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_ The prolif‘érative characteristics and nuclear aberrations of thé
colonic crypt cells in the dimethylhydrazine (DMH) sensitive A/J mouse
and DMH *esistant C57BL/6J mouse were c;.xamined before and after a

n
single exposure to the. carcinogen. The untreated A/J mouse was found
~

to have a"longer' crypt column, a higher labelling index and a wider "

proliferative compartment than the C57BL/6J mouse. Baseline nuclear
aberratlions were similar in both strains. After acute exposure to DMH
there 1s an initial drop in proliferation followed by an overshoot and

[y

a subsequent return to baseline. Nuclear aberrations peﬂaked at 12
hours then returned to baseline. These post-DMH patter;ns of
prollferation and cell loss and recovery over time were similar and
barallel in both strains. T“he data suggests that the susceptibility
to DMH éarcinogenesis can be predicted by the indigenous number and
distribution of DNA synthesizing cells in the murine colonic muicosa

" .
and that the nuclear aberration index assay is a good indicator of

carcinogen exposure.
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RESUME L
* Nous avons &tudié 1'effet d'une dose unique du carcinogéne
[}
£ 1,2-diméthylhydrazine (DMH) sur les caractéristiques prolifératives

K\ ) = - > }
et les anomalies nucléaires des cellules appartenant aux cryptes du
. @

cokon chez la souris. Deux souches différentes de souris furent

by

s

C57BL/6J. Tous les paramétres furent measurés avant et aprés que la

g

dose um;&ue de DMH ait &té admxniét;?&f/-ﬁvant l‘utillsétion de* DMH,
les soﬁris A/d avaiénf de plus longues cryptes, un compartiment pro-
lifératif plus lérge et un indice de marquage plus élevé que les
‘souris de souche C57BL/6J. les anomalies nucléaires de bare étaient
\ " )

comparables pour les deux souches. Aprés l'utilisation de 1a“D&H, >
n observa initialement une baisse de‘1'1nd1ce prolifératif,.suivie“
d'une compensation exagérée, puis d'un retour aux valeurs de base.

Les anomalies nucléaires culmné&rent vers 12 heures post-injection,

_pour retomber par la suite aux valeurs de base. Les deux souches

de souris suivirent un schéma similaire et;’aralléle de prolifération

N

et de-récupération et perte cellulaire-.aprés 1'utilisation de la DMH.

Ces résultats suggdrent que l'on peut :prédire la susceptibilité au
oy
carcinogéne DMH par 1'étudé du nombre et de la distribution des cel-

)
>

, lules muqueuses du colon qui synthétisent de 1'ADN.chez la souris;
et que l'indice d'anomalie nucldaire refldte adéquatement 1'exposition
&
iun carcinogéne.
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FOREWORD
»r
This work was performed &t the University Surgical Clinic, The

& -

Mentreal G{ener'al Hospital, McGill Univﬂe.ersity between July i, 1984 and
June 30, 1985 undex: the supervision and guidance of Dr, David M.
Fleiszer. .u -~

This thesis 1s divided into three separate parts. The first part
is a brief "r'evie;l of the litezjatur’e and includes sections on the
epidem;.Lology and etfology of colon canéer. The genetic and kinetic
contributions to this disease are then covered in greater detail
b.ecause they ‘provide the f‘ox.tﬂdation kon which the experimental work is

based.

The second part includes the methodology, results and discussion

of two experiments carried out during this year. The first éxperiment

«

entitled "The Proliferative Characteristics of Colonic Crypt Cells as
Predictors of Subsequent Tumor Formation" has been submitted to Cancer
Research for publication, and the abstract from this paper has been
accept‘:ed for presentation at the 71lst Anmual Clinical Congreds of the
American Col lege of Surgeons in October 1985 and will be published in

the Surgical Forum, Volume 36.

‘

An abstract from the second experiment entitled "1,2-

Dimethylhydrazine Induced Nuclear Aberrations in C57BL/6J and A/J
o kg

Mouse Colonic Crypts" has been submitted to The Association for'

Academilc Surgery for presentation at thelr 19th Annual Meeting in

?

November 1985.

Because of the nature of t:his~ work, some of the discussion and
concluslons drawn from these twao experiments are repeated, and for
this overlap I apologize.

, Part three Includes the final summary and discussion and the

Y
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N During the course of thls year in the laboratory I have learned a A
. ‘ r _l Iy s :’2
great deal about thils enigmatic -disease called colon, cancer. The goal . ' !
“ ¢ of the scilentist and non-sclentist interested in cplon'cancer must be
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the prevention and early detection of this disease. I hape that in . ;
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7 I wish to thank my supervisor, teacher and friend Dr. David M.

«

: Fleiszer for having facilitated this work with his advice, criticisms,

encouradement and enthuslasm throughout this year in the laboratory.
X
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I wou;d also like to thank Dr. Emil Skamene for his support and
insights, Dr. _Samy Suissa for his excellent statistical analysis of

« the data, and Dr. Mary K. Senterman for her help and enthusiasm 1n
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_— analyzing the histological specimens. The constructive critiques and
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N .
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A - A/J Mouse (mice)

B - C57BL/6J mouse (micé)q

m{ - 1,2-Dimethylhydrazine

LI - Labelling Index (indices)

MF - Mitotic Figure(s)

M - Mitotic Index (indices)

NA - Nuclear Aberration(s)

NAI - Nuqleaz:' Aberration Index (indices)
PC - Prc;i\lferative Combar‘tment(s)

TBW -  Total Body Welght
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Cancer of the large intestine 1is a disease of the industriallzed
countries of Europe, Australia and North America (1-3). In Canada and
the United States, colon cancez’ﬁ represents one of the largest cancer
problems when considering hoth sexes together. Approximately 3%§of‘
all deaths in North America aregdue directly to this disease and
25/100,000 cases or about 15% of all malignancies in men Zand vomen are
located in the large bow‘el, and 5% <'3f all men and wom;an in North

America will develop this dlsease before the age of 75 (4, 5).

i
Pemales are affected by colonlic cancer more than males in a ratio of

"1.2:1. Inclidence increases with age peaking in the seventh decade,

‘but 8% of cases are dlagnosed before age 40. Thus colon cancer

represents a serious health problem and over the last two decades
there has been an increasing interest in this disease. Despite

volumes- of epidemio]gogic“and experimental data on colon cancer, vér'y
. [}

"little 1is known sbout the cause, prevention, early detection or cure

of colon cancer. ,

i
s

B i
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"-2. ETIOLOGY OF COLON CANCER -

(A) Human Studies

.» In the last 15 years cliniclans and scientists have shed much

«~ 1ight on the etiological roles of diet and fecal factor’ls in colonic

. . carclnogenesis., Migration studies have demonstr’ateq that gzenetically
homogeneous populatibns moving from thelr low risk countr'y‘of origin
to North America significantly increase their risk.of developing colon

cancer (6, 7). The emphasis has been on correlation studies and

group comparisons between the intake of an’hnal.pr’oteins, meat, fat ando
fiber, and the risk of developing colon cancer.

Several studles have found a high correlation between colon
cancer mortality and the intake of animal proteins, meats and fat (8-
lO):_ These studies were supported by observations of, tﬂe Seventh Day
Adventists who, beiﬁg lacto-ovo vegetarians with a 1low fat, high fiber
intake, have a very low incidence of colon cancer (11, 12).

Dietary fiber and "roughage" have been hypothesized to play a
protective role in the pathogenesis of colon cancer (13). These
protective mechanisms are thought to be medlated by fiber!s effects on
intestinal tr'ansi; t]‘me,' Jétool bulk, and intestinal microflora (13),
as well a8 its effects on /binding and metabolilsm cgf possible
carcinogens (14). )J ) ¢

. Fecal characteristics have be\en implicated in the colon
carclnogenic process as well. H1ll has suggested that fecal bile acid
concentration is determined by fat intake and that car’cinoé;enic risks

R

are linked to the concentration of secondary bile aclds in the feces.

o~

These secondary bile aclds are produced in the large bowel under the

influence of a bacterial flora high in clostridia of. the

Q

dehydrogenating type (15-18). o
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Similar'JTy, analysis of fecal samples “obtained from various
populations exhlbiting different risks of dev':::loping colon cancer, or
from patients with estab'lis;hed colon cancer have attempted tQ ider;tify
a specific’ car;cinogenic specles of bacteria. Human fecal flora 1s
e);tr’emely complex and contains more than 200 organisms from "40
different species of bacteria.(l9). No consistent pattern has been
established in the profiles of these samples, and there Ls no
correlation between thei Ngréserxce of particular organisms in the stools
of colon cancer pat:ien‘cs_;, or. in those patients thought to be

predisposed to the disease. Thus no specific pathogenic role for any

particular bacterial specles has been defined for colon cancer (19).

Therefore in the absence of direct information on specific bacteria,

deductions must ';Je ‘made from dndirett sources. As most known
carcinogens require metabolic activation in opder to express their

activity, 1t has been hypothesized that fecal bacteria may contribute

*to colon carcinogenesis by activating benign substances in situ., This

activation 1is thopnght to yleld direct acting car‘cinogéns, tumof’
promoters and cocarcinogens or precursor specles that may be further
metabolized to active specles in the target tissue, (20). .

