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ABSTRACT 

Cell surfaces in the duodenal mucosa have been studied in maturing tissue of the chick 
from incubation until hatching. Changes in the distribution of mitoses in this tissue give an 
indication of its rate of maturation. This rate is paralleled in developmental changes in 
microvilli and junctional complexes. Concentration of mitotic figures towards the base of 
villous folds is gradual from day 9 to day 16, then rapid to day 19, after which the mature 
pattern is acquired. By day 1 l, microvilli appear in a regular pattern which does not alter 
through hatching. Their height remains the same to day 16 when it increases gradually to 
day 19, then very sharply. The angle formed between the microvilli and the cell surface 
increases gradually to day 16, giving evidence of advancing internal structure. Changes in 
cell adhesion also occur at day 16. Thereafter, following trypsin treatment cells are held 
together in patches by the tight junctions of the terminal bar, although the desmosomes 
are separated. The timing of these morphological changes is compared with that of alkaline 
phosphatase accumulation in this tissue as reported by Moog (13). Increase in the surface 
area of the microvilli parallels the increase in the activity of the enzyme. 

I N T R O D U C T I O N  

As a tissue matures, conditions at the surface of a 
cell or at patches within the same surface can 
become increasingly different (28). This may be 
reflected in a variety of surface specializations (6, 
18, 27). In cells of the mature intestinal mucosa, 
microvilli are regularly spaced over the free cell 
surface, and in any one region are uniform in 
height. A core of longitudinally oriented material 
extends from each microvillus as a rootlet into a 
fibrous surface layer of cytoplasm associated with 
desmosomes and tight junctional complexes 
between cells (7, l, 4, l 1, 20, 24, 5). In the present 
study, the development of this rather elaborate 
and precise surface structure has been examined 
in the duodenal mucosa of the chick and related 

to the state of maturation of the tissue as evidenced 
by the mitotic pattern. Mitotic figures become 
concentrated towards the base of villous folds or 
villi, gradually at first, then more rapidly. These 
same periods are apparent in the development of 
microvilli. With respect to their spacing, height, 
width, angle formed with the cell surface, and 
changes in shape, microvilli have been compared 
from the 7th day of incubation through hatching. 
Morphological detail of this kind is of particular 
interest in the light of the extensive work of Moog 
on biochemical changes in the developing duode- 
num in which alkaline phosphatase, esterase, and 
mucopolysaccharides were shown to be associated 
with the developing brush border (13-16). 
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M A T E R I A L S  A N D  M E T I I O D S  

Whi te  leghorn chicks were used in all observations. 
Eggs were incuba ted  at 38°C. Chicks ma in t a ined  
after ha tch ing  were not  fed. 

The  change  in spatial  distr ibution of mitoses was 
assessed by count ing  mitotic figures in 10/~ sections 
of d u o d e n u m  stained with iron hematoxyl in .  Mitoses 
were counted in every other  section for a m i n i m u m  
of l0 sections. T h e y  were scored as near  to either the 
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FmURE l Distr ibution of mitotic figures in the 
developing intestinal mucosa. Abscissa, days from star t  
of incubation. Ordinate, percentage of mitoses nearer to 
the base than  to the tip of villous folds or villi (see text). 

tip or the base of the villus or villous fold. The  da ta  
were expressed as a percentage of mitoses occurr ing 
nearer  to the  base t h a n  to the  tip. Fifty per cent  of 
the  nfitoses scored as nearer  to the base would repre-  
sent a roughly un i fo rm distr ibution of dividing cells 
if the n u m b e r  of cells in the  two regions were approxi-  
mate ly  the  same. In  sample  counts  of mucosal  cells 
covering 10 villi or villous folds on days 12, 16, and  
20, it was found tha t  52 per cent, 51 per  cent  and  
54 per cent, respectively, of the cells were nearer  to 
the  base. 

For electron microscopy, tissue was fixed in 1 per  
cent  o s m i u m  tetroxide in Veronal-aceta te  buffer  (pH 
7.9) for ~ hour  at 4°C, carr ied t h rough  a graded  
series of alcohols, b rough t  to room tempera ture ,  and  
e m b e d d e d  in Epon  (10). Sections were cu t  on a 
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FmuitE ~ Changes in mierovillus diameter (squares, 
dotted line), height (open eirt.les, solid line), and angle 
(triangles, short  dash), compared with da ta  adapted 
from Moog 03)  for alkaline phospbatase content  of 
whole tissue, substrate  phenylphosplmte (solid circles, 
dot  and dash). See text. 

