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CURRENT KNOWLEDGE 0f the ultrastructure and cytochemistry
of the human intestinal eipthelial cell is based upon the development and
widespread application of the peroral biopsy technique.’® Tissue ob-
tained in this fashion has helped in the understanding of the physiologic
and morphologic changes associated with intestinal dysfunction, includ-
ing celiac disease in adults.*2* Because of technical difficulties there are
few studies in “celiac children,” especially those in the younger age
groups.”*" Particularly limited is information on the extent of recovery
of organelles in epithelial cells of children treated with gluten-free diets.
This work describes the columnar cells in normal children, in children
with celiac disease, and in children treated with a gluten-free diet.

Material and Methods

Biopsy specimens from the small intestine were obtained from:

Group A: 7 normal children, ranging in age from 1 to 12 years. These children had
no history of diarrhea or bulky stools. Roentgenologic studies of the small intestine
revealed loops of normal caliber with intact mucosal patterns. Intestinal parasitic
infection was excluded. Results of quantitative 72-hr. fecal fat determinations 28
were within normal limits.

Group B: 20 children, from 1.5 to 12 years of age, with clinical courses typical
of celiac disease. Most of the patients had never been on gluten-free diets. The
remainder, who had been on such diets at some time, were on unrestricted diets
for at least several months prior to the time of biopsy. All patients displayed most
of the features of malabsorption syndrome. Roentgenologic studies revealed an ab-
normal mucosal pattern in the small intestine. Fecal fat values were abnormal.
Parasitic infection was excluded. Finally, a small intestinal biopsy was interpreted
as compatible with celiac disease in all patients.

Group C: 10 children from Group B were biopsied after being on a gluten-free
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diet for 6 months or more. All showed dramatic clinical, roentgenologic and bio-
chemical improvement at the time of the second biopsy.

Conventional light microscopy and cytochemical studies were performed on all
biopsy specimens. The specimens from 6 normal, 12 untreated celiac, and 6 treated
celiac patients were also studied by electron microscopy.

Biopsies were obtained following 14 hr. or more of fasting. The Crosby-Kugler
capsule 3 was employed. Progression of the capsule through the intestine to the
site of biopsy was determined by fluorcscopy. All specimens were obtained from
the region of the ligament of Treitz. Just prior to biopsy, a small volume of warm
(37°C.) saline was gently instilled through the tube to wash out mucus and detritus.
The tissue was rapidly removed from the capsule, placed on a wax plate, and divided
into 3 portions:

1. Fer conventional light microscopy: The tissue was positioned by placing its
nonvillous surface on a piece of filter paper to facilitate orientation and sectioning,
fixed in 4% formaldehyde or Bouin’s fluid, and embedded in paraffin. Sections (5u)
were stained by hematoxylin-eosin and Lillie’s Azure A-eosin2® for morphologic
study. Sections were also stained by the periodic acid-Schiff (PAS) reacticn, with
and without diastase digestion, for determination of the presence of glycogen. Mas-
son’s trichrome stain was used for study of connective tissue, and the Perls’ reaction
was employed for study of iron.2® Neutrul lipids were visualized in frozen sections,
using oil red O or Sudan black B.29.30

2. For enzyme cytochemistry: The tissue was flattened on filter paper; fixed over-
night at 4°C. in 4% neutralized formaldehyde containing 1% CaCl,3! or in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4,32 for 2 hr. at 4°C.; and rinsed
overnight in the same buffer containing sucrose at 0.2 M final concentration. Frozen
sections (10u) were cut with a freezing microtome. These were incubated as free-
floating sections at 37°C. to visualize enzymatic activities that serve as “markers” 33.34
for different cytoplasmic organelles as follows:

Plasma membrane: Nucleoside phosphatase with adenosinetriphosphate as sub-
strate 35 for 15 and 30 min., and alkaline phosphatase 3° for 5, 15, and 30 min.

Endoplasmic reticulum: Nucleoside d‘phosphatase with inosine diphosphate as
substrate 3¢ for 15 and 30 min.

