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In studies of cell proliferation in the intestine
of animals during the past few years, observations
have been made that suggest points of interest
concerning cell renewal in humans. In rodents,
proliferating jejunal and colonic epithelial cells
have mean generation times of about 12 to 18
hours, DNAsynthesis (S phase) times of 5 to
8 hours, and premitosis (G2) and mitosis (M)
times of 1 to 2 hours (1-3). Also, although many
epithelial cells undergo a second generation cycle
soon after mitosis, some cells appear to remain
longer in interphase before dividing again (3).
The rate of disappearance of labeled cells from the
mucosa has also been shown to vary in different
portions of the gastrointestinal tract in a number
of species; e.g., more labeled cells are present in
the colon and stomach 1 week after injection of
H3-thymidine than in the duodenum or jejunum
(4).

In man, studies of mitotic indexes and radio-
autographic studies with H3-thymidine have sug-
gested turnover times of intestinal epithelial cells
in the order of several days (5-7). In the pres-
ent study, we have measured the mean generation
time and the phases of the proliferative cycle of
human colonic and rectal epithelial cells after the
administration of H3-thymidine. The results de-
scribe cell renewal and give data on the rate of
disappearance of labeled cells from the mucosa of
the human colon and rectum.

METHODS

Two patients with colostomies were studied. Both
had resections of the descending colon for carcinoma of
the rectum and liver metastases. The colostomies were
composed of normal mucosa of the transverse colon. A

* Supported in part by U. S. Public Health Service
grants A-3165 and C-3697, and by The John A. Hart-
ford Foundation, Inc., New York, N. Y.

third patient with a carcinoma of the rectum 8 cm
proximal to the anal orifice was studied. Although all
patients had carcinoma and known metastases, and had
recently lost weight, they were fairly well-nourished
at the time of these studies.

Patient 1, a 61-year-old woman, was given intravenously
0.26 /Ac per g of H'-thymidine; Patient 2, a 53-year-old
man, 0.05 juc per g; and Patient 3, a 91-year-old man,
0.02 ,uc per g (SA 6.59 c per mmole dissolved in 10 ml
of water). After the injection of thymidine, serial bi-
opsies of the mucosa were taken from the surface of the
colostomies to a point 5 cm proximal to the stoma. Nor-
mal rectal mucosa 4 cm from the anal orifice and 4 cm
distal to the carcinoma was also biopsied. Two to four
specimens were taken at each period, and data were
pooled for analysis. Specimens were removed from 15
minutes to 12 weeks after injection of H'-thymidine,
fixed in neutral formol-saline, embedded in paraffin, and
sectioned at 4 A. For microradioautography, slides were
dipped in Kodak NTB liquid emulsion, exposed for 2 to
3 months, developed, and stained with hematoxylin and
eosin.

Distribution of labeled cells was studied in the crypt
cell column, which was situated in one optical plane and
extended from the bottom to the mouth of the crypt.
In recording the position of each cell in the crypt cell col-
umn, the cell at the bottom of the crypt occupied position
1, the next cell towards the mouth of the crypt position 2,
and so on. The following measurements were made: 1)
position of labeled epithelial cells in the colonic and rec-
tal crypts, 2) counts of labeled and unlabeled mitoses at
various intervals after labeling, 3) rate of removal of la-
beled epithelial cells from the colonic mucosa, and 4)
rate of decrease of label in individual epithelial cells.
Methods of data analysis for 1 and 2 have been previously
described (1, 3).

