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Abstract

Cell proliferation and migration in the intestinal crypts, and cekeywords

migration in the villus are controlled by different mechanisms in adultCell proliferation

rats. In the present study, weanling rats and fasting rats were useddell migration
quantitatively study the correlation of cell cycle parameters and epiCrypt and villus intestine
thelial cell migration in crypts and intestinal villi. Eighteen-day-old Weanling rats

rats received a single injection of tritiated thymidifid]TdR (23:00 * Radioautography

h); half of the pups were submitted to fasting 5 h earlier. Céll
proliferation was determined in radioautographs of jejunal crypts, on
the basis of the labeling indices (LI) taken 1, 8, 13 and 19 h after
[BH]TdR. The results showed that the labeling index did not differ 1 h
or 19 h after JH]TdR between the fed (38.7% or 48%) and fasting
groups (34.6% or 50.4%). The modified method of grain count
halving indicated that cell cycle time did not differ between fed (16.5
h) and fasting rats (17.8 h); the growth fraction, however, had lower
values in fasting (59%) than in fed rats (77%). Cell migration in the
crypt, estimated by the LI obtained for each cell position, did not
change with treatment. As for the villi, the cell migration rate was
significantly retarded by 3 cell positions (8%). These results suggest
that the cell migration in the villi of weanling pups does not depend
directly on the cell proliferation and migration in the intestinal crypt,
but is directly affected by the absence of food in the lumen.

Introduction both within the crypt and the villi, is not de-
pendent ommitotic activity in adult rats (2).
The epithelium that covers the intestinal  In suckling rats, the migration of intesti-
mucosa undergoes constant renewal and thal cells is extremely slow when compared
cells produced in the crypts migrate into théo weaned and adult rats (3,4). During the
villi, being lost at their tips. The investiga- weaning period, especially between 18 and
tions on the mechanisms involved in thel9 days, there is an acceleration of the cell
migration of these cells and its correlatiormigration rate in the small intestine (5). Also,
with proliferation have been mostly con-during the weaning period the cell migration
cerned with adult animals. It was suggestedf the rat is paralleled by increased enzy-
that cell migration is achieved via two sepamatic activities mainly of maltase and su-
rate mechanisms, one acting in the crypt anttase in the functional cells covering the villi
requiring protein synthesis, and the other(6). Intestinal growth is also accelerated dur-
more passive, operating in the villus (1). ling weaning (7). Despite its importance for
was also demonstrated that cell migratiorthe growth and maintenance of intestinal
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weight, the role of luminal nutrition has notCarnoy’s fluid for 6 h. Smaller fragments
been ascertained. The change in diet thatere dehydrated and embedded in hydroxy-
progressively occurs during weaning wagthyl methacrylate (Kulzer, Germany). Two-
considered unlikely to play a role in theum sections mounted on slides were dipped
acceleration of cell migration rate (5). in K, liquid emulsion (dilution 1:1; lIford,
Recently we have demonstrated that fas&ssex, UK) and stored at@ in lightproof
ing decreases cell proliferation in all segboxes (9). The time of exposure was deter-
ments of the small intestine of suckling pupsmined from the best curve fitting the distri-
but regional variations occur in weanlingbution of grain counts over nuclei. The num-
rats. In the jejunum, for instance, there is nber of grains in 50 nuclei per rat, in 3 fed rats,
difference in proliferative indices betweenwas counted in crypts longitudinally cut of
fed and fasting rats (8). However, the villugadioautographs exposed for 10, 15, 20 or 25
height was shortened in suckling and weardays. After the appropriate exposure time,
ling rats, and therefore a delay in cell migrathe radioautographs were developed with D-
tion was suggested (8). 19B (Kodak), fixed and stained with hema-
The importance of this critical period of toxylin and eosin.
intestinal growth makes it a suitable model
to investigate the relationship between proProliferative indices
liferation in the crypts and migration to the
villus tip, using fasting weanling rats and The DNA synthetic index (determined 1
radioautographic methods of cell and tissuh after fH]TdR injection by pulse labeling)

kinetics. and labeling index (determined 8, 13 and 19
h after fH]TdR injection), both referred to