Mitochondria: Reduced nicotinamide adenine dinucleotide-nitro blue tetrazolium,

NADH-NBT (2,2’-di-p-nitrophenyl-5,5-diphenyl-3,3’[ p-biphenylene]-ditetrazolium
chloride) or tetranitro blue tetrazolium, TNBT (2,2’,5,5-tetra-p-nitrophenyl-3,3"-[3,
3’-dimethoxy-4,4’-diphenylene]-ditetrazolium chloride)-reductase 3? for 10 and 20
min.
Lysosomes: Acid phosphatase with 8-glycerophosphate as substrate 3° for 15 and
30 min. To examine the enzymatic reaction product in the electron microscope, 25-u
frozen sections were incubated in the same medium, washed 3 times in 7.5% sucrose
solution, post-fixed in osmium tetroxide in phosphate buffer,38 and processed accord-
ing to the method described below for electron microscopy.

Golgi apparatus: Thiamine pyrophosphatase, with thiamine pyrophosphate as
substrate 3¢ for 15 and 45 min., and alkaline phosphatase with glycerophosphate as
substrate 20 for 5, 15, and 30 min.

‘3. For electron microscopy: Small portions of the biopsies were immersed in
cold 1% osmium tetroxide in phosphate buffer, pH 7.4,38 for 1-2 hr. at 0—4°C. In
some cases, tissue was also fixed in 3% glutaraldehyde-0.1 M cacodylate buffer, pH
7.4,32 for 2-3 hr. at 0—4°C., and post-fixed in 1% osmium tetroxide-phosphate for
1-2 hr. After fixation, the tissues were rinsed in buffer, dehydrated in a series of
ethanols, and embedded in Epon.3? Thick sections (1.0-1.5 x) were cut to select
appropriate areas (tips of villi) or to reorient the tissue in the block.

Thin sections were cut with diamond knives on a LKB Ultrotome and mounted
on naked copper grids. They were stained at room temperature with dilute alcoholic
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solution of uranyl acetate 40 for 20-30 min., followed by lead citrate 41 for 15-30
min., and examined in a Siemens Elmiskop I at 80 kv.

Results

The biopsy specimens usually included the entire thickness of the
mucosa through the muscularis mucosa. The columnar epithelium of cells
described are always those at the apex of the villi in the normal biopsies
and those at the luminal surface (Zone 3 of Padykula et al.”) in biopsies
of celiac patients.

Normal Children

In specimens from normal children, the general architecture of the villi
and glands (Fig. 1, 3, 4, 7, 10, and 13-15) is similar to that described in
adults. The lamina propria is richly vascularized with prominent capil-
laries, and lymphatics forming most of the villus core. Some of the vessels
are adjacent to the epithelial layer. Histiocytes, plasma cells, lymphocytes,
eosinophils, and polymorphonuclear leukocytes are present throughout
the lamina propria.

The columnar cells at the apices of the villi are 3045 4 high and 6-10
» wide, and their size and morphology do not vary significantly from the
tip to the sides of the villus.

Plasma Membrane and its Differentiations

Luminal Surface. The luminal surface stains strongly and evenly in
the nucleoside phosphatase (Fig. 1), alkaline phosphatase (Fig. 3 and 4),
and thiaminepyrophosphatase preparations. The staining stops abruptly
at the entrance to the crypts of Lieberkhiin. In formaldehyde-fixed tissues,
the intensity of staining is similar for nucleoside phosphatase (with
adenosine triphosphate as substrate) and alkaline phosphatase, and both
are more active than nucleosidediphosphatase ( with inosine diphosphate
as substrate) and thiaminepyrophosphatase. With brief fixation, activity
is seen following incubation in the acid phosphatase medium, but this
may reflect residual activity of alkaline phosphatase at the low pH.

With the electron microscope, the microvilli are slender and regular,
1.4-1.8 u high by 0.1-0.15 r wide (Fig. 13). They are evenly arranged
and roughly perpendicular to the cell surface. The delimiting unit mem-
brane shows a dark inner layer. The cores of the villi contain a fibrillar
system extending to the dense terminal webs. In fasted normal individuals
the microvilli are covered by an even layer of fibrillar and granular ma-
terial (“fuzz” **) as seen in Fig. 13.

Apical Vesicles, Probably Pinocytotic Vesicles. Vesicles of variable
size are numerous at the apical surfaces of the cells. Probably some cor-
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respond to the stained vacuoles seen beneath the striated border in
nucleoside phosphatase, alkaline phosphatase, and PAS preparations.
They are bounded by a unit membrane, and their content shows little or
no electron density.

Lateral Surfaces. The lateral surfaces stain in both alkaline phos-
phatase and nucleosidephosphatase preparations (Fig. 4). Usually the
staining is stronger at the sides of villi than at the apex. The lateral por-
tions of plasma membrane in the principal cells of the glands are also
stained.