RESULTS

Representative microradioautographs prepared
from specimens taken from Patient 1 at periods 2
hours and 8 days after injection of H3-thymidine
are shown in Figure 1. The zone of rapid epi-
thelial cell proliferation is located in the lower
and middle third of the colonic crypts. In Figure
1A, labeled proliferating cells are seen blended
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FIG. 1. LABELED, NEWLYSYNTHESIZED DNA IN EPITHELIAL CELLS SEEN IN MICRORADIOAUTOGRAPHSOF LOWERPOR-
TION OF HUMANCOLONIC CRYPT. A. 2 hours, and B. 8 days after injection of H'-thymidine. Hematoxylin and
eosin stain; X 800.

with some nonproliferating and mature cells. In
Figure 1B, labeled cells remain with fewer grains
per cell. The distribution of labeled cells in the
crypts of the human colon is similar to that seen

in other species (3, 4).
Duration of the phases of the proliferative

cycle. Phases of the proliferative cell cycle are

outlined in Figure 2. DNAsynthesis occurs pri-
marily in a portion of interphase called the S
(synthesis) phase, which divides the interphase
into the G1 phase (postmitotic, presynthetic "gap")
and the G2 phase (postsynthetic, premitotic
"gap"). In order, phases M (mitotic), G1, S,
and G2 constitute the complete cycle.

H3-thymidine is incorporated into DNA dur-
ing the S phase and thereby labels the cell nucleus
at a specific time in its life cycle. Since decaying
tritium atoms emit beta rays with a penetrating
range of about 1 a, the photographic grains acti-

vated by the beta rays define the position of the
labeled cell.

Figure 3A shows the fraction of mitoses la-
beled at various times after the injection of H3-
thymidine in the colonic mucosa of Patient 1.
The number of mitoses at each point ranges from
7 to 58, with a mean of 27.4, within 95%o con-
fidence limits (vertical bars). In Figure 3A, al-
though many labeled cells are seen at 2 hours,
almost no labeled mitoses are present. This
period represents the minimal duration of the G2
phase of the proliferative cycle.

Mitoses derived from cells leaving the S phase
at the time of injection are recorded in the earliest
part of the ascending wave of labeled mitoses, and
those from cells entering the S phase at the time
of injection are recorded in the descending part of
the wave. After slightly more than 2 hours,
50%9 of mitoses were labeled, as shown in Figure
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FIG. 2. PHASES OF PROLIFERATIVE CYCLE.

3A. This is approximately the mean duration
of G2 plus about half M. The fraction of labeled
mitoses rose rapidly to about 0.92. The mid-point
of the subsequent decline in the wave of labeled
mitoses occurred at 17 hours. The mean duration
of the S phase is measured as the distance between
the mid-points of the rise and fall of the wave of
labeled mitoses, and this is close to 15 hours.
Labeled mitoses are fewest at 20 to 24 hours.
This trough contains cells in G1, M, and G,
phases at the time of injection; these cells are

unlabeled, since labeling occurs during the S
phase. The minimal duration of the proliferative
cycle can be estimated by the addition of the dura-
tion of the G1 phase to the known durations of the
other phases of the cycle; from the wave of labeled
mitoses, the total time appears to be at least 1
day.

Figure 3B shows the fraction of mitoses la-
beled at various times after H3-thymidine in the
colonic mucosa of Patient 2. The number of
mitoses at each point was 8 to 93, with a mean of
37.2. Practically all mitoses were unlabeled 15
minutes after H3-thymidine, and this is the mini-
mal duration of phase G2 in Patient 2. G2 plus
0.5 M lasts about 1.5 hours. The wave of labeled
mitoses reached a peak of 0.92 at about 6 to 8
hours and then declined. The interval between

the mid-points of the rise and fall, the S phase, is
11 to 14 hours. From these measurements, the
entire proliferative cycle would also be about 1
day.

Figure 3C shows the fraction of mitoses labeled
in the crypts of the rectal mucosa in Patient 3.
The number of mitoses counted at each point here
was 6 to 40, with a mean of 29.8. Labeled mitoses
began to appear within 2 hours after injection of
H3-thymidine, and the minimal duration of phase
G2 is less than 2 hours. The wave of labeled mi-
toses rose within 4 hours to a peak of 0.95 and
then declined. The interval between the mid-
points of rise and fall, the S phase, is 10 to 12
hours. Labeled mitoses were fewest after 16
hours, and the minimal proliferative cycle also
appears to be about 1 day. Table I enumerates
the durations of phases G2, S, and M.

