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Proliferative zone height of control and hyperplas
after (3HJdThd injectiontic

colons 2hrNo.ProliferativeofCrypt

column zone heightFractionofmiceheight(cells)
(cells)cryptControl

1027.0Â±2.4a 9.0Â±0.90.33Â±0.02HyperplasticModerate

552.8 Â±3.4 30.5 Â±4.00.58 Â±0.05Severe
672.7 Â±1.0 67.7 Â±2.90.93 Â±0.03a

Mean Â±S.E.

Labelingmdicesof control and hyperplastic
after(3HJdThdinjectioncolons

1.5 to 2hrNo.of

Cryptcolumnmice
height(cells)LabelingindexControl13
27.6Â±2.4k'10@7@1,9bHyperplasticModerate12

54.4Â± 3.316.8Â±2.8Severe13
90.5Â±12.123.3Â± 6.1

No. of
miceCrypt

column
height(cells)Fraction

of cryptMigration
(cell posi

tions/hr)1hr12 hr24hrControl1025.8Â±2,4a0.33Â±0.040.49Â±0.110.18Hyperplastic1454.6

Â±3.80.46 Â±0.070.85 Â±0.011.89a

Mean Â± S.E.

Labeling indices, proliferative zones, and migration ratesof control and hyperplasticcolons undergoingregressionNo.

of
miceCrypt

column
height (cells)Labeling

index
(1 hr)Proliferative

zone
height (cells)Fraction

of cryptMigration
(cellposi

tions/hr)1hr 24hrControl

6
Hyperplastic 1527.7

Â±2.0a
53.3 Â±3.595

Â±1@
14.1 Â±1.69.6

Â±02'
20.5 Â±2.50.35

Â±0.01@ 0.50 Â±o.ola
0.38 Â±0.03 0.56 Â±0.050.18 0.42

S. W. Bartho!d

the midpoint of the descending portion of the curve is used
insteadof the 50% label point, the S phase in hyperplasia
was approximately 12 hr long. This would actually be an
underestimate. The total of each of these intervals was
subtracted from the cell cycle time to obtain G1 phase
lengths of approximately 10 hr in controls and 13 hr in
hyperplasia.

Theposition of labeling during hyperplasiadiffered mark
edlyfrom controls (Table 1). The relative position of cells in
the proliferative zones of control and hyperplastic colons
was calculated from mice sampled 2 hr after [3HJdThd
injection. There was an expansion of the proliferative zone
from the basalone-third of the crypt in controls (Fig. 1) to
the basalone-half in moderate hyperplasia (Fig. 2). Severe
hyperplasiahad DNAsynthesisand mitotic activity through
out the crypt column and surface mucosa (Figs. 3 to 5).

Labeling indices of moderate and severe hyperplasia
were significantly elevated abovethat of controls (Table2).

Table 1

The indices from 1.5 and 2 hr after [3HJdThd injection were
combined for control colons and for moderately and se
verely hyperplastic colons for comparison. Statistically sig
nificant differences occurred between each of the groups
(p < 0.001 between controls and moderate or severe
hyperplasia and p < 0.01 between moderate and severe
hyperplasia).

The transit time of cells migrating through the nondivid
ing segment of the crypt column was markedly decreased
in hyperplasia (Table 3). Only moderately hyperplastic le
sions could be evaluated since label was already present in
the surface mucosa in severely hyperplastic lesions at 1 to
2 hr. Since the crypt cell column heights of moderately
hyperplastic colons averaged only about twice that of con
trols, although the migration rate was approximately 9
times faster, cell loss via surface extrusion or death was
apparentlyaccelerated in hyperplasia.

In regressing hyperplasia (28 days), crypt heights were
comparable to moderate lesions at 16days except that the
labeling index was slightly decreased, the migration rate
was greatly prolonged, and the proliferative zone was
diminished (Table 4). Although the labeling index and the
position of label were evaluated at 1 hr in this study and 2
hr in the previous study, no differences existed between
control groups. The cell column height of the proliferative
zone in regressing hyperplasia was twice that of controls,
but it occupied approximately the same relative position.
Migration rates were identical for controls in both studies.
The rate in regressing hyperplasia was slower that that
found in peak hyperplasia, but it was still accelerated
compared to that in controls.