The electron microscope shows lateral cell surfaces to be extensively
folded, with the infoldings penetrating deeply into the cell (Fig. 13 and
15). In the supranuclear portion of the cell, the lateral membranes of
adjacent cells are closely apposed to each other, whereas in the lower
portion they are separated by wide spaces. Where the cells are closely
apposed, both junctional complexes (Fig. 13) and individual desmosomes
(Fig. 13 and 15) are present. The former are located at the apical end of
the cell and the latter are situated more deeply, at variable intervals. The
desmosomes show the complex structure described by Odland.** The in-
tercellular space in these regions measures ~ 250 A. It is bisected by an
electron-dense line (Fig. 14, BL) and is delimited by the external leaf-
lets of the adjoining plasma membranes (Fig. 14, EL). The internal leaf-
lets (Fig. 14, IL) have a greater electron density than the external ones,
as seen in the membranes of the microvilli. Apposed to the internal leaflet
is a plaque of dense granular material. Fine fibrils generally converge to
each side of the desmosome.

Endoplasmic Reticulum

In nucleosidediphosphatase preparations, the endoplasmic reticulum
is strongly stained in the supranuclear portion of the columnar cells, es-
pecially in cells of the sides of the villus. Principal cells of the glands are
usually more lightly stained than the absorptive cells.

Electron microscopy shows a moderately well-developed endoplasmic
reticulum. The smooth endoplasmic reticulum predominates beneath the
luminal surface (Fig. 15) and in the vicinity of the Golgi apparatus. It ap-
pears as short, dilated cisternae with a moderately dense content. Near
the Golgi apparatus the endoplasmic reticulum takes the form of small,
rounded cisternae with frequent fenestrations, similar to that of GERL ° *
in other cell types.***¢ In the basal half of the cell there are also small
smooth cisternae dispersed among mitochondria. The granular endoplas-
mic reticulum is more abundant in the supranuclear than in the infra-
nuclear cytoplasm. It appears usually as irregular cisternae, rounded or

® Golgi-associated region of endoplasmic reticulum from which lysosomes apparently form.
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elongated, with ribosomes attached at irregular intervals. Some rough
cisternae are long, extending for several microns in the plane of the sec-
tion. Ribosomal aggregates, including spirals, and free ribosomes are
common (Fig. 15).

Golgi Apparatus

The Golgi apparatus is strongly stained in thiaminepyrophosphatase,
nucleosidediphosphatase, and alkaline phosphatase preparations (Fig.
4). The organelle is less evident in the columnar cells at the very tip of the
villus than in the cells of the sides of the villi; it is also prominent in the
cells of the glands.

As observed by electron microscopy, the Golgi apparatus is extensive,
sometimes seen across the width of the cell, extending from the nucleus
to the lateral cell border. There are usually 3 or 4 parallel saccules, long
(2-3 » in a section) and thin (250-300 A ). One or 2 of the saccules, usually
at the “forming face,” " have a denser content than the others. Vacuoles
up to 2-3 p in diameter are frequent, sometimes appearing as expansions
of the saccules (Fig. 13). Small vesicles are numerous and may form
clusters. In children fasted overnight, the Golgi saccules and vacuoles
show no content except for the 1 or 2 saccules at the forming face which
have a dense content.

Lysosomes

In acid phosphatase preparations, lysosomes are more abundant in the
apex of the columnar cells. Darkly stained bodies are numerous below the
striated border. Large lysosomes, with a diameter up to 6 1, are common
in the cells at the tips of the villi (Fig. 10); these are also stained in
alkaline phosphatase preparations (Fig. 3). A few small lysosomes are
found in the area of the Golgi apparatus, particularly in the cells at the
sides of the villi.

Ultrastructurally, different types of lysosomes are identifiable. The
large bodies of the columnar cells of the tip of the villi are autophagic
vacuoles and contain cytoplasmic constituents (mitochondria, endo-
plasmic reticulum, ribosomes, lipid-like material, etc. ). The most common
type of lysosome is the dense body. This type prevails in the cells of the
tip of the villi, as well as in those of the sides. These lysosomes may have
bizarre shapes and contain a dense heterogeneous content. They are
usually large, up to 2-3 p delimited by a unit membrane, and contain
dense granular material, fibrils, and myelin figures (Fig. 13, 15, and 16).
A common feature is the presence of tail-like extensions (Fig. 15), bridge-
like connections between 2 expansions, or signet rings. When sections
are incubated for acid phosphatase activity and examined in the electron
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microscope, these extensions show acid phosphatase activity (Fig. 16);
they are probably portions of the smooth endoplasmic reticulum.
Multivesicular bodies are a third type of lysosome. They measure 0.5-
1.0 p. Most are located near the terminal web (Fig. 13 and 15). Some are
also seen near the Golgi apparatus. They are bounded by a single mem-
brane and display a dense matrix in which small vesicles are evident.