Direct measurement of the rate of increase of
labeled cells. Figure 4A shows the fraction of
cells at each position that are labeled j hour (i.e..
before labeled cells divide) and 24 hours after la-
beling in Patient 1; Figure 4B shows them A and
29 hours after labeling in Patient 2; and Figure 4
C, 1 and 16 hours after labeling in Patient 3.
The distribution of labeled cells in the colonic and
rectal crypts is shown as cells divide and migrate
toward the crypt surfaces during these periods.

Cell proliferation takes place in the lower and
middle third of the crypt, an area termed the "pro-
liferation compartment"; its approximate bound-
aries are seen at 0.5 to 1 hour in Figure 4, be-
tween the labeled cell in the lowest cell position
and the dotted line. The boundaries are not ex-
act because scattered labeled cells could appear
slightly higher or lower in the crypts. The lowest
positions characteristically contain very few la-
beled cells. In the crypts of the colon and rectum,
proliferating cells mingle with nonproliferating

TABLE I

Duration of phases of the proliferative cycle*

Duration
Phase of

proliferative cycle Patient 1 Patient 2 Patient 3

hours hours hours
G2, minimum 2 0.25 2
G2 + 0.5 M 2 to 2.5 1 to l.5 2 to 3
S 15 11to14 10to12

* Phases described in Figure 2.
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FIG. 4. FRACTION OF CELLS LABELED AT EACH POSITION IN CRYPTS OF HUMANCOLONAND RECTUM. A. Patient 1,

colon, 0.5 and 24 hours after labeling. B. Patient 2, colon, 0.5 and 29 hours after labeling. C. Patient 3, rectum, 1

and 16 hours after labeling. Position 1 is that of cell at bottom of crypt, position 2 is that of next cell toward
crypt surface, and so on. An increase in labeled cells at each position and movement toward the crypt surfaces is
seen at later periods.

and mature cells. Above the proliferation com-

partment, mature cells migrate to the' crypt sur-

faces and are extruded into the lumen of the
colon.

Counts of labeled and unlabeled cells are shown
in Table II. Notation is as follows: N = number
of cells in the crypt cell column, N8 = number of
cells in the S phase, Ts = duration of the S phase,
Nd = position of the most distal labeled cell be-
fore appearance of labeled mitoses, Kb = prolifer-

FIG. 3. FRACTION OF MITOSES LABELED AT VARIOUS

TIMES BETWEENLABELING AND BIOPSY, IN' EPITHELIAL

CELLS OF HUMANCOLONAND.RECTUm. A. Patient 1, colon.
B. Patient 2, colon.. C. Patient. 3, rectum. Each point
represents pooled data from 2. to 4 biopsy specimens at
the same period. Vertical bars show .95% confidence
limits. The line is fitted by eye through the mean values.

ative rate (cells per 100 cells per hour), Nc =

number of cells in the proliferative cycle, and Tc
= time of proliferative cycle in hours. In Patient
1, counts of labeled and unlabeled cells gave a

mean N of 85 cells, including cells that have
reached the crypt surfaces. In each crypt cell
column, mean Ns was 14 cells J to 1 hour after

injection of Hs-thymidine; subsequent division of
labeled cells increased'their number. Ts is. ob-
tained from the counts of labeled mitoses (Figure
3). Nd defines the approximate upper boundary
of the proliferation compartment at cell position
51.

Proliferative and migratory rates derived from
counts of labeled and unlabeled cells are shown
in Table III. In all three patients, the fraction of
cells labeled in the entire crypt cell column, Ns/N,
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TABLE II

Counts of labeled and unlabeled cells

Patient 1 Patient 2 Patient 3

Number of cells in crypt 85 42.4 SE 92 ±2.8 SE 106 ±2.2 SE
cell column, N

Number of cells per crypt 14±1.4 SE 16.1 1.1 SE 12 ±O.3 SE
column in phase of DNA
synthesis. Ns

Number of cells per crypt
column labeled at later
times:

16 hours 22 ±0.5 SE
24 hours 3141.6 SE
29 hours 27 4l .7 SE

Duration of synthesis 14 14 11
phase, Ts

Position of most distal S1 62 76
labeled cell, Nd

ranges from 0.17 to 0.12. (About 60 to 72%o of
the cells of the proliferation compartment are la-
beled.) Within the cell population, Ns/Ts is
equal to the ratio of the number of cells in the
proliferative cycle to the cycle time, NC/TC. In
all three patients, Ns/Ts is 1.0 to 1.1. The pro-
liferative or birth rate is therefore 1 to 1.1 cells
per crypt column per hour. Thus, in Patient 1,
14 cells in the crypt column enter the S phase for
14 hours, equivalent to 1 cell entering the S phase
per hour and 1 cell per crypt column per hour.
The turnover rate is also 1 to 1.1 cells per crypt
column per hour. Since the fraction of labeled
crypt cells is 0.17 in Patient 1, Kb is 17/14 or 1.2
cells per 100 cells per hour.

The migratory or death rate can be estimated
from the movement of cells seen in Figure 4. In

TABLE III

Proliferative and migratory rates

Patient 1 Patient 2 Patient 3

Fraction of cells labeled 0.17 0.18 0.12
in crypt cell column
(labeling index),
Ns/N

Approximate fraction of 0.60 0.67 0.72
cells labeled in pro-
liferation compart-
ment, Ns/Nd

Proliferative rate in:
cells per crypt column 1.0 1.1 1.1

per hour
cells per 100 cells per 1.2 1.3 1.1

hour, Kb
Time of proliferative j to 2

cycle, in days

Patient 1, labeled cells moved from about position
50 to 70 in 23.5 hours, for a flow or migratory rate
of 0.87 cell positions per hour. In patient 2, they
moved from about position 65 to 90 in 28.5 hours,
for a migratory rate of 0.91 cell positions per
hour. Estimates of birth rate are slightly higher
than those of migratory and death rate. This dif-
ference could be due to variation inherent in the
determination, or to a few cell deaths and lack of
migration of these cells to the crypt surface.

A minimal estimate of T, can be obtained from
the wave of labeled mitoses, Figure 3. Phases S,
G9, and M last at least 14 to 16 hours, so the
mean T, with G1 added is longer than this. More
accurate measurement cannot be made because
N, is not known, but a reasonable estimate can
be given.

The zone of heaviest labeling in Patient 1 oc-
curs between cell positions 2 and 36 (Figure 4A).
Since Ns/Ts = NC/TC, if no mature cells were
present in this area, 14/14 = 34/T,, and T, would
be 34 hours. With mature cells present, N, is
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FIG. 5. RATE OF REMOVAL OF LABELED CELLS FROM
CRYPTS OF HUMANCOLONAND RECTUM. The number of
labeled cells per crypt decreases after 1 day. Most cells
are rapidly removed; half-life = 2 to 3 days. A few
labeled epithelial cells remain after 3 weeks and are re-
moved more slowly.
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less than 34, and T, is also lower. The mean T,
must therefore be in the order of 1 day.

Rate of removal of labeled cells. Figure 5
shows the rate of removal of labeled cells in colon
and rectum. Six to 27 crypts (mean 13.5) were
studied at each period. For the first day. the
number of labeled cells per crypt column in-
creased. Labeled cells then reached the mouths
of the crypts, began to slough into the lumen, and
after 1 to 2 days, the number of labeled cells
per crypt column decreased. The half-life of the
fall-off curve of the colon and rectum is about
2 to 3 days. After removal of most cells, a slower
component is also seen, with a half-life in the or-
der of several weeks. The presence of a few
heavily labeled cells several weeks after injection

of H3-thymidine is confirmed in the data that
follow.