Material and Methods here as labeling index (LI), were obtained
for fed and fasting rats. Cell counts were

Experimental design scored in selected longitudinally sectioned

crypts showing alumen. Growing (too short)
Weanling Wistar rats (ICB, USP) agedor bifurcating crypts were not considered.
18 days were maintained aP@®n a natural About 1,500 cells per animal were counted.
light-dark cycle. At 17 days, rats were sepathe LI was expressed as the percentage of
rated into control and experimental groupslabeled nuclei in the total number of nuclei
The latter group was fasted continuously focounted. Five grains were the minimum for a
24 h starting at 18:00 h, but was allowed fre&abeled cell to be counted.
access to water. Control rats were kept with
their mothers throughout the experiment. FivEstimation of cell migration in the crypts
hours later (23:00 h) control and fasting rats
received a singlp injection of PH]-methyl- In each crypt, the left-hand column of
thymidine (PH]TdR) at a dose of 1 uCi/g cells was numbered, counting from the bot-
body weight (specific activity 45 Ci/mM; tom up to the crypt-villus junction. For each
Amersham, UK). Three to six rats from eacltell position the presence or absence of la-
group were killed by ether inhalation at 1, 8peling was recorded (5 grains or more) in 20
13 and 19 h after the injection SH]TdR.  crypts per animal. The LI was thus estimated
The small intestine was dissected, freefor each cell position for each group of ani-
from the mesentery and flushed with salinemals at each time of sacrifice. Labeling in-
A fragment at least 2 cm in length was takedex distribution curves were obtained, in
from the middle portion of the jejunum, which LI were plotted as a function of cell
opened longitudinally on a card and fixed irposition in the crypt (10).
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The variation in the height of the cryptscribed by Bassukas and Schultze-Maurer (12).
columns was compensated for by analyzing
the data also after standardization. Each crygstimation of cell migration in the villus
was divided into 3 regions, bottom, middle
and top, as follows: the middle of the crypt The leading edge of labeled cells along
contained a fixed number of 6 cells; thehe villus and the total number of villus cells
bottom and the top contained the other cellwere determined in four rats. For each rat,

in a more variable number. analyses were carried out on 30 villi, each
showing a continuous epithelium from villus
Morphometric measurements tip to the base of the crypt. Cell migration is

reported as the percentage of villus height
Two morphometric parameters were oboccupied by labeled cells 19 h aft#i]TdR

tained for the crypts: the length of the crypinjection. The cell migration rate was calcu-
column in terms of cell number measured aated from the position of leading-labeled
described above, and the column count, igells in the villus divided by the time elapsed
which the number of cells was determinedfter labeling (13).
using 12 crypt cross-sections in each animal.
The product of the crypt column length andstatistical analysis
the column count gives an estimation of the

total crypt population (11). Data are reported as means * SD. Differ-
ences between fed and fasting groups were
Estimation of cell cycle and growth fraction determined by the Studerittest. Within-