(B) Animal Studies

© The epldemiologic and correlation studles zare important and
provfde a great deal of information regarding the etiologlcal
contributicums of diet and feca¥ factors in colonic carcinogenesis.
They are difficult to Interpret, however, because they are fraught

with poor or no controls, and they often yleld conflicting resulv}‘a.

,In order to bypass these obstacles, an experimental model of colon

carcinogenesis was developed. The experiments ¢onducted by Drukrey

t
’
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demonstrated that both oral and subcutaneous administration of 1,2-
Dimethylhydrazine (DMH) induces tumors in rat colons at a high rate of
incidence (21). Subsequently: it was shown that DMH was also capable
of inducing colonic neoplasms in mice (22), At present the intestinal
tumors induced by DME and ,its metabolites, azox}methane and
methylazoxymethanol_areﬂkhe most popular experimental models used In
studies on different aspects of the colonic carcinogenic process.

An ﬂnportqnt feature of DMH colonic carcinogenesis is that the
tumors that developt%hnic human neoplasms regarding thelr anatomic
location in the gastrointestinal tract, with a preponderanc; of tumors
in the descending colomn. Ashwell, ihere is a close similarity in
pathologic features from early focal atyplas and hyperplasias, to
adenomatous pglyps and adenocarcinomas (23).

Thus the DMH model of colon carcinogenesls has served to explore
and separate out the interdecting endogenous and exogenous etiologilc
féctors of thils comp&ex disease. This model provides a unique tooi
for systematlc studies of tife risk factors observed 1n the humaﬁ
setting and for determining whether or not thelr suspected
assoéiations can actually be reproduced under highly controlled
laboratory conditilons.

Th; DMH model !fw been used extenslvely to examlne the effects of
fat, fiber and protein on colon carcinogenesis (24). It has
éepeatqdiy been shown that flber and 1ts components have protective
éffecps (25, 26) and dletary fat anq‘meaF_protein have promotive
effects on DMH-Induced colon cancer (27-29). The role of blle acids
in colon carclnogenesis have also been examined expeyimentally (30,
31). The data from these studies suggest’that bile acids are not

~»

carcinogens per se, but appear to act as promoters of large bowel
il
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carcinogenesis.

As pre;riously ngted, the role of human fecal flora in ti’le
etlology of large 'bowel cancer 1s poorly defined because of the
complexity of fecal flora and thelr breakdown products. Attempts have
been made at examining rodent fecal bacteria and their roles in DMH
o.arcinogenesis. The incidence of colon tumors in DMH-treated germ—
f'r'ee ra‘t;s is lower than in conventlonal rats (24, 31). It has also
been demonstrated that oral erythromycin or tetracycline can
significantly reduce DMH-induced tumor*ogenésis (32). These results
are felt to\be due to the suppressing effects of the antibiotics on
the metabolic activity of the 1ntestinal flora. More recent data
using metronidazole (33, 34), and neomycin (35) on DMH carclnogenesis
suggest that certain antibilotles may result in increased excretion of

fecal cholesterol and bille acids, and possibly decreased bacterial '

» 8-glucuronidase activity, resulting in more tumors in antibiotic

treated animals thanin control animals. The only conclusion that can
‘be drawn from these studles is that the definitive contribution of
fecal mlcroflora 1n the colonic carclnogenic proces’s remains elusive
and unresolved, .

In summary, on the basis of var}(gﬁtions in incidence of colon
cancer in different regionsﬂof the wio.r'ld, il view of the altered
cancer risk of migrant populations and on the basls of data provided

by animal studles on DMH carcinogenesis, 1t has been accepted that

diet 1s a major etiologic factor in the genesis of colon- cancer.

-
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3. GENETICS OF COLON CANCER

(A) Human Studies

{\lthough environmental factors are considered the major

determinants in the development of colon cancer in man, genetic
b .

factors have also been Implicated in susceptibility to spontaneous and

induced colonic tumors (36, 37). Hill has pointed out that despite
there being a pgood correlation between the incidence of colon cancer:
and dlet in population §tudies, the results of investigations of.
individuals in case-control studles have been equlvocal (38). Thus
although environmental factors are important in determining incldence
of colon cancer ir_l a population, if appears to be much less so in_
\deter'mining the risk of an mdividual.‘ The roles of genetic variables
appear to be hetef‘ogéneous, embracing different etlologilc
comgmatieﬁs. Simple Mendellan modes of genetlc transmission have

been assoclaftied with several disorders that involve the colth. These

. Include Familial Polyposis Colil, Gardner's Syndrome, Peéltz—Jegher's

\\ !,/\
. Syndrome and' Juvenlle Polyposis Coli. All these disorders are

characterized by thelr autosomal dominant mode of inheritance. In
Familial‘ Polyposls Coli patiénts,' large numbers off color'ectal.adenome;
are present in early adultfhood and if left untr'eatqed, thelr risk of
developing colorectal cancer is vir'tuailly 100% (39). Gardner's
Syndf'ome is a variant of Familial Polyposis Coli and 1s characterized
by mandibular osteomas and multlple epidermal cysts. Other po_ssibler
assoclated lesions include thyrold cancer, carcinoma of the Ampulla of
Vater, duodenum and gall bladder (40). In Peutz-Jeghers Syndrome
pigmented lesions appear on the lips and buccal mucosa and also on the

donsum of the hands 'and feet. These tumo\(s are considered hamartomas

and have a low potential for malignant transformation (41).
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Distr’ibution of the polyps in Juvenlle Polyposis 1s not as extensiwve
as 1in Familial Polyposis, and are seen primarily in the large
Intestine. These lesions are also hamar'tom;tous polyps and usuall‘y
appear py six years of age., These are also consldered toﬁclarry a 1c;w
risk of malignancy (42).

. These heritable syndromes that predispose to colonic cancer all
have In common an association with multiple polyps of the colon.

g :
Lynch has described another colon cancer predisposed group that is not

ass,ocia?ed with multliple colonlc polyps. He has called these the
"nmon-polyposls syndromes", and suggests that in“ fact, the majority of
hereditary colon cancer occurs In {:his group of patients (43). These
"non~-polyposis syndromes" include hereditary site specific colon
cancer (HSSCC) or Lynch Syndrome I, and the Cancer Family Syndrome
(CFS), or Lynch Syndrome II (43, 44). In CFS a high proportion of
family members develop larze bowel cancer at a young age. As well,
CPFS 1s associated with a significant excess of multiple pr’imér"y
tumors, predominantly adenocarcinomas of the endometrium and ovary.
Recent studles, therefore, indicate that familial asscciations of
colon cancer are higher than in control groups, suggesting tr;at
inherited factors may plz_ay a significant role in the genesls of this

disease.

(B) Animal Studies

The literature 1s filled with data on the differences in
susceptibility-to DMH-induced tumors in different strains of
experimental animals. Moon and Fricks (45) foudd that BD-TX rats were
more sensitive to DMH than BD-II rats, and. Asano and Pollard (46)

reported that Sprague-Dawley rats were more susceptible than Lobund-

g

¥
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Wistar rats. Since Evans' first report on the differential
susceptlbility to DMH carcinogenesis in mice (47), several reports
have confirmed that different inbred mouse str'ainsj have varylng
. degrees of sensitivity to the carcinogenic action of DMH (M8—53).
Hybrids derived from the crqss of DMH resistant C57BL/Ha and DMH
sensitive ICR/Ha inbred parents revealed ‘that the genes inherited from
the ICR/Ha parent sere responsible for their sensitivity tc; the tumor-

inducing effects of the carcinogen (48). Mere was no evidence of sex

or Y-group linkage and the inherited sensitivity in the F2 reciprocal ‘

backcross hybrids appeared to be inherited in a simple Mendellan

dominant fashion.

Thus there 1s strong evidence that the susceptibllity to colonic
carcinogenesis both in man and fn the experimental animal 1s to a

significant degree, genetically determined.
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4. CELLULAR KINETICS IN NORMAL COLONIC EPTTHELIUM

Knowledge of the proliferative characteristics in the coloﬁic
crypts° in the resting state is of great importance in understanding
the carclnogenic potentlal of the colon. In the last thirty yeérs,
great strldes have been made in recording kinetic data derived from
stathmokinetic studies based on autoradlographs of the colon. Much 1is
now };noym about those factors which regulate cellular proliferation in
the colonic epithelium.:

Normal cell pr;oliferation in colonic crypts of mammallan species,
including man, has been f'ound to occupy the lower two thirds of the
glands with the major zone of DNA synthesis in the lower third (54-
58). As cells mature they migrate up the sides of the crypts -and are
eventua"lly shed at the surface epithelium. These characteristics are
common both to the’ rodent and to man. Within the crypts 1n the
descending colon, cell proliferation has been measured by numerous
inv‘e.stigators and while the stathmokinetic data derived from these
studies’'are beyond the #cope ‘of‘ this thesls, it is worth describing
several important varlables which are thought toaregulate cellular
proliferation’ to a significant degree. Firstly, there 1s good
evidence that colonic crypt cell proliferation has strong circadian

rhythms. Therefore estimates of corlonic kinetlc parameters vary

.depending on the time of day they are measured (59, 60). Secondly,

several studies have shown that colonic kinetics may be affected by
s;;eroids. Estrogen has been shown to inhibit DNA syntheéis in purine
colons (61), and cophorectomized mice coptéin fewér ¢éells in their
crypts (62). Thus the sex®™of the animal 1is felt to afffct crypt cell
proliferation. Finally, diet has also been shown to alter colonic

\ v
proliferative indices (63-66). This phenomena 1s thought to relate to
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the va.ryipg geogr'aphic inéidences of colon cancer worldwide. .

