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The concept of continuous and rapid re- 
newal of the epithelium of the normal intes- 
tine has been established in recent years by 
cell kinetics analysis using the method of 
3H-thymidine autoradiography ( 1-4), but 
little is known about quantitative analysis 
of population with proliferative and differ- 
entiation cells among epithelial cells. Recent- 
ly Hagemann et al. (5, 6 )  devised a method 
for estimating the number of epithelial cells 
in a mal l  intestine by measuring the radio- 
activity of 3H-thyrnidine in the intestinal 
epithelium and by applying the squash 
method for villus and crypt. 

In  the studies reported below, the number 
of epithelial cells in a small intestine was 
calculated by using a number of such cells 
prepared with citric acid (7,  8) and through 
the characterization of the cell nucleus with 
his tological observation. 

Materials and Methods. Isolation of cell 
nuclei. The small intestine of 8-1 0-week-old 
female mice (ICR/ JCL) was rmoved, from 
the pyloric sphincter to the ileocecal junc- 
tion, immediately after sacrifice by cervical 
dislocation. Procedure for cell separation was 
performed at  4”; blood vessels and fat in 
the mesentery were removed, and the intes- 
tine was then slit longitudinally and rinsed 
thoroughly in ice-cold Hank’s solution. Af- 
ter being blotted and weighed, the intestine 
was then put into a Petri dish containing 2 
ml of 1% ice-cold citric acid solution and 
minced with scissors into approximately 2- 
mm square segments. All segments were then 
mixed at  1-2 x lo4 rpm for 5 min in a 
Waring Blendor or like mixer and suspended 
in 20-25 ml of 1% ice-cold citric acid SO 

as to obtain a tissue homogenate. One drop 
of octyl alcohol was added to the resulting 

homogenate to reduce foam, after which i t  
was rehomogenized at  low speed for about 
5 sec. The homogenate obtained was cen- 
trifuged in a swing rotor a t  5OOg for 10 min. 
The supernatant was discarded, and the sedi- 
ment defined as a nucleus fraction was re- 
suspended in 15-20 ml of 0.2% citric acid. 
A schema of this technique is shown in Table 
I. 

Estimation of cell number. Cells were cal- 
culated both by the differential count of iso- 
lated cell nuclei and by histological observa- 
tion. In  the isolation of the cell nuclei, the 
percentage recovered was estimated by de- 
termining DNA content in the nucleus and 
supernatant fraction. DNA content was de- 
termined by Burton’s method (9).  The num- 
bers of round- and oval-shaped cell nuclei 
were counted under the phase-contrast mi- 
croscope, but fibroblastic cell nuclei were 
carefully excluded. Four histological sites 
were selected in the intestine: (site 1) the 
duodenum immediately adjacent to the py- 
lorus; (site 2) the jejunum, one-third of the 
distance from the duodenum; (site 3 )  the 
ileum, two-thirds of the distance from the 
duodenum; and (site 4) the ileum immedi- 
ately adjacent to the ileocecal junction. 

A 2-cm-length segment was removed from 
each site, fixed with Bouin’s solution, em- 
bedded in paraffin, and sectioned at  5-pm 
thickness. The sections were then stained 
with Mayer’s hematoxylin and eosin, and the 
major and minor nuclear axes of each cell 
were measured in histological section under 
a micrometer-equipped microscope. The 
number of each cell type per traversed sec- 
tion was counted in four parts of the sec- 
tion. Cells were classified into six types ac- 
cording to nuclear shapes; epithelial (crypt, 
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TABLE I.  Procedure for Isolation of Cell Nucleus. 

Dissecting mall  intestine after washing with Hank’s 
solution 

Hoinogeni~ation in 1 % citric acid (Waring Blendor, 
10 min) 

.1 
Centrifugation, 300g, 3 min (supernatant discarded) 

.1 
Resuspending nucleus fraction in 0.2% citric acid 

3. 
Counting nuclei with hemocytonieter and smearing 
for autoradiography 

.1 

villus), submucosal, muscle, serosal, and 
lymphoid cells, respectively. 

The number of epithelial cells labeled with 
tritiated thymidine ( 3H-TdR, 10 Ci/mmole) 
was obtained in the following way. Each 
mouse was injected ip with 1 pCi of 3H- 
TdR per gram body weight, and a suspen- 
sion of cell nuclei was prepared 1 hr after 
the injection. The cell nuclei were smeared 
on a glass slide, dipped in Sakura NR-M2 
emulsion for autoradiography, and exposed 

for 2 weeks; after developing, it was stained 
with Mayer’s hematoxylin. The labeling in- 
dex of the epithelial cells was estimated by 
counting the number of labeled round- and 
oval-shaped nuclei. The total number of 
labeled cells w s calculated from the total 
number of epi il elial cells and the labeling 
index. 