Mitochondria

NADH-NBT (or TNBT) preparations show intense staining of mito-
chondria in the columnar cells (Fig. 7). Occasionally, some cells at the
extreme apex of the villus display weaker activity. With briefer incuba-
tions, the mitochondria are delineated.

Ultrastructurally, the intracellular distribution of mitochondria cor-
responds to the picture seen in NADH-NBT (or TNBT) preparations,
with concentrations in the apical and basal parts of the cell. Most mito-
chondria are elongated and have diagonally oriented cristae. Dense
granules are frequent in the matrix (Fig. 13 and 15).

Other Cytoplasmic Constituents

Fibrils are common in various areas of the columnar cell; they are most
concentrated at the desmosomes. Microtubules are most easily seen in
biopsies fixed in glutaraldehyde and postfixed in osmium tetroxide; they
show no special localization. Glycogen, in the monoparticulate form, was
found in columnar cells in only 2 cases. It is common in cells of the lamina
propria. On one occasion it was found in a goblet cell of the villus. Lipid
was not found in the epithelium by either light or electron microscopy.
Lipid-like material was found in the histiocytes of the lamina propria.

Untreated Celiac Children

In the untreated celiac children the mucosa is characteristically flat
with villi much blunted or absent (Fig. 2, 5, 8, 11, and 17). In the severely
altered mucosa, areas are found in which epithelium is missing. The pos-
sibility cannot be excluded that this represents an artifact of the biopsy
procedure or subsequent manipulation.

Where blunted villa are preserved, the ratio of villus to gland size is
markedly diminished. The gland lumen is dilated and frequently contains
debris. The lamina propria is invariably infiltrated by plasma cells and
lymphocytes. This cellular infiltrate is more extensive than that reported
in the adult celiac disease.’>'® As a consequence, the vessels are less
prominent than in the normal. Migrating cells infiltrate the epithelial
layer in large numbers (Fig. 5).
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The absorptive cells are markedly abnormal, no longer columnar, and
contain numerous vacuoles. The striated border is inconspicuous or ab-
sent.

Plasma Membrane and its Differentiations

Luminal Surface. Similar results are obtained from nucleoside phos-
phatase (Fig. 2), alkaline phosphatase (Fig. 5), thiamine pyrophospha-
tase, and nucleoside diphosphatase activities. Staining is slight and uneven
and, in some areas, totally absent. The loss of activity is greatest in the
most-damaged tissues (Fig. 2). The apical portions of the glands are
stained in the alkaline phosphatase preparations (Fig. 5), and to a lesser
degree in the nucleosidephosphatase preparations.

The electron microscope shows microvilli to be present in the less-
altered areas. They are short, unevenly spaced, and not perpendicular to
the cell surface. The fuzz is diminished and uneven. Some microvilli show
the inner fibrillar structure. In the very damaged areas, microvilli are
absent and the fuzz is missing (Fig. 17).

Apical Vesicles, Probably Pinocytotic Vesicles. Apical vesicles, which
are common in columnar cells of normal controls, are rarely encountered
in specimens from patients with celiac disease. They are virtually absent
from the severely damaged cells.

Lateral Infoldings. Staining of phosphatases is greatly diminished or
absent in the villi, and present in the gland cells but to a lesser extent than
in normal controls.

By electron microscopy, the membranes are straight or slightly curved
in most cases. The junctional complexes are less apparent, but the des-
mosomes persist even in highly altered cells. The converging fibrils are
preserved (Fig. 17).

Endoplasmic Reticulum

Nucleosidediphosphatase preparations show little or no staining of the
cytoplasm. The principal cells of the glands show staining in most cases.
As seen by electron microscopy, the smooth endoplasmic reticulum is ab-
sent except in less-damaged cells. The rough endoplasmic reticulum lacks
its flattened cisternae and is composed of dilated vacuoles containing ma-
terial of medium density (Fig. 17). Free ribosomes, often organized in
clusters or spirals, are common and are dispersed throughout the cyto-
plasm (Fig. 17).

