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ABSTRACT

It has been proposed that the number and extent of tumors formed
after chronic exposure to dimethylhydrazine (DMH) can be predicted by
the indigenous number and distribution of DNA-synthesizing cells in the
murine colonie mucosa, and that this sensitivity to DMH is genetically
determined. In order to test this hypothesis we studied two genetically
distinct inbred strains of mice; the DMH-sensitive A/J (A) mouse, and
the relatively DMH-resistant CS7BL/6J (B) mouse before and after a
single exposure to DMH. The untreated A strain had the longer crypt
column (33.2 Â±0.8 (SD) cells versus 28.8 Â±0.9 cells], a higher absolute
number of labeled cells per crypt column (4.4 Â±0.6 versus 2.6 Â±0.9), a
greater labeling index (13.4 Â±1.6% versus 9.1 Â±2.9%), a wider prolif-
erative compartment, and a greater number and percentage of labeled
cells in the middle and upper thirds of the crypt than the untreated B
strain. After acute exposure to DMH the A strain lost 14 Â±3% of their
total body weight, while the B strain lost 0.5 Â±2% total body weight 48
h post-DMH. There was an initial loss of cryptai cells, a drop in the
labeling index, and a subsequent increase and overshoot in the number
of labeled cells and the labeling index. This pattern of cell loss and
recovery over time was parallel in both strains, and thus cannot explain
the differences in ultimate tumor formation after chronic exposure to the
carcinogen. The data are consistent with the theory that the susceptibility
to DMH carcinogenesis can be predicted by the indigenous proliferative
characteristics of the murine colonie mucosa. The acute proliferative
response to DMH in these strains is similar and parallel; thus ultimate
tumor load may depend on long term effects such as the establishment
of stable transmissible mutations.

nuclear aberrations in the PC of the crypts (13,14). These acute
changes are thought to reflect the vulnerability of the target
tissue to the carcinogen and are site specific for DMH (15).

It has also been suggested that a relationship exists between
the proliferative characteristics of the colonie mucosa and the
development of neoplasia both in man and in the rodent (16).
In view of the likelihood that the difference in strain sensitivity
to DMH is genetically controlled (17), it has been proposed
that the LI and distribution of DNA-synthesizing cells of the
murine colonie crypt under physiological conditions should be
able to predict the degree of sensitivity to ongoing carcinogen
exposure.

In order to test these theories we used DMH as the carcinogen
and two inbred strains of mice, the DMH-sensitive A/J (A)
mouse and the relatively DMH-resistant C57BL/6J (B) mouse
as our test animals. These mice are especially well suited for
analysis in view of their great differences in resistance to infec
tion and malignancy (18, 19) and because a large number of
phenotypic markers have already been mapped to the genome.

Thus the purpose of this study was to (a) quantify the base
line proliferative indices of the distal colonie crypts in two
genetically distinct groups of mice that have different sensitiv
ities to DMH; and (b) document the sequence of changes that
occur in the crypts of each strain following a single exposure to
DMH.

INTRODUCTION

DMH2 has been shown to be a reliable inducer of colonie

tumors in mice and rats (1,2). Most of the recent experimental
research has concentrated on the effects of manipulating diet
on DMH carcinogenesis (3-5). The dietary effects are thought
to be mediated through changes in the intestinal microflora and
in the composition of bile acids and neutral sterols secreted in
the intestine (6). Although these environmental factors have
been suggested to be the major determinants in the development
of colon cancer in humans, genetic factors have also been
implicated in susceptibility to spontaneous and induced colonie
tumors (7, 8). Since the first report by Evans et al. (9) on the
differential susceptibility of several mouse strains to DMH-
induced tumors, several studies have confirmed that DMH
sensitivity is strain dependent (10-12). The mechanisms by
which sensitivity or resistance to DMH is inherited are poorly
understood. One approach by which to examine this difference
is to assess the early changes that occur in the colonie crypt
cells of different inbred strains of mice following a single
exposure to the carcinogen. It has been shown that a single s.c.
or intrarectal dose of DMH can induce specific cytological
changes in the colonie mucosa as well as a rapid inhibition of
DNA synthesis in S-phase cells and an early induction of

Received 5/6/85; revised 2/25/86, 2/24/87; accepted 6/3/87.
1To whom requests for reprints should be addressed, at The Montreal General

Hospital, The University Surgical Clinic, 1650 Cedar Avenue, Room 971, Mon
treal, Quebec, Canada, H3G 1A4.