Por ter-Blum nficrotome and  s ta ined in 3 per cent  
u rany l  acetate (26) for 24 hours. Prepara t ions  were 
examined  with an R C A  E M U - 3 .  

Tissue was dissociated by incuba t ing  1 to 2 m m  
f ragments  in Ca-  and  Mg-free Tyrode  solution for 
three 10 minu te  changes  at 37°C, followed by 1~ hour  
incuba t ion  in 0.1 per cent  t rypsin (Nutri t ional  Bio- 
chemicals  Corporat ion,  Cleveland).  T h e  tissue was 
then  transferred to Tyrode  solution conta in ing  5 per 
cent  horse se rum and  dissociated by pipet t ing 15 
times. T h e  suspension was centr i fuged and  the pellet 
fixed for electron microscopy. Dissociation was car- 
ried out  us ing either the  whole duodena l  wall or only 
the  mucosa  which  had  been str ipped off. 

M e a s u r e m e n t s  of the height  of microvilli were made  

FIGURE 3 Free surface of cell of duodenal mucosa at  7 (lays. Irregular projections are 
occasionally microvillus like (m), and rounded extensions of the cell surface may  contain 
vacuoles (v). X 40,000. 

FIGUI',E 4 Free surface of cell of duodenal mueosa at  9 days. Mierovillus like projections 
(m) are nmch more frequent though still rather irregular in shape. X 40,000. 
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on microvilli in which the cell membrane could be 
seen, in cross-section, around the tip and in which 
the core was clearly connected with the subsurface 
region of the cell. Measurements of the width of 
microvilli were made on the same ca~es, or on sec- 
tions cut tangential to the cell surface. The angle 
made between the microvilli and the cell surface 
could be measured when microvilli were straight. 
When they were curved, this angle was taken as the 
angle made between the distal third of the micro- 
villus and the cell surface. The number of microvilli 
per unit length of cell surface was estimated by 
counting the number, cut in longitudinal section, in 
which the core was fully connected with the cell sub- 
surface over a 3.1/z length of surface in a print mag- 
nified 32,000 or the number  lying squarely across a 
line of equal length drawn across a field of microvilli 
cut in cross-section. All averages of measurements 
were based on a minimum of 25 cases unless other- 
wise stated. 

R E S U L T S  

MITOTIC PATTERN : Results of mitot ic  
counts are presented in Fig. 1. Each symbol 
represents an  average of three cases, except on 
days 10 and  18 through 21 when  only two cases 
were averaged. I t  is clear tha t  the acquisit ion of 
the ma tu re  pa t te rn  is at  first very gradual  and  is 
ini t iated at  about  the 9th day, shortly after the 
villous folds begin to originate (3). Before this 
t ime mitoses are apparent ly  ra ther  evenly dis- 
t r ibuted th roughout  the mucosa. Al though there 
is an  increasing tendency for mitoses to be concen- 
t ra ted basally, occasional mitotic figures can  still 
be seen at the extreme villous t ip as late as day 
15, as noted by Moog (14). After day 16 there is a 
sharp rise in the curve, and  by day 19 virtually 
no mitoses are present  in the distal half  of the 
villus. The  change towards the ma tu re  generative 
pa t tern  is thus first gradual ,  then rapid,  and  pre- 
cedes the final chemical  and  morphological  
differentiat ion of the tissue as described by Moog, 