DISCUSSION

Transmissible murine colonic hyperplasia offers an op
portunity to examine the colonic mucosa at the limits of
benign but marked proliferativeresponse.Data obtained
from this disease can be extrapolated to provide insight
into diseases with a lesser degree of proliferation. During
hyperplasia, an expansion of the proliferative zone, an
increased labeling index, a prolongation of the cell cycle
time, an increase in variation of DNA synthesis times result

Table 2

a Mean Â± S.E.

b Mean Â±S.D.

Table3
Migration rates of cells through the nondividing segment of the crypt in control and hyperplastic colons

Table 4

a Mean Â±S.E.
b Mean Â±S.D.
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ing in prolongation of the S phase, and an accelerated
migration rate were found . Although crypts were elongated,
cell production exceededretention, resulting in accelerated
cell extrusion and immaturity of the hyperplastic epithe
hum.

The cytokinetic changes demonstrated during murine
colonic hyperplasia are not unique, and resemble changes
found in colonic and some other types of neoplasia. Avail
able data on cell cycle parameters of various tumor types
are extremely divergent among laboratories, tumor type,
and conditions that influence tumor growth rate (6, 23, 45,
53). Limited information is available on complete cell cycle
analysis in colonic neoplasia. In patients with colonic vil
bus papilloma and adenocarcinoma, the proliferative cycle
and S phase are prolonged compared to nonneoplastic
adjacent tissue (34). In other studies, S phaseprolongation
was observed in human colonic adenocarcinoma (7, 10,
29). Carcinogen-induced adenocarcinomas of the rodent
colon also have a lengthened cell cycle time (43, 54), S
phase, and possibly G2phase (43). Neoplastic liver cells and
neoplastic epithelium of other tissue sites have similar
cytokinetics. The fraction-labeled mitosis curve in carcino
gen-induced rat hepatomacells closely resemblesthe curve
seen with colonic hyperplasia in the present study, with an
accelerated G2 phase, a prolonged S phase resulting in a
more obtuse angle for the descending curve and a pro
longed G1phaseand total cell cycle time (40).Carcinogen
induced carcinomas of the mouse uterine cervix also have
an accelerated G2phase and a prolonged S phase and cell
cycle time (26). Autoradiographic analysis of human skin
cancer hasdisclosed identical cytokinetics (24,27).S phase
prolongation is also present in human laryngeal, tracheo
bronchial, and esophageal epithehial neoplasms (22). In
creased labeling indices and surface labeling due to de
regulation of DNA synthesis are also characteristic of hu
man and carcinogen-induced rodent colonic neoplasia (7,
16, 33, 35, 38, 42, 43, 51, 52, 55).

Proliferative kinetics similar to some of the changes seen
in the present study also occurs in patients with several
diseases which predispose them to a high risk of colonic
cancer. Increased labeling index, expansion of the prolifer
ative zone, surface labeling, and accelerated crypt cell
migration rate have been demonstrated in ulcerative colitis
(9, 18, 21). There is displacement of the proliferative zone
to the surface mucosa in mucosaland adenomatouspolyps,
villous papillomas, the flat mucosa between existing polyps
or tumors, and the mucosa prior to polyp formation (7, 8,
10, 14, 15, 18, 33). Surface labeling also occurs in the
epithelium of intestinahizedgastric mucosa, a lesion which
predisposes to gastric carcinoma (56). The colonic mucosa
of rodents treated with carcinogens prior to tumor forma
tion or between existing tumors also has elongation of the
crypt cell column, widening of the proliferative zone, sur

facelabeling,and increasedlabelingindex(15,35,38,42,
47, 49, 51, 52, 55). Cell cycle time has not been examined
under these circumstances, but the S phase has not been
found to be prolonged in patients with ulcerative colitis,
familial polyposis, or prior to tumor formation in rodents
treated with carcinogen (8, 9, 47). It is prolonged in prema
hignant lesions of human skin and carcinogen-treated
mouse uterine cervix (26, 28).