Golgi Apparatus

In thiaminepyrophosphatase, nucleosidediphosphatase, and alkaline
phosphatase preparations, the Golgi apparatus is rarely seen in the cells
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of the surface epithelium. The dark staining of the plasma membrane of
migrating cells makes the identification of the Golgi structures difficult.
In the gland cells, the Golgi apparatus stains irregularly and is frag-
mented.

With the electron microscope, the Golgi apparatus is not seen in the
much-altered columnar cells (Fig. 17). The less-altered epithelial cells
have remnants of Golgi saccules in the supranuclear region of the cell

Lysosomes

In the severely damaged columnar cells, acid phosphatase-rich bodies
are decreased in number or even absent (Fig. 11). Where atrophic villi
are present, lysosomes are more numerous in the cells of the sides than
in the cells of the tip of the villi. The lysosomes associated with Golgi ap-
paratus in normal cells are not seen in the mucosa from celiac patients.

By electron microscopy, autophagic vacuoles with recognizable or-
ganelles are seen. Dense bodies and multivesicular bodies are uncommon
in damaged cells. A few of the dense bodies show the tail-like and bridge-
like extensions and, rarely, signet ring extensions.

Mitochondria

NADH-NBT (or TNBT) results vary with the extent of the damage to
the epithelial cells. Much-altered cells show either no staining or scattered
dots with low activity.

In the less-damaged cells, the stain is concentrated above the nucleus
with little staining in the infranuclear zone (Fig. 8). The cells of the
crypts of Lieberkhiin stain strongly, especially those at the bottom of the
gland.

By electron microscopy, the number of mitochondria is markedly di-
minished, especially in the much-altered cells (Fig. 17). They have a less-
dense matrix and few cristae that are usually displaced to the periphery.
Most mitochondria tend to be round.

Other Cytoplasmic Constituents

The fibrils are remarkably well preserved, even in the severely damaged
cells (Fig. 17), and they remain concentrated in the vicinity of the
desmosomes. Microtubules are rarely seen. Glycogen is not found in co-
lumnar cells but is present in cells of the lamina propria. Lipid-like ma-
terial is not detectable in the columnar cells of celiac patients. It is present
in some cells of the lamina propria.

Celiac Children on Gluten-free Diets. In treated children with celiac
disease, the mucosa tends to revert toward a normal appearance. How-
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ever, an entirely normal pattern is not seen. Most villi are shorter and
broader than normal. Also, the mucosa differs from normal in the per-
sistence of a variable degree of cellular infiltrate in the lamina propria
(Fig. 12), in which plasma cells and lymphocytes predominate (Fig. 21).
The vessels in the lamina propria remain less prominent than in the con-
trols.

Villi are present and are lined by an uniform epithelial layer. The base-
ment membrane is distinct and even. Columnar cells are entirely within
normal limits in their size and shape. Cytochemical (Fig. 6, 9, and 12)
and ultrastructural features (Fig. 18-20) do not differ from those in
normal controls.

Discussion

By electron microscopic examination and cytochemical staining proce-
dures for enzyme activities, the columnar cells of the normal intestinal
mucosa of the children we have studied are the same as those of adults,
as previously described **12-21.3-2 an{ as studied in our laboratory.