MICROVILLI" At 5 days there are no indica- 
tions of microvilli. The  free surface of the cell is 
i rregularly lobate and  tends to bulge out  into 
the lumen of the gut  so tha t  it may  extend as 
m u c h  as 4 # beyond the junc t ional  complexes 

between adjacent  cells. The  cytoplasm toward the 
distal surface of the cell characterist ically contains 
numerous  small vacuoles. Major  changes after 
this t ime are summarized in Fig. 2 and  illustrated 
in Figs. 3 th rough 13. By 7 days, lobate projec- 
tions may  bear  extensions which in some cases 
are elongate and  of approximately  the diameter  of 
microvilli  bu t  are as frequently m u c h  more 
i rregular  in shape (Fig. 3). The  cytoplasm within 
these extensions may  contain  small vacuoles. 
By day 9, projections resembling microvilli  are 
more numerous,  though still somewhat  irregular.  
Cell surfaces tend to be flatter and  junct ional  
complexes usually lie in their  characterist ic posi- 
tion jus t  below the surface (Fig. 4). By day 11, 
microvillous projections are much  more uniform, 
and  are abou t  0.45 /~ in length and  0.12 /z in 
diameter.  They  may  lie at  various angles relative 
to the cell surface and  are generally straight 
ra ther  t han  curved (Fig. 5). At  la ter  stages, the 
angle they form with the cell surface approaches 
90 ° (Fig. 2). Evidence of longi tudinal  or ientat ion 
in the core is apparen t  by 11 days. In these 
earliest stages the structural  par t  of the core is 
not  localized towards the center  as it will be in 
la ter  stages (Figs. 10 and  12). More  evidence of 
core structure occurs by day 12 when  the core 
is occasionally associated with short rootlets. 
Rootlets are characterist ic by day 16 though  not 
invar iably  present. The  rootlet region becomes 
progressively regular  unti l  day 21 when  it forms a 
layer about  half  a micron deep in the subsurface 
of the cell, for the most par t  un in te r rup ted  by 
other  cytoplasmic entities. By day 22, it is some- 
wha t  deeper. The  cytoplasm in this region has a 
fibrous character.  Occasional  sections suggest a 
close association between the rootlets and  the 
fibrous components  (11) arising from the junc-  
t ional  complexes (Fig. 9), a l though no actual  con- 

nections are evident.  

Microvil l i  on any one cell or any group of adja-  

cent  cells are r a the r  uni form in length from day 

11 on. They  show little change th rough  day 16, 
after which  t ime they increase in length,  more 
and  more  sharply, to greater  t han  6 t imes their 

FIGURES 5 to 9 Mierovilli on days 11, 12, 16, 18, and 20, respectively. Microvilli become 
progressively regular with respect to their shape and angle. The rootlets increase in length 
and the vacuoles and ribosomes are farther from the surface. Rootlets (r) are sometimes 
closely associated with transverse fibers. The microvillous core (e) is occasionally double 
in longitudinal section. All X 40,000. 
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16-day height  by day 22 (Fig. 2). There  is no 
change in d iameter  of microvilli th rough  day 21, 
bu t  between days 21 and  22, when  increase in 
height  is greatest, the d iameter  drops by 25 per 
cent. This reduct ion in d iameter  seems to involve 
the outer, ra ther  homogeneous par t  of the core 
of the microvillus. The  structural  inner  par t  of 
the core appears  to remain  about  the same in 
d iameter  (compare Figs. 12 and  13). A change  in 
shape of the tip of the microvillus also occurs at  
this time. It  is somewhat  b lunt  unt i l  day 22 when  
it becomes more tapered (Fig. 11). The  surfaces 
of microvilli  are bounded  by double electron- 
opaque  layers separated by a less dense layer ( 11 ). 
In  these preparat ions  the double  nature  of this 
m e m b r a n e  in cases beyond 16 days is frequently 
clear, bu t  is rarely observed in earlier stages. 
Granu l a r  fibrous mater ia l  is associated with the 
surface of the microvillus, part icular ly at the tips. 
This material  is present to a slight extent after 12 
days, bu t  becomes increasingly conspicuous after 
16 days. 

~lhe n u m b e r  of microvilli  over the cell surface 
does not seem to change after day 11. O n  super- 
ficial inspection their  n u m b e r  seems to increase. 
However,  if only the measurable  cases are con- 
sidered, no significant increase in n u m b e r  occurs. 
Fifteen measurements  on days 11 and  12 gave an  
average of 8.5 microvilli per uni t  length (range 6 
to 10), while 21 measurements  on day 22 gave an 
average of 9.1 (range 7 to 13). Twenty-one  meas- 
urements  on in tervening days averaged 8.8 (range 
7 to 12). The  characterist ically uniform height  of 
microvilli suggests tha t  they develop simultane- 
ously, confirming these results. A comparison of 

Figs. 12 and  13 indicates tha t  the distance from 
the center of one microvillus to tha t  of adjacent  
ones remains  the same between the t ime the micro- 
villi are beginning  to increase in height  and  the 
t ime they reach  their  final differentiated state. 
Branching  of microvill i  at  the base (9) occurs 
infrequently. 