2The abbreviations used are: DMH, 1,2-dimethylhydrazine; LI, labeling index;

PC, proliferative compartment; TBW, total body weight.

MATERIALS AND METHODS

Female mice of each strain were obtained at 7 weeks of age and were
observed for 1 week before the start of the experiment. Both the A/J
and C57BL/6J strains were purchased from The Jackson Laboratory
(Bar Harbor, ME). Only female mice were used to avoid differences in
proliferative parameters attributable to estrogenic factors (20, 21). All
mice were fed Purina laboratory chow (Ralston Purina Co., Richmond,
IN) and water ad libitum, and were housed in wire cages, 4-5 mice/
cage, with wood chip bedding, in temperature- and humidity-controlled
rooms with a 12-h light, 12-h dark cycle.

The DMH-exposed animals were given a single s.c. injection of
DMH (Aldrich Chemical Corp., Milwaukee, WI), at a dosage of 15
mg/kg body weight. Fresh solutions were prepared by dissolving DMH
in normal saline at a concentration of 0.3 g/100 ml and were alkalinized
with NaOH to a pH of 6.5. Groups of 3-5 animals were sacrificed at
1,12, 24,48, 72, and 96 h following the DMH injection. Three animals
were in each of the 1-h groups, 4 animals in the I2-h group, and 5
animals were in each of the remaining groups. Six animals in each
strain served as controls and received saline injection only.

All animals received an i.p. injection of tritiated thymidine, 1 Â¿tCi/g
body weight (specific activity, 6.5 Ci/mmol; New England Nuclear,
Ltd., Lachine, Quebec, Canada) l h prior to sacrifice. AH animals were
killed between 10 and 11 a.m. to avoid diurnal fluctuations in their
proliferative indices (22, 23).

Tissue Handling

All animals were killed by cervical dislocation. The large bowel was
removed, opened along its entire length, and washed with cold saline
solution. The lengths and weights of the colon from anus to cecum
were recorded, and then the distal 3 cm of colon was pinned, mucosal

4766

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/18/4766/2428277/cr0470184766.pdf by guest on 19 M

ay 2023



COLONIC CRYPT CELL DYNAMICS AND NEOPLASTIC POTENTIAL

surface upward, to a cork board and fixed in 10% buffered formaldehyde
solution for 24 h.

AutoradiographicSlides

Complete transverse blocks of each colon were then embedded in
paraffin and histolÃ³gica! sections 3-4 ^m thick were prepared. Auto-
radiographs were then processed by the dipping method of Leblond et
al. (24). After a 2-week exposure time, slides were fixed and stained
lightly with hematoxylin and eosin.

Crypt Analyses

In each autoradiograph a quantitative analysis was carried out using
either the "left" or "right" sides of 30 perfect axial sections of crypts,

the criteria for selection being that the crypt be sectioned longitudinally
with its base in apposition to the muscularis mucosa and its mouth at
the lumenal surface. Crypts were counted at random from the entire
section of colon. The height of each crypt column was measured by
counting the number of cells from base to mouth of the crypt. The
number of labeled cells and position of each labeled cell were also
recorded. In 30 additional crypts which were cut transversely to the
lumen of the intestine, the number of columns was measured by
counting the number of cells around the periphery of the crypt. Thus
the number of cells/crypt column, multiplied by the number of col
umns/crypt gave the total number of cells/crypt for each colon scored.
The level at which the crypt was sectioned was random. It is recognized
that the diameter of the crypt changes from one level to another and
that, particularly in the presence of a carcinogen, budding and branching
of the crypts occur, forming a complex pattern. The number of cells/
crypt is therefore considered only as a very crude estimate of the real
number.

Background "fog" was negligable and cells were considered labeled

if 7 or more grains were seen over the nucleus.

Distribution Analyses

In the control animals, distribution curves were derived by counting
the percentage of the cells labeled at each cell position along the length
of the crypt for each colon scored.

