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ABSTRACT

Polychlorinated biphenyls (PCBs) are known to induce a
hyperplastic lesion in the gastric mucosa of rhesus monkeys.
The manner in which proliferation is altered. the detailed
morphologic characteristics, and the secretory products of
this lesion were not knouwn. These properties were
investigated in this study.

Rhesus monkeys., {Macaca mulatta)l were fed diets
containing 1 or 3 mg/kg (ppm) of 3, 4,3, 4"'~tetrachloro~-
biphenyl: a particularly toxic PCB isomer, oOT a control
diet. The experimental animals developed skin lesions
characteristic of PCB poisoning and became moribund after 7
to 14 weeks of toxic feeding. They weve pulse labeled with
3H~thymidine and sacrificed. Tissues were prepared for
avutoradiography, light miéroscopg, and transmission and
scanning electron microscopy.

- The experimental animals had gastric lesions
characteristic of PCB-poisoning in which the mucosa was
thickened in the body rtegion and formed cystic, dilated
gastric glands which penetrated the muscularis mucosae. The
specialized cells of the gastric glands, the zymogenic. the
parietal., and the enteroendocrine cells were replaced with
or converted into mucus—secreting cells, which stained

strongly for acidic sulphomucins; in the controls only
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weakly staining surface epithelial and mucous neck cells
were seen. Autoradiographs of control tissue revealed that
gastric epithelial cell proliferation was limited to the
isthmus and neck regions of the glands throughout ¢the
stomachs. In the experimental animals, proliferation also

occurred in these regions, but in addition 3H-thymidine

labelled cells were seen in the bases of the glands. In
some experimental sections, labeled cells were seen
abnormally high in the glands, The relative numbers of

labeled epithelial cells were greatest in the body regions
of both the experimental and control stomachs, but there
were no differences between the two groups.

Transmission electron microscopic examination of this
lesion revealed that the mucus—secreting epithelial cells
lining the gastric glands showed signs of cell injury such
as irregular apical membranes, apical regions of the cells
apparently discharged into the lumina of the glands, dilated
rough endoplasmic reticulum, and autophagic vacuoles.
Exaggerated interdigitations of the plasmalemma with
neighboring cells and large, depleted Golgi apparati were
also noted. Many of the surface epithelial cells appeared

uvnaffected, but cytoplasmic irregularities were also seen.
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Scanning electron microscopy of the surface of the
gastric mucosa vrevealed ovtward bulging and irregular
configurations of the epithelial cells: an indication of
hyperplasia or excessive cell loss.

In 2 of 3 of the experimental animals. tissue pepsin
levels were wvery 1low. Parietal cells were rare in the
experimental stomachs. Thus the normal secretory functions
of the stomach were replaced by mucus production. Fasting
and postprandial gastrin levels were not significantly
altered through the course of the experimental feeding: an
indication that gastrin was not involved with the abnormal
proliferation and differentiation seen in this lesion.

The author believes that the thickened mucosa in this
lesion develops by a failure of the newly +formed, downward
migrating cells to differentiate and lose their
proliferative capacity. These cells continue to proliferate
in the bases of the gastric glands, where this abnormal cell
production results in a downward growth of the gastric
glands through weak-points in the muscularis MUCOSAL,
forming submucosal glands and cysts. 3.4,3’, 4'-tetrachloro~
biphenyl may also be injurious to the «cells, as the
relatively undifferentiated cells in this 1lesion showed

abnarmalities not seen in control undifferentiated cells.
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I. INTRODUCTION

A. General bhackground

3,4,3%,4'-Tetrachlorobiphenyl is one highly toxic
isomer (1146) of the six possible symmetrical
tetrachlorobiphenyls, all of which are members of the larger
class of chlorobiphenyls. Mixtures of chlorobiphenyls are
referred to collectively as polychlorinated biphenyls and
are commonly abbreviated as PCBs (795). The structure of
3:4,3°; 4'~tetrachlorobiphenyl and +the structures of three
closely related, approximately isosteric, and more toxic
polychlorinated polycyclic compounds, 2,3:,6&,7-tetrachloro-
biphenylene, 2: 3.7, 8~tetrachlorodibenzofuran, and
2:3,7,8-tetrachlorodibenzodioxin, are shown in figure 1.
There are 209 possible chlorobiphenyls that differ from one
another in the number and position of chlorine substitutions
on the two benzene rings. Although individual
chlorobiphenyls are crystalline solids at room <temperature,
commercial PCB preparations, which are mixtures of numerous
chlorobiphenyls, are wviscous liquids or sticky resins at
room temperature owing to the muwtual depression of the
melting points of the individual chlorebiphenyls (795). PCB
mixtures exhibit high chemical and thermal stability.
excellent dielectric properties and low vapor pressures.
These properties have resvited in the extensive use of PCBs

in electrical capacitors and +transformers, vacuum pumps,



lubricants, carbonless reproducing paper. hydraulic systems,
and adhesives, and as wax extenders, and pesticide
extenders:. and vehicles for inks (73).

Unfortunately, however, PCBs are highly toxic to a
variety of animals:; including humans (35, 46, 87). The high
thermal and chemical stability of PCBs, which contributes to
their industrial wusefulness, also contributes +to their
persistence in the environment, moreover these compounds
accumulate in food chains (138). Because of these factors,
PCBs have becaome the subject of intensive investigation
since 1967.

Although the mechanism of toxicity of PCBs is as yet
unknown, PCBs have been shown to induce numerocus pathologic
changes. Perhaps the most striking pathologic change is the
hyperplasia of the gastric mucosa of Thesus monkeys
maintained on diets containing PCBs (7, 133, In ¢this
gastropathy, there is an apparently abnarmal pattern of pro-
liferation and differentiation of the gastric epithelium
that results in an extension of the gastric epithelium inte
the submucosa, which then forms cysts. This study will
Teport my detailed investigation of ¢this lesion. Before
proceeding, I shall first review the scope of PCB-induced
disease in all animals, in order to convey the uniqueness of

the pathologic changes that occur in monkeys.



B. PBolychlorinated-Biphenyl-Induced Pathological Lesions

Generally, in lower animals the major pathological
changes have been limited to the liver, whereas in monkeys
skin and gastric lesions:; but not liver lesions, have been

observed.

1. Eish

In rainbow trout, changes in the ultrastructure of the
nuclei of liver cells predominate (55). These thanges, seen
at PCB (Aroclor 1254) dietary levels of of 10 and 100 mg/kg
(or parts per million, abbreviated ppm), but not at 1 oppm
included irregular nuclear outlines, separation of nucleolar
components, and nuclear pseuvdoinclusions. Other liver
changes observed at these dietary levels were the formation
of concentric membrane arrays from rough endoplasmic
reticulum and proliferation of +the membranes surrounding
lipid droplets. In channel catfish exposed to 1000 mg of
Aroclor 1254 / kg of body weight in a single intragastric
injection: liver changes were also observed. These included
increases in tubular smooth endoplasmic reticulum, formation
of stacks of smooth endoplasmic reticulum continuous with
the rough endoplasmic reticulum:, and concentric membrane
arrays. However. nuclear changes such as seen in rainbow

trout were not observed (89),



2. Birds

Polychlorinated biphenyl intoxication produces
accumulations of fluids in the subcutaneous +tissues, in
abdominal and thoracic cavities, and in the pericardial sac.
These effects, referred to collectively as chick edema
disease (87), have been observed in accidental poisonings of
fowl (87) and in experimental feedings of PCBs at dietary
levels of 200 or more ppm (44). Atrophy of the thymus: loss
of adipose tissue, and reduced spleen (19, 16%9) were addit-
ional pathologic findings. l.iver changes included fatty
liver and centrolobular necrosis (58, 169). Dilatation of
kidney tubules was also reported (169). Decreased egg shell
thickness and poor hatching rates of chicken eggs were
observed after chickens ingested food containing 10 or more

ppm of PCBs (87).

3. Nanprimate mammals
The major pathologic changes induced by PCBs in

nonprimate mammalse are in the liver (86&). In rats, mice,
and rabbits these changes include adenofibrosis and
hepatomas (88), megahepatocytosis (94), apparent carcinomas
{(76:; 88B), proliferation of smooth endeplasmic reticulum (23,
29, 70, B2) and fatty liver (70, 91}. Also observed in the
liver was the formation of concentric membrane arrays, which
were thought to arise from alterations in the endoplasmic
reticulum (125).

These morphological changes in the liver, observed at



dietary levels of 100 ppm or more for many months, werse
accompanied by such biochemical changes as increases in
tytochrome P-4350 (23, 70, 166) and cytochrome P-448 (168,
and increases in various drug-metabolizing enzyme activities
coupled to the microsomal mixed—function oxidase system (10,
18, 23. 107, 166, 148). The majority of biochemical studies
were performed at dietary levels of at least 100 ppm, or
total doses of 100 mg of PCBs / kg of body weight by
intraperitoneal injections.

A hyperplastic lesion of the gastric mucosa similar +to
that about to be described in monkeys has to date been
observed in only one nonprimate species; the domestic swine
(593, but not in sheep, mink, rats, mice, and rabbits. In
swine fed PCBs at a dietary level of 100 ppm for 11 days
deep ulcerative lesions with inflammation and edema of the
gastric wall developed. In certain areas, hyperplasia of
the mucosal epithelium with downward growth +through the
muscularis mucosae into the submucosa, excessive
mucus—secretion resulting in cyst formation, and extensive

involvement of eosinophils and neutrophils were observed.

4. Primates
The constellation of pathologic signs induced by PCBs
in primates. including humans, is quite different from that

observed in lower animals. In thesus monkeys acneiform



lesions develop in the skin at dietary levels of PCBs of 2.5
ppm within 1 to 2 months (2}, These lesions are sebaceous
glands in which the normal sebum-producing epithelium has
undergone squamous metaplacsia to keratin-producing
epithelial cells (14). The resulting accumulation of
keratin forms cysts within the sebaceous glands. Similar
skin lesions were observed in industrial workers exposed to
PCBs as early as 1934 and numerous times since then (395,
1173,

These skin lesions were also seen on the human victims
of accidental PCB poisonings, most notably in the "yusho, "
PCB-contaminated rice o0il incident in Japan in 1968 (&9).
More than 1200 persons ingested the contaminated oil (%9&).
Total PCB intake per person was estimated at between 0.5 and
2 g (96). In addition to0 acneiform lesions, these human
victims exhibited hyperpigmentation of the skin and nails,
and swelling of hair follicles and upper eyelids (85).

Rhesus macaques develop skin changes similar ¢o those
seen in humans. In addition, the following also develop:
alopecia, periorbital edema and erythema, anemia,
hypoproteinemia, bone marrow atrophy (2), thymic involution
(116), hyperplasia of the biliary ducts (McNulty,
unpublished data), and hyperplasia of the gastric mucosa
with extension of the gastric epithelium into the submucosa
with cyst formation (2, 3, 7, 13, 14). This PCB-induced
gastric lesion has only been observed in rhesus monkeys and

swine. but not in any of the 1200 human "yusho" victims of



accidental PCB poisoning in Japan. As of May 1974, 24 of
these human victims had died and 5 were examined post mortem
(83). Although a gastric uvlcer was seen in one victim: no
gastric hyperplasia as seen in PCB-fed rthesus monkeys was
described. In these human wvictims: the only consistent
histopathologic changes attributable to PCB poisoning were
hyperkeratosis of the hair follicles, hyperpigmentation, and
in three of the five patients, proliferation of the ductal
epithelium of the esophageal glands.

As in lower animals, PCBs induce liver changes in
primates, however in primates the changes are not
pathologic. Induction of the liver drug metabolizing enzyme
activities aryl hyrdocarbon hydroxylase (123} and
N-demethylase (3, 123), and the protein cytochrome P—-450 (&,
123), as well as an increase in smooth endoplasmic reticulum
{2, 124) and increased numbers of lysosomes and vacuoles
(124) have been observed.

Acneiform lesions have been produced in rhesus monkeys
by commercial wmixtures of PCBs fed at dietary levels as low
as 2.9 ppm for 1 to 2 months (2, 115), levels that might be
encountered in the environment or in contaminated fpods (93,
138, 162). Since these skin lesions are similar to those
seen in humans accidentally poisoned by PCRs, rvhesus monkeys
appear to be the best available experimental animal for
studies on PCB toxicity. This is particularly true with
regard to the possible leong—term effects on the general

human population, which continues ¢o be exposed ¢o low



dietary levels of PCBs in its diet, degpite the
discontinuation of production and use of PCBs in the U S. A.
and elsewhere.

The acneiform lesions in man and monkey appear to have
as common features the 1loss of control of growth and
differentiation of constantly renewed epithelial cell
populations. In acneiform lesions. the normal epithelial
cells in the sebaceous glands fail ¢to produce sebum and
instead produce keratin (14). Similarly, the epithelial
cells of the Meibomian glands in the eyelids of monkeys $fed
34,3’ 4’-tetrachlorobiphenyl are converted from sebum—-pro-
ducing to keratin-producing cells (116). The resulting
keratin accumulates within the ducts of the glands, and
cavses swelling of the eyelids. An additional 1location of
abnormal keratin production is in the nailbeds of monkeys
fed PCBs. Normally the nailbed consiste of stratified
squamous epithelial cells that do not produce keratin. When
PCBs are are ingested, keratin is produced and accumulates,
and the nail becomes raised, and falls off (116).

In the gastric lesions of monkeys fed PCBs ¢there is
also an apparent lack of formation of specialized epithelial
cell types: the enzyme-secreting zymogenic (chief) cells
and the HCl-secreting parietal (oxyntic) cells. Instead of
these specialized cells: less differentiated cells resembl~-
ing mucous neck cells are formed (13). The normal regulat-
ion of the rate of cell renswal is also apparently

disrupted: as the gastric glands penetrate the muscularis



mucosae and form cysts lined with relatively
undifferentiated cell types, and the overall ¢thickness of
the gastric mucosa increases (7, 13, 114). This chemically
induced change in both proliferation and differentiation of
gastric epithelial «cells 1is the primary focus of my study.
At this point, a detailed discussion of the normal stomach

and gastric mucosa is warranted.

C. Normal Stomach and Gastric Mucosa

1. @Gross anatomy of the omach

The stomach of the rhesus macaque is similar to that of
man, although proportionately somewhat larger (17). It can
be divided into five regions (figure 2): the cardia; where
the esophagus Joins ¢the stomach; the fundus; the body;
the antrum and the pylorus, where the stomach joins ¢the
duodenum (17). The outermost surface of the stomach, a
serosal membrane. is a continuation of the peritoneum.
Three thick muscular layers 1lie just beneath this serosa:
the longitudinal outer., the circular middle, and the inner
oblique layer (17, 153). The next layer beneath the inner
oblique muscle layer is the submucosa, which consists of
loose connective tissve. Just beneath the submucosa is the
lamina muscularis mucosae, and then a layer of areoclar and
reticular connective tissue, the lamina propria. The

innermost layer of the stomach wall is the gastric



epithelium.

2. Gastric glands

The lamina propria and the gastric epithelium together
constitute the gastric mucosa (137). The gastric epithelium
indents into <the 1lamina propria to form gastric pits or
foveolae, which branch and extend further toward the
muscularis mucosae and form tubular gastric glands, whose
lumina are continuous with the lumen of the stomach. Short,
tortuously branched. tubuloalveolar, primarily mucus—secret—
ing glands occupy the cardiac region in humans (95) and in
monkeys. The glands of the fundus and the body regions are
straighter and somewhat longer than cardiac glands, and are
lined principally by four main epithelial cell ¢ypes:
surface epithelial «cells, mucous neck cells, tymogenic
(chief) cells and HCl-secreting parietal (oxyntic) cells
(36, &7, &8, 77. 141, 158). Both zymogenic and parietal
cells are considerably more numerous in the glands of the
fundus and body region than they are in the cardiac glands,
where they may be very sparse or absent (95).