It is tempting to consider these cytokinetic changes,
particularly atypical labeling pattern, as characteristic of
neoplasia or impending neoplasia. The present study mdi
cates that they occur in severe hyperplasia and probably
more minor proliferativestates.Clearly,intestinalcellre
newal is modified by numerous factors, including establish
ment of microflora, bile acids, hormones such as pentagas
trin and growth hormone, partial surgical resection, starva
tion, lactation, age, and general state of health (1, 11, 12,
19, 30-32, 37, 46, 50). Mucosal injury results in a more
zealous compensatory proliferative response.The labeling
index increases, the proliferative zone expands, and crypts
become hypercellular following irradiation, acute 1,2-di
methylhydrazine toxicity, induction of enteritis in mice by
Sa!mone!!a typhimurium, and nonspecific injury to the
cecal mucosa by foreign body implantation (2, 13, 25, 36,
41). Therefore, the intestinal mucosa appears to respond
similarly to various stimuli that induce proliferation. When
the need demands, the pool of dividing cells enlarges by
expansion of the proliferative zone from the crypt base to
higher levels along the crypt column. The number of cells
synthesizing DNA (and dividing) increasewith acceleration
of the migration rate. Extra cells are retained and crypts
elongate. When stimulation is more intense, the prolifera
tive zone is capable of expanding to include the entire
length of the crypt and surface mucosa. Under these cir
cumstances, a prolonged S phaseand cell cycle time occur
and resemble the kinetics seen in neoplasia. Despite pro
longation of the cell cycle time, the expanding population
of dividing cells results in an increase in migration rate and
retention of immature cells. If human colonic mucosa
responds in the same way, interpretation of atypical cytoki
netic changes must be performed with caution. The high
correlation of hyperplasia with eventual neoplasia and the
known promoting effect of hyperplasia on experimental
colon carcinogenesis (5, 20, 39) imply that the finding of
atypical cytokinetics is highly significant.

ACKNOWLEDGMENTS

The advice of Dr. Elliot Livstone during the early phases of this project
and the competent technical assistance of Deborah Beck are sincerely
appreciated.

REFERENCES

1. Abrams, G. D., Bauer, H., and Spnnz, H. Influence of the Normal Flora
on Mucosal Morphology and Cellular Renewal in the Ileum. A Compari
son of Germ-free and Conventional Mice. Lab. Invest., 12: 355-364.
1963.

2. Abrams, G. D., Schneider, H., Formal, S. B., and Sprinz, H. Cellular
Renewal and Mucosal Morphology in Experimental Enteritis. Infection
with Salmonella typhimurium in the Mouse. Lab. Invest., 12: 1241-1248,
1963.

3. Barthold, S. W.. Coleman, G. L., Bhatt, P. N., Osbaldiston, G. W., and
Jonas, A. M. The Etiology ofTransmissible MurmneColonic Hyperplasia.
Lab. Animal Sci., 26: 889-894, 1976.

4. Barthold, S. W., Coleman, G. L., Jacoby, A. 0., Livstone, E. M., and
Jonas, A. M. TransmissibleMurine Colonic Hyperplasia.Vet. Pathol., 15:
223-236, 1978.

5. Barthold, S. w., and Jonas, A. M. Morphogenesis of Early 1,2-Dimethyl
hydrazine-induced Lesions and Latent Period Aeduction of Colon Car
cinogenesis in Mice by a Variant of Citrobacter freundli. Cancer Ass.,
37: 4352-4360,1977.

6. Baserga, A. The Relationship of the Cell Cycle to Tumor Growth and
Control of Cell Division: A Review. Cancer Ass., 25: 581-595, 1965.

7. Bleiberg, H., and Galand, P. In Vitro Autoradiographic Determination of

JANUARY1979 27

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/39/1/24/2402952/cr0390010024.pdf by guest on 30 N

ovem
ber 2023



S. W. Bartho!d

Cell Kinetic Parameters in Adenocarcinomas and Adjacent Healthy
Mucosa of the Human Colon and Rectum. Cancer Ass., 36: 325â€”328,
1976.