Distribution of grains over individual cells. The
rate of decrease of label in individual cells of Pa-
tient 1 is shown in Figures 6 and 7. Fourteen
crypt columns were studied at each period. Dis-
tribution of grains at 4 periods in Patient 1 is shown
in Figure 6. One hour after injection of H3-thy-
midine, most labeled cells contain more than 40
grains per cell, with a few scattered cells contain-
ing 10 to 40. After 48 hours, the number of
cells with over 40 grains has been halved and
more contain 5 to 37 grains per cell. At this
time, 50%o fewer cells in the crypt columns are
unlabeled. The fact that labeled cells do not con-
tain 1 to 5 grains at the early periods indicates
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FIG. 6. DISTRIBUTION OF GRAINS IN INDIVIDUAL COLONIC EPITHELIAL CELLS IN PATIENT 1. One hour after labeling,
most cells contain over 40 grains. At later periods, the grain density in individual cells decreases.
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FIG. 7. MEAN NUMBEROF GRAINS PER LABELED CELL
AT VARIOUS TIMES BETWEENLABELING AND BIOPSY. The
mean number declines rapidly; half-life= 1 to 2 days.
After 3 to 5 days, the number declines slowly in the re-
maining labeled cells; half-life = 8 days or more.

that the presence of "false negatives" (i.e., cells
that, contain labeled DNA, but do not register
grains because of nuclear sectioning, or exposure
time) is minimal. After 5 days, all labeled cells
contain 3 to 27'grains per cell, a'nd ater 17 days,
most cells are unlabeled, with 2 to 12 grains dis-
tributed over a''few scattered cells.

In Figure 7, the mean number of grains per
cell is plotted at each period. The number de-
clines rapidly to 3 to 5 days, with a half-life of
about 1.5 days, in approximate agreement with the
estimated mean T,. Thereafter, the number of
grains per cell declines more slowly, with a half-
life of about 8 days or longer. Heavily labeled
cells thus divide rapidly, dilute their label, migrate,
and are extruded from the crypt surfaces. After
3 to 5 days, it is possible to observe a few cells
(5 to 8 per crypt column, Figure 5) that do not
dilute their label, and some of these cells remain
within the crypts for as long as several months.
It would appear that these cells are eventually ex-
truded, or dilute their label to background level.
Retention of heavily labeled cells in the colon has
been observed in a number of species (3, 4, 8),
and questions related to their origin and possible
significance are of great interest.

DISCUSSION

Proliferative cycle. The measurements in colon
and rectum reveal a T, of about 1 day, divided into
an S phase lasting 11 to 15 hours, a G2 phase that,
combined with mitosis, lasts 1 to 3 hours, and a
G1 phase, not precisely measured. G2 and' S
phases are longer in man than in rodents. In the
latter, variations have been most pronounced ,for
the duration of G1.

The S phase in Patient 1 is close to 15 hours;
a second study' of her, to be reported later, re-
vealed an S. phase of identical duration. In Pa-
tient 2, the S phase is 11 to 14 hours, and in Pa-
tient 3, 10 to 12 hours. Slight differences are
within the range of variation for the determina-
tion, and could also be due to differences in area
of mucosa, or among patients, including age and
other factors.

Crypt replacement. In the specimens studied
here, mean values are as follows. N is 95 cells;
of these, Ns is 14 cells (15%). Kb is 1.2 cells
per 100 cells per hour. Since N ranges from
85 to 105 cells, they are replaced in about 3 to 4
days. The measured migratory and death rate of
the cells appears to be slightly less than Kb, and
it may be that a few cells do not migrate to the
crypt surfaces or die shortly after birth.

The patients studied here all had carcinoma.
The possible influence of carcinoma on cell re-
newal 'is not now known. Although these pa-
tients were adequately nourished, they had all lost
weight. Also, they all had liver metastases. The
similarity, however, of the measurements in man
to measurements in rodents (1-3) led us to be-
lieve that those in man are probably close to those
that would be found in healthy adults. Detailed
analysis of the variations present in individuals
and of the influence of age, sex, and disease on
cell renewal has not been made in man.

