values expressed as mean +SEM. 2P<0.05 when distal is com-
pared to proximal in the same group, °P<0.05 when DMH
proximal is compared to normal proximal, °P<0.05 when DMH
distal compared to normal distal.
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Figure 3 Labelling indices of normal proximal colon (NP) and
DMH proximal colon (DP) for the 5 compartments. 2P <0.0001
when labelling indices in the compartments of DMH proximal
colons were compared to those found in normal proximal co-
lons in the same compartments.
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Figure 4 Labelling indices of normal distal colon (ND) and
DMH distal colon (DD) for the 5 compartments. ®P<0.05,
®P<0.0001 when labelling indices in the compartments of
DMH distal colons were compared to those found in nor-
mal distal colons in the same compartments.
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Figure 5 Cumulative labelling distribution in normal (ND)
and DMH distal (DD) rat colon. The curve is significantly

shifted towards the right in DMH distal colon compared to
normal distal colon.
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Figure 6 Cumulative labelling distribution in normal (NP) and
DMH proximal (DP) rat colon. The curve of DMH treated proxi-
mal rat colon is initially significantly shifted towards the left
and then in the higher centiles shifted to the right.

DISCUSSION

Significant regional differencesin the distribution of BrdUrd-
labelled cellslocated in proximal and distd rat colon have been
demonstrated in this study. The total L1 and the proliferative
zone size are al significantly larger in the distal than in the
proximal colonic crypt both in normal and DMH-induced
carcinogenesis animals. These regional differences in
proliferative cell distribution between proximal and distal colon
were previousy shown using other markers, e.g. *H-thymidine
autoradiography and proliferating cell nuclear antigen (PCNA)
immunohistochemistry. *H-thymidine L1 and proliferative zone
size have been reported to be significantly larger distally than
proximaly®®. Inthe distal colon, PCNA expression was strictly
confined in the lower third of the crypt, whereasin the proximal
colon it was located in the mid-crypti3,

Our results show that in the distal colon the proliferative
cells are located predominantly in the compartments 1 and 2,
whereasin the proximal colon, the proliferative cellsarelocated
in the 2nd and 3rd compartments. In earlier studies, using
tritiated thymidine, Sunter et al*” found the differencesin the
distribution of proliferative activity within the crypt from site
to site along the length of the rat colon. In the proximal colon,
Sunter noted that the peak LI waslocated in the middle third
of the crypt while in distal colon the peak was located in the
lower third near the base of the crypt.

These findings together with ours, tend to support the

explanation of crypt cell origin and colonocyte migration
described by Sato and Ahnen®4. After double labelling with
*H-thymidine and BrdUrd, they investigated the location of
stem cells and the direction of colonocyte migration in normal
rat colonic crypt. They reported that distal stem cellsare located
in the crypt base while proximal stem cells are located in the
mid-crypt. They postulated that colonocytes migrate up toward
theluminal surfacein distal colon in contrast to the bidirectional
migration, i.e. up toward the luminal surface and down toward
the crypt base in proximal colon.

Our results show that after DMH injection colonic crypt
cell proliferation is significantly increased regardless of the
position (proximal or distal) and irrespective of the proliferative
parameter assessed except the LI of proliferative zone (Table
1). The LI of the proliferative zone in the DMH animals may
not increase because of the concomitant increase of the zone
size. DMH treatment not only increases the colonic crypt
cellularity, total BrdUrd LI but also increases the size of the
proliferative zone in both proximal and distal colon. The LI of
each compartment from 1 to 3 is also increased, especialy in
the distal colon. This can be confirmed by the cumulative
labelling distribution curves (Figures5 and 6). Although DMH
treatment increases LI in both proximal and distal colon the
cumulative labelling distribution ismarkedly shifted to theright
in distal colon whereasthe proximal curve shiftsto the left (i.
e. downwardsinthe crypt). These resultsare interesting because
of the differences in colonic cancer distribution between
proximal and distal colon. The distribution of DMH-induced
colorectal cancer resembles human large bowel carcinoma, in
which the majority of tumors are recorded distally!*“2. In our
previous work when total colon was exposed to the
procarcinogen DMH, 73 % tumors occurred distally and only
12 % occurred proximallyts,

Further investigation is required to resolve the questions
concerning the differences of tumor distribution and their
relationship to the different crypt cell proliferation patterns
observed in proximal and distal colon. It has been shown that
in the proximal colon the lower one-third of the crypt contains
predominantly mucous cells whereas the upper one-third
mainly has columnar cells*3. In contrast, crypts of the distal
colon contain only a small number of mucous cells in basal
positions. The undifferentiated cells or the cellswith the lowest
level of differentiation (presumptive stem cells) are the
vacuolated cells located near or at the crypt base*!. When the
vacuolated cells migrate upward, they transformed into
columnar cells and when they migrate downward, they give
rise to mucous cells*1. The major role which stem cells play
in carcinogenesisis presumably to transform the malignancy
48 |f this hypothesisis true, there should be more mucinous
tumors expected in proximal colon and thetumorsin distal colon
should originate from columnar cells. In DMH-induced rat
colonic carcinogenesisthe tumorstended to be more frequently
sessile, often mucinous and invasive adenocarcinomas in
proximal regions and polypsin distal areas*?.

In this study we observed a greater baseline value of crypt
length in proximal than in distal colon, which is contrary to
some other published literature®49, This disparity may be due
to the differences in defining the criteria for handling the
overlapping nuclei, selecting crypts or ascertaining the top of
the crypt. We have noticed that the nuclei in the proximal colon
are not as typical as those in distal colon. In this study
longitudinally well-oriented crypts was selected and al visible
nuclei were counted.

Our study demonstrated regional differencesin crypt
cellularity and cell proliferation patterns. Additionally, we can

www.wjgnet.com



Ma QY et al. Colonic crypt cell proliferation in rats

851

conclude that the procarcinogen DMH increased crypt cell
proliferation and shifted the cumulative BrdUrd labelling
distribution in both distal and proximal rat colon. The
histochemical similarity of the distal rat colon to the human
colon® permitsthedistal rat colon to be used asamode of colonic
cancer**, Therefore, BrdUrd is an appropriate intermediate
marker for the early detection of colorectal cancer in patients at
high risk and the correct assessment of dietary interference.
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