group differences were tested by one-way

The parameters of the cell cycle wereanalysis of variance (ANOVA) and when
obtained using a modification of the grainthe ANOVA results were significant, data
count halving method (12). In each cell divi-were further analyzed by the Tukey test, with
sion, i.e., after each cell cycle, the labelethe level of significance set at P<0.05. The
DNA of the mother cell is distributed quite slopes of linear regressions were compared
uniformly between the two daughter cellsby the Studertttest (14). The Kolmogorov-
Therefore, the mean grain number per nuclel&mirnov test was used to analyze the normal
is reduced roughly to half its value. In thedistribution of grains in order to determine
modification of this method, we determinedthe best exposure time (15).
the mean grain number of all cells in the
crypts (labeled and unlabeled) at differenResults
times after H]TdR injection (1, 8, 13 and
19 h). Linear regressions can be deriveDetermination of time of exposure and
from the reduction of the mean grain numbelabeling indices
as afunction of time after pulse labeling. The
decrease in mean grain number for all inter- The distribution of grains per nucleus for
phase cells, in addition to that of all labeledhe radioautographs exposed for 10, 15, 20
interphase cells, will provide the cycle timeand 25 days was analyzed by the Kolmogo-
of the cell population (Tc) and the potentiakov-Smirnov test and the best fit was found
doubling time (Tpot). The growth fraction, after 20 days of exposure. The exposure time
the fraction of crypt cells engaged in the cellvas set at 20 days in all experiments.
cycle, is derived from G =T2Trot- 1 (12). No morphological differences in the intes-
The error of the growth fraction was esti-tines were observed between groups. Visual
mated from the errors of Tc and Tpot, as denspection of radioautographs of fasting and
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Figure 1 - Radioautograph of the
jejunum of a fed weanling rat, 1
h after injection of [3H]TdR.
Crypts showing well-labeled nu-
clei (arrow); crypt-villus junction
(CV). Magnification: 560X.

Figure 2 - Radioautograph of the
jejunum of a fed weanling rat, 19
h after injection of [3H]TdR. Villi
showing labeled nuclei (arrow);
crypt-villus junction (CV). Magni-
fication: 837X.
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fed rats showed no difference betweerdl-12 cells in the column count and about
groups.The crypts were labeled after the first17-18 cells in the column crypt.

injection of PH]TdR (Figure 1) and the villi The LI were not significantly different
showed labeled cells 13 h aft#[TdR injec-  between fed and fasting rats at any interval
tion in both fed and fasting rats (Figure 2). Thetudied (Table 1). LI increased with time,
crypts of the jejunum of fed and fastingindicating that some cell division had oc-
weanling rats contained about 200 cells witlturred. The post-ANOVA test inside the
groups showed a significant difference in LI
at 13 h for the fed rats and at 19 h for the
fasting rats compared to the LI at pulse label-
ing, i.e., 1 h after®H]TdR (Table 1). This
difference indicates a delay in the fasting
group.

Migration in the crypt

The migration of epithelial cells along
the length of the crypt was studied by two
methods at the various time intervals. The
counting of labeled cells per cell position at
1, 8, 13 and 19 h aftePH]TdR injection
produced the labeling index distribution
curves illustrated in Figure 3. There was no
significant difference between fed and fast-
ing rats. In the first hour aftetH]] TdR injec-
tion the LI were concentrated in the cells at
bottom and middle positions (Figure 3A). At
the other intervals there was a displacement
of cells towards the top, mainly at 19 h
(Figure 3D). In order to clarify this aspect,
the crypts were divided into regions and
their LI are presented in Table 2. The LI were
significantly lower at the top position 1 h
after PH]TdR injection in both fed and fast-
ing rats. After 19 h, the LI of middle and top
positions were equally higher than the LI
from the bottom in the fed animals, whereas
in fasting rats the middle position had a
higher LI than the bottom or top position
(Table 2), suggesting a very slight delay in
cell migration in the crypt of fasting rats.

Cell cycle parameters
Figure 4 shows the decrease of the mean

grain number of labeled cells as a function of
time after fH]TdR injection. Linear regres-
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Figure 3 - Labeling index distribution curves (%) for
each cell position along a crypt-column in fed and fast-
ing rats at different times after injection of [3H]TdR (A
at1h; Bat8h; Cat13 h, and D at 19 h). Each point
represents the means + SD of 20 crypts per animal.

sions were obtained for the number of grains
over labeled cells (that gives the duration of
the cell cycle, Tc) and for the number of
grains over all cells (that gives the potential
cell cycle, Tpot), for each group of fed or
fasting rats. The lines fit the experimental
data significantly (the probability that the
data are merely linearly correlated by chance
was less than 0.001 for 3 curves; in the
regression of Tpot for fasting rats the signif-
icance was 0.02). Linear regression analysis
showed a significant decrease of grain count.
Comparison of the slopes of the two re-
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Figure 4 - Decrease in the grain

unlabeled cells (triangles) in the
jejunal epithelium as a function
of time after pulse labeling with
[BH]TdR in the fed group (A) and
in the fasting group (B). Each
point represents the mean of
20 crypts per animal. A, N = 18;
B, N =13.
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Table 1 - Labeling indices (LI) of crypts obtained 1, 8,
13 and 19 h after injection of [3H]-TdR in fed and
fasting rats.