In many mammalian species the gastric glands of the
fundus and those of the body region are nearly identical,
and are usuvally referred to in the 1literature as fundic
glands. However, in macaques, the glands in the fundus
contain very few if any parietal cells, while glands in the
baody region contain abundant parietal cells (84, 1443 .

Therefore it is misleading to refer to the glands of the



body of the stomach as fundic glands, and henceforth in this
study the term gastric glands will be applied to glands in
the body region of the stomach, which normally contain
abundant numbhers of all major cell types.

Pyloric glands are found in the pyloric antrum and in
the pyloric canal (42). These glands are shorter and more
highly branched than those of the body of the stomach, and
they empty into gastric foveolae, which are longer and wider
than those of the body region (42). Mucous neck cells
predominate in these glands (42), but the cells of the
gastric endocrine system: called enteroendocrine cells, are
particularly numerous in these glands in the pyloric and the

antral regions of the stomach (54, 98, 154).

3. astric epit i ce es

With its many highly specialized cell types. the
stomach is a complex organ. Many esxcellent reviews of the
structure and function of cells in the gastric epithelium in
numerous mammals, including man, have been written (36, 54,
&7, &8, 77, 98, 109 141, 154 158). Although the
ultrastructure and function of gastric epithelial cells in
the rhesus macagque have not been extensively studied,
recently my colleagues and I (13) have shown <that the
histologic and wltrastructural characteristics of these
ctells in vhesus monkeys closely resemble those in aoather

mammals, particularliy man {141,



a. Surface epithelial cells
Surface epithelial cells (SECs) are tall cylindrical

cells covering the luminal surface of the stomach in an
uninterrupted layer. They extend into the gastric foveolae.
Their nuclei are located in the bases of the cells. From a
Golgi apparatus located supranuclearly., secretory granules
migrate toward the apical, luminal end of the «cells, where
the granules coalesce to form a mass of larger secretory
granules (141, 171). These secretory granules contain
carbohydrate-rich substances whose compositions differ among
species (150, 186). In an extensive comparative study by
Sheahan and Jervis (150), the surface epithelial cells of
Thesus monkeys were shown to contain both acidic and neutral
mucins. The more numerous acidic wmucins proved to be
primarily nonsuvlfated sialomucins, but sulfomucins were seen
in the surface epithelial «cells of <the cardiac region.
These mucins were differentiated #from one another by a
sequence of staining with periodic acid-Schiff’‘s reagent
(PAS) followed by staining with alcian blue (AB). This
sequence stains newutral mucosubstances bright red owing to
the PAS stain and acidic mucosubstances blue, owing to the
alcian blue stain. On additional sections suvlfated acidic
mucosubstances (sulfomucins) were differentiated from
nonsulfated acidic mucosubstances (sialomucins) by a
sequence of staining with high—-iron diamine (HID), which
stains sulfomucins black, and alcian blue, which stains +the

sialomucins blue (130, 155).



Recent data suggest that the role of these
mucosubstances is to form a protective gel—-like layer over
the surfaces of surface epithelial cells, i.e.: to provide a
microenvironment into which HCOS ions are actively secreted
(1). This microénvironment acts as a barrier which protects
the surface epithelial cells from the proteolytic digestive
enzymes secreted by the zymogenic cells and ¢the acid
secreted by the parietal cells (1), Data from studies using
various stimulating agents such as prostaglandins and
carbachol, and metabolic inhibitors such as CN™ ions and
dinitrophenol, suggest that HCDg is actively secreted by the
gastric mucosa, and quite possibly by the surface epithelial

cells themselves (1).

b. Mucous neck cells

Mucous neck cells (MNCs) are located in the neck region
of gastric glands, below the gastric foveola. Although they
also secrete mucus, as do SECs, they are considerably
shorter, and their secretory granules are more dispersed
throughout the cytoplasm and are not as densely packed in
the apical regions (141, 171). Like SEC nuclei, the nuclei
of MNCs are located at the bases of the cells (141, 171).
In the rhesus monkey, MNCs contain PAS-positive neuvtral
mucosubstances, AB—-positive nonsulfated acidic
mucosubstances (sialemucins), and HID-positive acidic muco-
substances (sulfomucins) (150). An immunofluorescence study

in dog and cat gastric mucosa revealed that these cells



contain, and presumably also secrete, pepsinogens (103).
Some MNCs: because they ceontain fewer secretory granules,

sparser endoplasmic Trteticulum, and a less dense cytoplasm:

are called undifferentiated cells (141, 171).

. Parietal cells

Parietal (oxyntic) cells are large, eosinophilic, and
ovoid cells highly specialized for the secretion of HC1
acid. They contain numerous mitochondria with prominent
cristae arranged as parallel surfaces (&7, 77, 141, 142,
158). In the resting, fasting state, parietal cells contain
numerous tubulovesicles, but in the stimulated state the
tubulovesicles apparently undergo reorganization to form an
extensive intracellular canalicular system with numerous
microvilli (41, 48, 139, 149, 178). These canaliculi have
been shouwn to be the cellular site of HCLI secretion (41).
Human parietal cells have also been shown by
immunocytochemical techniques to be the site of synthesis of
human intringic factor, a glycoprotein necessary for ¢the

absorption of cobalamin (vitamin Bl12) in the ileus (102},

d. Zymogenic cells

The zymogenic {(chief) cells are pyramidal cells in the
lower region of the gastric glands. Their nuclei are
basally located; large, electron—-lucent, secratory vacuoles
containing zymogen Fill the apical vegion (13, &7, 77, 104,

141). As in other zymogenic cells, such as those in the



pancreas and salivary glands, in these cells the cytoplasm
is filled with «closely packed layers of rough
{ribosome~studded) endoplasmic reticulum and a supranuclear,
well—developed Golgi apparatus. These cells produce
pepsinogens (immunohistochemical evidence)., as do mucous
neck cells, but unlike the later, they do not produce mucus.
Pepsinogens are the inactive precursors of acidic proteases
called pepsins (144). They become activated to pepsins when
they are secreted into the acidic environment of the stomach
lumen (144). Pepsinogens are the principal enzymes secreted

by zymogenic cells.

e. Enteroendocrine cells

These cells are unique among gastric epithelial cells
in that they are generally thought to originate from the
neural crest or the neuroectoderm; however some
investigators believe they are derived from endodermal
cells, as are the other cells of the gastric epithelium
(54). They are called enteroendocrine cells because most of
them can synthesize gastrointestinal polypeptide hormones
{enterohormones) (54). As many as 1& cell types have been
described. Six to eight of these types occur in the stomach
(54, 154). Some types and their secretory products have
been clearly identified. The EC {(enterochromaffin) cells
produce S—hydroxytryptemine (serotonin) and are also called
argentaffin cells because they take uvp and veduce silver

stains (154). The G cells produce gastrin (26, 54, 99, 154)



and other polypeptides (98). They are arayrophilic; i.e.
they take wuvp silver stains, which can subsegquently be
stained with a reducing agent, such as huydroquinone (2&),
but lack the ability to reduce silver stains by themselves.
The D cells produce somatostatin (54, 97). The A cells
produce glucagon (134}, The ECL (enterochromaffin~like}
cells in some animals produce histamine (S5&, 154},

These enterohormones act to modify gastric acid and
zymogen secretion and gastric motility. Specifically.
gastrin stimulates HCl secretion by parietal cells (71, 72,
140, 161) and pepsin secretion by zymogenic cells (71). 1%
promotes proliferation of the gastric epithelium, i.e.
increases the number of surface epithelial cells (30} and
parietal cells formed (30, 61, 120, 174, 1731}, Histamine
acts to stimulate HC1 (71, 140) and pepsin secretion (71).
Somatostatin inhibits a large variety of secretory
agctivities (97, 147), as well as gastric and gut motility
(97, 147). In the stomach, somatostatin apparently acts
locally %o inhibit acid and pepsin secretion in response to
food (147}, Serotonin and other substances such as
kallikreins, prostaglandins, and motilin, which are thought
to be produced by EC cells, are important in regulating gut

motility (154),

£. Fibrillovesiclvuar cell

& relatively undifferentiated cell type with

microvilli, a terminal  web., and fibril bundles continuous



with the cores of the microvilli has been described in dogs
and in man (57, 79). Called +fibrillavesicular cells by
Hammond and LaDeur (357), they are quite similar to the brush
cells observed by Luciano et al. in the fundus of the hind
stomach of Jllamas (109). They propose that these cells are
a type of receptor cell. No one has observed these cells in

rhesus monkeys {(13).

4. ODOrganization of the gastric glands

Wattel and Geuze (171 have conveniently divided the
gastric gland of the body of the stomach into four regions
whose boundaries are set by the extent voF distribution of
the various epithelial cell types. The gastric foveola, or
gastric pit, includes the region of the gland between the
free surface of the gastric mucosa and the uppermost
parietal cells.

The isthmus includes the region between the  uppermost
parietal cell and the uppermost mucous neck cell. The
boundaries of the neck region are set by the range of the
mucous neck cells. The deepest region is the base region,
which is the rest of the gastric gland between the neck
region and the muscularis mucosae. Thus:, the foveola is
lined only with surface epithelial cells, the isthmus with
surface epithelial and parietal cells, the neck region with
mucous neck, parietal, and immature zymogenic cells, and the
bsse region with ymogenic and parietal cells.

Enterocendocrine cells occur throughout the gland except in



the faveolae.

9. Cell renewal in gastric epithelium

a. ocation of ¢ roliferative zone

As in all the other epithelial tissues, cells are
constantly lost and rveplaced. In the gastric epithelium
cells are primarily lost from the free surface, where
surface epithelial cells are constantly being extruded into
the lumen of the stomach and are replaced by dividing cells
in a proliferative region of the glands located beneath the
surface (38, 105, 1593, In the gastric glands of the
pylorus and antrum the proliferative zone is in the isthmus
region, at the bottom of the foveola, above the beginning of
the pyloric glands proper (66, 81, 1&3). In the gastric
glands in the body +vegion of the stﬁmach, replacement of
gastric epithelial cells occurs in the isthmus and neck
zones of the glands (31. 64, 65, 74, 81, B3, 106, 118, 134,
141, 159, 171, 172). Cell renewal in the cardiac glands of
the stomach has only been studied in the hamster (Bl); in

these animals it occurs in the isthmus zone.

b. Types of dividing cells

The principal method of determining which cells in a
tissve are undergoing proliferation is to pulse-label the
tissue with 3H-thymidine. Cells in the DNA-synthesizing

phase (S-phase) at the time that “H-thymidine is introduced



incorporate the radiolabeled thymidine into DNA, which
remains labeled during tissue processing. Avtoradiographs
produced from sections of the +tissue show black silver
grains over the nuclei of those cells which were in S-phase.
A vast amount of data on 3H—thgmidine auvtoradiography,
reviewed by Cleaver (34) has substantiated the validity of
this method for identifying cells in S-phase, and hence
cells committed to divide. Using this method in a variety
of laboratory animals and man, investigateors have identified
the proliferative cells in gastric glands as relatively
undifferentiated surface epithelial cells in the isthmus
zone and mucous neck cells in the neck zone (31, &4, 65, 74,
81, 83, 106, 118, 134, 141, 158, 171, 172). Wattel and
Geuze quantified the types of the labeled cells in their
autoradiographs of rat fundic glands and found that 85% were
in the isthmus and 15% were in the neck (170). When they
prepared avtoradiographs of thin sections and examined these
by electron microscopy. they found that about half o0¢% the
labeled surface epithelial and mucous neck cells contained a
moderate amount of secretory granules, and the other hal#f
contained only a few granules. In numerous vultrastructural
studies. proliferative cells in the gastric glands have been
shown to have a high nucleus: cytoplasm ratio, sparsely
distributed endoplasmic reticulum, abundant free ribosomes.
and various numbers of electron-dense secretory granules

(36, 64, 79 83, 1481, 171).



c. Migration and maturation of newly formed cells

The gastric epithelium, like other renewing cell pop-—
vlations, is in a dynamic steady—state in which mature cells
are continuously being lost from the total population of
cells, whose size remains constant because new cells are
formed at a rate equal to that of cell loss (105). This
formation occurs in the proliferative 2one, which includes
the isthmus and mucous neck zones.

Hattori (&4} determined by scanning electron microscopy
of fractured fundic glands of hamsters and by
autoradiography of these glands, that the proliferative zone
is tightly enclosed in a stromal sheath of fibroblasts and
collagen fibers. Cells outside the sheath do no¢
incorporate ?H~thymidine, and therefore are not prolif-
erative. Hattori believes that the proliferative capacity
of the cells is maintained by their position within the
sheath, and is lost when the <cells migrate outside the
sheath., where relatively vundifferentiated <cells become
mature surface epithelial cells if they migrate vpward, and
mature parietal and 2ymogenic cells if they migrate
downward.

The majority of newly formed cells migrate uvpward in a
first—formed, first-migrated, pipeline fashion to become
surface epithelial cells. In hamsters, this migration ¥from
the proliferative zone to the surface of the gastric mucosa
occurs in 4 tp 7 days (65). After the cells arrive at the

surface, they are eventually extruded into the lumen of the



stomach (464, &5, 81).

The formation of parietal, mucous neck. and Zymogenic
cells is somewhat more complicated. In numerous studies it
has been shown that parietal cells are produced by maturat—
ion of relatively undifferentiated, immature cells in the
mucous neck zone and migrate downward in the gastric glands
(81, 134, 171). One study suggests that immature parietal
cells may themselves have some limited proliferative
capacity (31).

Mucous neck cells, as described above, are themselves
proliferative cells, but they may also migrate downward
(65,83) and then become zymogenic cells (&65).

Zymogenic cells have been shown in several studies to
undergo division (31, &5, 121, 172); however, the majority
of zymogenic cells appear to arise from maturing mucous neck
cells migrating downward (&5).

Hattori and Fujita (65) studied the migration of
3H-—thgmidine labeled cells as a function of time, and they
concluded that the downward migration is more complicated
than the simple first-formed. first-migrated, pipeline
system seen in the vuvpward migration of surface epithelial
cells. They have proposed that newly formed cells migrating
downward pass from one compartment to another, and that all
the cells within a compartment have a certain random
probability of migrating downward to the next compartment.

This model, which they call a gstochastic flow system, is

consistent with their observation that only & to 7% of newly



formed cells reach the lower end of the glands at the same
time: all the others remain at higher positions. They
further propose that random lateral migrations of cells
within the glands disturb the downward migration of newly
formed cells, MNevertheless, cells farthest from the prolif-
erative zone are on the average older, and those closest to
the generative zone are youngest.

The 1life spans of the parietal and zymogenic cells have
not been definitively determined. Parietal cells in rodents
have been estimated to have a halflife of 23 days (134), but
in another study their life span and that of zymogenic cells

were estimated at 200 + 100 days (65}.



The cell cycle of cells capable of division is

represented below on a clock face.

Figure 3. Phases of the cell cycle.

Cells progress from mitosis (M) to the first gap phase,
(G;), and then into the DNA-synthesizing S-phase (8) in
which the DNA content of the chromosomes 1s replicated in
preparation for the next mitosis. From S-phase the cells
progress into the second gap phase, (G;). prior to entering
the next mitosis (73).

Cells in mitosis can be directly observed in ordinary
sections; cells in S—phase can bhe distinguished autoradio-

graphically atter exposure to a short pulse of 3H~thgmidine,



followed by immediate fixation, and then standard embedding,
sectioning, and autoradiographic procedures.

In order to better understand diseases of proliferat-
ian, investigators have directed intense interest and
considerable effort toward the elucidation of fthe kinetics
of cell proliferation, including the determination of cell
cycle times and the durations of the individual phases of
cell cycles in normal and diseased tissues. Many tecnigues
have been developed for determing these parameters in a
given cell population.