8. Bleiberg,H., Mainguet,P., andGaland,P. Cell Renewalin Familial
Polyposis: Comparison between Polyps and Adjacent Healthy Mucosa.
Gastroenterology, 63: 240-245, 1972.

9. Bleiberg, H., Mainguet, P., Galand, P., Chretien, J., and Dupont-Mai
resse, N. Cell Renewal in the Human Rectum. In Vitro Autoradiographic
Study on Active Ulcerative Colitis. Gastroenterology, 58: 851-854, 1970.

10. Bleiberg, H., Salhadin, A., and Galand, P. Cell Cycle Parameters in
Human Colon. Comparison between Primary and Recurrent Adenocar
cinomas, Benign Polyps and Adjacent Unaffected Mucosa. Cancer, 39:
1190-1194, 1977.

11. Brown, H. 0., Levine, M. L., and Lipkin, M. Inhibition of Intestinal
Epithelial Cell Renewal and Migration Induced by Starvation. Am. J.
Physiol., 205: 868-872, 1963.

12. Caimie, A. B., and Bentley, A. E. Cell Proliferation Studies in the
Intestinal Epithelium of the Rat. Hyperplasia during Lactation. Exptl.
Cell Aes., 46: 428-440, 1967.

13. Chan, P. C., Cohen, L. A., Narisawa, T., and Weisburger, J. H. Early
Effects of a Single lntrarectal Dose of 1,2-Dimethylhydrazine in Mice.
Cancer Res., 36: 13-17, 1976.

14. Cole, J. W., and McKalen, A. Studies on the Morphogenesisof Adenom
atous Polyps in the Human Colon. Cancer, 16: 998-1002, 1963.

15. Deschner, E., Lewis, C. M., and Lipkin, M. In Vitro Study of Human
ReCtal Epithelial Cells. I. Atypical Zone of H3-Thymidine Incorporation in
Mucosa of Multiple Polyposis. J. Clin. Invest., 42: 1922-1928, 1963.

16. Deschner, E. E. Experimentaly Induced Cancer of the Colon. Cancer,
34: 824-828, 1974.

17. Deschner, E. E., and Lipkin, M. Proliferative Patterns in Colonic Mucosa
in Familial Polyposis. Cancer, 35: 413-418, 1975.

18. Deschner, E. E., Lipkin, M., and Solomon, C. Study of Human Rectal
Epithelial Cells in Vitro. II. H3-Thymidine Incorporation into Polyps and
Adjacent Mucosa. J. NatI. Cancer Inst., 36: 849-857, 1966.

19. Dowling, A. H., and Gleeson, M. R@elI Turnover following Small Bowel
Resection and By-Pass. Digestion, 8: 176-190, 1973.

20. Dunham, L. J. Cancer in Man at Site of Prior Benign Lesion of Skin or
Mucous Membrane: A Review. Cancer Ass., 32: 1359-1374, 1972.

21. Eastwood, G. L., and Trier, J. S. Epithelial Cell Renewal in Cultured
Rectal Biopsies in Ulcerative Colitis. Gastroenterology, 64: 383-390,
1973.

22. Fabrikant, J. I. The Kinetics of Cellular Proliferation in Human Tissue.
Determination of Duration of DNA Synthesis Using Double Labeling
Autoradiography. Brit. J. Cancer, 24: 122-127, 1970.

23. Fabrikant, J. I., Vitak, M. J., and Wisselman, C. L. The Kinetics of
Cellular Proliferation in Normal and Malignant Tissues. Nucleic Acid
Metabolism in Relation to the Cell Cycle in Human Tissues. Growth, 36:
173-183, 1972.

24. Frindel,E., Malaise,E.,andTubiana,M. CellProliferationKineticsin
Five Human Solid Tumors. Cancer, 22: 611-620, 1968.

25. Hageman, A. F., and Lasher, 5. Irradiation of the G.I. Tract: Compensa
tory Responseof Stomach, Jejunum and Colon. Brit. J. Radiol. ,44: 599-
602, 1971.