"

/ It has been shown that there are also variations 1in the
pr'oi 1fer'ative activity within the crypts themselves. Cryptal cell
proliferation in mlce has been 1nvest1gated by sever'e.l groupsy of
sclentists using a variety of cytokinet'ic techniqueéi Lipkin and

Quastler (56) found that the labelling index (LI - the LI 1s the
A

percentage of all cells in any given cell population, that are

o‘findergoing synthesis of DNA) -was highest in the mid-portion of the
LV of

crypt, with lower values in the basal cells, and no labelling in tl‘le
upper part of the cr'yp-t. Chang and Leblond (67) %ound that in the
descending murine coion, cells at the base of the cr-slzptw had the
highest LI when ®empared to the mid-portion and uppe?%gions "of the
crypts. This type of distribution was.,simllar to that described by
Richards (68) and de »R;odriguez et al (58).K The tritiated thﬁidine
stu‘iiies have | show’n‘ that the lower production rfate in the base of the
crypt 1s assoclated.with a long cell cycle time and a high growth
fraction, anddtha;: a;s c;ﬁ; migrate up ‘the crypt wall, the cell cycle
time shortens and the growth fr-a{ctior; falls, These features of
cellular proliferation and growth are schematically i1llustrated in
Figure 1 (adapted from Tutton and Barkla, ref. 69). L

In man, approximately fiftfeen percent of all cells:"in the lower
two thirds of the colon crypt undergo DNA synthesls smultanéously,

o

and during migration .of these cells, the number that continue to

+

proliferate decreases as they progress towards the lumenal surface.
¥ . « /

These cells undergo terminal differentiation within hours, d several

studies have shown that cel lular migration and r'eplacement,,ef the

colonic mucosa takes between 3-8 days in marr {57, 70).
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.Different prolliferative indices have also been reported along
~different sites of; the large bowel of the mouse (71). In addition
site—.f.speciijic differences In the size or width of the proliferative,
compartments (P;)), as well as the heights of the crypt columns have
, alBo been reported in the normal.mouse colon (72), where the highest

. crypt cc;lumns and greatest LI appear in the mid-distal colon.
o, In summary, the measurements of cellular kinetic data in the
normal colon has provided the framework for analyzing the growth
chax:acterristics of gastroiﬁtestinal cells durlng neoplast;.c
transformation.. In.the resting state, the major zone of DNA synthesis
is in the 1lower' third of the crypt, and as cells mature i:hey migrdate

-

up the crypt wall and are ultimately shed into the gut lumen. Several

b
variables includilng diurnal V&ria.tions, seX and dlet are known to

affect cellular prolif’er-atién. Finally it has been shown that
»
o~ .

' proliferative parameters vary )froni site to site along the length of

the colon, and also within individual crypts.
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5. CELLULAR KINETICS IN NBOPLASTIC COLONIC EPTTHELIUM //’

( The Acute Response

——

‘Several studies have examined the acute effects of DMH on the

kineties of rodent colonicscrypt cells. The initial cytotoxic effects

of DMI& are to produce necrosls of the cell, within the PC of the cr‘ypt
and to supgr'ess the LI in these ;:ells as well (73-75). The
combination of cell necrosis and suppression of the LI results in a
significant reduction of crypt column height and total crypt cell
‘numbers. These changes commence \within 6 hours after DMH
administration and ai'e reported to peak between 12 and 24 hours. A
phase of compensatobt'y regenerative actlivity i1s then seen in the next
48 I’IOUI'S and this results in an "overshoot" in the LI and an increase
in crypﬁ cell number. Within 5-7 days after the jpitial carcinogen
exposure, the m;mal mucosal architecture and prolifer'ativé activity
have begn restored. The sequence of these acute changes are
suﬁmar'ized in Table 1.

rI.‘hus after a singte exposure to DMH, ’the initial cytotoxic
effects result in cell death and the suppression of DNA synthesis.
v‘l‘he crypt then recovers by increasing 1ts synthesis of DNA and re-

establishing its baseline kinetic activity. .

(B) The Chronic Response

Measurements of cellular proliferation patterns during origoing

chemiﬁcal carcinogenesis have also provided important information

~

regarding the growth characteristics aof cohlonic celis during

neoplastic transformgtion. . Many of the changes observed j.ri human

s

colon specimens are similar to those that occur in rodent colons.

Table 2 summarizes the’ c_:hr;onic response of the rodent colonlc
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Time Péét—DMH Exposure

Table 1

CELL KINETICS IN DMH-TREATED COLON EPITHELIUM

fHours}
6-24

24-72

s ey

*

The Acute Response - Cell Death and Recovery

«

Response
Drop in crypt column height

Drop in labelling index

Drop in cell population

Compensatory,proliferative response

"overshoot” in labelling index

<

. Increase in crypt cell population

Return to baseline indices
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Table 2

CELL KINETICS IN DMH-TREATED COLON EPITHELIUM

The Chronic Response - Mucosal Hyperplasia to Anaplasia

Time Post—DMH Exposure

Weeks) . Response -

2-6 ) . 1. Increase in crypt column height
2. Increase in crypt column number
3. 1Increase in total- cell population
4. Increase in cell production rate
5. Exteﬁsion upwards of the prolife;ative zone

6. Increase in the labelling index

6~-15 7. Migrational defects 3
) 8. Mucosal atypias
9. Mucosal dysplasia .
->15 . 10. Adenomatous polyps .
. ) 11. Ca in situ
, - 12. Adenocaréiéomas
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The primary site of activity and response” to DMH 1s in the distal
- rodent colon, which is'analogous to the human situation, As early as
two v;'eeks after DMH treatment, both an increase 1in ‘the::- rumber of crypt
columns and an increase in crypt column height are seen (76, 77).
This results 1in an Increase in t;o:cal crypt cell number. These
hyperplastic changesll are temporary if‘ DMH treatment 1s discontinued.
However, Richards has shown that in mige, given elight or mor',e
injectlons of DMH, the hyperplastic changes ?&ﬁsﬁ and may continue
and progress to gross carcinomas (77). vt |

Several mves!tigators have noted that there 1s an mcr;ase in the
cell production rate in th.e middle regions of the crypts followlng

chronic DMH exposure, and this 1s accompanlied by an increase in the LI

in this “zone (68, 75, 78, 79). Studies on the distribution of

labelled cells in‘microscopically normal appearing rmacosa, in animals

treated with several doses of DMH have revealed that thgré is a
widening of the PC (22, 75, 80, 81J. This alteration in the
. distribution of labelled cells In a r‘eigion which normally contains
non-dividing, differentiated célls, is thought to result from
disturbances in the control of proliferation regulation. Although
poorly und’er'stood,‘ thls mechanism normally sQuppr‘esses DNA synthesls in
this zone §é3? 82)).

of[he'extension of the proliferative zone tdwards the upger third

of the crypt and along the lumenal surface, but with the lower third,

still the major zone of DNA synthesls has been termed a "Stage 1 |,

Abnormality" by Deschner (82). This abnormality has been reported in
patients with polyps, familial polyposis and colon cancer (82-84). A

second abnormallty has also been described which is seen in the normal

N
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appearing mucosa of patlents with established colon cancer. This
"Stage 2 Abnormality" involves an upward shift of the major zone of
prol 1f"er'at.ion towards the middle and upper portions of "the crypts.
Thus in a Stage 2 Abnormality DNA 1s primarily synthesized in the
upper two thirds of the glands (85).

In summary, there .are several important morphologica,} and
proliferative changes that occur in the colonic crypts of both rodent
and man durlng the neoplastic process. These Include an increase in
the total cell populatlion of the crypts, an increase in the cell
productfion rates 1n the middle third of the glands, an upward
extension‘ of the PC and an overall increase in the LI. These

abnormalities are sumarized and schematically 1llustrated in Figure 2
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Figure 2. Schematic representation of three types of histologically
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normal appearing crypts found in colonic mucosa of cancer patients
and DMH treated animals. On the left, a crypt with normal epithelial
. & !

cell proliferation. In the middle, the Stage I Abnormality, and on

the right, the Stage II Abnormality.
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g - 6. NUCLEAR ABERRATTIONS IN COLONIC EPTTHELIUM

It h%s recently been shown that there 1s a strong corr;elation
between the mutagenic and car'cinogepic propertles of various chemical
carcinogens on several tissues In the rodent and in man {86, 87). The
colonic epithelium is one such tissue whlch has been shown to be

/ -»
extremely sensitive ‘:Q,O the mutagenilc effects of both radlation and

colbonic carcinogens (é7—89). A short-term test-for\genotoxicity has
been pr’oplsed by several investigators (87, 90) and they -have
demonstratg\d th.at it 1is possible to agsess the relationship between
carcinogeni\c dose and r'e:sponse by means of quantifylng micronuclel and
related nuélegr abnormalities in colonic crypt cells following
carcinogenic exposure. Maskens first demonstrated that the gmportion
of abnormal nuclei (in the form of karyorrhexils) following DMH
exposure, correlated well with the sensitivity of Iindividual segments
’fm the rat colon to eventual DMH—i‘I?lduced tumor development (91). It
was subsequently shown that non-colon carcinogens and non-carcinogens
did not induce these nuclear aberrations (NA) (87, 90). Thus it is
felt that the quantification of cryptal NA is a sensitive-and specific
assay for colonic carcinogen exposure.