A common and particularly vuseful method is the labeled
mitosis wave method of Quastler and Sherman (133), which can
yield estimates of the duration of all phases of the cell
cycle, and therefore also the total cell cycle time. This
method involves pulse 1labeling the cells with 3H---thgmidine
and then sampling the cell population at intervals after the
pulse to determine the fraction of cells in mitosis that
appear labeled in autoradiographs. Cells that were in the
S~phase at the time of the pulse label progress through the
cell cycle; those which were at the end of the S—phase
enter mitosis after passing through G, phase. These cells
in mitosis will then be labeled with >H-thymidine. Only a
small fraction of cells in mitosis will be labeled. After a
little more time has passed, the cells that were in the
middle of the S-phase at the time of the pulse labeling
enter mitosis and are labeled. The fraction of labeled

mitosis then reaches 1.0 and does not show a decline until



an interval of time equal to the S-phase plus the G4 phase
has passed. Thus a "wave of mitosis"™ has been formed as a
function of time after the pulse labeling. The next wave
does not appear until the «cells have passed through an
interval of time equal to one <cell cycle ¢time plus Ql‘
Because of the intercell variation in cell cycle times, the
labeled waves appear more like sine waves than the somewhat
truncated square waves predicted by theory (34).

The labeled mitosis wave method works well for cells in
tissue cultuyre. It works less well for biopsy samples
because one has to obtain biopsy specimens at hourly or
shorter intervals‘for at least as long as the anticipated
duration of one and a half cell cycles; The inevitable
surgical stress on the animal would very 1likely alter the
cell cycle time (25, 50). Alternatively, one can use a
large number of relatively homogenous animals and kill one
or mare at intervals.

Many investigators are particularly interested in
determining the duration of the S—phase, Ts: since once it

is known the cell cycle time, Tc, can be estimated by:

Te = Ts/L1

In the formula above, LI , the labeling index, is the fract-
ion of cells labeled after @ short pulse of 3H—thgmidine
(34). This relationship is only valid for cell populations

in which all the cells are in the proliferative cycle, and



none have left to become mature, specialized cells no langer
capable of division (34).

Since the wave of mitosis method of Quastler and
Sherman (133) is an experimentally difficult way in which to
determine Ts (one has to obtain multiple samples from an
animal), other methods have been developed. In the
continuous Jlabeling method (34), <cells in culture are
continuously exposed to medium containing 9H--thqmdine or
IH-thymidine is continuously infused into the animals. This
method has been successfully applied to the study of cell
proliferation in diseased and normal human gastric biopsy
samples (63}, Gastric mucosal samples were incubated in
medium containing %H-thymidine for 30, 120, and 210 minutes.
The labeling index. LI, which increases with time. was
determined for the successive samples and plotted as a
function of time of incubation in the medium. The slope of

the regression line (Rs) of LI on time is related to Ts

Ts = LIo/Rs

In the above formula, LIo is the intercept of the regression
line with the Y axis at ¢ = 0. This method has the
disadvantage that biopsy and incubation may themselves alter
the rate of proliferation. There is also the problem of the
lack of penetration of medium with its nutrients,
3H-thymidine, and oxygen into the biopsy specimen. Attempts

have been made to improve the depth of label penetration



through hyperbaric oxygenation of specimens incubated with
3H-thymidine in vitro (119).

The problem of label penetration can be minimized by
continvous infusion of 3H—thgmidine into the animals and
biopsy of the tissue at intervals to determine the Rs value.
But this in vivo method requires large amounts of
aH—thgmidine and subjects the animals to the stress of
multiple biopsies.

Another technique for determining Ts is a double-label~
ing technique (100) in which an animal is given an injection
of 'C-thymidine and an interval of time (t: vsually 1
hour) is allowed to pass. Then the animal is given a second
injection, but this +time of JH-thymidine. Forty minutes
later the animal is killed and the tissve is removed. In a
steady-state population the following relationship holds

true:

(F of "iCY/(F of H) = Tsst

In the above formula, (F of Mty is the frequency of
"ic-1abeled cells, with or without JH~labeling and (F of 3H)
is the frequency of cells labeled with 3H only.

Although this technique would seems to be quite simple
and to present the fewest experimental problems, with it one
cannot easily distinguish cells labeled with both 'C and 3H
from cells labeled with only 3H (63). A technique for

determining the mean generation time of a proliferating cell



population, Tg, has been described; it does not require
that the Ts or LI value be determined (33). 3H-thymidine is
injected into an animal and biopsy samples are obtained at
intervals on the order of days or multiples of the expected
Tg. The biopsy specimens all undergo simultanenus
auvtoradiography. and the median grain count of the labeled
nuclei is determined. The median grain count over each cell
halves with each cell division, and hence declines
exponentially with time. The Tg can be estimated <¢hrough
construction of a least—-squares fit of @ straight line to a
plot of the logarithm of the median grain count versus time.
The mean grain count can also be used. The Tg wvalue is
equal to the «cell cycle time, Tc, in a population in which
all the <cells are proliferating., or in which those
maturating and ceasing proliferation leave the proliferative
zone and can be distinguished #from these retaining their
proliferative properties, as is the'case in gastric glands.

Thus: a variety of techniques exist Ffor estimating
rates of cell preliferation, each with its own advantages
and disadvantages. Unfortunately, the most precise methods,
such as the labeled mitosis wave method, require stressful
procedures when applied to whole animals, and less stressful
procedures such as the double~labeling method, are less

precise.



D. Previous Studies on Poluchlorinated—Biphenyl—Induced
Gastropathu in Rhesus Monkeys

The first report of hypertrophic gastric lesions in the
stomachs of monkeys fed a polychlorinated polyphenyl
compound was published in 1947, Allen and Carstens (35}
described this lesion in rhesus monkeys fed a toxic fat that
was subsequently found %o contain 1,2,3:,7,8, 9-hexachlore-
dibenzo-p—dioxin (2B). Later, in 1973, Allen and Norback
(7) described a hyperplasia and dysplasia of the gastric
mucosa of monkeys fed diets containing 25 to 300 ppm of PCBs
and a diet containing 5000 ppm of polychloroinated tri-
phenyls for 2 months (see also Allen, 1975 vef. 2). They
observed an edematous thickening of the stomach wall with

hypertrophy of both the pyloric and fundic regions of the

stomach. (The term #fundic is often misused; perhaps the
body of the stomach was intended. ) Furthermore, they

chserved greatly elongated hyperplastic glands containing
mucus—~secreting cells but no normal secretory cells. The
ducts of the glands were large and cystic owing to an
accumulation of mucus. The gastric epithelium invaded the
submucosa and formed submucosal cysts. Serial sections of
the submucosal cysts showed that the proliferating
epithelial cells were stratified. They also described
penetration of the basal lamina and invasion of the
surrounding connective tissue of the submucosa. Dysplastic
changes such as irregular hyperchromic nuclei and pleo-

morphic cells were observed in areas where the mucosa was



stratified. They noted that inflammatory cells were common
in the submucosa.

Identical gastric lesions were Tecently observed in
rhesus monkeys housed in buildings whose concrete floors had
been treated with concrete sealers containing PCBs (112},
These animals demonstrated the same clinical pattern of PCB
intoxication observed in other studies (2, 7, 8. 13).

Although a similar gastric lesion occurred in monkeys
fed a diesel lubricating fluid (111) that may have contained
polychlorinated polyphenyls, and also occurred in monkeys
infested with nematodes (20), +this 1lesion has been so
consistently observed in monkeys intoxicated with PCBs (2,
7, 13, 112, 11é6) that these agents can also be considered
causative agents of this change in the gastric mucosa (13).

Since Allen and his colleagues conducted only 1light
microscopic gstudies on the advanced lesion in chronically
ill PCB-intoxicated monkeys, McNulty, Bell and I studied
early morphological changes at the cellular level to better
understand how the advanced lesion develaops (13), Monkeys
were placed on diets containing O, 3. 10, 30, or 100 ppm of
PCBs. Gastric biopsy specimens were obtained during
laparotomies at ¢the start of the experiment, on day 12, and
at monthly intervals for as long as & months, or wuntil the
animals became moribund. These specimens weve studied by
light and electron micrascopy. Among the priﬁcipal changes
was an arrest of the differentiation of the proliferative

cells of the isthmus and neck zones into parietal and



zymogenic cells. Mature parietal and zymogenic cells were
found only in the bases of the gastric glands, where the
oldest epithelial cells are normally found. These remaining
mature, differentiated cells showed signs of injury such as
dilatation of the rough endoplasmic reticulum in zymogenic
cells, irregular luminal membranes in the apices of these
cells, and an increase in the size and number of autophagic

vesicles in both parietal and zymogenic cells.

E. tudies with Pure Polychlorinated Biphenuyl somers and
Related Compounds

Earlier experiments were all conducted with commercial
PCBs: which are actually mixtures of the many possible
congeners, all differing in the number and 1location of
chlorine atoms:; the identities of the compounds actually
responsible for the toxic effects were not determined.
Recently, McNulty, Cory, and I (116) studied the clinical
toxicity and pathologic findings in rhesus monkeys
chronically fed low levels of two pure, symmetrical tetra—
chlorobiphenyls, 3.4,3’,4’—tetrachlovobiphenyl {32, 4-TCB},
which is subtituted in the para and meta positions, but un-
substituted in the ortho position, and 2.5 2 5'-tetra-
chlorobiphenyl (2,5-TCB}), which is substituted in the ortho
position, but unsubstituted in the para postion. We found
that diets containing 0.3 to 3 ppm of the 3,4-TCB isomer
caused the same toxic effects and pathologic lesions,

including the gastric lesion. seen after poisoning of



monkeys with commercial PCBs, but the animals fed the
2, 9-7CB isomer remained entirely normal. The pure
tetrachlorobiphenyl isomers used in this study were checked
for possible contamination by the more highly toxic tetra—
and penta—-chlorodibenzodioxins and chlorodibenzofurans by
selected ion monitoring gas chromatography and mass
spectrometry (37). The 3,4-TCB was found ¢to be free of
contamination by the tetrachloro compounds at a detection
level of 1 ppm, and free of the pentachloro compounds at a
detection level of % ppm. That level of contamination by
toxic dibenzodioxins and dibenzofurans was probably too low
to contribute to any of the toxic effects we observed.
These +#indings are consistent with the hypothesis that an
absence of chlorination in +the orthe position correlates
with toxicity in rhesus monkeys, as it does in other animals
(1%, 177).

In our study (116) we noted ¢the relationship between
the pattern ﬁf hepatic drug metabolizing enzyme activities
induced by pure chlorobiphenyl isomers and the relative
toxicities of these compounds. Several experiments with
rats, mice, and chicken embryos (51, 129, 1746} showed ¢that
chlorobiphenyl isomers chlorinated symmetrically in both the
meta and para positions, but not in the ortho position,
induce the formation of cytochrome P-448 and arylhydrocarbon
hydroxylase activity (AHH), which is a 3-methylcholanthrene
pattern of induction, and yet isomers chlorinated in both

the para and ortho positions induce the formation of



cytochrome P-4350 and aminopyrine N-demethylase activity,
which is & phenobarbital pattern of induction. These
conclusions are consistent with recent data on rhesus
monkeys obtained by MNielsen—-Smith and McNulty (1233,
monkeys given single doses of 1 mg of 3.4~TCB / kg of body
weight showed a 3-methycholanthrene pattern of induction.
Moreover, monkeys given 25 mg f kg of body weight of
2, 5~-TCB, which is chlorinated in ¢the ovrtho and meta
positions, showed a phenobarbital pattern of induction.

The highly toxic compound 2:3,7,8~tetrachloro~
dibenzo-p—dioxin (TCDD) also induces the 3-methylcholanth-
rene pattern of enzyme activity, but with a 30,000 times
greater potency (128). Furthermore, in the rthesus macaque
TCDD produces a clinical pattern of toxicity very similar to
poisoning with PCBs, except that TCDD preduces these effects
at a dietary level of only 0.5 parts per billion (pph), an
indication of a poténcg approximately 1000 times greater
than that of the mest toxic chlorobiphenyl isomers (4).
Poland et al. (131} identified a binding receptor in rat
and mouse hepatic cytosols that reversibly binds H~-TCDD
with high affinity. Certain chlorobiphenyl isomers also
bind to this receptor, and their binding affinities closely
correspond to their abilities to induce a 3-methy-—
cholanthrene pattern of enzyme activity (129). Poland et
al. further report that both 3,4-TCB and 2,3, 6, 7-tetra~
cthlorobiphenylene, a more rigidly planar compound than

3, 4-TCB, competitively inhibit H-TCDD binding to this



cytosolic receptor; the tetrachlorobiphenylene compound is
nearly as potent as TCDD and 230 time more potent than
3 4-TCB (139). They maintain that the abilities of these
compounds to induce a 3-methylcholanthrene pattern of enzyme
activity depends on their structural similarity to TCDD and
the rigidity of planarity of the two phenyl rings. Chlorine
substitution at the ortho position (number 2 position in
chlorobiphenyls) results in marked nonplanarity of the rings
(129), and +this effect would explain the inability of
2, 3-TCB., which is subsituted in the ortho position, to
induce a 3-methycholanthrene pattern of enzyme activities.

Thus, there appears to be a high degree of correlation
among the chlorobiphenyl isomers, chlorodibenzodioxins: and
chlorodibenzofurans in toxicity and ability +o bind a
specific hepatic «cytosclic receptor. to induce a 3-methy-
cholanthrene pattern of enzyme activity and +to induce
characteristic lesieons (116&). As yet, however, there is no
biochemical explanation for the development of any of the
pathologic lesions, nor is there any indication that their
development is causally linked to the induction of hepatic

enzymes (116).



F. Objectives of this Study

Many questions concerning the development of the

PCB-induced gastropathy in rhesus monkeys remain unanswered.

The ones I will examine in this study are:

a. The PCB—-induced gastric lesion is clearly hyperplastic
and involves an alteration in the normal dynamic equilibrium
of proliferation. maturation, and cell loss in the gastric
epithelium which maintains the steady~state number and
distribution of cell types in normal gastric mucesa. What
is the mechanism by which this steady—state is disturbed?

Several pussibilities are:

Mechanism 1. Proliferation occurs uniformly throughout
the gastric gland, that is, all cells hecome capable of
proliferation, and cell cycle times may or may not be

altered.

Mechansim 2. Gastric epithelial cell proliferation
occurs only in the normal proliferative zone in the
isthmus and neck:. but the cell cycle time, Tec, of the
cells is shortened and ftherefore more cells are formed

than are lost.

Mechanism 3. Proliferation occurs normally in the
normal generative 2one, but additional proliferation

occurs in other zones and cell types, such as:



a. In the surface epithelial cells

b. In immature cells which fail to differentiate
and retain their proliferative capacity

€. In parietal and zymogenic cells which have
lost their specialized function and acquire pro-

liferative capacity

In this study I tried to determine which of these or
other possible mechanisms operate in the gastric lesion

induvced by 3, 4~TCB.

b. The specialized secretory cells of the stomach, the
parietal and zymogenic cells, appear ¢to be rTeplaced by
mucus—secreting cells. Do these mucous cells also secrete

acid and zymogen, or is mucus their only secretory product 7

c. Hypergastrinemia increases cell proliferation in gastric
epithelia, promotes the formation of parietal and zymogenic
cells, and induces hyperplasia (30, 61, 120, 174, 1753,
Does 3, 4-TCB induce abnormal gastrin production and secret-
ion, which could then be the cause of the observed hyper-
plasia, or does 3:4-TCB induce a decline in gastrin levels.
which could be responsible for the failure of new parietal

and zymogenic cells to be formed 7

d. Does the 3,4-TCB-induced gastric lesion have features in

common with other gastric lesions with disorders of prolif-



eration and differentiation, such

chemically

disease, all

induced

as

atrophic

gastric carcinomar, and

of whose pathologic

unknown or poorly understood 7

mechanisms

gastritis,
Menetrier’s

are either



II. MATERIALS AND METHODS

A. 34,3, 4’-Tetrachlorobiphenyl

Pure 3,4~TCB was purchased from Analabs, Inc., North

Haven, CT. It was checked for possible contamination by the
more highly toxic tetra— and penta— chlorodibenzodioxins and
chlorodibenzofurans by selected ign-monitoring gas
chromatography and mass spectrometry (37). The 3,4-TCB was
found to be free of contamination by the tetrachloro
compounds at a detection level of 1 ppm: and free af the
pentachloro compounds at a detection level of 5 ppm

Therefore the 3, 4-TCB was used without further purification.