JUNCTIONAL COMPLEXES: The  junct ional  
complexes between cells in the mucosa consist of an  
area of close contac t  or t ight  junc t ion  (5), ca. 0.8 
micra  deep, extending continuously a round  the 
distal border  of the cells, and  jus t  basal to this 
region a series of desmosomes. T h e  cytoplasm in 
the region of close contact  is distinct in tha t  it 
appears  as a band  relatively low in density and 
devoid of cytoplasmic organelles such as endo- 
plasmic re t iculum or mitochondria .  The  essential 
features of these junc t iona l  complexes are present 
in the earliest stages studied. O n  day 5, t ight  junc-  
tions and  desmosomal plaques occur. No definite, 
morphological ly dist inguishable changes in these 
structures appear  unti l  the final stages examined 
near  and  after ha tch ing  (Figs. 14, 15, and  16). In 
the mature  mucosa the low density band  of cyto- 
plasm is clearly fibrillar. A p rominen t  band  of 
fibrils is also associated with the desmosomal 
plaque at la ter  stages (18). 

Some indirect  evidence for structural  changes of 
junc t iona l  complexes was obta ined by trypsin dis- 
sociation of the tissue. Tissue was dissociated on 
days 9, 11, 12, 16, and  17. In the three earliest 
stages, dissociation to a single cell suspension was 
relatively complete. Separated desmosoma 1 
plaques persist in isolated cells ( t8) ,  bu t  no con-  
vincing evidence of persistence of rnicrovilli was  

FIGUI(E 10 Cross-section through microvilli at clay 1~. Longitudinally oriented fibers are 
not concentrated towards the center of the microvilli. The cell meml)rane in this prepara- 
tion does not show the unit membrane structure. Comi)are with Fig. 12. )< 64,000. 

FIGURE l l  Microvilli at ~ days. The rootlets, as well as the microvilli proper, are con- 
sidcrably longer than at ~20 days (Fig. 9). The microvillous tip is now tapered and the 
densely staining granular material associated with the surface is more prominent. X 40,000. 

FIGURE 1~2 Cross-section of microvilli at 18 days. In the case indicated by the arrow, the 
the unit membrane structure at the surface and the concentration of oriented fibrils towards 
the center are particularly clear. The distance between the centers of adjacent microvilli 
(indicted 1)y a bar) is roughly the same as at day ~'2 (Fig. 13). )< 64,000. 

FIGURE 13 Cross section of microvilli at ~2 days. The diameter of the core at this 
stage is the same as the diameter of the structured core at 18 clays. Relationships arc 
clearest in the casc indicated by the arrow. The bar indicates the distance between the 
centers of adjacent microvilli which is roughly the same as at 18 days. X 64,000. 
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seen in these preparations. The mucosa was still 
largely dissociable by day 16, but by day 17 it 
showed a tendency to remain in patches despite 
the same or prolonged incubation in trypsin. 
Examination of these patches of tissue by electron 
microscopy showed that desmosomal connections 
were consistently disrupted while tight junctions 
were not (Figs. 17 and 18). These observations 
indicated that the desmosomes or connecting 
bodies do not resist dissociation at an early period, 
but that after day 16 some developmental change 
in the tight junctions occurs. The  present work 
does not provide evidence as to the nature of this 
change. However, recent studies indicate that a 
fusion of the outer electron-opaque layers of the 
cell membranes of adjacent cells occurs in the 
area of the tight junct ion in mature mucosa (5). 