The results are reported as means (%) + SD. The
number of animals is given in parentheses. *P<0.05
compared to LI at 1 h (Tukey test).

Time Time Fed Fasting
after after
fasting [*H]TdR

6h 1h 38.7 + 489(6) 34.6 + 5.11(4)
13 h 8h 49.8+ 7.55(4) 40.3 + 9.41(4)
18h  13h 51.5 + 3.35* (4) 48.8 + 3.37 (3)
24h  19h 481+ 7.36(5) 50.4 + 7.54* (6)
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Table 2 - Labeling indices (LI) by crypt region of the jejunal epithelium at 1 and 19 h
after injection of [3H]TdR in fed and fasting rats.

The results are reported as means (%) + SD. The number of animals is given in
parentheses. 2P<0.05 compared to the LI of other regions (Tukey test); °P<0.05
compared to bottom LI (Tukey test).

gression lines (Tc of fed and fasting rats
showed no significant difference. Also, no
difference was found between the slopes ¢

J.R. Gomes and E.P. Alvares

Table 3 - Cell cycle time (Tc), potential doubling
time (Tpot) and growth fraction (GF) of the jejunal
epithelium in fed and fasting weanling rats.

the Tpot regression lines of fed and fastin

. Treatment Tc(h Tpot (h GF (%
rats. Table 3 shows the Tc and Tpot derive ") pot () (%)
from the linear regressions and the growtl red 16.5 20.0 77 +10.0
fraction derived from these values. The calcL Fasting 17.8 26.7 59 £+ 79

lated error for the growth fraction was 10% for
fed animals and 7.9% for fasting animals, seats there was an inhibition of proliferative
that the difference between the growth fracactivity in all intestinal segments (Palanch
tions was at the limit of significance. AC and Alvares EP, unpublished results). In
the jejunum of 12-day-old fasting rats, how-
ever, the proliferative activity was not differ-
ent when determined by liquid scintillation
Cellular migration in the villus is shown spectrometry, but migration into the villi
in Table 4. Fasting significantly depressedvas also retarded after fasting (16).
migration by 8%. A decrease in proliferative indices oc-
curs in the small intestine of adult rats sub-
mitted to starvation (11,17-20). An increase
in the duration of the cell cycle usually fol-
The present results demonstrate that prdews these hypoproliferative changes (11,19).
gressive fasting causes a delay in cell migrdn weanling rats, there was no difference in
tion in the villi of weanling rats. Mitotic cell cycle duration between fasting and fed
activity continued in the crypt in the absencgups, and therefore no difference in prolif-
of migration in the villus. There was a reduc-erative activity.
tion in the growth fraction, but with this  The method of choice for estimating cell
treatment both cell migration and cell cyclecycle parameters was the modified grain
duration in the crypts were unchanged.  count halving method (12). The values ob-
The progressive fasting utilized in thistained by this method compare well with the
work did not modify the proliferative indices parameters obtained by the well-known
of the jejunum. We have already demonmethod of the frequency of labeled mitoses
strated that 20 h of fasting did not change thg=LM), and in the present case, the former
DNA synthesis index in the jejunum of 18-showed some advantages. The time of the
day-old rats, whereas in 14-day-old sucklinggxperiment could be relatively shorter than
for FLM, so we were able to keep the fasting
animals safe from stress for longer periods.
Also, the grain count halving method allows
an insight into the growth fraction. The utili-
zation of young growing animals, which have
slower migration rates and no loss of cells in
the crypts, provided a reliable model for