B. Animals

Eight male rhesus monkeys (Macaca mulatta), 2 ¢to 4
years of age and weighing 2.5 to 4.5 kg, were vused. All
except one, 7194, had no known previous exposure to any
toxic substances. Monkey 7194 had been fed a commercial
mixture of PCBs in a previous experiment 1 year earlier, but
had been maintained on a normal diet for over 1 year and
appeared completely normal and healthy. The animals were
caged one per cage, in a specially constructed building with
stainless—steel—lined walls and a welded aluminum floor with
sewage drains. The cages were hung from the wall in:. two
rows per wall over large troughs with drains, which removed

excrement when the animals were being fed nontoxic diet



cakes. During the toxic diet regime, large stainless steel
pans encased in disposable plastic garbage bags were placed
under each cage to catch excrement and any uneaten food.
These toxic wastes, collected by inversion of the bags, were
incinerated daily in a high-temperature incinerator equipped
with an afterburner. Small quantities of waste that did not
fall on the pans were washed down the trough and #floor
drains daily. The animal technicians who disposed of
wastes, cleaned the quarters, and #fed the animals were
trained in the handling of these and other toxic substances,
and they wore disposable protective suits and gowns.
Because of the low vapor pressure ef the chlorobiphenyls
used in this experiment. and the non—-recirculating ventilat-
ion system which completely exchanged the air every S
minutes: no respirator masks were deemed necessary for the
personnel, but surgical masks were worn at all times to
prevent ingestion of splashed excrement and ¢to minimize
transmission of human disease to the animals.

The animals were fed twice daily and weighed once
weekly. Daily observations were made to determine the

status of each animal ‘s health.

C. Diets
Solutions of 3,4-TCB in corn o0il were prepared in a
hood in the laboratory over disposable countertop covers and

with disposable labware. All materials were incinerated

after use.



All toxic foods were prepared in the toxic substances
building under my supervision. The diets consisted of moist
cakes, each weighing about 40 g. The diet cakes contained
50% by weight ground Purina Monkey Chow, 374 water, .11Z
bananas, 0.7% vitamin mixture, and O.4%Z corn o0il solution
containing 3, 4-TCB. The final 3,4-TCB content of the diet
was 3 mg / kg, or 3 ppm for the first experiment, and 1 ppm
for all the other experiments. The diet ingredients were
mixed until homogeneous in a large commercial food mixer
used exclusively for toxic diets. The control diets were
prepared separately in another building and were identical
to the toxic diets except that corn oil without 3,4-TCB was

used.

D. Indyction of the Gastri sig

The animals were fed the toxic 3:4-TCB diet cakes until
their clinical condition indicated they had significant
gastric lesions, i.e., wuntil they showed loss of appetite,
skin lesions, weight loss and behavior changes. See Results

section.

E. Labelling of Cells in the S—phase with JH-thumidine

Food was withheld from the animals overnight. Then
each animal was afixed to a restraint cross and brought to
the autopsy room at 0?:00 a.m., each on a separate dag. An
indwelling catheter was inserted in the saphencus vein and

the animal received a 0.5 mCi infusion of 3H—thgmidine {(New
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England Nuclear:; Boston, MA 02118; or Amersham Corp., Arl-
ington Heights, IL &60005) per kilogram of body weight. At
09:45 each animal was anesthetized with 29 mg of ketamine
(Ketalar., Park-Davis & Con.., Detroit, MI 48232} per kilogram
of body weight, and dissection was begun as soon as the
animal showed no response to forcep—-pinching of +the facial
skin. At approximately 10:00, the stomach and adjoining
esophagus and duodenum were Temoved. In the #first two
animals, 7761 and 7194, the duodenum was ligated and the
entire stomach was filled with #fizxative containing 4%
commercial formaldehyde, 14 electron microscope grade
glutaraldehyde (TAAB Laboratories, Reading England 4735388}
ina pH 7.4 buffer containing 150 mM Na+ and 84 mM PO4-
(abbreviated 4F16G) (113). The esophagus was then ligated.
and the entire fixative—-filled stomach was placed in a large
container of fixative and allowed o sit for 1 week. In the
remaining animals, 2273, 8911, 9244, and 9921, the stomachs
were removed as before., but they were then cut along the
greater curvature, pinned out on a sheet of cardboard, and
cut once more, this time along the lesser curvature:, to
divide the stomach into two parts, one consisting of the
anterior wall of the stomach, and the other the posterior
wall., The posterior wall was then placed in a jar and
stored in a freezer at —20° C for subsequent assay of the
pepsin content of the mucosa. The anterior wall, still
pinned to the cardboard, was floated stomach-side-~down in a

pan aof +Ffixative fFfor 48 hours. All procedures were carried



out over disposable plastic sheets, which, along with all
other radiocoactive wastes, were disposed of by incineration

or by a commercial radiocoactive waste disposal service.

F. @rain—Count-Decay Experiment

One animal on the control diet, 8553, and one animal
maintained on a 1 ppm 3,4-TCB diet for 30 days, B68&, were
fasted overnight and brought ¢to the surgery suite on
separate days affixed to restraint crosses. At 09:00 an
indwelling catheter was placed in the saphenous vein and 0.5
mCi of gH-thgmidine / kg of body weight was infused into the
animals. Each animal was prepared for the operation and 45
minutes after the gH—thgmidine infusion was anethetized with
halothane; then a lapafotomg was performed. Approximately
1 hour after the 3H-thymidine infusion, an elliptic biopsy
sample about 1.5 2 1.0 cm was excigsed from the anterior wall
of the body of the stomach and was immediately pinned to a
small piece of balsa wood and placed in a jar of fixative.
The stomach incision was sutured, and the laparotomy site
was closed in layers, and the animal returned to its cage
for recovery. At intervals of 3 and 7 days after the
initial injection of 3H-thymidine and the first biopsy.
additional biopsy specimens were taken #rom each animal, and
a biopsy specimen was also taken from animal 8553 on day 9.
Care was taken to insure that each specimen was taken at
least 2 cm away from the wound of any previous biopsy site.

The specimens were kept in fixative until 2 days after the
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last biopsy specimen had been obtained.

€. Tissue Preparation for Light Microscopy

The fixed tissues #rom both the S-phase labeling
experiment and the grain—count-decay experiment were
prepared similarly. The stomachs or stomach halves from the
S—-phase labeling experiment were cut ¢from ¢the stomach so
that adjacent samples 1.5 x 0.3 cm were obtained from the
entire length of the greater curvature; the first sample
included a portion of the esophagus, and the last a portion
of the dvuvodenum. Samples £rom the grain-count~decay
experiment were simply divided and ¢trimmed to blocks of
tissue 1.9 x 0.2 cm. The tissue samples were then
dehydrated through an ascending series of ethansl and water
solutions (50, 70, 85, and 954); ¢they were in each solution
for at least 15 minutes. Tissue samples were then
infiltrated for 1 %o 3 days at room temperature in glycol
methacrylate monomer, JB—4 Solution A (Polyscience, Inc..
Warrington, PA 18976} with 1% benzoyl peroxide, according to
Bennett, et al. (15). Embedding was done in a 4° C cold
room using JB—4 Solution A with 1% benzoyl peroaxide and 1%
JB-4 Solution B, a hardener. Plastic molds and aluminum
chucks (DuPont-Sorvall, Newton CT 0&4470) were used; the
chuck was placed on the surface of the embedding mixtures so
that the plastic—embedded specimans would harden directly
onto the microtome chucks. The specimens were allowed ¢to

harden for 4 o & hours, or longer before <they were



transferred to a 60° C oven, where they were left overnight
to completely harden.

The hardened specimens were removed from the oven, and
excess plastic was trimmed while +they were still warm.
Sections 2 um thick were cut on a DuPont-Sorval JB-4 micro-
tome with glass knives made on a Dupont—Sorvall GKM knife
maker. The plastic sections were collected from the knife
surface with forceps during each pass of the specimen over
the knife edge. The sections were floated on a water bath
and picked up with glass microscope slides. The slides were
placed directly onto a B80° to 90° € hot plate to dry for
several minutes. The slides could then be stained without

further treatment or prepared for avtoradiography.

H. Autoradiogyraphy

Only glass and plastic labware, free of any exposed
metal surfaces, were used in the autoradiographic
procedures, The labware were washed in detergent and then
in @ dilute solution of sodium hypochlorite. Slides for
avtoradiography were placed in glass slide holders, washed
in deionized water for 5 minutes and air dried. Coating and
development of the slides were done in a darkroom equipped
with a deep amber—red safelight. Kodak NTB2 liquid emulsion
(Eastman Kodak Co.., Scientific Products Division, Rochester,
NY 14650) was liquified by being warmed to 45° C in a water
bath: it was then diluted 1:1 with water. The slides were

dipped into a container of diluted emulsion kept at a45° ¢



and were placed in test tube racks in a light-tight cabine¢
to dry for 4 hours. The slides were then placed in plastic
slide boxes with desicant, sealed in light-tight boxes, and
stored in a ~20° C freezer for 4 weeks. The autoradiographs
were developed in undiluted Kodak D-19 at 15° € for &
minutes, which optimized the development of exposed silver
grains and minimized background grains (21). The developed
slides were rinsed in water for 1 minute, fixed in Kodak
fixer with hardener for 10 minutes, washed for 10 minutes in
water. and air-dried. The auvtoradiographs were then stained
for 1 minute in a solution containing 0. 65 M sodium
phosphate buffer (pH 7.4), 25% ethanol, 0. 0254 methylene
blue, and 0.025% basic fuchsin. The slides were washed #for
5 minutes and air dried. A coverslip with conventional
mounting medium was put on top of each. The frequency of
background grains was low, 1.9 grains per 1000 square micro-

meters.

I. Transmission Electron Microsco

Small (2-3 mm thick) blocks were cut from the wall of
the body of the stomach and immediately #fixed in 4F1G
fixative for 24 hours. Alternatively. specimens from
animals 7761 and 7194 were cut after 1 week fixation in
4F1G6. After a 30-minute rinse in 0.03 M sodium phosphate
buffer (pH 7.4) the specimens were postfixed in 1% Os04 in
0.08 M sodium phosphate buffer for 2 %0 2 hours at 4 C.

They were then dehydrated for 10 minutes in each grade of an



ascending ethanol—in-water series (350, 70. 85, %3, 100%4) and
through two changes of propylene oxide. Afterwards they
underwent overnight dinfiltration and embedding in a
low-viscosity embedding medium according to the method of
Spurr (157). The embedded specimens were polymerized
overnight in a &60° C aven.

Thin sections were cut on a DuPont-Borvall MT 35000
vltramicrotome with diamond knives. Sections were collected
either on uncoated 200-mesh copper grids, or on formvar-
coated 1 mm or 2 mm slotted copper grids. These coated
grids were produced in the following manner: clean micro—
scope slides were dipped in a solution of O0.3% formvar resin
(Ted Pelco, Inc., Tustin, CA 92690) in ethylene dichloride.
After the slides had been dried in an atmosphere saturated
with ethylene dichloride, their edges were scored with a
plastic rod. Then the slides were breathed upon and slid
into a water bath at an angle to allow the formvar film ¢to
float to the surface. The grids were coated through
floation on top of the floating formvar film. A piece of
Parafilm was floated on top of the grids, and then lifted
carefully to remove the coated grids from the water surface.
After being air—dried for 1 hour, the grids were removed
from the Parafilm and were ready to use.

Sections were stained for 20 minutes in a saturated
aqueous solution of uranyl acetate, rinsed, and stained for
i minute in lead citrate prepared according ¢to Luft’'s

version (unpublished) of Reynolds’ method (136}, The sect—
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ions were then rinsed and dried.

The sections were examined in a Philips EM-300 electron
microscope. Medium— and high-magnification micrographs were
taken in a conventional manner with the double—~condensor
system. For low-magnification micrographs either the
current in the projector lens was reduced or the microscope
was uvsed in the scan mode, i.e.. the objective lens current
was greatly reduéed and the diffraction lens was used as an

ob jective lens.

J. Scanning Electron Microscopu

Representative blocks of 4F 1G-fixed stomach were
dehydrated through a graded alcohnl series. Some of the
specimens were freeze~fractured perpendicularly to the
surface of the gastric mucosa; rectangular strips of the
tissue were placed in small tubes made of Parafilm and
filled with alcohol. The tubes were sealed, immersed in
liquid nitrogen, and when frozen. split on a large piece of
metal in a pan of liquid nitrogen by means of a single—edged
razor and a hammer. The fractured pieces were transferred
to alcohol at room temperature, Tissue samples in alcohol
were transferred through a graded alchohol—-in—¢trichlorotri-
fluovroethane series (Genetron 113, Allied Chemical Corp..
Morristown. NJ 079603. Once equilibrated with 100%
trichlorotrifluvoroethane, the specimens were placed in a
Bomar 8BPC-900/EX critical point dryer (The Bomar Co..

Tacoma, WA 98401), rinsed with C0,, and taken to ¢the



critical temperature and pressure for CO,; the €O, was
vented through the exhaust system slowly, and the dried
specimens were removed. They were then glued to aluminum
stubs with epoxy glue and sputter—coated with gold and
palladium in a Hummer V sputter coater (Technics Inc..
Alexandria, VA 22304).

Once coated, they were examined and photographed in an
AMR model 1000 scanning electron microscope (Advanced Metal

Research Corp.., Burlington. Ma 01803).

K. Histochemistry

The histochemical ¢techniques described below were
applied to 2-pm-thick sections of tissue embedded in glycol

methacrylate.

i. Periodi cid—Schiff’s reagen
A modified version of the original method of McManus
(13, 110) was employed ¢o demonstrate neutral
mucosubstances. Slides were oxidized in 0. 5%
periodicbacid for 5 minutes. rinsed, stained in
Schift’s reagent Pfor 15 minutes: washed until the
stain developed a dark pink coloer, counterstained in

hematoxylin, washed, air~dried, and mounted.

2. Alcian blue

This stain was employed o demonstrate acidic

mucosubstances (101). Slides were stained in an
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aqueous solution of 0. 24 alcian blue 86X
(Bio/Medical Specialties, Santa Monica, CA 904086}
and 3% acetic acid for 30 minutes. The slides were
then washed for 10 minutes, counterstained in a
solution of O. 14 nuclear fast red and 5% aluminum

sulfate, washed again, and mounted.

High—iron diamine

The high-iron diamine method of Spicer (15%) was
used to distinguish sulfated from nonsulfated muco-—
substances. Slides were stained for 24 hours in a
solution of O.244 N, N-dimethyl-m—phenylenediamine
HC1 (Sigma Chemical Co.., 8t. fouis, MO 63178).
0. 04% N: N~dimethyl-p-phenylenediamine HCI1 (J. T.
Baker Co.. Phillipshurg, NJ 08865) and 10 mM Fe+++,
The slides were then washed for 10 minutes,

air—-dried and mounted.

Grimelius svagyrephil stain

Gastrin-containing cells (@ cells) were stained by
the Grimelius procedure (353). SBlides were incubated
in @ solution of 0.03%Z silver nifrate in 0.02 M
sodium acetate for 24 hours at 37° C. The slides
were then removed, briefly drained, and immersed for
i minute in a freshly prepared reducing solution of

1% hydroquinone and 5% sodium sulfite at 40° C. So
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that staining would be intensified, the slides were
incubated again in the silver nitrate solution for
15 minutes, and then immersed again in fresh, unused
reducing solution for 1 minute at 40°C. They were

then washed for 9% minutes, air-dried, and mounted.