The changes encountered in celiac children are similar to those de-
scribed in celiac adults,*%1"-2¢ but are more severe. Reduction in the
height and number of the microvilli is more marked and is associated
with the diminution or obsence of the luminal “coat” or fuzz. The endo-
plasmic reticulum, Golgi apparatus, and lysosomes show more extensive
alterations than in adults. Shiner,*® on the basis of light microscopic stud-
ies, considered the mucosal damage in celiac children to be greater than
in adults, but Anderson and Townley *° did not share this view. Clinically,
the children that we studied were more severely ill than adult patients,
and their massive diarrhea was commonly associated with hypocalcemia,
frequent episodes of tetany, hypoproteinemia, and marked abdominal
distention. The reduction or absence of microvilli and alkaline phospha-
tase and other phosphatase activities associated with microvilli may well
account for the impaired absorption of a variety of substances. Our find-
ings concerning alkaline phosphatase are in agreement with recent cyto-
chemical observations > and biochemical studies.**** Conflicting results
have been reported in adults '"*® including one combined cytochemical
and ultrastructural study by Padykula et al.” These investigators reported
that alkaline phosphatase activity seemed undiminished in the surface
epithelium of the celiac patient. The reduction of activity and, in some
areas, the absence of alkaline phosphatase that we have observed appears
to be related to the more marked microvillar changes in our patients.
Jos et al.*" reported normal alkaline phosphatase activity in children with
celiac disease; however, ultrastructural studies were not done and there-
fore the microvilli cannot be evaluated.
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Our studies emphasize the remarkable return of the mucosal epithelium
to normal when celiac children are treated with gluten-free diets. Previous
studies have reported the recovery of microvilli in adults.?®1-121621 The
recovery appears more striking in our material, perhaps because the chil-
dren were on strict gluten-free diets for at least 6 months. The ultra-
structure of the columnar cells of the celiac children on a gluten-free diet
were indistinguishable from that of the normal controls, and this cor-
responded to a return to normal of the cytochemically demonstrable
enzymatic activities associated with different organelles. Reports in the
literature '82°%¢ of the failure of some enzyme activities to return com-
pletely to normal may reflect the insufficient duration?**" or strictness
of the gluten-free diets.

The striking recovery of the columnar cells on gluten-free diets con-
trasts with the failure of the general architecture of the villi to return
completely to normal. Similar findings have been reported in chil-
dren #"%2* and adults.’®*** The lamina propria remains infiltrated with
numerous plasma cells, lymphocytes, and histiocytes, resulting in dis-
tortion of the villus architecture and separation of the glands. The capil-
laries in the villus cores are less prominent. The persistence of plasma cells
suggests a chronic reaction of stromal elements, even in the absence of
dietary gluten or a toxic subfraction.

In recent years it has been suggested that the prime etiologic factor
in celiac disease is a genetic absence of intestinal peptidase *** required
for the hydrolysis of gluten. Since the nature and cytologic site of this
enzyme in normal mucosa has not been established, our failure to find
differences in the columnar cells of celiac children on a gluten-free diet
and of normal controls is not necessary incompatible with this suggestion.

The mechanism by which a toxic factor in the gluten gains access to
the columnar cells, and subsequently the lamina propria, is still unknown.
Whole proteins are probably not absorbed by columnar cells past
the neonatal period,*® but the toxic fraction of gluten may be a small
polypeptide and the absence of a specific peptidase may account for the
events leading to the intestinal lesions described above. Our results sug-
gest that an understanding of the pathogenetic process in celiac disease
must include an appreciation of the cellular response in the lamina pro-
pria. It is possible that the increased cellularity in the lamina propria
persisting in our treated celiac patients is a response to small quantities
of toxic material still present in the presumed gluten-free diet. Plasma
cells and lymphocytes constitute the bulk of this cell population. The
significance of these cells in celiac disease remains unknown.
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Summary

Cytochemical and electron microscopic studies of columnar cells of
small-intestine biopsies from untreated celiac children revealed variable
abnormalities. Changes affected all cytoplasmic organelles. Staining of
the striated border for nucleoside phosphatase and alkaline phosphatase
activities was diminished. Microvilli were absent from many cells; where
present, they were less numerous and shorter than in cells of normal speci-
mens. The endoplasmic reticulum stained weakly for nucleoside diphos-
phatase activity. Smooth membranes were infrequent. Granular cisternae
were rarely found; when present, they were dilated. Free ribosomes were
numerous. The Golgi apparatus showed irregular and weak staining for
thiamine pyrophosphatase. Lysosomes were less numerous than in con-
trols. The mitochondria were fewer than in normal specimens and their
staining for NADH-tetrazolium reductase was reduced.

Repeat biopsies of children with celiac disease who were treated with
a gluten-free diet showed columnar cells which were indistinguishable
from those of normal controls. In contrast to the recovery of the columnar
cells, the mucosa tended to remain flattened and the infiltration of the
lamina propria persisted.
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Legends for Figures

Fig. 1. Biopsy from normal control. Frozen section incubated for nucleoside phosphatase
activity with ATP as substrate, 30 min. at 37°C. Strong uniform staining of striated border
(arrows). Note slender shape of villi. X 140.

Fig. 2. Biopsy from untreated celiac patient. Frozen section incubated for nucleoside
phosphatase with ATP as substrate, 30 min. at 37°C. Striated border is almost com-
pletely unstained. Only short areas of brush border (arrows) and apical portion of some
gla{lgg show irregular stain. Note strong staining of vessels of muscularis mucosa (V).
X X

Fig. 3. Biopsy from normal control. Frozen section incubated for alkaline phosphatase
activity, 30 min. at 37°C. Striated border is strongly stained, as are some granules be-
neath the free surface (arrows) which probably represent large lysosomes.® X 1200.