Results. Moqphology of isolated nuclei. 
The isolated nuclei of an intestinal cell ob- 
served under the phase-contrast microscope 
are shown in Filg. 1. 

Very slender shaped nuclei were regarded 
as muscle cell nuclei, and those with oval, 
slightly-elongated, large configuration were 
considered as epithelial cell nuclei. The 
nucleus shape with each cell type was clas- 
sified with histological observation of the 
small intestine. 

Recovery rate of isolated nuclei b y  DNA 
determination. The DNA content of the cy- 
toplasmic and nuclear fraction is shown in 
Table 11. The recovery of the DNA content 
of the nuclear fraction was found to be 
more than 90%. 

FIG. 1. Phase contrast micrograph of isolated cell nuclei (X900). 
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TABLE 11. DNA Content of Cytoplasmic (Fraction 
I) and Fraction (Fraction 11) in Small 

Intestine. 

and represented in Table V. 
The shapes of muscle or serosal cell nuclei 

were easily distinguishable from those of 
epithelial cell nuclei. In  addition, the pro- 

(9 ofnuclearDNA portion of muscle and serosal cells to 
epithelial cells was very small, as shown in 
the last column of Table IV. The number 
of muscle and serosal cells therefore might 
be negligible in the estimation of the epi- 

DNA content Recovery ratio 

Fraction I 750+ 347" 
Fraction I1 10355 1596 

Fraction I1 

Fraction I + Fraction I1 0.928 & 0.041 

a Values represent mean standard deviation 
with five animals. 

Size distribution of nuclei in each cell type.  
The size distribution of nuclei obtained by 
histological observation is shown in Fig. 2. 
Nucleus size was measured with at least 
300 cells of each cell type. The mean value 
and standard deviation of major and minor 
nuclear axis in each cell type are shown in 
Table 111. Epithelial cell nuclei could be 
distinguished from other cell-type nuclei such 
as the nuclei of submucosal, muscle, lym- 
phoid, and serosal cells as shown in Fig. 2 
and Table 111. 

Number  of cells per section. The number 
of cells per type observed in the whole field 
of a traversed section is shown in Table IV. 
The proportion of epithelial cells in the pop- 
ulation of submucosal and epithelial cells 
was calculated from the results in Table IV  
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theliar cell number even if these cells were 
mistakenly counted among epithelial cell 
nuclei. Since a submucosal cell has a fibro- 
blastic- and irregular-shaped nucleus, and 
its size-distribution is markedly differed from 
that of epithelial cell nuclei (Table 111), the 
two types of nuclei were generally distin- 
guishable. But oval-shaped epithelial-cell 
nuclei were not invariably distinguishable 
from irregular-shaped submucosal-cell nuclei 
because the size-distribution of the former 
partially coincided with that of the latter. 

The proportion of submucosal cells rela- 
tive to the total number of submucosal and 
epithelial cells was estimated as 16%, and 
the fibroblastic-shaped nuclei were easily 
distinguishable. Thus the total epithelial cell 
estimate would seem to represent more than 
84% of the actual epithelial cell population. 
Consequently, the number of epithelial cells 
could be estimated by counting both the 
oval- and round-shaped nuclei in the iso- 
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MAJOR AXIS 
FIG. 2.  Distribution of cells as to nuclear size in the microscopic section of intestine. Abscissa, 

major axis (pm) ; ordinate, minor axis (pm) ; A, crypt epithelial cell nucleus; B, villus epithelial 
cell nucleus; C, submuoosal cell nucleus; D, muscle cell nucleus; E, lymphoid cell nucleus; F, 
serosal cell nucleus. 
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TABLE 111. The Distribution of Cell Nuclei as to 
Size. 

Major axis Minor axis 
(Pm)" (PmY Cell nucleus 

Epithelial cell (crypt) 8.56 -1- 4.44 6.74 -e 1.56 
Epithelial cell (villus) 8.53 -e 1.16 6.13 2 0.82 
Submucosal cell 7.59 & 2.62 2.89 2 1.02 
Lymphoid cell 4.52 & 0.88 3.64 e 0.63 
Serosal cell 3.71 1.85 1.37 2 0.67 
Muscle cell 11.55 2 5.32 2.01 e 0.90 

Under a microscope equipped with a microm- 
eter, the major and minor nuclear axis OE each cell 
was measured in histological section of the intes- 
tine. 