Three principle varleties of nuclear abnormalities have been

described. Pyknotic and karyorrhectic nuclel, are characteristic of

. - ‘the process of apoptosis (cell death) and are heralded by nuclear

. condensation (pyknosis),” followed by nuclear fragmentation

(karyoRrhexis) and finally by phagocytosis by adjacent epithe}ial
cells, or extrusion Ilnto the crypt lumen (92).* Micronuclel are
' thooght to arise from acentric chromosomal fragments that, lacking a
spindle attachment slite, are often outside the reforming nucleus of

daughter cells (93), or .from whole chromosomes as a result of damage
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to cellular DNA (94). Recently 1t has been ;uggested that mlcronuclei
do not constitute a significant fraction of all NA seen after
cabr'cir‘logen expos'ur'e (95). Therefore NA may be primarily a
manifestation of the apoptotic prgcess.

Thus following DMH exposure, at the molecular level, nuclear

_macromolecules are alkylated which leads to pyknosis, karyorrhexis and

damage to DNA. This might then lead to chromosomal ahomalies, genetic
mutations and alter'éd gene expression. It has therefore been proposed
that the characterization and quantification of NA might be used as an

index for carclnogen exposure, and possibly as a blological marker for

neoplastic growth potential,
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7. PURPGSE OF THIS STUBY

. v
One major goal of the surgical.and gastrointestinal 'oncologist is
to deveiop new techniqueé to help reduce the incidence of colon

cancer, and to increase the -sur'vival"r'ate of this disease. The three
most commonly used modalitles for colso?f cancer detectlion are: the
hemoccult blood test, the double contrast barium enema, and filberoptic
/colonoscopy. Al though sensitive, all of these tecr:niqués diagnose
advanced disease. Ideally, a sensitive,’,,si)ecific and technically
simple method of c@lon cancer screening shc\iuld be developed. The aim
of the following experiments 1s to provide some basic foundations for
such a method. HOpeﬁilly preneoplastic changes’ In the proliferative
patterns of the colonic eplthelilum could then be detec;;ed, and
individuals or populations at risk for the subset';uent development of
colon cancer would be ldentified.

The proliferative characterlstics of the normal and neoplastie
colonic crypt cells in the rodent and in man, and the genetic
contributions to this ’disease have been described. In examining the
acute effects of ;’:he“ exogenous colon carcinogen DMH on the endogenous
colonic cryptﬂ c:ell proliferative patterns in two genetically
homogeneous inbred strains of mice, the following are the objectives
of this project. ‘ N o

In experiment 1:

1) to quantify the baseline proliferative indices of the distal

o

colonic crypts 1in two genetically‘ distinct groups of mice
thét 'have known dissimilar sensitivities to the long-term
effects of DMH.

® 2) to document the sequence of changes that occur in the crypts

of each strain following a single exposure to DMH.
\

J

=

v



( ) - 3) 'to demonstrate that the sensitivity to DMH carcinogenesis can
L i ‘ , be predicted by the indigenous number and distribution of DNA
- syn;:hesizmg cells in the distal colonic mucosa.
N In experiment 2:
1) to quantitate the baseline absolute and relative numbers of
. Q, . aberrant nuclel and mitotic f‘iéures in the distal colonic

crypts of two genetically distinct strains of mice with known

dissimilar sensitivities to the long~term effects of DMH.

*2) to dbcmiént the number and distribution of aberrant nuclei in
the crypts oi"each strain following a single exposure to DMH.
“b . 3) to .evaluate the nuclear aberration index assay as an .
Indicator of acute DMH exposure. -
L) to evaluate the nuclear aberration index assay as a predictor

of neoplastic growth potential.

LM AR vl My o
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AS PREDICTORS OF SUBSEQUENT TUMOR FORMATION

4’ (A) INTRODUCTION .

§ N ‘ 1,2-Dimethylhydrazine (DMH) has been shown to be a reliable
inducer: of co;Lonic tumors in mice and rats (21, 22). Much of t‘:he »
recent experimental research has concentrated on the‘ef‘fects of
manipulating diet on DMH Qarcinogenesis‘(25: 26, 28). The dletary p Ve
effects are thought o be ’fzr'xedigted through changes in the intestinal/ v

microflora and in the composition of blle acids and neutral ste;ofs

secreted in the intestine (15-20, 30, 31). Although .these

/
envirormmental factors are thought to be the major determinanfs in the

-,
de\felgpngnt of colon cancer in humans, genetic factors

o

/
ve also been

3 dmplicated in suscepf:iubility to spontaneous and induced colonic tumors

tial ‘susceptibil ity

PN (36-44). ' Since Evans' first report on the differ

1 ’ of several mouse strains to DMH-induced tumors Ty, sever-étl studies

ain dependent (48-53). The

-]

stance to DMH is inherited are

have confirmed that DMH sensitivity is s
; mechanisms by which sensltivity or re '
poorly understocd. One approach ¥y which to examine thils difference
is to assess the early change t;r}at occur in the colonic crypt cells
of differenteinbred straing of fni,ce fol 1o;vilng a s:LngEe expc;sur'e to the

3 . carcinogen. It has been shown that a single subcutaneous or intra-

s | o

can 1lnduce specific cytologicnchanges in the .

rectal dose of DM

Vs

colonic mucosa, well as a r’api‘d inhibitipén of DNA synthesis in S-

phase cells d an early Inductlon of nuclear aberrations in the PC of
1 ¢ a

O .the cryptg (73=75). These acute changes are thought to reflect the

~vulnerability of the target tissue to the carcinogen and are slte-

spegific for DMH. In the rodent, it is the distal colon that has the

-

eatest acute cytotoxilec and proliferative chénges,las weil as the

B N

I
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greatest tumor laad following chronic DMH car'cinogeneﬂsisu (T4). .
It has also been suggestozed that a relationship exists between the
proliferative characteristics of the colonic mucosa and the

. r
development of neoplasia both in man and in the rodent (84). In view

" of the likelihood that the difference in strain sengltivity to DMH is

genétically contredled, it.haé been proposed that the LI and
distribution of DNA synthesizing cells of the murine colonic crypts 1n
the resting state should be able to predict the degree ~of sensitivity
to 9ngoing carcinogen exposure (96, 97). ‘ :

In order to test these theories, DMH was used as the carcinogen

and two inbred strains %i" mice, the DMH—senqiftivé A/J (A) mouse and

the relatively DMH resistant C57BL/6J (B) mouse were used as the test

. animals. These mice are especially well suited for analysis.in view

. &
of thelr great differences in resistance to infectlion and malignancy

(98, 99), and because a large number of phenotypic markers have

already been mapped to the genome. °

Thus the purpose of this study is to 1) quantify the Daseline

' proliferative indices of the distal colonic crypts in two geneticall'y

distinct groups of mice that haveg different sensitivities to DMH and-
2) document the sequence of changes that occur in the ér&pts of each
strain fol.lowing_a single exposure to DMH. The ma.in objective then is
to demonstrate that the sensitivit& to DM carcinogenesis can be
predicted by the 1ndigenous number and distribution of DNA
synthesizing cells in the distal colonic mucosa.

(B) MATERIALS AND-METHODS

Female mice of the A and B strains were obtailned at 7 weeks of

age and were observed for 1 week before the start of the experiment,

© e



A

7

LN ¢

347

e

‘Both strains were purchased from the Jackson Laboratory (Bar Harbor,

Maine). | All mice were fed Purina Lab Chow (Ralston Purina GCo.,

Richmond, Indiana) and water ad 1ibitum, and were housed in.wire

““cages, 4-5 mice/cage with wood™ chip bedding in ‘temper'atur'e, humidity

controlled rooms with a 12 hour light/dark cycle.

l 'Ige‘DMH e_xposed animals were given a single eubcqtaneous
injection of -DMH ’(Aldr'ich Chemicals Corp. Inc., Milwaukee, Wisconsin),
at a dosage of 15 m,%/kg body welght. Fresh solutions were prepared by
dissolving DMH in normal saline at a concentration of 0,3 gm % and

alkalinized with NaOH to a pH of 6.5. Groups of 5 animals were

sacrificed at 1, 12, 24, 48,,72, arid 96 hours following the DMH

“in,jection. Six animals in each straln served as controls and received

s

saline in,jection only (Figure 3).