Fig. 4. Biopsy from normal control. Frozen section incubated as in Fig. 3. In addition to
staining of striated border, there is marked activity in lateral portions of plasma mem-
brane (arrows) and in Golgi apparatus of columnar cells (GA). X 1200.

Fig. 5. Biopsy from untreated celiac patient. Frozen section incubated for alkaline phos-
phatase, 30 min. at 37°C. This is an area of very flat mucosa. Staining of free border is
weaker and more uneven (arrows) than those of normal controls (Fig. 3 and 4). Note
staigngg in gland lumen (G), and infiltration of epithelial layer by migrating cells (C).
X .

Fig. 6. Biopsy from celiac patient under treatment. Frozen section processed as Fig. 3-5.
Striated border is strongly and evenly stained (arrows). Stain is only interrupted by pres-
ence of a goblet cell (GC). Columnar cells show normal sizes and shapes. Infiltration (C)
of epithelium persists. X 1200.
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Fig. 7. Biopsy from normal control. Frozen section incubated in medium for NADH-
tetrazolium reductase, 10 min. at 37°C. This micrograph of villus apex shows strong
and even staining of columnar cells, with heavy accumulation of formazan product at
apical portion and at bottom of cells (arrows). Note unstained striated border (SB) and
nucleus (N), and theca of a goblet cell (GC). LP, lamina propria. X 1100.

Fig. 8. Biopsy from untreated celiac patient. Frozen section processed as in Fig. 7. Stain-
ing is irregular and weak. Arrows indicate light staining of apical portions of columnar
cells, LP, lamina propria. X 1100.

Fig. 9. Biopsy from celiac patient on gluten-free diet. Frozen section processed as in
Fig. 7. Strong and uniform staining of columnar cells is evident; arrows point to apical
and basal regions of cell. Theca of goblet cell is unstained (GC). Despite flat appearance
of the mucosa, columnar cells look normal (compare Fig. 7). Nuclei (N) and striated
border (SB) are unstained. LP, lamina propria. X 1100.

Fig. 10. Biopsy from normal control. Frozen section incubated for acid phosphatase, 15
min. at 37°C. Strong staining of acid phosphatase-rich bodies (variable in size) is evi-
dent in apical portion of columnar cells (L). In cells near tip of villus there are some
(usually 1 per section of a cell) very large lysosomes (arrows). They also appear when
incubated for alkaline phosphatase activity (compare Fig. 3). Note small lysosomes sur-
rounding theca of goblet cells (GC) and unstained striated border (SB). LP, lamina
propria. X 1100.

Fig. 11. Biopsy from untreated celiac patient. Frozen section processed as in Fig. 10.
Only a few cells show scattered lysosomes (L). This contrasts with strong staining of
connective ltils&l;e cells, probably histiocytes (arrows) of lamina propria (LP). SB, striated
border. X 5

Fig. 12. Biopsy from celiac patient on gluten-free diet. Frozen section processed as in
Fig. 10. Columnar cells show numercus and strongly stained lysosomes (L). Most are
concentrated below unstained striated border (SB). Lamina propria (LP) show some
heavily stained cells (arrows). Note infiltration of epithelium (C). X 1100.
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Fig. 13. Biopsy from normal control. Epithelial cells of villus tip. Several columnar cells
are facing intestinal lumen (LU). A uniform and even coat (C) covers slender, regular,
and evenly spaced microvilli (MV). Plasma membranes at lateral portions of cell (LM)
present different specializations: apical junctional complex® (JC), desmosomes (D),
complex system of interlocking membranes alternating with straight segments, and
separations to form large spaces in which connective tissue cells (CC) are frequently
seen. In apical cytoplasm, the terminal web is seen as a uniformly dense band (TW).
Below it, apical cytoplasm is practically free of organelles. Supranuclear cytoplasm pre-
sents many mitochondria (MI), lysosomes of the dense-body (L) and multivesicular-
body types (MVB). Among these organelles, the abundant endoplasmic reticulum (ER)
is barely visible at this magnification. The Golgi apparatus (GA) is well developed. Portion
gf o(a)o nucleus (N) is seen. Fixed in osmium-phophate; stained with uranium and lead. X