lated nuclear suspension under the phase- 
contrast microscope. The total number of 
epithelial cells in the small intestine was 
5.9 t 0.5 X lo8, and that of the labeled 
cell nuclei was 7.6 _t 1.5 X lo7 with nuclear 
autoradiography. From the total number of 
epithelial cells in the small intestine and the 
ratio of epithelial cell number to that of vil- 
lus and crypt epithelial cells observed in the 
traversed section (Table V) ,  the total num- 
ber of epithelial cells in the crypt and villus 
was calculated to be 2.7 t 0.2 x los and 
3.2 t 0.3 X los, respectively. The number 
of proliferative cells in the crypt cell popula- 
tion, calculated from the durations of DNA 
synthesizing phase and cell cycle ( 7.7,  14.5 
hr), and the estimated number of labeled 
cells, was 1.43 x lo8 cells in the small in- 
testine. 

Discussion. The reliability of the method 
reported here depends on the recognition of 
the difference in size and shape between the 
isolated nuclear types. In  an isolated nuclear 
morphology, the epithelial cell nuclei were 
easily distinguished from fibloblastic cell 
nuclei, but the difference in shape between 
epithelial cell nuclei and the irregular-shaped 
nuclei of the submucosal cell could not al- 
ways be so readily recognized. However, the 
proportion of irregular-shaped cell nuclei in 
the submucosal cell population may well be 
less than 16% of the total number of epi- 
thelial and submucosal cells (Fig. 2, Table 
V ) .  Therefore i t  was assumed that the epi- 
thelial cell number arrived at  in this report 
covered approximately 90% of the epithelial 
cells in the small intestine. Besides the cer- 
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TABLE V. The Ratio of Epithelial Cell Number to Submucosal Cell Number in Both the 
Villus and Crypt. 

VE” c E VE CE T E  

Site VE + CE YE -t CE VE + VS CE + CS TE + T S  

1 0.560 0.440 0.815 0.856 0.833 
2 0.584 0.416 0.822 0.87 1 0.842 
3 0.532 0.468 0.805 0.869 0.834 
4 0.509 0.491 0.812 0.862 0.836 

Mean 0.546 0.458 0.813 0.867 0.837 
%SD 20.028 -10.031 k0.007 e0.004 k0.003 

a Abbreviations used: TE, total epithelial cells; TS, total submucosal cells; SD, standard de- 
viation. 

tain number of the submucosal cells counted 
as epithelial cells, the cells of Brunner’s gland 
in the duodenum were also probably so in- 
cluded because the shape of the cell nuclei 
in said gland is the same as that of epithelial 
cell nuclei. Still, Brunner’s gland is rela- 
tively small in proportion to the total small 
intestine, and its cell population may well be 
negligible in the overall estimation of the 
number of epithelial cells. 

Hagemann et al. ( 5 )  estimated that the 
total number of intestinal epithelial cells 
in the C57BL/6 mouse was 5.6 x lo8; pro- 
liferative cells, 1.8 X los; and DNA-syn- 
thesizing cells (S cell), 1.0 x los, respec- 
tively. In spite of difference in strain and 
sex, the total number of intestinal epithelial 
cells in the present results is remarkably 
similar to the above authors’ data except that 
the number of S cells is slightly lower. This 
discrepancy might be ascribed to the follow- 
ing two causes; (1) the number of labeled 
cell nuclei reported here was obtained by 
counting only round- and oval-shaped cell 
nuclei, and (2) the cell number estimate of 
Hagemann et aE. rests on the premise that the 
proliferative cell alone belongs to the epi- 
thelial cell and that the presence of pro- 
liferative cells of muscle and lymphoid type 
can be set aside. 

The present method may be characterized 
as a simpler procedure for calculating epi- 
thelial cells over against the usual histologi- 
cal method. It can be applied to analyze cell 
population kine tics following X-irradja tion 
or chemical treatment. The method of Hage- 
mann et al. has been used on the assumption 
that the radioactivity of 3H-TdR incorpor- 

synthesizing phase is constant; thus, it is 
not adequate to analyze cell population fol- 
lowing X-irradiation because it is well known 
that radioactivity is often variable after 
treatment (10-12). The authors’ method is 
applicable to other tissues, for example, liver 
or various lymphoid tissues, if the recovery 
percentage of the estimated cell number can 
be obtained. 

Summary. The total epithelial cells in 
small intestine of female ICR/JCL mice was 
5.9 _t 0.5 x lo8 as calculated from the num- 
ber of oval- and round-shaped cell nuclei 
isolated by citric acid ; DNA-synthesizing 
cells were estimated at 7.6 rt 1.5 X lo7 by 
autoradiography. This appears to be a 
simpler, more accurate method of totaling 
epithelial cells than any such heretofore. 
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