For the control groups, each animal had the mean number of cells
per crypt column (i.e., crypt height) divided into thirds, and each labeled
cell was assigned to either the lower, middle, or upper third of the crypt
for each colon scored.

Statistical Analysis

Control Animals. Means and standard deviations of all measurements
were calculated for each strain. Differences in crypt column height,
number of columns per crypt, number of cells per crypt, number of
labeled cells per crypt column, and LI were compared by applying the
Student's i test. Strain differences in LI as a function of cell position

within the crypt column were assessed by using a matched-pair r test.
DMH-exposed Animals. Differences between group means for crypt

column height, LI, and absolute number of labeled cells per crypt
column across time in each DMH treatment group were calculated,
and their significance was tested by using a mixed model analysis of
variance.

RESULTS

Control Animals

The mean body weight for the A mice was 21.5 versus 17.2 g
for the B mice. Colon weights were 533.3 mg for A versus 388.3
mg for B. Colon lengths (cecum to anus) were 14.0 cm for A
and 10.6 cm for B. All of these values were significantly different
(P < 0.001 ) as shown in Table 1.

Proliferative Indices

Table 1 Body weight, colon weights, colon lengths, and proliferatire indices in
A/J and C57BL/6J untreated control mice"

All proliferative indices represent the mean Â±SD from the means of 30 crypt
columns or 30 crypt cross-sections for each animal scored. All animals received

tritiated thymidine i.p. l h before sacrifice.

C57BL/6J A/J

Morphometric indices
Body wt (g)
Colon wt (mg)
Colon length(cm)Proliferative

indices
Column height (cells)
No. of columns/crypt
No. of labeled cells/column
No. of cells/crypt
Labelingindex"

Six animals per group.
*/>< 0.001 A versus B.
c P<0.01 A versus B.
d No. of cells/crypt, column height x17.2

Â±0.8 21.5 Â±2.2*
388.3 Â±45.7 533.3 Â±37.2*

10.6 Â±0.3 14.0Â±0.7*28.8

Â±0.8
15.0 Â±0.2
2.6 Â±0.8

430 Â±16'

9.1 Â±2.9no.

of columns/crypt33.2

Â±O.r
15.7 Â±0.9
4.4 Â±0.5e
524 Â±29e
13.4 Â±1.6Â°
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As can be seen from Table 1 the proliferative indices for the
A strain under physiological conditions were significantly

5 10 15 20 25

CELL POSITION IN CRYPT COLUMN
Fig. I. LI for each cell position in crypt columns of control A/J and C57BL/

C).Imice. Points, mean LI for each cell position scored in 6 animals of each strain.

greater than that for the B strain. The mean crypt height was
33.2 cells for A and 28.8 cells for B (P < 0.01). Also, the mean
number of labeled cells per crypt column (4.4 versus 2.6), the
mean number of cells/crypt (524 versus 430), and the mean LI
(13.40 versus 9.16) were all significantly greater in the DMH-
sensitive A strain. The only parameter that was not different
was the number of columns/crypt (15.7 versus 15.0). This crude
estimate had small interanimal variance but wide intercrypt
variance, and depending on the level of cross-section, i.e., closer
toward the base versus closer toward the lumen, the crypt would
have fewer or more columns. This reflects the shape of the
crypt and underscores the difficulty in deriving estimates of
whole crypt populations in two-dimensional analyses.

Distribution Analysis

The LI for every cell position along the crypt was examined
in both strains of mice (Fig. 1). For all cell positions the DMH-
sensitive A strain has a higher percentage of cells labeled than
the B strain. As well, the A mouse has labeled cells up to
position 25 whereas the B strain has termination of DNA
synthesizing cells at position 17. These two curves were com-
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pared by a matched-pair f test at each cell position and were
significantly different (P< 0.0001; mean difference in labeling
index, 6.40+ 1.07%).

When dividing the crypt into thirds and assigning each la
beled cell to either the upper, middle, or lower third of the
crypt, there was a total of 213 labeled cells in the A strain's

middle third whereas the B strain had a total of 90 labeled cells
in this region. This represents approximately 26% of all A-
labeled cells versus 17% of B-labeled cells. The upper third
contained almost 1% of all labeled A strain cells versus none of
the B strain cells (Table 2).