Fig. 14. Biopsy from a normal control. One type of plasma membrane specialization, the
desmosome, is seen. Unit membranes are evident with their internal leaflet (IL) and
external leafiet (EL). The condensed line bisecting the space “* is shown at BL, and
dense plaques of granular material at DP. Fixed in osmium-phosphate; stained with
uranium and lead. X 68,000.
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Fig. 15. Biopsy from normal control. Portions of 2 columnar cells near tip of villus. In
addition to the ultrastructural features seen in Fig. 13, smooth endoplasmic reticulum
(SER) and rough endoplasmic reticulum (RER) are evident. Several lysosomes of the
dense-body type (L) are present among the numerous mitochondria (MI). The bridge-
like areas (arrows) are similar to those seen in dense bodies of hepatocytes.”*< MV,
microvilli; LM, lateral infoldings of the plasma membrane; TW, terminal web; MVB, multi-
vesicular body. Fixed in osmium-phosphate; stained with uranium and lead. x 17,000.

Fig. 16. Biopsy from normal control. Area of cell with lysosomes. Reaction product is
present in dense bodies (L) and in bridge-like connections (arrows); compare Fig. 15.
RER, rough endoplasmic reticulum. Fixed in glutaraldehyde, sectioned at 25 4, incubated
for acid phosphatase for 10 min. at 37°C., and then processed for electron microscopy
and stained with uranium and lead. X 55,000.
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Fig. 17. Biopsy from untreated celiac patient. Portions of 2 altered cells of surface
epithelium. Cell at right still has some short, irregular, and unevenly spaced microvilli
(MV); very little coating (C) remains. No microvilli are found in cell at left. Lateral
portions of cell membrane are straight, and desmosomes (D) show a less-developed
structure. Apical cytoplasm reveals vacuoles with moderately dense contents (short
arrows). Ribosomes (R), most free and some as conglomerates and spirals, are abundant.
Fibrils (F) are still present and are concentrated near plasma membrane. Altered
organelles, no longer recognizable, are seen (long arrows). N, nucleus. Fixed in osmium-
phosphate; stained with uranium and lead. X 15,000.
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Fig. 18. Biopsy from celiac patient on gluten-free diet. Apical portion of 2 columnar cells
from dome of mucosa. Microvilli (MV) are slender and evenly arranged. Probable micro-
pinocytotic vacuoles (V) are seen at surface (arrows) and in cell. Junctional complexes
(JC) and terminal webs (TW) are well developed. Mitochondria (MI) and endoplasmic
reticulum (ER) are indistinguishable from those in normal controls. Lysosomes of dense-
body (L) and multivesicular-body types (MVB) are frequently observed. Fixed in osmium-
phosphate; stained with uranium and lead. x 38,500.

Fig. 19. Biopsy from celiac patient on gluten-free diet. Lysosomes of multivesicular type
are frequent in apex of columnar cells and near Golgi apparatus. This micrograph shows
an area in the Golgi region. Two multivesicular bodies are seen; both show delimiting
unit membranes (arrows). Note vesicles of varied size near vacuoles. (See Holtzman,
Novikoff, and Villaverde * for discussion.) Fixed in osmium-phosphate; stained with
uranium and lead. X 48,000.
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Fig. 20. Biopsy from celiac patient on gluten-free diet. Apical portions of 2 columnar
cells are seen. Apparently normal microvilli (MV) face the lumen (LU); a uniform coating
(C) covers them. Junctional complex shows 3 zones:*® TJ, tight junction (zonula oc-
cludens); Pl, intermediate junction (zonula adhaerens); and D, desmosome. This junc-
tional complex is indistinguishable from those of normal controls. Also seen are smooth
endoplasmic reticulum (SER), rought endoplasmic reticulum (RER), mitochondria (MI),
'aer;d;‘I a ml;liig%soicular body (MVB). Fixed in osmium-phophate; stained with uranium and
. X 34,500.

Fig. 21. Biopsy from celiac patient on gluten-free diet. Lamina propria. Plasma cells
(PC), eosinophils (E), and lymphocytes (LY) are abundant. Most plasma cells are
mature, as judged by the abundant intracisternal content. Also seen are rough endo-
plasmic reticulum (RER); mitochondria (Ml); eosinophil granules (EG); ribosomes (R);
and nucleus (N). Fixed in osmium-phosphate; stained with uranium and lead. x 11,500.
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