©

All animals received an intraperi!oneal injection of tritiated
thymidine, 1 nCi/gram body weight (specific activity 6.5 Ci/mmol, New
Enggland Nuclear' Ltd., Lachine, Quebec) 1 hour prior to sacrifice. All

animals were killed between 10 and 11 am to avoid diurnal fluctuations
k>
in the pr'oliferative indices (59-60). v

<+

a) ’I‘issue Handling~_

All animals were killed by cervical dislocation. The large bowel
was removed, opened along 1ts entire length and washed with cold
saline solutlon. The lengths and weights of the colon from anus to
cecium were recorded, and then the distal 3 cm of colon was pinned,
mucosal surface upward, to a cork board and fixed in 10% buffered

formaldehyde solution for 24 hours.
¥,

b) Autoradiogr'aphic Slides

Complete transverse blocks of each specimen were then embedded in

paraffin and histological sections 3-4 microns thick were prepared.
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Autoradiographs were then pf'ocessed by the q1pping method of Iebloﬁd,

Messier and Kapriwa (100). After a two week exposure time, slides

Q

were flxed and stained lightly with hematoxylin and eosin.

c) Crypt Analyses

In each ;utor'adiograph a quantitative analysis was carried out
using either the "left" or "right" sides of thirty perfect axial cr'y?{
sections, . The eriteria for selection being that the crypt be

f SN
sectioned longitudinally with its base in contact with the muscularis

muicosa and its mouth at the lumenal surface., Crypts were counted at -

random from the entire seétion of colon. The height of each crypt
columm was rﬁeasured by coynting the number o;.‘ cells from base to mouth
of the crypt. The number of-labelled cells, and the position of each
labelled cell was also recorded. ,Q{In thirty additional crypts which
were cut tryan‘s)ve'rsely t.o the lumen of the Intestine, the number of
'

columns was mgeasur;ed by counting the number of cell ls around the
periphery of the crypt. Thus the number of cells/crypt column,
multiplied by the number of columns/crypt gave the total number of
cells/crypt for each colon scored.

Background "fog" was negligable‘ and cells: were consldered
labelled if seven or more grains were seen over the nucleus.

~
d) Distribution Analyses ‘

. In the control animals, distribution curves were, derived by

counting the percent of cells ﬁ(abelled at each cell position along the -

length of the crypt for each colon scored. .
For the control groups, each animal had the mean nurber of cells
per crypt column (i.e. crypt height), divided into thirds and each

labelled cell was assigned to either the lower, middle or upper third
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of the c¢rypt for each colon scored. ) *

e)’ Statistical Analysis s

1) Control Animals

Means and standard deviations of all measurements were calculated
for each st?'ain. Differences in crypt column height, number of
colums per cr'y“pt, aumber of cells per crypt, mumber of labelled cells
per crypt colwrf:in and LI wer'e‘ \compar'ed by applying the student t test.
Strain diff‘erences in LI as a function of cell position within the
crypt colum were assessed by using a matched-pair € test.

11) DMH~Exposed Animals

Differences between grouﬁ means for crypt colum height, LI &pd
absolute number of labelled cells per crypt columm across time in each
DMH .treatment group were® cal_culated and thelr significance was tested
using a mixed model analysis of variance.

(¢) RESULTS

) _a;')_ Control Anirﬁals

The mean ‘body welght for the A mice was 21.5 ¢ ’2.2 gm (mean + SD)
versus (VS‘) 17.2 £ 0.8 gm for the B mouse. Colon weights were 533.3%
37.2 mgm for A v.s 388.3 = 45.17 mgm for B. Colon lengths (cecum to
anus were 14.0 + .71 cm for A and 10.60 + .29 cm for B. All of these
values were significantly different (p < .001) (Table 3).

1) Proliferative Indices

As can be seen from Table 3, the proliferative indices for the A
&train In the resting state were significantly greater than that for

the B strain. The mean crypt height was 33.20 = .75 cells for A and

. 28.80 = .80 cells for B (p < .01). Also the mean number of labelled

cells per crypt column (4.48 = .56 vs 2.66 * .86), the mean number of

cells/crypt (524 + 29 vs 430 ¢ 16) and the mean LI (13.40 * 1.6 vs



= ) Table 3

MORPHOMETRIC AND PROLIFERATIVE INDICES IN A/J AND C57BL/6J

’ . UNTREATED CONTROL MICE® .

°

Morphometric Indices: -

C57BL/6J AlJ
Body Weight (gms) 17.2 ¢ ;8b . 21.5 ¢ 2.2d
Colon Weight (mgm) 338.3 £ 45.7 - 553.3 +37. 29
Colon Length (cm) 10.6 t\‘ .3 E ‘ .- l4.0 = .7d
Proliferative Indices:
. Colum Height (cells) 28.80t .80 . 33.2: .75°
) # Columns/Crypt 15.02¢ .21 15.70+ .96 .
'r. # Labelled Cells/Column 2.66¢ .86 | 448+ .56°
# cells/Crypt 430 + 16% - / 526  +29%
puw * ‘Tabelling Index 9.1+ 2.9 - 13.4 +1.6°

q31x anigals per group

PMean + sD

€# Cells/crypt = column height x # columms/crypt -

dy < 001 A& vs B

ep <.0lL Avs B \
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9.16 + 2.9) were all significantly greater in the DMH-sensitive A
strain (Figures 4-6). The only parameter that was not different was
the number of columns/crypt (15.70 * .96 vs 15.02 + .21). This
estimate had small inter-animal varlance but wide inter-crypt
variance, and ‘depending on the level of cross sectlon, l.e. closer
toward the base vs closer toward the lumen, the crypt would have fewer
or greater columns (Figure 7). This reflects the shape of the crypt
and underscores the difficulty in aeriving estimates of who?Le crypt

populations in two dimension‘;,l analyses.

i1) Distributlon Analysis

The LI for every céll posltlon along the crypt was examined in
both strains of mice (Figure 8). TFor all cell positions the DMH
sensitive A strain has a higher percentage of cells labyel led than the
B strain. As well, the A mouse has labelied cells up to position 25
whereas the B s{:rain has termination of DNA synthesizing cells at
position ‘17. These two curves were compared by a matched-palr t test
at each cell positibn and were significantly different (p < .0001;
mean difference in labelling index = 6.40 = 1.07%). fg

When dividing the crypt into thirds and assigning each labelled
cell to either the upper, mid@le or lower third of the crypt, there
was a total of 213 labelled cells in the A's middle third whereas the
B's had a total of 90 labelledi cells 1in this region. Thls represents
approximately 26% of all A labelled ce]:ls vs 17% of B labelled cells.
The upper third contained almost 1% of all labelled A strain cells vs

none of the B strain cells (Table U),
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Autoradiograph of an untreated C57BL/6J mouse colonic

Note the number and distribution of labelled cells.
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Figure 6. Autoradiograph of an untreated A/J mouse colonic crypt. 2
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Note the number and distribution of labelled cells. §
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Table 4 ’
/
DISTRIBUTION OF LABELLED CELLS IN CRYPT COLUMNS .

OF A/J AND C57BL/\6J UNTREATED CONTROL MICE™ -
Strain Lower 1/3‘ J i Middle“£/3 ‘nger 1/3
# Labelled %  # Labelled % # Labelled ' % )
VA 577 73.5¢8.6% 213 26.0¢ 7.6 6 & .7:1.0
C57BL/6.J 404 82.7%8.4 90  17.1% 8.4 0 0

”
t
¢

aValues'represent the mean percent or the absolute nupber of all labelled

’

k)
cells recorded in each third of the crypt ﬁor all aniyals scored: Each

’ /
N ’ g,
group contained 6 animals. . \\\\\~,j
‘. " .
.b )
Mean * SD
I i
1
x‘ . i b /
L]
i
'IA ! \ <
“ : .
, .
-
o
S
e
v e
. ("\\ -
S
i
-
o -
u
T a ¥
. .
S e A

el TR 5 3y e b S Bt e 0T

e,
o

R TR MUY

Lan L

Sl




.

b) DMH-Exposed Animals-

i) Weight Loss
The sensitive A animals lost a mean of 14% of their TBW 48 hdurs

after ISMH exposure (Figure 9) (% qhan%e in TBW.= 1 - post-DMH;
' TPBW/pre-DMH TBW x 100). The B strain lost a mean of 3.6% of TBW at 12

hours but’ gained this 'weight back within 24 hours. ' Subjectively ‘the A

~1
Strain were less actlve, ate 1ess food and had more diarrhea than the

B strain. g

IS . . N

i1) Proliferative Indices’

* =~ As can be seen from Figure 10, at 12 hours both the A and B
strains had a drop‘ in the absolute number oIZ labelled cells/crypt
f} 'coluxm, and a drop In the numt;er? of cells/crypt colum. By 12 hours
post-DMH, the A strain lost a mean of 7.1 cells or 21% ?’f the columh
height énd the B's lost a mean of 4 qellslr' 13.9% of column helght.

Both stralns recovered by increasing the number of DNA synthesizing

cells in theilr crypts and by 96 hours post-DMH the column heights, -

number of labe:lled cells and LI krlad all returngl to pre-DMH levels.
LI in Both strains peaked at 48 hours, thga! A being 20.4 * 1.4% and tk?e
B 15.9 + 1.4% represénting an i:ncr*ease in 1.52 times control for A a.n.d
1.75 times control values for B. I-Xs. can be seen in Figure 10, this

';incr'ease in the number of labelled cells per crypt,column, coupled

with the decrease 1In crypt column height esu“lts in a great increase

in the LI in both the sensitive and resistant animals. The curves. for

A ) n
B

crypt height, labelled cells/cr'ypt columm and LI were analyzed for
each strain at each time interval by a mixed fntdel analysis of
variance. The curves for ¢rypt colum height are not statistiéally

\ parallel probably because ‘of the smaller difference at 48 hburs post—

DMH but we can 8till say that time effect is significant (p< .0001)_
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and that overall the A's had longer crypt columns than the B's (p =

.003). The curves for LI .are parallel and are significantly different

.over time (p <.0001), and the overall LI for A is greater than for B

{(p = .003). Finally, for the absolute number of labelled cells per

erypt columm, the curves are again parallel over time, and the A mice,

have an ovérall greater number of labelled cells per crypt column than
the B'mice (p = .002).
(D)  DISCUSSION

The br‘esent results suggest that thhe sensitivity of 4 mouse to

long-term DMH exposure 1s related to the indigenous proiiferative

characteristics of its distal colonic mucosa. The DMH sensitive A

straln had a longer crypt column, more cells/crypt, more labelled

cells/crypt column, a higher LI and a wider PC than the DMH resistant
B strain. — ' .