L. Serum Gastrin Levels

An experiment was performed to find out if the 3,4-TCB
diet would change the fasting and postprandial serum gastrin
levels in the monkeys. Before toxic feeding was begun.
blood was collected from four monkeys (B911, 9273, 9246, and
9921) before their morning feeding. The monkeys were then
ted 75 ml of Cutter Formula 2 liquid diet via an
intragastric tube inserted through their noses. Additional
blood samples were collected approximately 60, 120, 180, and
240 minutes after the intragastric feeding. This sampling
was done on 3 separate days to obtain baseline values. The
tube feeding was considered necessary to ensure that the
time and amount of feeding were constant, as they would
otherwise vary, particularly when the animals became ill
after ingesting the toxic food. in one additional
experiment, blood was collected from ¢the animals in the
morning, before feeding, as before, but the animals were
returned to their cages and presented with their standard
diet cakes, and then blood was collected at hourly
intervals, as above, to determine whether gastrin lievels

after intragastric feeding were similar to levels occurring



after normal feeding.

The blood samples were allowed to clot at 4° ¢ for
several hours and then centrifuged; the serum was removed
for storage at -20” C. The effects of such storage were
investigated: four fresh samples were assayed, stored for 2
months at -20° €. and Teassayed. The prestorage and
poststorage gastrin levels were the same in two samples, but
in the other two samples the levels declined 20%. I
concluded that storage for 2 or 3 weeks would not seriously
affect the results,

“Berum gastrin levels were determined with fresh gastrin
kits (Radioassay Systems Laboratories, Inc.,. Carson, CA
074461, These kits use a competitive binding assay in which
nonradicactive gastrin competes with ¢l-labeled human
gastrin for binding sites on anti-human gastrin
immunoglobulin. A second antibody is used to precipitate
the anti-gastrin immunoglobulin. Unbound ¢1-labeled
gastrin is aspirated out, and bound '*I-gastrin remaining
in the precipitate is counted in a gamma counter (Searle
Model 11853).

After the baseline values had been determined, the
expervimental feeding was bhegun. Two animals, BP11 and 9273,
remained on the control diet: and 9244 and 2921 were fed
diet cakes containing 1 ppm of 3,4~TCB. Fasting and
postprandial serum samples were collected and assayed ., as
above, after approximately 1., 3. 4, & and 1C weeks of

experimental feeding, during which time the animals on the
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toxic diet became clinically very ill.

M. Pepsin levels in the gastric mucosa
The posterior walls from three monkeys Ffed toxic
3,4~TCB diet cakes and three monkeys fed control cakes were
collected at autopsy and immediately placed in a -20° ¢
freezer until assayed. Pepsin was assayed by the method of
Ryle (143):, in which the rate of hydrolysis of denatuvred
hemoglobin is measured.
1. Prepavration of natured hemgglobin
First 12.5 g of bovine hemoglobin substrate (Worth-
ington Biochemical Corp., Freehold, NJ 0772B}) was
dissolved in 500 ml of water and dialyzed for 3 days
against 8 liters of water, which was changed several
timeg. Then the hemoglobin solution was denatured
by the addition of a 254 (by wvolume) 0.3 N HC1
solution, divided into small lots. and frozen wuntil

use,

2. Preparation of th astric mucosa for assa
Portions of the frozen stomach wall were cut #from
the body region near the greater curvature with
stissoTrs; the gastric mucosa was scraped from these
portions with a razor blade. The gastric mucosa
scrappings were weighed, and 10 times their weight
of 0.0i N HCl were added. The tissue was macerated

and then homogenized with a Poatter—Elvehjem



p. 53

homogenizer attached to a portable electric hand
drill. Care was taken to keep the homogenate at O
to 4° ¢ throughout this procedure. The acidic
condition of the homogenate assured that all the
pepsinogen was converted to pepsin. The homogenate
was centrifuged at 5000 vpm (4000 x g) for 10
minutes, and the resultant clear supernatant was
serially diluted with O©0.01 N HC! in the ratios of
1:3, 1:9 1:19, 1:49, 1:99, and 1:199 of supernatant
to dilute HC1l. The protein concentration of each of
these dilutions was determined by the method of

Lowry (108).

Assay procedure

All solutions and reaction mixtures were kept at ©°
to 4° C except during the 37°C incubation of the
assay. A 0.1 ml portion of each supernatant dilut-
ion was added in quadruplicate to 10 x 75 mm
disposable glass test tubes. Then 1.0 ml of
denatured hemoglobin was added to each tube, and 2. 5
ml of D4 trichloroacetic acid (TCA) were added to
one of each series of four tubes of the same
supernatant dilution; these tubes served as blanks
for the others. Tﬁeg were immediately inverted +¢o
mix the TCA with the other selutions. The reaction
started when the tubes were placed in a 37° ¢ water

bath, and continued +for 10 wminutes, when it was
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stopped by the addition of 2.9 ml of 34 TCA to each
of the tubes (except +the blank, which already
contained TCA). The tubes were inverted and
centrifuged at 2.500 rpm (1000 x g) for 15 minutes
to form a packed precipitate. After the clear
supernatant had been aspirated. the absorbance at
280 nm due to the free tyrosine liberated from the
hemoglobin by pepsin was measured against the
corresponding blank for each enzyme dilution. The
results were plotted as absorbance, (A), at 280 nm
as a function of the protein concentratian, Because
this function proved to be linear in the range of O
to 100 pg of protein per assay. the best £fit linear
regression of ¢the data within that range was
calculated and the enzyme activity was expressed as
the slope of this function, that is AA at 280 nm per
mg of protein for the 10 minutes of incubation.
This value was the then multiplied by 100 to convert
it to the wunits conventionallly vsed to describe
pepsin activity (1000 X AA at 280 nm/ mg of protein/
minute of incubation). A commercial preparation of
pepsin {(crystallized hog stomach mucosa pepsin;
Sigma Chemical Corp.., 8¢. Louis, MO &3178)
evaluated by this method was found to have 2% of

the activity stated by the manuvfacturer.



M. Morphometry

i. General instrumentation

The measurements of the distributiion of stained and
3H-thymidine-labeled cells and gastric mucosal thickness
were made by a microscope optically coupled to a digitizer,
which was in turn coupled to a minicomputer (figure 4).
Specifically, a standard light microscope was equipped with
a drawing tube attachment, whose field of view encompassed a
large portion of the active avea of the digitizing tablet of
a Zeiss MOP-3 digital measuring instrument. The cursor of
this instrument was modified to include a grain of wheat
light bulb attached jyust above the point on the cursor.
which interacted with the digitizing tablet. This 1light
bulb was connected %o a variable transformer and the light
was adjusted so it was comfortably visible as a bright spot
superimposed over the magnified image of gastric mucosa as
seen through the eyepieces. The room was darkened so that
an image of the cursor, the digitizing tablet, and the
operator ‘s hand did not also appear superimposed over the
image seen through the microscope. The distances between
features, A and B, as seen through the microscope, were
measured by movement of the cursor on the digitizing tablet
so that an image of the cursor’s light was superimposed over
feature A. The button on the cursor was then pressed:. the
cursor moved to point B, and the button was pushed again.

These steps generated signals in the Zeiss MOP-3, which,



when appropriately programmed, measured %the distance in
millimeters that the cursor had moved. This was calibrated
to the corresponding distances between A and B in the micro~
scope by measurement of known distances on a stage micro—
meter and determination of a conversion factor. This factor
was then programmed into the Zeiss MOP-3 so that the
distances would be converted directly to micrometers.

The Zeiss MOP-3 was interfaced to a Tektronics Graphic
Systems 40351 minicomputer equipped with a 4051 EDO1 ROM
expander., a 4907 flexible disc data storage unit, and a 4662
interactive digital plotter. Distance measurements were
sent from the Zeiss MOP-3 to the Tektronics computer and
stored on flexible discs. A separate file was created for
each set of measurements, for example, all the thickness
measurements from oﬁe microscope slide, Thus, a large
number of measurements could be made and stored very rapidly
and extremely precisely, with as little as 1% error.

Programms were written in the BASIC language so that
these data could be treated as desired. A typical program
sorted all of the values of a given set of measurements by
means of a binary shell sort subroutine, then the median
value, and the mean, standard deviation, and other values
were determined. Histograms of the distribution of
measurements were constructed by the program and displayed
on the cathode ray tube of the computer. These histograms
could then be drawn as required on the interactive digital

plotter.



p. 97

2. Mucosal thickness

The distance from the muscularis mucosae to the luminal
surface of the gastric epithelium was measured at random
intervals along the entire length of each section. This
measurement was made on each slide also being measured for
other purposes. Typically, 30 to 50 measurements were made

on each slide.

3. Range § cells psitiv £ jodi acid-Schiff’s
reagent

Since the epithelial cells above the deépest
PAS-positive cells to those on the luminal surface were all
PAS-positive except the parietal and enteroendocrine cells,
the vrange of PAS-positive cells was the region from the
lowest PAS—-positive cells to the surface. YTherefore, the
distance between the lowest PAS-positive cells and the
muscularis mucosae was measured at intervals along the
entire length of each section. Typically 70 ¢to 100
measurements were made on each slide. The mucosal thickness
was also determined, as above.

Histograms constructed for each stomach showed the
median values of mucosal thickness and the median values for
the deepest PAS—-positive cells for each section taken along

the length of the greater curvature.



4. Range of alcian-blue—positive cells

The range of AB-positive cells was determined
identically ta the PAB-positive range, since all ¢the
epithelial cells above the deepest AB-positive cells, except

the parietal and enteroendocrine cells, were AB-positive.

5. Range and distribution of 9H~thgmidine labeled cells in
the S-phase

Epithelial cells with three or more silver grains above

each nucleus were considered labeled and their distances
from the muscularis mucosae were measured. The distances of
all the labeled cells on a section, or portion of a section.
were measured; typically 100 to 300 such measurements were
made per slide. Histograms showing the distribution of
these distances were constructed from each section taken
along the greater curvature. Mucosal thicknesses were also
measured, and their median values were displayed on each

histogram.

6. Relative labeling densities of JH-thuymidine labeled
cells in the S-phase

A grid with white lines on black paper was placed under
the view of the microscope drawing tube and a bright 1light
was shone on it so that the white grid lines were visible
through the microscope superimposed over the image of the
gastric mucosa. The grid was rectangular., and the width

corresponded to 200 pm in the microscope field with the 20 X



objective. One of the 200~-um wide sides of the rectangle
was placed in a position parallel to the muscularis mucosae;
all the labeled cells within the confines of the long sides
of the rectangle from the luminal surface to the muscularis
muycosae were counted. The grid was then shifted to another
position along the muscularis mucosae in a random manner,
and the number of labeled cells in that area was counted.
Ten such determinations were made for each section from each
stomach, and the results were expressed as the number of
cells in the $S-phase per 200~-um—long length of muscularis
mucosae. The results were also expressed as the number of
S—-phase cells per area of gastric mucosa in cross section.
The area was determined through multiplication of 200 ym by

the median mucosal height for the section.

- Labeling indices

The LIs were determined in a conventional manner;
labeled cells in the S-phase were counted in a particular
gastric gland, and all the nonlabeled cells between the
uppermost and the lowermost labeled cells were also counted.
Parietal cells, which were never seen labeled, were not
considered proliferative cells, and therefore were not
counted with the nonlabeled cells. The LI was calculated

a8

LI = labeled cells/{labeled + unlabeled cells) X 100



Since the proliferative but unlabeled cells could alsoc be
located somewhat above and below the uppefmost and lowermost
labeled cells, the number of nonlabeled cells was somewhat
underestimated, and thus the LI was somewhat overestimated;
No correction was attempted since only a relative comparison
between LIs in normal stomachs and in stomachs ?iom animals
fed 3,4-TCB was necessary. Measurements were made on 15
glands from each section, and the results were averaged.
The LIs of the gastric epithelium below the muscularis

muccsa in animals fed 3,4-TCB were counted separately.



ITI. RESULTS

A. Clinical Observations

All the monkeys appeared healthy and were gaining
weight at an average rate of 75 + 10 g per month while they
were maintained on control diet cakes (figures 3 and 6).
Once placed on experimental diets containing 3,4-TCB, the
animals immediately began to lose weight, even though they
eagerly ate the toxic diet. Initially only two animals were
used: 7761, which was kept on the control diet, continued
to gain weight, and 7194, which was fed a diet containing 3
ppm of 3:.4-TCB, and immediately began losing weight at the
rapid rate of 480 g per month. Subsequently., the
experimental anmals were fed diet cakes containing only 1
ppm of 3,4-TCB so that they would not rapidly become sick
and die before advanced gastric lesions could develop. At
this lower level of toxicity, the animals lost{ weight at a
rate of only 110 g per month (animal 9921} to 350 g per
month (animal 9246).

Other signs of toxicity were observed: hyperkeratosis
of the nail beds, chloracne, and swelling of the eyelids
with loss of the eyelashes. These changes were first noted
after the toxic diet cakes had been eaten for 3 weeks: they
became pronounced in all the animals after 4 weeks. These
pathologic changes have been described in detail in a

publication by McMulty. Cory. and me (116).



The control animals remained vigorously active and
demonstrated aggressive behavior at the least provocation.
Subtle behavior <changes, such as general quietness and
timidness, were noted in the 3, 4-TCB—fed animals after a few
weeks of toxic feeding. Also noted was a slight jerkiness
in the movements of the animals after 3 weeks: it became
pronounced as their condition deteriorated rapidly after &
or more weeks of toxic feeding. The signs of illness
displayed by the monkeys were minimal at first, but rhesus
monkeys: unlike their human relatives: typically do not show
signs of pain and discomfort, unless severe. Animal 9921
remained very alert and active throughout the 14 weeks of
experimental feeding, but then suddenly became very ill and
sat nearly motionless for 1 dayi he was found lying in his
cage, alive but unconcious:, the next morning. He was given
an ingjection of 3H~thgmidine and killed 1 hour later in the
avtopsy room. Animals 7194 and 9246, also fed 3,4-TCB, were
more alert, though somewhat lethargic, on the days they were
killed. Animal 8686 never appeared very ill, even after

several laparotomies.

B. Autopsy Findings

All animals, except one, were examined post mortem, and
their stomachs with adjoining esophageal and duodenal
segments were rvemoved. A final full-thickness gastric
biopsy specimen was taken at laparotomy from control animal

8553; this animal was then released from the project and is



still alive today. Each animal, except B&BSH, that was
examined post mortem had received an injection of 0.5 mCi of
IH-thymidine / kg of body weight 1 hour before autopsy in
order to label the proliferative cells in t¢the gastric
mucosa. Animal B68B& had received the same injection 1 hour
before his first gastric biopsy, 9 days earlier. Since
these animals were very radiocactive, only abbreviated
avtopsies were performed.

No abnormalities were noted at autopsy in any of the

three control animals. The principal ¢#indings in the
3, 4~-TCB fed animals were cachexia, dry scaly skin,
chloracne:, thickened eyelids, loss of eyelashes, raised or

absent fingernails, loss of hair throughout the body:, and
keratin plugs in the avuditory canals; dilatation of the
gallbladder was seen in animal 9246, The stomachs of
animals 7194 and 9246 had somewhat reduced circumferences.
No other organs were observed in these animals;, however, in
other experiments by McNulty et al.., monkeys +#fed 3.4-TCB
diet cakes were examined thoroughly at auvtopsy, and the only
consistent additional #finding was involution of the thymus
(1146).

No photographs of the stomachs from these animals were
taken at autopsy since it was necessary to prepare and fix
the stomachs immediately for light and electron microscopy,
in order to minimize post mortem changes. However. stomachs
from other toxic feeding experiments conducted for other

purposes were photographed. The appearance of a normal



stomach, cut open along the greater curvature, is seen in
figure 7a, while the stomach from a monkey fed diet cakes
containing toxic levels of 3,4-TCB for 62 days is seen in
figure 7b: The foldings of mucosa, called ruygae, which are
readily apparent in a normal stomach, have been replaced by
a thickened, irregular mucosa. The dark areas are focal
hemorrhages. Signs of hyperkeratosis of the esophagus were
visible to the naked eye in animals fed 3, 4-TCB diet cakes,
but the cardia, fundus, and antrum appeared relatively
normal. Thickened, irregular gastric mucosa was seen only
in the body of the stomach, where parietal cells are
normally abundant. In stomachs cut along the greater
curvature and spread open, this lesion forms a butterfly
pattern: the wings correspond to the anterior and posterior
walls of the body region, and the body of the butterfly
corresponds to the lesser curvature. Severe gastric lesions
were seen in animals 7194 and 92464; B&B& had only a
moderate lesion, and the stomach of 9921 showed the least

thickening of all the animals fed 3,4-TCB diet cakes.