Migration in the villus

Discussion

1h 19h using this method.
Fed (5) Fasting (4) Fed (5) Fasting (4) The average durat_lon of the cell pygle of
fed and fasting weanling rats was within the
Bottom 415 # 10.7 34.8 + 46 33.8 + 6.52 405 + 58 range obtained by other methods. In the
i b .
Middle 58.4 + 8.9 50.0 £+ 9.1 56.2 + 8.0 65.5 + 14.5 duodenum of 16-day-o|d ratsthe Tcis 17.7 h
Top 226 + 862 18.4 + 2.52 50.8 + 12 52.0 + 6.7
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and 12 h, as described for 8- and 28-day-ol o .

. . Table 4 - Cell migration in the villi of fed and
rats, respectively (4). Through the grain cour Pnoao NaTer i Njechanter P TR
halving method, a Tc of 18.8 h was estimate
L . The results are reported as means + SD. The num-
in ileal Crypts of young adult mice (21)' ber of animals is given in parentheses. *P<0.05

The other parameter obtained by the grai  compared to the fed group (Student ttest).
count halving method was the growth frac: Fed (5) Fasting (6)
tion that was lower in fasting than in fed rats
However, due to the estimated error the dif )
ference was not too large. Other growtt , .. = G4 P B
fractions described for young rats are clos |abeled cell
to our results, about 64% and 66% for the yeignt of 218+ 249 13.7+ 2.09*
duodenum of 6- and 22-day-old rats (5). Ir labeled cell (%)
the ileum the values are 55% (8 days) anu
97% (28 days). In the jejunum of adult rats,
the growth fraction remained constant dur- The mechanism suggested for cell migra-
ing starvation (11), in contrast to the presertion in the villus (1) involves smooth muscle
study. Despite this fact, the number of cell€ontraction in the lamina propria of the villi.
in the crypts was not different between fedso, during fasting, with the absence of food
and fasting rats. The mean value of 200 celig the lumen, less movement is expected in
per crypt for 18-day-old rats is in the range ofhe villi. This is coherent with the described
the results found for 16- (124 cells) and 22reduced rate of migrating cells in the villi of
day-old rats (261 cells) in the duodenum (5)asting animals. Such an observation was
Thus, the reduction in the growth fractionpossible due to the use of mild (5 h) and
may be considered the first effect of fastingprogressive fasting.
on proliferative activity, even if not yet re-  Studies in recent years have identified
flected in the proliferative indices and cellthe role of growth factors in cell prolifera-
cycle duration. tion (23) and also in cell migration (24).

In regard to cell migration, the resultsHepatocyte growth factor, for instance, has
showed a significant delay only in the villus,been shown to enhance cell migration but
that might have been related to diminishednly in in vitro models of intestinal restitu-
cell loss in the fasting condition. The shedtion (23). Nevertheless, since inhibition of
ding of cells on the villus tip can only rarelyprotein synthesis, at least in adult rats, did
be found in histological sections of smallnot stop cell migration in the villi (1), the
intestine. Also, the loss of cells is the mostrue action of growth factors on cell migra-
difficult parameter to be accurately meastionin vivoremains to be demonstrated.
ured by cell kinetic methods. However, it The relevance of this study lies in the
has been widely accepted that food cause&emonstration that the absence of luminal
attrition at the villus tips. Indirect evidencefood exerts its first effect upon the villus,
of the influence of a solid diet on cell prolif- interfering with migration. In the crypt of
eration in the jejunum of weanling rats wadasting rats, where some cells left the growth
provided by Al-Nafussi and Wright (22), fraction, this effectis more likely to be due to
who suggested that the cell loss was marithe absence of nutritional elements. In both
edly lower in the non-weaned group (ratsases growth factor influences are not ex-
prevented from weaning, with no solid food)cluded, but the mechanism of action may be
during the third week of life. independent.

Cell migration 0.5 + 0.06 0.3 + 0.06*
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