In our labor‘ators,:, the A and B strains have been tested with
chronic DMH exposure-and the A's developed 19.0 = 8.7 tumors/animals
ve 1.0 + 1.4 tumor's/anj’.mal in the B's (Fleiszer, D.M., Skamene, E., -
manuscript in preparation). This zreat difference in sensitivity to
the carcinogen Justified using these two inbred strains for analysis.
Deschner has examined the proliferative characteriﬁstics of the
C57BL/6J mice and found tha‘ they had a LI of 8.5+ ‘1.1 (96). These

\ -
findings are similar to ours.

In the DMH exposed groups of mice, the pr'olifer'ative indices,

r'ef'lected the initial decrease and subsequent 1increase in numbers mf‘

DNA synthesizing cells. It is lear' that “the "ovnrshoot" in the LI at .

48 -hours in both strains is due not. only to the increase in mnnber’s of
lalielled cells but also to tHe decr'eas in the crypt cell population
1tself. It has been shown that the
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1s seen both in mice and rats (73-75) and this change reflects the
cytotoxle effects of DMH, and the subsequent repopulation of rthe
crypts. Our present study is in acgordance with the work of other# in
demonstrating that the ,acfute responise to DMH has a specific pattérn of
cell loss'and recovery (74, 75, 101). This response- however was seen
in both sen§itive and - resistant inbred strains, and therefore cannot
explain the differences in eventual tumor formation after long-term
exposure to tlre carcinogen.. o

Several studies have ,attempted to explain t‘he different
sensitivities to DMH based on differences in its mgtabolism (102,
103). The A strain lost a greater percentage of 1ts TBW and appeared
slcker than the B strailn after exposure to DMH, but on the basis of
changgs in the proliferative indices following DMH exposure, the
present staudy supports the concept that both inbred strains initially
metabolize DMH in‘ a similar fashion. It magi be that the acute
systemic effects are greater in the’ strain, but ;:he acute Jdiéect
acting effects on the colon are of equal magnitude in both étrains.

As suggest‘ed by Deschner (96), since A mice'are initially as

sensitive to DMH as B mice, the difference in eventual tumor load

after chrénic exposure to the carcinogen might be explained in terms

—

of the_transmj.s/ﬂ@/ef/sﬁgble mutations carried through several
A g
generations of DNA synthesis over time. Kanagalingam (104) proposed

that the development of tumors results from the cell's inability to

a

}r'epair' DNA damaged by chronic exposﬁre to a carcinogen. In the A

- mouse, the resting LI 1is 50% greater and ‘the absclute number of

labelled cells 1is 70% greater than in the.B mouse. Thus the greater

number of proliferating cells in the colonic mucosa of the A strain

.l\o«
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correlates with the degree of susceptibility to undergo neoplastic
transformation. In the descending colon' of the mouse, crypt cells
have »ad short lifespan of about 100-130 hours and turnover rate of .75
- .95% cells/hour (105). In a renewing population like the co&lonic
mucosa, errors in DNA could be incorporated into the next generation
of cells if DNA repair 1is n°<3t carried out fully after exposure to a
garcinogen. Tl;us errors could accumulate during chronic carcinogen
exposure, and with a larger population of plrolife'r’atingz, cells, such as
in the A straln distal colon, more cells would be at risk, more
errors would ;ccur, and more tumors would subsequently develop.

The‘;iidth of the PC has also been'shown to correlate wilth DMH
sensiﬁivity (84, 96, 97). The A strain had 26.9% vs.17.i% in the B
“strain of 1ts pr'olife;r'ati'ng czalls in the middle third of the crypt.
These values support the concept that the wider ;he PC and the higher
the labelled cells are on the crypt wall, the greater 1s the chance of
trtansmitting a mutation \after‘ carcinogen exposure. I?: is of
particular interest to note that almost 1% of all labelled cells in
the sensitive A strain were in the upper tl'mir'd of the crypts. This
pattern has been described as a stage I abnormality by Deschner (82,
see Flgure 2), where the PC extends beyond the middle third of the
crypt. The stage I abnormallty is usually seen after at least four
injections of DMH in sensitive strains of mice (15, 77, 78, 81, 84,
96, 97). To my 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 straln after chronlc

exposure to DMH.
The data in this study support the following conclusions: 1)

inbred strains of mice have different proliferative characteristics in
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* their distal colonic mucosa; 2) the susceptibility to DMH-induced

s colon cancer can be predicted by the indigenous number and
distribution of DNA synthesizing cells in the distal murine colonie

N

micosa; 3) the acute response in the prolifer:ative compartment to DMH

in different inbred strains of mice is similar and parallel; and 4)

ul timate DMH ;:ar‘cinogenesis may depend on the establishment of stable

transmissible mutations.
(E) SUMMARY

) It has been proposed that the number and extent of tumors formed
after chronic exposure to DMH can be predicted by thé indigenous
number -and distribution of DNA synthesizing cells in t'he murine

}f colonic mucosa, and that this sensitivity to DMH 1is genetically

' determined. In order to test ,thls hypothesls, two genetically
distinect inbred strains of mice, the DMH sensitive A mouse and the
relativlely DMH resistant B mouse were studied before and after a
single exposure to DMH. The untreated A straln had a longer crypt

- colum, a higher absolute number of labelled cells per crypt colum, a
greater LI, a wider PC, and a greater number and percentage of
labelled cells in the middle and upper third of the crypt than the
untreated B strain, After acute exposurel to DMH, the A strain lost
more of 1its TBW the;n the B strain. There qwas”etn initial loss of‘
cryptal cells, a dr'Op’ in the LI, and a subseéuent increase and
overshoot in the number"of labelled cells and LI. This pattern of
cell loss and recovery over time was parallel in both strains, and
thus cannot expllain the differences in ultimate tumor formation after’
chronic exposure to the carcinogen. The data are consistent with the

theory that the susceptibiiity to DMH carcinogenesis can be predicted
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by the indigenous proliferative characteristics of the mirine colonic -
mucosa. The acute proliferative response to DMH 1in these strains 1s
similar and parallel, thus ultimate tumor load may depend on long-term

effects such as the establishment of stable transmlssible mutations.
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9. 1,2-DIMETHYIHYDRAZINE INDUGED NUCLEAR ABERRATIONS IN CSTEL/6J

AND A/J COLONIC CRYPTS

(A) INTRODUCTION

In recent years there has been a gr:eat deal of interest 1;1
developing specific and rellable markers for colonic carcinogen
exposfwe. DMH 1s a carcinogen that after long-term exposure reliably
induces tumors in the distal murine colon (22). Although the precise
mechanism byy-fwhich DMH induces’ colon tumors is not completely
understcood, it has been shown to methylate DNA of cells in its target
tissues (106-108), to inhibit normal DNA synthesis (109, 110) and to
cause degenerative changes in the cells lining the colonlc crypts of
the distal murine colon (23, 381, 89’~91): DMH 1is site-specific for the
distal colonic mucosa and 1t 1s this reglon where the greatest
cytotoxic and proliferative changes occur, as well as the greatest
tumor load following chronic DMH exposure (74, 110-112).

Most studies have examined tumor load as the end-point of DMH
carcinogenesis but several recent reports have examined the acute
cytotogic effects of DMH in the colon as a measure of exposure to the

carcinogen (75, 87, 89-91, 95, .113). These measurements are based on

the detection and quantification of nuclear aberrations that appear in

‘the crypt epithelium before and after treatment with a known

carcinogen. Maskens (91, 111) demonstrated that the proportion of
karyorrhectic nuclei following carcinogen exposure’ correlates well
with a drop in the mitotic index and with tpe sensitivity of
individual segments in the rat colon to eventual tuor development.
Heddle et d1 (87) qs;d the micronucleus test as a means of
characterizing and qua;ltifyirxg carcinogen exposure. Wargovich et al

(75) measured several forms of nuclear anomalies and demonstrated that
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their numbers had a specific pattern as a function of time following

DMH expésure. N

The quantification of colonic nuclear aberrations as‘a measure of
exposure to a colon carcinogen appears to ?eliably discriminate tissue
specific carcilnogens from non-carcinogens. Non-colon carcinogenic
analogues of DMH such as 1,1-dimethy¥pydrazine or n-
nitrosodimethylamine do not increase the number'nof: micronuclel after
their admlnistration (87, 90). Thus the quantification of nuclear
aberrations is not only a sensitive assay for carcinogen exposure, but
a specific cne as well.