26. Hasegawa, K., Matsuura, Y., and Tojo, S. Cellular Kinetics and Histolog
ical Changes in Experimental Cancer of the Uterine Cervix. Cancer Ass.,
36: 359â€”364,1976.

27. Heenen, M., Achten, G., and Galand, P. Autoradiographic Analysis of
Cell Kinetics in Human Normal Epidermis and Basal Cell Carcinoma.
Cancer Ass., 33: 123-127, 1973.

28. Heenen, M., Lambert, J. C., Achten, G., and Galand, P. Kinetics of Cell
Proliferation in Benign and Premalignant Tumors of the Human Epider
mis. J. NatI. Cancer Inst., 54: 825â€”827,1975.

29. Hoffman, J., and Post, J. In Vitro Studies of DNA Synthesis in Human
Normal and Tumor Cells. Cancer Aes., 27: 898-902, 1967.

30. Khoury, K. A., Floch, M. H., and Hersh, T. Small Intestinal Mucosal Cell
Proliferation and Bacterial Flora in the Conventionalizationof the Germ
free Mouse. J. Exptl. Med., 130: 659-670, 1969.

31. Koldosky, 0., Sunshine, P., and Kretchmer, N. Cellular Migration of
Intestinal Epithelia in Suckling and Weaned Rats. Nature, 212: 1389-
1390, 1966.

32. Leblond, C. P., and Carriers, A. The Effect of Growth Hormone and

Thyroxine on the Mitotic Rate of the Intestinal Mucosa of the Rat.
Endocrinology, 56: 261-266, 1955.

33. Lipkin, M. Phase 1 and Phase 2 Proliferative Lesions of Colonic Epithe
hal Cells in Diseases Leading to Colonic Cancer. Cancer, 34: 878-888,
1974.

34. Lipkin, M., Bell, B., Stalder, G., and Troncale, F. The Development of
Abnormalities of Growth in Colonic Epithelial Cells of Man. In: W. J.
Burdette (ed), Carcinoma of the Colon and Antecedent Epithelium, pp.
213-221 . Springfield, Ill. : Charles C Thomas Publisher, 1970.

35. Lipkin, M., and Deschner, E. Early Proliferative Changes in Intestinal
Cells. Cancer Res., 36: 2665-2668, 1976.

36. Lohrs, U., Wiebecke, B., and Eder, M. Morphologische and Autoradi
ographische Untersuchung der Darmschleimhautveranderunger nach
einmaliger lnjektion von 1,2-Dimethylhydrazin. Z. Ges. Exptl. Med., 151:
297-309, 1969.

37. Mak, K. M., and Chang, W. W. L. Pentagastrin Stimulates Epithelial Cell
Proliferation in Duodenal and Colonic Crypts in Fasted Rats. Gastroen
terology7l: 1117â€”1120,1976.

38. Maskens, A. P. Histogenesis and Growth Pattern of 1,2-Dimethylhydra
zine-induced Rat Colon Adenocarcinoma. Cancer Res., 36: 1585-1592,
1976.

39. Oehlert, W. Cellular Proliferation in Carcinogenesis. Cell Tissue Kinet.,
6: 325-335, 1973.

40. Post, J., and Hoffman, J. The Replication Time and Pattern of Carcino
gen-induced Hepatoma Cells. J. Cell Biol., 22: 341-350, 1964.

41. Pozharisski, K. M. The Significance of Nonspecific Injury for Colon
Carcinogenesis in Rats. Cancer Res., 35: 3824-3830, 1975.

42. Pozharisski, K. M. Morphology and Morphogenesis of Experimental
Epithelial Tumors of the Intestine. J. NatI. Cancer Inst., 54: 1115â€”1135,
1975.

43. Pozharisski, K. M., and Klimashevski, V. F. Comparative Morphological
and Histoautoradiographic Study of Multiple Experimental Intestinal
Tumors. Exptl. Pathol., 9: 88-98, 1974.