G Light Microscopic Examination of the Gastric Mucosa and
Adjoining Esophagus and Duodenum

Blocks of tissue 0.5 ecm X 1.5 ecm, including the entire
thickness of the stomach wall, were taken along the greater
curvature of each stomach beginning with a block that
included @ portion of the distal esophagus and ending with a

block that included a portion of the duodenum: (figure 2).



Sections of tissue (2 pm thick) embedded in glycol
methacrylate were cut Ffrom each block and stained with
methylene blue and basic fuchsin. Figure 8 compares a
section from <the body of a control stomach with a section
from the body of a stomach from a monkey fed a diet
containing 3 ppm of 3,4-TCB for 53 days. Hyperplasia of the
gastric mucosa was very obvious in the treated animal. In
the control stomach (figure 8Ba), the mucosa occupied ¢the
upper hal¥ of the total thickness of the stomach wall. and
the outermost layer of the stomach, the serosa, which was
continuous with the peritoneum, oceupied the bottommost
layer. In the stomach with the 3:4-TCB induced lesion
(figure Bb), the mucosa was twice as thick as normal. and
had invaded the muscularis mucosae. The total stomach wall
thickness was so great that the muscle wall lay outside the
field of view.

I measured the total thickness of the gastric mucosa in
each section from the cardia to the pylorus of each stomach
(figure 9); in two of the monkeys fed 3, 4-TCB diet cakes,
7194 and 92464, the gastric mucosa became much thicker in the
body of the stomach; it was not significantly ¢hicker in
animal 9921. The stomachs of animals 7761 and 7194 were
fixed by ligating the dvodenum. filling the stomachs with
fixative, and ligating the esophagus. The stomachs of the
other animals were cut and pinned +#flat ¢to cardbnard and
floated in fixative. Although the intact, fixative filled

stomachs were distended, this did nnot decrease the



thicknesses of their mucosae compared to the other stomachs.
Areas of the stomach proximal and distal to the body region
were not any thicker in experimental monkeys than in control
animals. The sections showing the increased thickness
corresponded to the irregular mucosal surface seen in gross
specimens (figure 7b).

The severe gastric lesion was confined €o the body
region of the stomach, but other less striking alterations
of mucosal structure occurred in all sections from the
esophagus to the duodenum. A pronounced thickening of the
squamous epithelial mucosa of the esophagus was seen in the
3: 4~TCB~-fed animals (figure 10b). The layer of dead
epithelial cells covering the surface was thickened, and the
squamous cells beneath appear to be larger than normal.

In the cardia (figure 11), the mucosal thicknesses were
not altered, but changes in the epithelial cell types were
evident. The foveolae of control cardiac glands (figure
113) were lined with surface epithelial «cells, and the
glands proper are lined with mucous neck cells in the neck
region and zymogenic cells in the bases of the glands. The
latter cells were clearly seen as the darker epithelial
cells in the bottom third of the mucosa. In 3,4-TCB-fed
animals (figure 11b), nearly all the epithelial cells were
converted to mucous—secreting cells, and only a few isolated
zymogenic cells can be seen in the bases of the glands. The
lumen of the glands were dilated and the foveolae were

somewhat more irregular than in the control stomachs.



The most severe morphological changes occurred in the
body regions of the stomachs of monkeys fed 3,4-TCB diet
cakes. There the gastric mucosa became hyperplastic and
resulted in the formation of tall irregular glands, some of
which invaded and penetrated the muscularis mucosae (Ffigure
8b). In a 1less advanced lesion (shown at a higher
magnification in figure 12b; note that the area of
penetration of the mucosa into the submucosa is prominent in
the center of +the #figure), the glands were abnormally
dilated and irregular; however, they were of normal height.
One of the dilated glands apparently #formed a spherical
cyst. As in the cardiac and fundic regions, all epithelial
cells were converted to or replaced by mucus—secreting
cells, and zymogenic and parietal cells were nearly absent.

In control stomachs, the foveolae of the antra were
lined with surface epithelisl cells, and the glands proper
were lined principally with cells similar to the mucous neck
cells of the body of the stomach (figure i3al.
Enteroendocrine cells were also abundant in the antra, where
they were interspersed among mucus—secreting cells. In the
3, 4-TCB~fed animals, the glands were dilated (figure 13b}.
Enteroendocrine cells were also seen, but they appeared less
abundant, and were only seen near the bases of the glands.

In each control duodenum (figure 14a3). the epithelium
lining the intestinal villi was composed of absorptive cells
and mucus—secreting goblet cells. Intestinal glands, called

crypts of Lieberkuhn, branched of¢ from the pits or foveolae



between the villi, in the same manner that gastric glands
branched off from the bottom of gastric foveolae. The
intestinal glands were 1lined by wundifferentiated cells,
absorptive cells, zymogenic cells, (called Paneth c¢ells
here}, mucous cells and enteroendocrine tells. The
submucosa was occupied by Brunner’s glands. These branched
and highly coiled glands secrete mucus and zymogens into the
intestinal glands through short ducts penetrating the
muscularis mucosae. In one of the 3,4~TCB-fed animals,
these Brunner‘’s glands appeared large and dilated and the
cells contained less mucus than in the controls (figure
i4b), but the villi and intestinal glands appeared
unaltered. The Brunner’‘s glands in the other two
experimental animals appeared identical to the controls.
Clearly, the morphological alterations induced by
3:4~-TCB diets extended throughout all the blocks of tissue
from the distal esophagus to the antrum, and in one of the
experimental animals, as far as the proximal duodenum. The
hyperkeratosis of the distal esophagus and the greatly
thickened mucosa in the body of the stomach suggest
hyperplasia in these regions. A loss of specialized
epithelial cells, the zymogenic and parietal cells, was
especially obvious in the body region of the stomach; in
control stomachs these cells were most abundant in that
area. The number of parietal cells per 200-um of length of
muscularis mucosae was plotted as a function of the relative

positions of the sections along the greater curvature



{figure 135). In control stomachs, the number of paristal
cells reaches a maximum in the body region, declined rapidly
toward the antrum, and approached zero in the pylorus. In
all the animals fed 3,4-TCB diet cakes, parietal cells were
virtually absent: only a few were encountered in animal
7194, and in animals 9921 and 92446 only an occasional
parietal cell was encountered. The peak for the maximum
number of parietal cells occurred in the body region in
nearly the same relative position as the peak for total
mucosal thickness in the 3,4-TCB-fed animals 7194 and F246

(figure 9).

D. Histochemical Staining for Mucosubstances

: 8 Periodic acid-Schiff’s reagent

=

Sections were stained for mucosubstances with PAS,
which nonspecifically stains most acidic and all neutral
mucosubstances. In the control stomachs, the surface
epithelial cells were uniformly strongly PAS—-positive in all
sections from the cardia to the pylorus (figure 16a). The
only other cells that were strongly PAS-positive in <the
control stomachs were mucous neck cells. Mature parietal
and zymogenic cells did not stain with PAS. Some cells
staining relatively weaker than mucous neck ctells were seen.
These cells were in the lower neck region of the glands in
the cardiac, fundic, and body regions of the stomachs, and

were usually side by side with either brightly staining



mucous neck cells: or PAS-negative zymogenic cells. Because
of their large size and their large secretory granvles,
these weakly PAS-positive cells resembled zymogenic cells,
an indication that they were mucous neck cells wundergoing
differentiation to zymogenic cells. Mature zymogenic cells,
found toward the bases of the glands. were always
PAS-negative.

In the stomachs from the 3,4-TCB—fed animals (figure
1é6¢), nearly all the epithelial cells of the gastric glands
were PAS—-positive, except for a few remaining zymogenic
cells occasionally encountered deep in the glands. This
change in the distribution of PAS-positive cells was
quantitified through measurement of the deepest extent of
PAS-positive cells within the glands of each section taken
from the cardia to the pylorus from the control and the
3, 4~-TCB-fed monkeys (figures 17 and 18). About 100 %o 130
measurements of the height above the muscularis mucosae of
the deepest PAS-positive cells were made from each section,
and the median height was determined. The median height of
the gastric mucosa measured from the muscularis mucosae was
also determined for each section. The distance between the
median mucosal height and the median deepest PAS—-positive
cell is shown as the heavily hatched area in figures 17 and
18. This heavily hatched area represents the total extent
of PAS-positive cells within the mucosa. The area below the
deepest PAS-positive <cells and the muscularis mucosae is

lightly shaded in the histograms. This area corresponds to
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the region of the glands occupied largely by zymogenice
cells. In the control histograms this area represents about
16%4 of the total mucosal area. In the stomachs of the
animals fed 3,4-TCB diet cakes (figure 18), PAS-positive
cells extended deeper; they reached all ¢the way to the
bases of the glands in many more experimental sections than
in control sections. In the experimentals the mean of the
percent of <the total areas occupied by zymogenic cells,
about 4%, was significantly less (t-test, p € 0.01) than the
mean of the percent of the total areas occupied by zymogenic
cells in the controls, 16.5%. The region of the greatest
change corresponded to the body of the stomach, where
zymogenic and parietal cells were most numerous in control
stomachs. Submucosal cysts, which occurred in the body
Tregion of the stomachs of 3,4-TCB-fed animals. were always
formed by PAS-positive epithelial cells (figure 16c3,
although occasional cells nearly devoid of secretory

granules were seen.

2. Alcian blue stain

Sections were stained for acidic mucosubstances with AB
at pH 2. 38. In contrel animal 9273, only ¢the surface
epithelial cells were AB—-positive, except in the pyloric
region: where the mucus—-secreting glandular cells were also
AB—-positive. In animals 8911 and 7761, surface epithelial
cells and mucous neck cellé were AB—positive. By

comparison, in the stomachs of the 3,4~TCB-fed animals,



nearly all the cells shown to be PAS-positive were also
AB~positive: and the staining reaction was generally much
stronger than in the controls. Only the cells at the very
bases of the glands were ABR-negative. These AB-negative
cells extended somewhat higher in the pylorus in the animals
fed toxic diet cakes. The epithelial cells that had invaded
the submucosa and formed cysts were nearly always strongly
AB—-positive.

Measurements of the deepest AB-positive «cells, like
those of the PAS-positive cells, were plotted in histogram
form (figures 192 and 20). In these histograms, the dark

striped area represents the extent of AB—positive cells, and

the light area beneath it represents ¢the extent of
AB-negative cells. In the control animals, these
AR-negative cells were the parietal cells: some of the

mucous neck cells, and zymogenic cells. In the 3,4-TCB—-fed
animals, these AB-negative cells were mostly mucus—secreting
cells {(which are PAS-positive); a few were zymogenic cells.
This AB-neagtive area occupies a mean of 50% of the total
area of the control histograms and a mean of only 19% of the
total area of the experimental histograms. These means are
significantly different by the t-Test (p< O.02). These
values are less than the corresponding values for PAS, since
PAS-positive cells were found deeper in the glands of both

control and 3, 4-TCB~-fed animals than were AB—positive cells.



3. High—iron diagmine stain

Sectiohs were stained for acidic mucosubstances with
high—iron diamine. In both the control and 3,4-TCB-fad
animals (figures 1&6b and 14&d? the high—iron diamine pattern
was indistinguishable from the alcian blue pattern.
Therefore, the AB—positive areas in figures 18 and 19 also

represent the extent of sulfomucin-producing cells.

4. Summary of mucosubstance staininag

In control animals mucosubstances wevre produced by t€he
surface epithelial and mucous neck cells, Acidic
sulfomucins were produced primarily by the surface
epithelial cells, but the weaker and more variable staining
of the mucous neck cells suggested that <their secretory
granules alseo contain acidic sulfomucins. in a relatively
smaller proportion than that in surface epithelial cells.
The mucous neck cells, and probably also surface epithelial
cells, also produced neutral mucosubstances since
PAS~positive mucous neck cells lower in the glands were
AB-negative, or stained only very weakly. Moreover, the PAS
reaction was always very strong in the surface epithelial
and mucous neck cells.

In the 3,4~-TCB~fed animals, nearly all the cells of the
gastric glands produced mucosubstances. These cells stained
more intensely for AB and high—-iron diamine than either the
surface epithelial or mucous neck cells in control animals.

This fact suggests not only that 3, 4-TCB induced a



{
conversion of specialized cells to mucous-secreting cells,

but also that their secretory granules contained relatively
more acidic sulfomucins than mucus—secreting cells in

control animals.

E. Pepsin Activity

Frozen samples of gastric mucosa were homogenized and
assayed for pepsin activity by the method of Ryle (143} in
which the release of tyrosine from hemoglobin is measured
spectrophotometrically at 280 nm. Three samples of tissue
were assayed from the body region of each stomach. The

results are shown below.



PEPSIN ACTIVITY

Control Animals 3:4~TCB Fed Animals
Animal Activity # Animal Artivity #
7994 #% 3.2 B&B6 2. &

4.0 3.5
& 5 &. 9
7006%% 5.0 9921 0
55 1.8
7.3 2. &
9273 12.9 246 0
‘ 20. 1 o
160. 4 i.2

# Activity is expressed as A A280 nm / mg protein / minute.
*¥#* Animals 7994 and 7006 were healthy young rhesus adult
females killed as controls for other experiments.

The pepsin activity in animals 9921 and 92446 was
considerably less than in control animals, but the activity
in 8686 was within the range for controls. Considered as a
group: the specimens from the 3,4-TCB-fed animals were not
significantly different from the contrels (Mann-Whitney U
test, p = 0. 4),

Animals 9921 and 92446 had very few remaining zymogenic
cells in the tissue samples examined microscopically. Some
samples from 8686 had numerous zymogenic cells, and in
others all gastric epithelial cells were converted ¢to
mucus—secreting cells. The pepsin activity seen in the
gastric mucosa of B48B6 may have been due to the persistence

of zymogenic cells in the areas that were assayed.



F. Avtoradiography of Gastric Epithelial Cells jin the
S-Phase

i. General remarks

Animals were maintained on control diets or on 3,4-TCB diets
until the animals fed toxic diet cakes began ¢to demonstrate
signs of malaise and loss of appetite. Through previous
experience we knew that the animals could be expected +to
have significant gastric lesions when these signs appeared,
but not always before they appearvred. In this study: the
signs appeared at between days 53 and 97. The animals were
brought to the autopsy Toom, given injections of
*H-thymidine, and killed 1 hour later. Their stomachs were
removed and specimens were taken along the full 1length o+f
the greater curvature. These were prepared for histology

and subjected to autoradiography.

2. escription of labeled cells and their locatiogn

Nuclei with three or more overlying silver grains were

consideved labeled, but in general many more silver grains
were present over each nucleus and the labeled nuclei were
readily wvisible (figures 21 and 22). In the control
animals, labeled nuclei occurred exclusively in the lower
foveolae and in the neck regions of the gastric glands in

all the sections examined, #fram the cardia to the pylorus.



The labeled cells were mucous neck cells in the neck region
of the glands, and immature surface epithelial cells in the
bases of the foveolae (figure 21). Parietal and zymogenic
cells were not labeled.

All the animals fed 3,4-TCB diet cakes had gastric
lesions with nearly complete conversion or replacement of
specialized gastric epithelial cells with mucus—secreting
cells. In these animals:, labeled cells were seen throughout
the gastric glands (figure 22) #from below the muscularis
mucosae in submucosal cysts to relatively high in the
foveolae, although no surface epithelial cells on the
surface lining the lumen of the stomach were labeled. A
wide variety of mucus—-secreting epithelial cell types were
labeled. Some were tall cylindrical cells containing large
numbers of secretory granules (figure 22a) and others were
short cuboidal cells with few mucus granules (figure 22c¢).
In both the control and 3,4~TCB fed animals, labeled cells
did not have features that distinguished them #from their
unlabeled neighbors. Labeled «cells were sometimes seen in
clusters, an indication that their cell cycles were in
synchrony, but labeled cells were Just as often randomly

dispersed throughout the gastric glands.