. In this study in order to facilitate the quantification of DMH-
Induced cellular damage, all forms of nuclear abnormalities, that is,
pyknotic, karyorrhectic and micronuclel have been grouped under one
heading,nucleér aberrations (NA). Thus all NA are considered as a
part of the continuum from cell damage, to cell death, to eventual
cell extrusion or digestion.

In thils study the absolute and relative numberé of NA in the
distal 3 cm of colonic mucosa in two different inbred strains of mice
before and after exposure to DMH are examined. The.strains are the
DMH sensitive (tumor forming) A mouse and the relatively DMH resistant
(noﬁ—tumor forming) B mouse. The colonic crypts are also scored for
numbers of mitotic figures (MF) and for crypt columm height.

The purpose of this study is to 1) quantitate tﬁe absolute and
relative numbeé of aberrant nuclel and mitotic figures in the dis?al
colonic crypts of t&o different inbred mouse stralns as a function df
time following a single DMH exposure; 2) compare the nuclear

aberration index (NAI) and the mitotic index (MI) in these mouse

-

n‘.‘*
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strains as a function of time following DMH exposure; 3) evaluate 1';he
NAI assay as an jandicatof' of acute DMH exposure, ar}d finally to 4)
evaluate the uséfulness of the NAI assay as a p“redic}:or" of ulj;imate
neoplastlc growth potential,

(B) MATERIALS AND METHODS

a) ) Animals &

A and B mice wex—’e obtalined from the ;Iackson Lab (Bar Ha}'bor,
Maine). All animals were female ar.ld 7 weeks old at the time of
purchase, and 8 weeks old at the-start of the experiment. All mice
were housea 4-5 per cage on wood chip bedding, in a 12 hour light/dark
cycle, temperature and humidity controllea environment. Animals were
allowed wateP and mouse chow (Ralston Purj‘.éxa Co., St. Louis, Missouri)

4 4

ad 1libitum.

T

b) Carcinogen Treatment

Fresh solutions of DMH (Aldrich Chemical Co.,- M1ilwaukee,
Wisconsin) were made by dissolving 150 mg of DMH in 50 ml of NaCl and
pH was adjusted to 6.5 with NaOH. Each experimental mouse received 15
r;lg/kg DMH subcutaneocusly once only. DMH was given to 25 mice of each
strain and groups of 5 animalsiwer"e sacrificed at 12, 24, 48, 72 and

96 hours following treatment. All animals were sacrificed be'cwéen 10

and 11 a.m. to avold diurnal fluctuations in proliferative and

apoptotlc parameters (59, 60, 114). Five untreated animals of each
!

strain served as controls and were sacrificed at time O.

¢) Tissue Preparation

Ali animals were killed by cervical dislocation and thelr colons
were excised from the abdominal cavity, and flushed with cold NaCl
solution. The colon was slit open from.anus to cecum and pinned

mucosal surface upward on a cork board and fixed in 10% buffered
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formaldehyde for 24 hours. Histologic sect:'ions (3-4 microns thick) of
the distal 3 cm of colon were cut from paraffin embedded blocks and

slides were stained with feulgen and a fast green counterstain.

d) Crypt Analyses -

»

The position and rumber of all NA and MF were scored in 20 crypt
sectlons for e':ach animal. Only crypts that were sectioned along thelr
long axis extending from the mu'scularis mucosa to crypt mouth were
scor'ed.' Crypt coiurm height was determined by qoun’clng the nwuber" of
cells along the "right" or "left" sides of 30 crypt coiumns for ee;ch
colon scored.

.

The distribution of NA within the crypt was determined by scoring

aberrations for each cell position where position 1 represents the

.bottom cell of the crypt section. The NAI in the distribution curve

1s determined by pooling the total number of NA for each animal at
each cell position and dividing by the total number of cells countéd.
Thus tne 'distributlon NAI = ‘

total mumber of nuclear aberrations per cell position
- x 100

" total number of cells per position

For determining the change 1in frequency of NA and MF as a

.

function of time after’ DMH exposure, means and standard deviations of

.the absolute numbers of NA and MP per crypt section were calculated

for each group of ‘animals (4-5 per group). For determining the change
in Prequency of the NAI and MI as a function of time, the absolute
number of NA and MF were divided by 2 and, £hen divided by the mean
erypt height.(in cells) for each animal. Tﬁhs in thtis Instance, NAI
@ MI represent the percentage of abérrant or mitotic nuclei in the

o

entire crypt column.

o

-
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e) Statistical Analysis

Frequencies of all NA and MF for each treatment group were,
comgar'ed to untreated controls by the student t tes’t.‘l Values were
congsidered significant if p < .0l. NAI and MI values wiler'e similarly
compareci, Correlation between crypt column heights ;nd NA at each
time interml were determined using a simple linear rebrlassion curve,
(C) RESULTS : A

The A and B untreated control mice had similar baseline numbers

of NA and their distributions were also simllar (Figunes 11 and 12).

)

DMH induced all three types of NA in both stralns of mice. In the 12 °

hour groups, the NAI at eachicell position in both stra was similar
with the greatest percentage of aberrant cells between 1ell positions
1 and 10 (Figure 11). Up t3 50% of B cells and 40% of A cells at
position 3 were aberrant 12 hours after bMH treatment, | Distribution
curves for the 24, 48, 72 and 96 hour groups are not preksented here,
but’the'pattems were similar for both strains of mjl.ce. AlleA
appeared In the lower two thirds of the crypt sec»ions, and by 96
hours, the curves were indistir{guishable from f:pe untreated control
eurve. Although no quantitative discrimination was made l;etween‘t'he
types of NA, in the econtrol animals most of the aberr'atiins were in

the form of micronuclei. This is;in contrast to the DMH treated

\

animals where karyorrhectlic and pyknotic nuclel appeared n greater

numbers (Figure 13).

The frequency of NA and MF per crypt section following| DMH as a

function of timé is seen in Figure 14, The greatest increase in NA

occurred between 12-24 hours post-DMH in both strains. |This is

followed by a gradual decrease in numbers of NA to pretz‘éatneqt levels
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by .96 houf's’. The A controls had .89 * .19 (mean : S.D.) NA per crypt

section and this rose to 3.13 + .49 at 12 hours post-DMH. This

rebresents a 3.5-fold increase, ’ Similarly, the untreated B mice had a—

baseline of .7 = .2 NA per crypt and 2.38 + .31 at 12 hours; also a
3,5-fold increase. Both these values are significantly greater than
the control values (p < .001).

The number of MF scored for each strain as a function of time
post-DMH was also determined (Figure 14). The patterns are similar "
for both strains and snow an initial suppression and subsequént
increase and overshoot in the MF rate. ’I‘he\untr‘eat;ed A and B mice had
A3 £ .16 and .55 * .37 MF per crypt sectlon, respectively (Figure
#15), and by 48 hours after DMH treatment, this rose to 1.08 - .20 and
1.07 + .17 MF per crypt (Figure 16). This represents 2 2.5 and 2.0-

fold increase for the A and Bmice, respectively. These values are

significantly different than the control values (p < .01).

Because there are interstrain differences in crypt heignt and

thus crypt cell population (71, 115), we again scored the frequency of

"NA and MF, but this time as a percentage of the total number of cells

in the crypt column. Thus crypt column helghts were determined for
each animal scored (Table 5) and the NAI and MI were determined as a
function of ‘time after DMH.exposure.

Figure 17 represents the NAI and MI of each straln after DMH
treatment. ‘ The mean NAI in untreated A and B mice were 1.34 = .28}

and 1.20 + .36%, respectively. These values rose to 5.8 + .56% and

4,79 +.76% by 12 hours. This represents a 4-fold increase in both
strains.

As seen in Table 5, the temporal changes in crypt column height

correspond to the 1ncrease in NA. Thus the loss in crypt column
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CHANGE IN CRYPT COLUMN HEIGHT AS A FUNCTION OF TIME AFTER DMH EXPOSURE

Time Post-DMH ~¥mfection

Strain -

p 0 12 24 48 72 96
. h , C [ C . ‘
Ald 33.2¢.75 26.9+1.70 27.1+1.80 27.0¢ .54 32.74.65 13,3+ .47,
C57BL/6J  28.84.79 24.9+ .79 24,8t ,68° 27.542.10 31.1:.90 29.2+1.0

«

4

2

“DMH 15 mg/kg sc x 1 dose. 30 crypt}:olumns scored (in cells) for each animal, 4-5 animals per time period.

mean *+ S.D.

cp < .0l when compared to controls (time 0)
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height is due to the loss of viable cells In the column which are
degenerating. The correlation coefficient for NA vs column height
for the A mice 1s -.84, and for the B mice r = -.86.

(D) DISCUSSION

It has. been suggested that the measurment of nuclear aberrations
in the colon crypt is an in vivo short-term assay that 1s a reliable,
sensltive and specific method of g‘greening for exposure to a colon
carcinogen (87, 89-31). In this study- both the absolute and relative
numbers éf NA, MF and crypt column helght were quantified as a

function of time following a single exposure to the colon carcinggen

DMH. Untreated animals in both strains had similar“baseline

aberration patterns. Induction of NA was found to peak at 12-24 hours
after DMH and return to pretreatment levels by 96 hours in both A and
Bmice. These findings are in agreement with other reports (75, 89,

91).