DMH-exposed Animals

Weight Loss. The sensitive A strain lost a mean of 14% of
their TBW 38 h after DMH exposure (Fig. 2).

of change = 1 - Post DMH TBW
Pre-DMH TBW x 100

The B strain lost a mean of 3.6% of TBW at 12 h but gained
this weight back within 24 h. Subjectively the A strain mice
were less active, ate less food, and had more diarrhea than the
B strain.

Proliferative Indices

As can be seen from Fig. 3, at 12 h both the A and B strains
had a drop in the absolute number of labeled cells/crypt column,
and a drop in the number of cells/crypt column. By 12 h post-
DMH the A strain lost a mean of 7.1 cells or 21% of the
column height, and the B strain lost a mean of 4 cells or 13.9%
of column height. Both strains recovered by increasing the
number of DNA-synthesizing cells in their crypts and by 96 h

Table 2 Distribution of labeled cells in crypt columns ofA/J and C57BL/6J
untreated control mice

Values represent the absolute number of all labeled cells recorded and the
mean percentage of all labeled cells recorded in each third of the crypt columns
for all animals scored. Thirty crypt columns were scored for each animal; each
strain group contained 6 animals.

Lower third Middle third UpperthirdNo.

of
labeled

StraincellsA/J

577
C57BL/6J 404No.

of
labeled

%cells73.5
Â±8.6Â° 213

82.7 Â±8.4 90No.

of
labeled

%cells26.0

Â±7.6 6
17.1 Â±8.4 0%0.7

Â±1.0
0â€¢

Mean Â±SD.

lÃ¬o-
30

20

10

24 48 72O
(Control)

TIME POST-DMH INJECTION (Hours)

96

Fig. 3. Changes in crypt height, labeling index, and number of labeled cells/
crypt column in A/J and C57BL/6J mice as a function of time following one
exposure to DMH (IS mg/kg body weight). Points, mean of 3-5 animals/time
interval; bars, SE.

post-DMH the column heights, number of labeled cells, and LI
had all returned to pre-DMH levels. LI in both strains peaked
at 48 h, the A being 20.4 Â±1.4% and the B being 15.9 Â±1.4%,
representing an increase in 1.52 times control for A and 1.75
times control values for B. As can be seen in Fig. 3 this increase
in the number of labeled cells per crypt column, coupled with
the decrease in crypt column height, results in a great increase
in the LI in both the sensitive and resistant animals. The curves
for crypt height, labeled cells/crypt column, and LI were ana
lyzed for each strain at each time interval by a mixed model
analysis of variance. The curves for crypt column height are not
statistically parallel, probably because of the smaller difference
at 48 h post-DMH, but we can still say that time effect is
significant (P< 0.0001) and that overall the A strain had longer
crypt columns than the B strain (P < 0.003). The curves for LI
are parallel and are significantly different over time (P =
0.0001), and the overall LI for A is greater than for B (P =
0.003). Finally, for the absolute number of labeled cells per
crypt column, the curves are parallel over time, and the A mice
have an overall greater number of labeled cells per crypt column
than the B mice (P = 0.002).

0 24 48 72
TIME POST-DMH (Hours)

Fig. 2. Percentage of change in TBW as a function of time after one exposure
to DMH (IS mg/kg body weight) in A/J and C57BL/6J mice. Points, mean for
5 animals; bars, SE.

DISCUSSION

The present study suggests that the sensitivity of a mouse to
long term DMH exposure is related to the indigenous prolif-
erative characteristics of its distal colonie mucosa. The DMH-
sensitive A/J strain had a longer crypt column, more cells/
crypt, more labeled cells/crypt column, a higher LI, and a wider
PC than the DMH-resistant C57BL/6J strain.

In our laboratory the A and B strains have been tested with
chronic DMH exposure and the A strain developed 19.0 Â±8.7
tumors/animals versus 1.0 Â±1.4 tumors/animal in the B strain.3

This great difference in sensitivity to the carcinogen justified
using these two inbred strains for analysis. Deschner et al. (17)
have examined the proliferative characteristics of the C57BL/
6J mice and found that they had a LI of 8.5 Â±1.1. These
findings are similar to ours.