3. Freguency distribution of 3H-thymidine labeled cells

with respect to their positions
The shortest distance from each labeled cell <to the

muscularis mucosae was measured in each tissve block from



the cardia to the pylorus of the stomachs. All the labeled
cells within a given area of a section were measured:
usvally 150 to 300 cells. These distances were measuvred
under a microscope with a drawing tube attachment and a
digitizing tablet interfaced to a computer as described in
the Materials and Methods section. The data were
accumulated in separate files +for each section, and a
program was written to construct frequency distribution
histograms with a digital plotter. The Tesults are shown in
figures 23 through 23 for the contrel animals; and 26
through 28 for the animals fed 3,4-TCB diet cakes. The
ordinate represents the distance above muscularis mucosae
and the abscissa represents the relative frequency as
percentage of the total.

The frequency distribution of labeled cells with
respect to their distance from the muscularis mucosase
closely followed a normal distribution in nearly alil
sections from the control animals. Few labeled cells were
between 30 and 100 pm above the muscularis mucosae; none
were less than S50 um above it In contrast, in the
3: 4~TCB~-fed animals, many of the frequency distributions
were skewed toward the base of the glands. or were very
broad (platykurtic) or narrow (leptokurtic). In addition,
labeled cells were found 50 to 100 pm and only O to S50 pm
above the muscularis mucosae in many more sections in the
experimentals than in the controls (no labelled cells were

found O to 50 um above the muscularis mucosae in the
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controls). The means of the percentage of sections with
cells in these rTegions were significantly less in the
controls than in the experimental stomachs (t-Test, p < 0.01
for both distance intervals),

Labeled cells were found deeper in the glands of
experimental animale than in those of control animals, but
the median value in each distribution was not not shifted
significantly downward: as can be seen in figure 29 which
shows the median distance above the muscularis mucosae #for
labeled cells from each tissue block for each animal.
Although these median distances were not shifted downward,
(the mucosal height was somewhat higher in the bodies of the
stomachs from 3,4-TCB animals than those from controlsi
compare figures 17 and 18) the labeled cells were lower in
the glands in relation to the height of the mucosa. This
relationship is shown in figure 30, in which the ratio of
the median height of labeled cells ahove the muscularis
mucosae to the median mucosal height is plotted as a
function of the position of the section along the greater
curvature of the stomach. It can be seen that in conétrol
stomachs this ratio was somewhat constant, about 0.3
throughout the stomach, whereas in the body regions of the
stomachs of 3,4-TCB—~fed animals it was only 0.15 to O 3.
The mean of the raties in the body region of the
experimental stomachs was significantly less than the the
mean of the ratios from the same region in the controls

{t—test, p < 0.01).



These results indicate that although the mucosal height
increased with development of the gastric lesion, the
proliferative region did not maintain its same relative
position within the gland (its height above the muscularis
mucosa was mnot more than in the controls, and some labeled

cells were found lower than those in the control tissue).

4. abelin ensit £ 3H-thymidine bele gastric

epithelial cells

To estimate whether more gastric epithelial cells werse

proliferating in the 3,4-TCB-fed animals than in the
controls, I determined the number of H-thymidine labeled
epithelial cells per 200 ym of muscularis mucosal length for
all the sections taken along the greater curvature of the
stomach. This value represented the labeling density per
unit length of muscularis mucosae. The results shown in
figure 31 indicate that the density of labeled cells in the
gastric mucosa of 3,4-TCB-fed animals was no greater than
that in controls. Actually, the mean of the density wvalues
Just distal to the cardia was significantly less in the
3, 4-TCB-fed animals than in the controls (t-test, p < 0.035).
In two of three controls and two of three of experimental
animals, the density of labeled «cells was 3 to 10 fold
greater in the distal body and antral regions +&han in the
cardiac and +fundic regions, but this increase did not occur
in the third animal of either group.

The number of labeled cells was also determined per



square millimeter of mucosal arega in cross section. This
estimated the labeling density relative €0 the volume of
gastric mucosa. As seen in figure 32, the labeling
densities expressed in this manner presented very similar
patterns of fluctuation along the 1length of the greater
curvature as did the labeling densities expressed per unit

of length ef muscularis mucosae in figure 31.

5. Labeling indices of gastric epithelial cells

The proliferative cells of the gastric epithelium could

have shortened cell cycle times in the 3.4~TCB-fed animals;
it they did, this would explain the development of the
hyperplastic lesion. Since the duration of the S-phase in
gastric epithelial cells remains somewhat constant, even in
the presence of gastric disease (&63), the percentage of
cells in the S-phase, referred ¢to as the labeling index
(LI):, can be a measure of the relative cell cycle ¢times.
The LI would be expected to increase if the cells were
proliferating more vrapidly; tfaster proliferation would
depend on a shortening of G; and G,, and hence the S-phase
would occupy a greater portion of the total cell cycle time.

The Lis were determined in sections from control
animals and animals fed 3,4-TCB diet cakes. These L1Is
showed similar patterns of change #rom the cardia to ¢the
pylorus of each animal (figure 33), as did the corresponding
labeling density determinations (figures 31 and 32).

However. one notable exception was that I found no relative



increase in the LI in the pylorus of animal 2921, in which a
marked increase in labeling density was seen. The reason
for this phenomenon is that, although there were more cells
in the S-phase in this section. they were spread out
throughout the deep pyloric glands; hence the percentage of
labeled cells, the LI, was small. Nevertheless: the LIs of
3 4~TCB-fed animals clearly were not greater than those in
corresponding sections from controls; moreover: the mean of
the LIs distal to the cardia was significantly less (t-test.
p < 0.01) in the 3, 4-TCB—fed animals than in the controls.
I therefore think it wunlikely that the 3,4-TCB induced
hyperplasia was due to a decrease in cell cycle times, and
hence an increase in the tate of cell proliferation.
However. the possibility remains that the S—phase time might
also have been shortened proportionately, in which case the
LIs would have remained unaltered. even if the total cell
cycle time had shortened. I don‘t consider this possibility
likely since alterations in cell cycle times are usvally due
to changes in the "resting" periods of the cell cycle, G; or
G, and the time it takes for the genome to be replicated,
the S—-phase. usvally remains constant.

The mean of the LIs within the submucosal glands in the
body region of the stomachs of the animals fed 3,4-TCB  was
only 7.9 + 1.2 (s.e.m ), significantly less (t-test, p <
0.01), than the mean of the LIs in the primary proliferative
zone above the muscularis mucosae in €the same animals;

there the mean of the LIs was 18. 1 + 3.6 (s.e.m. ). It was



also significantly less (p < 0.05) than in the corresponding
sections from the controls, for whom the mean of the LIs was

16.1 + 1.4 (s.e.m. ).

b, Grain—count—decay experiment

The grain-count—decay method more directly indicates
the rate of cell proliferation than the LI method. The mean
grain counts of 3H-thymidine—~labeled cells remaining within
the proliferative compartment were determined and plotted
semilogarithmically as a function of the time elapsed since
the cells had been labeled initially. A least-squares,
best—fit linear regression line was constructed; its slope
approximated the rate of decay of labeling in the cells as
the cells divided. From this line, the time it took for the
mean grain count to become hal$ of the original value was
estimated. This time approximately corresponded to the cell
cycle time, since with each division the amount of labeled
DNA remaining in the daughter cells was halved. In figure
34 are shown the results of one such experiment, in which
control animal 893953 and 3,4-TCB-fed animal B&B6 received
injections of 3H-~thymidine; i1 hour later biopsy specimens
were removed at laparotomy. and again on days 3 and 7, and
also on day 9 for animal B&8&. Sections from all the biopsy
specimens were uniformly examined by autoradiography and the
mean grain counts of ctells remaining within the
proliferative region were determined. Although the slopes

of the regression lines were not significantly different by



analysis of covariance (0.2 < p < 0.4); the results
suggested half-times of about 1. & days #for the control
animal and 3. 0 days for the animal maintained on the 3, 4~TCB
diet. The biopsu specimens Ffram ¢the control animal all
appeared normal; those from the 3, 4~-TCB fed animal showed
development of the characteristic hyperplastic, cystic
glands seen in 3,4-TCB poisoning.

These results suggested a longer cell cycle ¢time for
the 3,4-TCB—-fed animal than for the control, the opposite of
what would be expected if the observed hyperplasia had
resulted #from an increase in the rate of proliferation of
the gastric epithelial cells.

Because the cell cycle times couwld only be imprecisely
estimated by this method, and because the vesults did not
suggest that the 3, 4-TCB-~induced hyperplasia resulted from a
shortening of the cell cycle time, the experiment was not

repeated.

@ Electron Microscopic Examination of the Gastric Mucosa

) et Scanning electron microscopu: Changes on the
surface of the gastric mucosa

Representative blocks of tissue were taken from all

regions of the stomachs of the animals fed control diet
cakes and the animals fed 3,4-TCB diet cakes. Changes were
seen in the surface architecture of the gastric mucosa from

3, A-TCB—-fed animals that had not besen readily apparent in



~

cross—sectioned, embedded tissue examined wunder a light
microscope. The changes included irregulavities in t&he
openings of the foveolae +to the surface and outward
extrusions or bulges of individual and groups of surface
epithelial cells. These changes were seen in all regions of
the stomach:. but were most pronounced in the cardiac,
fundic, and body regions.

In the cardia, the most prominent change was a bulging
of surface epithelial cells above the surface. In control
animals (figure 3Da), the surface epithelium formed a smooth
contour of hills and deep valleys; the valleys were the
openings to the foveolae. In the 3,4~-TCB—fed animals
(figure 35b), many surface epithelial cells protruded above
their neighboring cells, to make the surface very uneven;
many of these cells had discharged their apical secretory
granules.

Only in the 3, 4-TCB-fed animals did the entire surface
epithelium in the body region of the stomach seem to bulge
out around each foveola (figures 36b and 3b6c); individual
surface epithelial cells were also seen bulging outward. In
3, 4-TCB animal B6B4, the surface epithelium was particularly
irregular (figure 36c).

The foveolae (seen at a higher magnification in +figure
37) presented only narrow slit—-like openings to the surface
in the specimens from ¢the control stomachs, but in the
3; 4-TCB~fed animals, these openings were much larger.

In the antral and pyloric regions of the stomach, the



changes were less severe, and were limited primarily to
protrusion of the surface epithelial cells above the surface
in 3, 4-TCB—fed animals (figure 38b).

These phenomena, protrusion of cells above the surface
and an irregular surface contour, can be more clearly seen
at higher magnifications in figure 40, Control surface
epithelial cells from the body region (figure 39) presented
a uniformly smooth surface, much like a well-constructed
tobblestone road. However, in +the 3,4-TCB-fed animals
(figure 40), the surface epithelial cells seemed ¢to have
lost their cohesiveness to one another or to the basement
membrane, or were somehow forced upward. In any case, thay
presented highly irregular patterns of surface contours, and
many of the «cells «clearly bulged above the surface. The
apical surfaces of individual epithelial tells from
3, 4-TCB~fed animals (seen at higher maginification in figure
40) were often quite similar to those from control animals
(figure 39). However, cells with portions of their apices
discharged, or completely missing, were also seen in the
toxic fed animals, and they were rare in the controls

(figures 36b and 40b).
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2. Scanning electron microscopuy: Custic gastric glands in
animals fed 3,4,3‘,4’~tetrachlorobiphenyl

Freeze~-fractured and cut surfaces of
critical-point—dried gastric mucosa from normal and

3, 4~TCB-fed animals were examined by scanning electron
microscopy. In specimens of control gastric mucosa the
lumen of the glands were very narrows and little cellular
detail was visihle ¢that could not be better seen by light
and transmission electron microscopy in cross—sectioned,
plastic—embedded specimens. However. in specimens from the
3, 4~TCB-fed animals, the cystic nature of the gastric glands
was very prominent (figures 41 and 42). Masses of material.
almost certainly mucus secreted by the cells lining the
glands, were seen in the dilated lumen (figure 42a). This
mucus may have obstructed the lumen, restricted the outlow
of mucus, and thereby caused the glands to be swollen and
cystic.

The luminal surface of the «cells lining ¢the cystic
glands was covered by numerous small blebs, probably

microvilli (figure 42b).



3. Transmissgion electron microscopy: Gastric mucosa from
control and 3.4,3’,4'~tetrachlorobiphenyl-fed animals

Samples of gastric mucosa were obtained at autopsy from

the body regions of stomachs from animals sacrificed at
autopsy. The samples were fixed immediately; embedded;
and prepared for electron microscopy by conventional
methods. ©Since the structure of the gastric epithelial
cells in the animals fed 3,4-TCHB diet cakes undergoes
profound changes. it was important ¢to examine the normal
structure of these «cells to establish a baseline. In
control gastric mucosa the diversity of cell types and the
structural diversity of this tissue were evident in
low—magnification micrographs (figure 43%. Surface
epithelial cells (SEC) lining the lumen of the stomach were
clearly seen (figure 43a). They are the tall, cylindrical,
mucus—secreting epithelial cells whose prominent dark apical
regions are filled with secretory granules. The downward
indentations of epithelium:, the gastric foveolae or pits,
were also lined with surface epithelial cells. Celis deeper
in the #foveolae were somewhat shorter and had fewer
secretory granules. These were immature surface epithelial
cells that were formed lower in the isthmus region of the
glands and had migrated upward, to eventually replace
surface epithelial cells lost at the luminal surface of the
stomach. The lamina propria (LP) (loose connective tissue
that serves as a barrier to infection and provides

structural support and nourishment to the cells of the



structural support and nourishment ¢to the cells of the
gastric epitelium) contained fibrocytes, the endothelial
cells of capillaries and lymphatics, macrophages.
lymphocytes, mast cells, easinophils and others. The neck
region: which began beneath the foveolae, was lined with
mucous neck cells (MNC) and parietal cells (P) (figures 43b
and 43c) These MNCs and immature SECs are the proliferative
cells of the gastric epithelium. MNCs, like SECs, secrete
mucus. The MNCs were more cuboidal than SECs, and their
secretory granules appeared rounder and sometimes less
glectron—dense.

The uppermost parietal cell marked the upper 1limit of
the isthmus region of the gastric gland. More parietal
cells (whose function is to secrete HC1l) were seen deeper in
the glands (figure 43c). The uppermost and +the lowermost
MNCs marked the boundaries of the neck region of gastric
glands. A gradual transition of structure was seen from the
MNCs to zymogenic cells (Z) ffigure 43c).

Deeper in the glands (figure 43d), tymogenic cells
predominated, but occasional enteroendocrine cells were also
seen {(arrows). The muscularis mucosae (composed of smooth
muscle cells) lay at the bases of the glands;

The apical regions of the mature SECs were filled with
polygonal electron-dense secretory granules (figure 44a). A
few microvilli were visible on the luminal surface. These
were probably identical to the small surface blebs seen by

scanning electron microscopy. The middle region of these



tells were filled with endoplasmic reticulum:, ribosomes., and
small secretory granules. A few of these smaller granules
below the larger apical masses of granules appeared to be
moving upward to fuse with each other and the large
granules. Less mature SECs were seen toward the bases of
the foveolae above the isthmus of the glandé (figures A44c¢c
and 44d). Cytoplasmic details were more distinct in these
cells. As in mature SECs:, smaller electron—dense vesicles
appeared to migrate toward the apicres of the cells, where
they fused and formed larger secretory granules. The
smaller secretory granules were less dense than the larger
granules near the luminal surface. In the perinuclear
regions of these «cells horseshoe~shaped Golgi apparati and
numerous mitochondria were seen. Their cytoplasm appeared
to be specialized for the production of mucus.