D I S C U S S I O N  

Time Sequence of Developmental Changes 

If the change in spatial distribution of mitoses is 
taken as a measure of the progress of differentia- 
tion, then the process may be seen to consist of 
three parts: a period of moderate change through 
day 16, a more rapid change on days 16 through 
19, and finally a stage in which mitoses are vir- 
tually confined to a generative region. If the 
microvilli are used as a measure, three correspond- 
ing periods are evident. First, a period from day 
l l  to day 16 when, although there is no increase 
in height of microvilli, the microvillous core be- 
comes structured, rootlets appear, and the angle 
formed with the cell surface approaches 90°; sec- 
ond, a period from day 16 to day 19 when moder- 
ate increase in height occurs; and finally a period 
of extremely rapid increase in height and de- 
crease in diameter. Junct ional  complexes show a 
corresponding change at 16 days. If the generative 
pattern and structural changes are now compared 
to changes in enzymatic activity described by 
Moog, a further correlation is apparent. Moog's  
data for alkaline phosphatase of whole tissue are 
plotted in Fig. 2. Although not confined entirely to 
the brush border, alkaline phosphatase activity is 

localized here fl'om day 18 on (13) and occurs at 
the surface of microvilli (2, 24). The increase in 
enzyme activity can thus be seen to correspond 
fairly well with the increase in the surface area of 
microvilli. It  may be noted that a 22 day micro- 
villus (1.9 x 0.09 #) has approximately the same 
volume as a 21 day microvillus (1.0 X 0.12 #) but 
there is an obvious increase in surface area. Al- 
though a correlation between enzyme accumula- 
tion and structure exists the part of the observable 
structure constituted by the enzyme, if any, is not 
clear. Since the height of microvilli of the intes- 
tinal mucosa can be markedly increased by osmotic 
shock (11) without change in diameter, an in- 
crease in the volume of microvilli can not be 
equated with protein synthesis. In any event, it is 
the increase in surface area that seems relevant 
here. 

Developmental Changes and Physiological 
Replacement 

In the earliest studies of fine structure of the in- 
testinal brush border, it was noted that the diame- 
ter of microvilli varied inversely with the length 
(7). Height  has been found to vary systematically 
along the villus, being least in the crypts and 
greatest at the villous crest (1, 4). An increased 
tapering of the tip in longer microvilli has been 
noted, in that short microvilli in various tissues 
have been described as blunt (8, 12, 23). Branch- 
ing of microvilli, which is common in rodents (9), 
occurs occasionally in the chick. 

Changes in the character of microvilli that occur 
fi'om the base to the tip of the villus represent a 
sequence from the generative region of the tissue to 
the fully functional region; hence this sequence 
should be similar to the developmental sequence 
studied here. Brown's observations on human 
jejunal epithelium (1) are roughly comparable  to 
those made on later stages in the chick, in that 
they show a doubling of the height of microvilli  

and a decrease in width by one half. Although a 
distinction has been made between microvilli and 
the striated border in mature tissue (22) on the 

Fmul~ES 14, 15, AND 16 Junctional complexes at 1~, 16 and ~ days, respectively. This 
region becomes associated with an extensive fibrillar arrangement, d, desmosome; t, tight 
junction. All X 40,000. 

FIGURES 17 AND 18 Mucosa at 17 days partially dissociated by trypsin, st, microvillus; 
t, tight junction; d, desmosomal plaque. Both X 40,000. 
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basis of length and regulari ty of a r rangement  of 
surface projections, it is ha rd  to make  a sharp dis- 
t inct ion on this basis developmentally.  Studies of 
the changes in other  tissues which might  be con- 
sidered comparable  to the earlier changes studied 
here are those in which the structure of microvilli  
has been examined,  after hormone  t rea tment ,  in 
uter ine surface epi thel ium (17) and  in the gastric 
parietal  cell (23, 25). Cells have been found to 
possess some projections which have the character-  
istic shape of microvilli, while other projections 
are broad or deformed. Small bleb-like protrusions 
also occur in the early stages of hormone  treat- 
ment ,  and  finally numerous  microvilli of ra ther  
uniform height  are seen (17). In the chick, such 

changes also appear  to be under  hormonal  control 

(14, 15). A reverse effect can sometimes occur. In  

association with secretion, microvilli  may  be re- 

placed by blunt ,  i r regular  pseudopodia (9) or by 

cytoplasmic "b lebs"  (21). Thus  the organizat ion of 
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