3D. M. Fleiszer, and E. Skamene, manuscript in preparation.
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The width of the PC has also been shown to correlate with
DMH sensitivity ( 16,17). The A strain had 26.9%, versus 17.1%
in the B strain, of its proliferating cells in the middle third of
the crypt. These values support the concept that the wider the
PC and the higher the labeled cells are on the crypt wall, the
greater is the chance of transmitting a mutation after carcinogen
exposure. It is of particular interest to note that almost 1% of
all labeled cells in the sensitive A strain were in the upper third
of the crypts. This pattern has been described as a stage I
abnormality by Deschner (25). where the PC extends beyond
the middle third of the crypt. The stage I abnormality is usually
seen after at least 4 injections of DMH in sensitive strains of
mice (13, 17, 26, 27). To our knowledge no one has described
the proliferative characteristics of the A/J mouse before. It
would be of interest to follow the changes in the LI and PC of
the A/J strain after chronic exposure to DMH. and to assess
DMH sensitivity in fully mature animals as well.

Several studies have attempted to explain the different sen
sitivities to DMH based on differences in its metabolism (28,
29). The A strain lost a greater percentage of its TBW than the
B strain after exposure to DMH. but on the basis of changes in
the proliferative indices, the present study supports the concept
that both inbred strains metabolize DMH in a parallel fashion
in the acute setting. It may be that the acute systemic effects
are greater in the A strain, but the acute direct-acting effects on
the colon are of equal magnitude in both strains.

In the DMH-exposed groups of mice the proliferative indices
reflected the initial decrease and subsequent increase in num
bers of DNA-synthesizing cells. It is clear that the "overshoot"

in the LI at 48 h in both strains is due not only to the increase
in numbers of labeled cells but also to the decrease in the crypt
cell population itself. It has been shown that the early inhibition
in DNA synthesis is seen both in mice and rats (13-15), and
this change reflects the cytotoxic effects of DMH and the
subsequent repopulation of the crypts. Our present study is in
accordance with the work of others in demonstrating that the
acute response to DMH has a specific pattern of cell loss and
repopulation (13, 15, 30). This response however was seen in
both sensitive and resistant inbred strains, and therefore cannot
explain the differences in eventual tumor formation after long
term exposure to the carcinogen.

Since A mice are initially as sensitive to DMH as B mice, the
difference in eventual tumor load after chronic exposure to the
carcinogen might be explained in terms of the transmission of
stable mutations carried through several generations of DNA
synthesis over time. In the A mouse the LI under physiological
conditions is 50% greater and the absolute number of labeled
cells is 70% greater than in the B mouse. Thus the greater
number of proliferating cells in the colonie mucosa of the A
strain may relate to the susceptibility of the strains for undergo
ing neoplastic transformation.

Growth curves for each strain of mice were analyzed to assess
the possibility that the overall growth rates might explain these
differences in proliferative parameters. The body weights of 30
female animals of each strain between the ages of 3 and 10
weeks were plotted and the slopes were computed and com
pared.4 The A/J mice had a growth rate of 1.94 g/week versus

0.94 g/week for the C57BL/6J mice (P < 0.01). Thus, at the
time of this study, the sensitive animals were growing twice as
fast as the resistant animals. This might explain the differences
in kinetic indices and the differences in ultimate sensitivity to
the carcinogen. The rapidly growing A/J mice have a greater

4 Data provided by The Jackson Laboratory-, Bar Harbor. ME.

percentage of their colonie cells undergoing DNA synthesis.
Errors in DNA might accumulate during chronic carcinogen
exposure, and subsequently more tumor might develop. A study
is currently in progress in our laboratory to determine whether
fully mature strains of mice are equally resistant to DMH.

The data in this study suggest that under physiological con
ditions, inbred strains of mice have different proliferative char
acteristics in their distal colonie mucosa, and that after a single
exposure to DMH, the acute response in the proliferative
compartment of the colonie crypt is similar and parallel. The
rapidly growing A/J mouse has greater numbers of cells
undergoing simultaneous DNA synthesis over a wider prolif
erative compartment. Thus, susceptibility to DMH-induced
colon cancer may be predicted by the indigenous number and
distribution of DNA-synthesizing cells in the distal murine
colonie mucosa, and may depend upon the overall growth rate
of the strain exposed to the carcinogen.
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