The distribution of NA at 12 hours post-DMH reveals that the vast

Y

majority of nuclear damage occurs in the bottom two thirds of the

crypt. This 1s the proliferative compartment of the crypt and cells
in this region have the greatest synthesls of DNA arid highest

labelling indices (34). The distribution pattern reported here is 1in

agreement with other series previously reported (75, 87, 91, 96, 97,-

113). It is worth noting that the 12 hour NAI distribution curve
(Figure 11) closely r'eysembles the labelling index distribution curve
(68, 71, 96, 97; see Figure 8). It has been ‘suggested that
proliferative actlvity must be a prerequisite for carcinogen-induced
apoptosis (89). Thus as an alkylating agent, DMH primarily damages

the nuclear DNA and this results in the formation of aberrant nuclei

R R S
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that appear within the proliferative compartments of the colonilc

crypts.

In this study both the absolute and relative frequencies of NA

=
—

and MF were quantif‘ied.‘ The NAI is a more precise index of carcinogen

exposure because 1t takes into account the total number of cells at 3

risk. This distimction is a critical one because the A mice were
found to'have a baseline crypt column height of 33.2 + .7 cel l,s, Vs
28.8 = .7 cells in the B mice (p < '.\(N). Thus the A fmice had a
greater number of cells at risk for carcinogen exposure. In fact, A
mice have a significantly higher labelling index and a wides'
proliferative compartment than the B mice (115). Both the labelling
index and width of the proliferative compartment are thought to~;‘elate
to and be predictive of the sensit:ivity of a given mouse strain to
long-term DMH carcinogenesis (96, 97). This is an mport;ant concept
in light of the similar patterns of DMH-induced nucl&ar® damage in the
tumor forming A and relatlvely non—tumor f‘or'm%ng B mice. The initial
suppression qf‘ DNA synthesis, the increase in frequency of aberrant
nuclel and loss of cr';pt column helgnht are all measures: of DMH
toxlicity and are similar and parallel in both strains of mice, Thus
the A and B mice most 1ike1y initially metabolize DMH %o an equal

degree. Thils argues against the theory that ultimate tumor load

depends principally on a difference 1in the metabollsm of the

carcinogen (102, 103). However, these similar patterns cannot explain ﬁ

why the A mouse develops 19 * 8.7 tumors per animal while the B mouse
develops 1.0 * 1.4 tumors per animal following 20 weekly injections of
DMH (p < .01) (Fleiszer, .D.M. and Skamene, E., manuscript 1in
preparation). Therefore DMH induces NA in both strains of micey but

the NAT assay does not relate to eventual neoplastic transformation.

-
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It should not be used as a predictor\of & glven strain's ultimage‘*
sensitivity to a carcinogen. The NAI assay's greatest strength 1‘;es
in 1ts potential as an indicator of early carcinogen exposure.

c Thus the data presented here lndir‘e;ctly supports the théor*y that
tumorogenic potential may depend on the p::oliferative para:ne\térs of
I colonic crypt cells, and the establishment of sStable mutatibns “v;;ar'r‘ied
through several generations of cell divis*:gsn o‘ver time, S°inc':e the
initial effects of DMH are similar in different inbred strains of mice
that have known dissimilar sensitivities to long-term DMH exposure,
the later processes involved in either protection of promotion of
caréinogenesis should be areas for future investigation. Thése
modifiers of carcinogenesis might include various immune .parameters,
humoral responses, oncogenes or DNA repalr nmeqhanisms. ‘

(E) SUMMARY . . :

A single exposure to DMH produées several forms of aberrant
nuclel 1—n the crypts of the distal murine colon. The frequency of
nuclear aberrations in the distal éolonic crypts in DMH-sensitive A
and relatively Dﬂﬁi-resistant' B mice before a'md after a single exposure
to DMH were examined. Nu'clear; aberrations, mitotic figures ané wcr'ypt
column heights were scored for all animals as a function of time
following administration of DMH. In both str'a'ins there is a
significant increase in the absolute and relatlive frequency of nuclear
aberrations by 12 hours, with a corresponding drop and subsequent
ovérshoot in the mitotic index by 48 hours post-DMH. The temporal
changes 1n crypt column helght c"or'r'elate closely with the temporal
changes 1n frequency of nuclear aberrations 1n both strains. The

results suggest that both inbred strains respond to acute DMH exposure
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in a similar and parallel fashion over time.

The following
conclusions can be drawn from these results: 1) that the nuclear
aber’;ration index assay 1s a sensitive method for detecting early DMH
expasure and 2) t})a.t this assay doe:a not relate to ultimate outcome
after chronic D‘

predictoy'of eventual neoplastic transformation.

i -

exposure, and therefore*should not be used as a :
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10. FINAL SUMMARY ANB CONCLUSIONS

Colon cancer is among the most prevalent malignancies in North

America and other westernized countnies Migration, corr'lalation and%

comparison studles have shed much light on’ the etiolggical roles of
diet and fecal factors 1n colonic carcinogenesis.. Animal exper'hﬁents
using the * DMH model of colonic oar'cinogenesis have made significant
contribu*ions towards separating out the complex and int@r-acting
endogenous and exogenous etiologic factors. DMH has several features
which make it extremely well suited for the systematic examination of
these risk factors. Firstly, DMH colon carcinogenesis is site~
ejpecific for the distal colon and yéecondly, the tumors that develop
are pathelogfﬁ‘ally a_nalagous to human colonic neoplasms, !
Both human and animal studies mv’é’dqnonstrated that diets low in
fiber and high in fat and protein are potentially promotive in their
effects on colonlc carcinogenesis. Although diet and environmental
factors are still considered the major determinants of colon cancer,
genetlic predisposition plays a significant role in L‘ps genesis, both
in the human and the animal models. Just as inr‘;o many dlisease
systems, the cause of colon cancer remains unknown but must lnvolve

04

the interaction of host and environmental factors. Thus although the

4 4

edntribution of individual genetic predisposition is poorly defined,

it could play a significant role in the pathogenesls of colon cancer,”

no matter how definitive the éontribution of envirornmental factors.

Genetic predisposition to ;:olon cancer may involve many pathways
leading to diverse phenotypic changes. One of these path,ways,

cellular proliferation, has been studied extensively both ln man and

in the rodent. It has been suggested that cell prolif‘er'ation might pe

used as a blological marker for human colonic neoplasia.

©

{

.
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In' the normal state proliferation is confined to the lower two
thirds-of the colonic crypts with the basal third the major zcne of
15NA synthesis. Deviations in the normal patterms of cell renewal have
been characterized both in human and animal colon specimens. These
alterations include an extension of the proliferative compartment
towards thei surface epithelium, an overall increase in the labelling
1ndex and & shif“t of the ma,jorz' zone of cell proliferation from the
base to: the m}dele and upper thirds of the glands. Agaln, this
sequence of proliferative abnonnalj:ties has been described both in man
and rodent and the pattern that en;erges suggests that colonic crypt
cell kinetics are closely associated with neoplastic growth poteﬁtial.

In the present study, the colonic c\r'ypt cell proliferative

characteristics and carcinogen induced nuclear aberrations of two

[

strains of mice witH known different sensitivities };o‘ DMH
carclnogenesis were examined. The sensitive strain was found to have

a longer crypt column, a higher labelling index, a wlder proliferative

compartment angi a greater percentage of its DNA synthesizing éells in

. the upper two thirds of its crypts than the resistant straln; yet

acutely, both strdins responded to DMH in a similar and parallel
fashion. The current theories of cellular kinetlcs and their

relatibnship to neoplastic growth potential are clearly supported by

' ' the data and conclusions drawn in this study. ‘The distinct kinetic

patterns’. in thuesg two genetlcally homogeneous mouse stralns appear to

[ %
rellably predict each strain's susceptibility to DMH-induced colon

9
'

tumors.

.

The nuclear aberration index assay has only recently bcéen

described and is refuted to éiscriminate colon carcinogens from non-

&
\ ‘ . : ‘
. ) ,

B
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colon carcinogens. The present study does not assess this reported

specificity, but the data does demonstrate that nuclear aberrations

are indeed induced in the crypts after only o;ue exposure to_DMH. The

distribution of these aberrant nuclel supports the concept that the
cells in the proliferative compartment are the ones most sensitive to
carcinogéneic induced mutations. Agaln, both strains exhilbited
nuclear aberrations of egqual magnitude and in similar distributions
suggesting that ot}ler mechanisms, perhaps DNA repair systems or mm:me

parameters are responsible for the long-term differences in tumor

0 .

, Lndqctioﬁ . 4 g

The ultimate goal of the gastrointestinal or surgical oncologist
who 1s interested In colon cancer, is the early detection, prevention
and cure of this disease. Although great strides have been made in

the last thirty years in characterizing the etlologlcal factors and

‘the biological behavior of these tumors, little or no improvement in
survival has resulted. The overall filve year mortallity rate still-

remains close to 40%, and this statistic has not changed in over a

decade.

Certainly research must continue in the areas of treatment and

. cure of established disease. However, by formulating a screening

technigue based on simple cytokinetic measurements, the goal of
pr'éneoplasjcic detettion and early ldentification of individuals or

populations at increased risk for developipg colon cancer migh/ti be

réalized.
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