44. Quastler, H., and Sherman, F. G. Cell Population Kinetics in the
Intestinal Epithelium of the Mouse. Exptl. Cell Aes., 17: 420-438, 1959.

45. Aajewsky, M. F. Proliferative Parameters of Mammalian Cell Systems
and Their Role in Tumor Growth and Carcinogenesis. Z. Krebsforsch.,
78: 12-30, 1972.

46. Ranken, A., Wilson, A., and Bealmear, P. M. Increased Turnover of
Intestinal Mucosal Cells of Germfree Mice Induced by Cholic Acid. Proc.
Soc. Exptl. Biol. Med., 138: 270-272, 1971.

47. Richards, T. C. Early Changes in the Dynamics of Crypt Cell Populations
in Mouse Colon following Administration of 1,2-Dimethylhydrazine.
Cancer Res., 37: 1680-1685, 1977.

48. Simpson-Herren, L., Sanford, A. H., Holmquist, J. P., Springer, T. A.,
and Lloyd, H. H. Ambiguity of the Thymidine Index. Cancer Ass., 36:
4705-4709, 1976.

49. Springer, P., Springer, J., and Oehlert, W. Die Vorstufen des 1,2-
Dimethylhydrazin-induzierten Dick- und DOnndarmcarcinoms der Ratte.
z.Krebsforsch.,74:236-240,1970.

50. Sprinz, H. Factors Influencing Intestinal Cell Renewal. Cancer, 28: 71-
74, 1971.

51. Thurnherr, N., Deschner, E. E., Stonehill, E. H., and Lipkin, M. Induction
of Adenocarcinomas of the Colon in Mice by Weekly Injections of 1,2-
Dimethylhydrazine. Cancer Ass., 33: 940-945, 1973.

52. Thurnherr, N., and Reinhart, K. Induktion von Koloncarzinomen mit 1,2-
Dimethylhydr&in-Hydrochlorid bei der Maus. Schweiz. Med. Wochschr.,
105: 585-586, 1975.

53. Tubiana, M. The Kinetics of Tumor Cell Proliferation and Radiotherapy.
Brit. J. Radiol., 44: 325-347, 1971.

54. Tutton, P. J. M., and Barkla, D. H. Cell Proliferation in the Descending
Colon of Dimethylhydrazine Treated Rats and in Dimethylhydrazine
Induced Adenocarcinomata. Virchows Arch. B Cell Pathol., 21: 147-160,
1976.

55. Wiebecke, B., Krey, U., Lohrs, U., and Eder, M. Morphological and
Autoradiographical Investigations on Experimental Carcinogenesis and
Polyp Development in the Intestinal Tract of Rats and Mice. Virchows
Arch. A Pathol. Anat., 360: 179-193, 1973.

56. Winawer, S., and Lipkin, M. Cell Proliferation Kinetics in the Gastroin
testinal Tract of Man. IV. Cell Renewal in the Intestinalized Gastric
Mucosa. J. NatI. Cancer Res., 42: 9-17, 1969.

Fig. 1. Autoradiograph of the descending colon from a control mouse, 1 hr after [3HJdThd injection. Labeling is present in the crypt base, and crypt cell
columns are 25 to 30 cells high. H & E, x 125.

Fig. 2. Autoradiograph of the descending colon from a mouse with moderate mucosal hyperplasia, 1 hr after [3H]dThd injection. Labeling is present in the
lower half of crypts, and crypt cell columns are 50 to 60 cells high. H & E, x 125.

Fig. 3. Autoradiograph of the descending colon from a mouse with severe mucosal hyperplasia, 1 hr after [3H]dThd injection. Labeling is present
throughout the crypts, and crypt cell columns are greater than 70 cells high. H & E, x 125.

Fig. 4. Autoradiograph of the descending colon from a mouse with severe mucosal hyperplasia, 1 hr after @HJdThdinjection. Labeling is present in the
crypt neck and surface mucosa (arrows). H & E, x 400.

Fig. 5. Descending colon from a mouse with severe hyperplasia. A mitotic figure is present in the surface epithelium (arrow). H & E, x 340.
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