Prolonged retention of labeled cells. After in-
travenous injection of H3-thymidine into humans,
plasma is rapidly cleared during the first passage
through the capillary bed, with about 50% of the
administered H3-thymidine catabolized to tritiated
water. in'" - hour (9). Labeling of proliferative
cells of the bone marrow and intestine is nearly
complete within a few minutes after injection of
H3-thymidine (1, 9), which is incorporated into
DNA synthesized at the time of labeling, with
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negligible partition of radioactivity into RNA or
other components (10). Although DNAmay not
be completely inactive metabolically, the amounts
of thymidine entering into such metabolic activity
are small compared to the amounts incorpo-
rated during DNAdoubling; similarly, the dilu-
tion of DNA during successive cell divisions
should occur much faster than dilution due to
metabolic activity (1). Our patients did not
have urinary abnormalities and had normal values
of blood urea nitrogen. We conclude that the
measurements of cell proliferation made after in-
jection of H3-thymidine should not be subject to
error due to availability of thymidine after initial
incorporation.

Measurements of the rate of removal of labeled
cells, however, are subject to a number of modi-
fying factors. In the proliferative cycle of many
cell types, the G1 phase is believed to be very
variable. It is also known that daughter cells
in tissue culture media characteristically have du-
plication times that may differ markedly from
each other and from the mother cell (11). It is
therefore not surprising that a few heavily la-
beled cells remain in the mucosa longer than most.
Besides these factors favoring the retention of la-
beled cells, labeled material from desquamated
cells is available for reincorporation into newly
formed cells 3 days after the injection of H3-
thymidine (12-15). Labeled nucleotide frag-
ments of DNA could participate in this reincor-
poration. The rate of removal of the labeled cells
remaining at later periods is therefore likely to
be affected by prolonged interphase and also by
reincorporation of labeled fragments of DNA.
Reincorporation of label is a continuous feeding
process over a finite period, as labeled cells des-
quamate, and the reincorporated label is there-
fore fairly diffusely spread within the newly pro-
liferating cells. This is not, however, the label-
ing pattern seen in these microradioautographs,
where isolated, heavily labeled cells are seen at
later times, suggesting that the major factor in
their origin is prolonged interphase.

The presence of a few heavily labeled cells in
the crypts of the colon, after the label in most
cells has been reduced to background level, has
been previously seen in other species (3, 8).
Thus, in the mouse, although the mean T, is
similar in small and large intestine, a few heavily

labeled cells remain in the colon longer than in
the duodenum or jejunum. The retention of la-
beled cells in specific areas of the gastrointestinal
tract, including stomach and colon, in a number of
species correlates with the occurrence of pre-
cancerous and cancerous lesions in the same areas
of the gastrointestinal tract of man (4). The
influence of various factors on the distribution of
the labeled cells remaining in the mucosa for ex-
tended periods and their possible significance are
currently under investigation.

SUMMARY

In order to begin a comparison of cell renewal
in different parts of the human gastrointestinal
tract and to evaluate possible relationships be-
tween cell renewal and disease states, estimates
were made of the mean proliferative time and the
phases of the proliferative cycle of colonic and
rectal epithelial cells. The rate of reduction of
label in individual cells and the rate of removal
of cells from the mucosa were also measured.

After injection of H3-thymidine, the mean pro-
liferative time of epithelial cells of colon and rec-
tum was found to be about 1 day, divided into a
phase of DNAsynthesis lasting 11 to 15 hours, a
postsynthetic, premitotic phase that, combined
with mitosis, lasts 1 to 2 hours, and a postmitotic,
presynthetic phase of 10 to 30 hours. About 15%
of the crypt cells are in the synthesis phase. Cell
renewal proceeds at a mean rate of 1.2 cells per
100 cells per hour, and the entire colonic and rec-
tal crypts are replaced in about 3 to 4 days. La-
beled cells migrate at a rate of about 0.9 cell posi-
tions per hour. The area of cell proliferation oc-
cupies about 65% of the colonic and rectal crypt
columns.

After labeling, the mean number of grains per
labeled cell declines rapidly (half-life = 1 to 2
days), and labeled cells are rapidly removed from
the mucosa. A few labeled cells, however, re-
main in the crypts after the label in most cells
has been reduced to background level. Although
reincorporation of labeled fragments from des-
quamated cells occurs, it is likely that large dif-
ferences in the duration of interphase contribute
to slow cell division and retention of a few labeled
cells. Further studies are needed to measure the
variability of interphase in cell populations of the
gastrointestinal tract in man.
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