Mucous neck cells (figure 435) were sﬁorter than 8SECs
and usually contained fewer secretory granules, which tended
to be round, wunlike the polygonal granuvles seen in mature
SECs {(figure 44a). Interdigitations of the plasmalemma with
neighboring cells, common features of all gastric epithelial
cells, were especially evident in mucous neck cells (figure
435b).

Mucous neck cells are proliferative cells that
differentiate to become other mature gastric epithelial cell
tupes. Those moving uvpward become SECs: and those moving
downward become zymogenic cells; some MMCs differentiate

within the neck region to become parietal cells. Evidence



for the differentiation of MNCs to parietal cells is seen in
figure 46. Mucous neck cells with only a few secretory
granules and numerous clear vesicles were seen between
neighboring., young parietal cells (Figure 46a). These small
vesicles were similar to those of the tubulovesicular system
in resting parietal cells (figure 47). Mitochondria, wvery
numerous in parietal cells (figure 47), were also numerous
in MNCs; their presence in large numbers in the MNCs was
further evidence that these cells were differentiating into
parietal cells. Canaliculi, numerous mitochondria with
tlosely packed cristae, and many electron—-lucent
tubulovesicles were clearly seen in mature parietal cells
(figure 47).

Mature iymogenic cells were found in the base regions
of gastric glands (figure 48),. They contained an extensive,
well-developed system of rough endoplasmic reticulum. Large
secretory granules filled most of the cytoplasm, especially
in the apical regions of the cells. These granules weve
more electron—-lucent than the mucous granules of MNCs and
B5ECs. Enteroendocrine cells, (figure 48b ) were most
abundant in the bases of the gastric glands. These cells,
whose origin is uncertain. were located above the basement
membrane, and hence were within the gastric glands, as were
the other gastric epithelial cells. Mast cells (figures 4Ba
and 48b) were located beneath the basement membrane in the
lamina propria.

As already shown by 1light microscopy, the gastric



glands of normal gastric mucosa were converted to cgstic;
hyperplastic glands in animals fed 3,4-TCB diet cakes.
Histochemical and pepsin assays of the tissue demonstrated
that the specialized epithelial cell tuypes of normal gastric
mucosa were replaced by mucus—secreting cells. The
structural details of these altered epithelial cells were
more clearly seen by transmission electron microscopy. The
changes from normal gastric mucosa were very marked (figure
49). The foveola of a dilated gland is seen in figure 4%a.
The cells lining the dilated glands were all
mucus—secreting, but their structure was unlike the normal
SECs seen at this level in control gastric glands. Many of
the cells appeared to have discharged all ¢their wmucous
granules into the lumen in an apocrine manner, i.e. the
entire apical portions of the cells were discharged. All
cells had irregular apical surfaces, and the lumens of the
glands appeared to be distended with mucus. The lamina
propria was very attenvated, unlike that in the wupper
portion of control gastric mucosa (figure 43a)

Dilated glands also occurred deeper in the mucosa
(figure 49b). The lamina propria was very thin and

flattened here, as elsewhere, possibly owing ¢€o tao the

dilation of the glands, The apical surfaces of the
mucus—secreting epithelial cells were very irregular
(figures 4%a to 49d). Frequently the mucus granules had

fused together, broken through the plasmalemma, and left the

cell without any membrane facing the 1lumen of the gland



(figures 49 and S0c).

Animal 9921 had the least severe gastric changes of all
the animals in this study. Presumably the lesion in this
animal had not progressed as #far as those as in other
animals. Electron microscopic examination showed that
although nearly all the «cells were mucus—secreting, they
lacked severe signs of «cell injury seen in the other
animals, and more «closely Tesembled the MNCs of the normal
control animals. Their apical surfaces were, however,
frequently very irregular (figure 4%9c).

Perhaps the most impressive feature of the
mucus—secreting epithelial cells was the great diversity of
their structures. In 3,4-TCB animal 9921 rather normal
appearing mucus—secreting cells were seen (figures 50a and
90b). They contained some mucous granules in their apices,
and intact plasmalemma with numerous microvilli on the
luminal, apical, surface. Unremarkable mitochondria weve
also numerous in the cytoplasm, and a few electron—lucent
vesicles were seen. These wvesicles were also found in
control MNCs that appeared to be differentiating into
parietal cells, but there they were more numerous. Dther
cell structures such as junctional complexes and elaborate
interdigitations of the plasmalemma with neighboring
epithelial cells were seen frequently (figures S50a and S0b).
Yet no <cells wundergoing differentiation to parietal cells.
nor mature parietal or zymogenic cells were seen.

Occasionally a few remaining zymogenic cells were seen by



light microscopy in the bases of isolated glands, although
none were encountered in any of the sections prepared for
electron microscopy.

In contrast to the relatively normal cells seen in the
animal 9921 were the epithelial cells in 3, 4-TCB animal 924¢&
(figure 49b and 49d) and at higher magnification in figure
9ic); these showed striking changes. The mucous granules
had fused and broken through the apical plasmalemma into the
lumen of the gland. Furthermore, the remaining cytoplasm
was disorganized, and the nucleus was flattened and has an
irregular outline. Cells in +the lamina propria also
appeared disorganized.

In 3, 4-TCB animal 7194 (figure 50d), a quite different
type of epithelial cell was seen. These tall cylindrical
epithelial cells from a submucosal cyst did not appear to
contain mucus—-laden secretory granules, a not unexpected
finding since light microscopic examination of PAS-stained
sections had revealed occasional groups of epithelial cells
without appreciable numbers of PAS—-positive granules in
gastric mucosa from 3:4-TCB animals.

Although the SECs were frequently quite normal in the
mucosa from 3, 4-TCB-fed animals, areas of surface mucosa
with greatly altered cells were also seen (figure Sial. In
these cells, the apical regions were not filled with masses
of secretory granules as in control SECs (compare with
figure 4431, The cytoplasm appeared disorganized and

contained numerous vacuoles and irregularly shaped secretory



granulas.

Irregularities in the cytoplasm of all the epithelial
cells in the gastric mucosa of animals fed 3, 4~TCB were a
common finding, although the cytoplasamic irreqularities
varied greatly from cell to cell. Long fibrillar structu§es
(figure 51b) were never seen in the gastric mucosa of
control monkeys. These structures resembled <the fibrils
seen in fibrillovesicular c¢ells in canine (21) and human
(31) gastric mucosa.

Alterations in membrane structures were also commonly
seen. Severely dilated endoplasmic reticulum (figure Sic}
was a common finding. The cell-to-cell interdigitations of
the plasmalemma seen in control gastric mucosa were also
Tegularly seen 3,4-TCB mucosa, but in <¢he 3: 4-TCEB-fed
animals these interdigitations frequently appeared
exaggerated and more extensive than normal (figure 3Sid).
The saccules of Golgi apparati frequently were abnormally
depleted and packed closely together (figures Sid and 52b).
Autophagic wvacuoles, seen only occasionally in control
mucosa, were commonly encountered in the mucosa of
3, 4-TCB—-fed animals (figure 32). In +the 3: 4-TCB-fed
animals, the avtophagic vacuoles were much larger than those
seen in the control animals., and they frequently were packed(

with many layers of membranes.



H. Serum Gastrin Levels

Serum gastrin levels were measured to determine if any
change had occurred after 3, 4-TCB feeding. An elevation in
serum gastrin levels could have been responsible for the
observed hyperplasia, or a decrease in gastrin levels could
have kept the gastric epithelial cells from differentiating.
Serum gastrin levels were determined by vTadioimmunoassay.
In the first experiment, blood samples were taken at 08:30
from the animals after an overnight fast; then the animals
were returned to their cages, in which control diet cakes
had been placed. Additional blood samples were taken at
intervals until 11:30 a.m. . The results (figure 53} showed
that the serum gastrin levels rose, presumably in response
to the food they had eaten. Animals 9921, 9273, and B911
showed similar fasting levels and postprandial Tises;
animal 9246 had a fasting 1level three times that of the
others, and his postprandial levels were proportionately
higher.

In order to minimize wvariations in the postprandial
responses of the four animals that might be due ¢to
differences in eating habits, I altered the procedure.
After their overnight fast, the animals were removed from
their cages and affixed to restraint crosses; & blood
sample was taken from each at 08:30. WMasongastric tuhes were
then inserted and each animal was fed 7% ml of Cutters
Formula 2 liquid diet. Additional blood samples were then

taken about 735, 130, 180 and 240 minutes after the feeding.



This vregime was repeated on 3 separate days for the Ffour
animals. The fasting and postprandial gastrin levels
(figures 54, 55, 356, and 57) were very similar to those of
the previous experiment. Animal 9246 continued to have high
gastrin levels. These values were considered baseline.

Animals 9246 and 9921 were placed on diets containing 1
ppm of 3, 4-TCB, and animals B8%11 and 9273 were left on
control diets. Fasting and postprandial serum gastrin
levels were monitored throughout the experimental feeding
(figures 54, 55, 56, and 57), and no significant changes
were observed in animals 9273 and 8911 (control diets) or in
animal 9921 (3,4~-TCB diet). The wvery high gastrin levels in
animal 9246, seen in all four of the determinations made
before the experimental feeding had begun:, persisted only in
the determination performed after 8 days of 3,4-TCB feeding.
After 22 days of 3.4-TCB feeding, the gastrin levels were
much lower and were similar to those seen in the other
animals: except that no postprandial rise occurred.

In animals 9921 and 9246 significant gastric lesions
developed and the specialized gastric epithelial cells were
replaced with mucus—secreting cells, Since the fasting and
postprandial gastrin levels appeared unchanged throughout
the experimental feeding of animal 9921, I concluded ¢hat
alterations in gastrin levels were not necessary for the
development of the 3,4~TCB-induced gastropathy.

The stomach contents of all four of these animals were

aspirated through the nasogastric tube before the
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introduction of food throughout the experiment. In all
animals the contents were consistently of a neutral pH
before and after the experimental feeding. Carrect
placement of the stomach tube was confirmed in one instance
by X-ray examination; and in all other instances by
introducion of 10 ml of water and subsequent recovery of the
water through the nasogastric tube. Animal ?24& had very
high fasting and postprandial gastrin levels and appeared
entirely normal before experimental feeding, but his fasting
stomach contents were never acidic.

One hypothesis for the decline in serum gastrin levels
in animal 7244 is that the production of abnormal amounts of
gastrin occurred in overactive or overabundant € cells in
his stomach: after prolonged feeding of 3, 4-TCB diet cakes
to this animal, the gastric epithelial cells, including the
G cells in the stomach. but not those in the pylorus, were
converted to mucus—secreting cells. Thus, the only
remaining gastrin production would have heen in the
gastrin—secreting G cells in the pylorus.

The gastrin levels of animal 9921 did not change. A
possible explanation, persistence of € cells in the
ducdenum, is consistent with the histolaogical observations
of sections stained by the Grimelius argyrophilic reaction,
which specifically stains gastrin-containing ¢ cells. Only
occasional G cells were seen in the body regions of stomachs
from control animals (figure $8a), but many more were found

in the antrum and duodenum. Although 6Grimelius-positive



cells were absent from the body regions of animals 9921 and
9246, they were still present in areas of the antrum and
were abundant in the pylorus (figure 58b). Thus the
abundant 6 cells remaining in the pylorus of the 3, 4-TCB-fed
animals may have sustained the gastrin levels in animal 9921

and provided the remaining gastrin seen in animal 9246.
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IV. DISCUSSION

In previous studies my colleagues and I (13) and others
(2, 7, 14) have clearly established that commercial mixtures
of PCBs induce pronounced morphological changes in the
gastric mucosa of rhesus monkeys when fed at dietary levels
as low as 10 ppm and at levels as low as 0.3 to 3.0 ppm of
3,4-TCB (1164). These changes include the development of
hyperplastic, custic, gastric glands that extend beneath the
muscularis mucosae to form submucosal cysts (2, 7, 14, 13,
116). To investigate the manner in which this lesion
develops: my colleagues and 1 fed monkeys diet cakes
containing O, 3, 10, 30 or 100 ppm of a commercial mixture
of PCBs., Aroclor 1242 (13). Serial biopsy specimens werse

taken from the animals at monthly intervals for as long as &

months. The PCBs caused an apparent failure of the
proliferative cells in the MUCOUS neck region to
differentiate to zymogenic and parietal cells. Mature

parietal and 2ymogenic cells were seen. but only in the
bases of the gastric glands, where normally the oldest
gastric epithelial cells are found. Other evidence
(McNulty, unpublished data) suggests that PCBs and their
Trelated compounds may also be capable of converting mature
zymogenic and parietal «cells into mucus—secreting cells.
When a rhesus monkey was fed a diet containing 20 parts per

billion of TCDD. it became ill after only & days, and died
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atfter 12 days of the TCDD regimen, In this animal virtually
all the cells of the gastric epithelium were mucus—secreting
cells. I the mucosa was normal before the TCDD feeding.
the epithelial cells must have somehow been converted to or
replaced by mucus—secreting cells. But since this occurred
more rapidly than could be explained by the normal turnover
of zymogenic and parietal cell populations, I believe that
the mature, specialized «cells were converted directly to
mucus—secreting cells.

Regardless of whether or not mature zymogenic cells can
be converted to mucus—secreting cells, or only replaced as
they die by younger mucus—secreting cells which have failed
to differentiate, these previous studies did not explain the
mechanism of gastric epithelial hyperplasia and resultant
mucosal thickening and extension of the gastric glands below
the muséularis mucosae. Clearly, there is an alteration in
the steady—state dynamic equilibrium of cell loass and
replacement. As postulated in the Introduction, the
hyperplastic changes <could be caused by any one or
combination of different mechanisms, including those

discussed below.

Mechanism 1. Proliferation occurs uniformly throughout
the gastric gland, that is, all cells become capable of
proliferation. and cell cycle times may or may not be

altered.
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Mechanism 2. Gastric epithelial <c¢ell proliferation
occurs only in the normal proliferative zones in the
isthmus and the neck, but the «cell cycle times are
shortened: and therefore more cells are formed than are

lost.

Mechanism 3. Proliferation may occur normally in the
normal proliferative zone, and additional proliferation

occurs in other zones and cell types, such as:

a. In the surface epithelial cells

b. In immature cells that retain their
proliferative capacity and fail to differentiate
€. In parietal and zymogenic cells that have lost
their specialized function and have acquired

proliferative capacity

In this study, three control monkeys and three monkeys
fed a highly toxic polychlorinated biphenyl,
34,3’ 4'~tetrachlorobiphenyl (3, 4~TCB), received ingjections
of 3H—thgmidine and were sacrificed one haur later.
Auvtoradiographs were prepared of sections from blocks of
tisswe taken along the greater curvature from the
esophagogastric junction +to the pylorus. The positions of
3H—thumidine—-labeled gastric epithelial cells were measured
in relation to the muscularis wmucosae, and frequency

distribution histograms wevre constructed of these positions.
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In control animals (figures 23, 24, and =25), the
pattern of distribution approximated a normal distribution
in nearly all the sections, and the median position was
about midway from the muscularis mucosae to the surface of
the gastric mucosa. Almost no labeled cells were
encountered in the bottom of the glands, less than 100 pm
from the muscularis mucosae, and none were seen less than 50
pm from the muscularis mucosae.

In sharp contrast to the control animals, the animals
faed 3, 4-TCB had quite varied distributions of labeled cells
{figures 2&, 27. and 28). In some sections the distribution
was very narrow {(leptokurtic) and was located near the bases
of the glands; in other sections the distribution was very

broad (platykurtic) and ranged from the bases of the glands

to near the surface; while in many other sections the
distribution was more normal. Most importantly., however,
labeled cells were seen in the bases of the glands, less

than 50 pm from the muscularis mucosaé. in the majority of
the sections of two of the animals, and in all of <the
sections of one animal. The percentage of the labeled cells
in this region was always less than 104 and was usuvally only
i or 2% of the total number of labeled cells. These few
labeled cells in the base Tegions may be very important, as
I will explain.

In the normal gastric mucosa. the magjority of all newly
formed epithelial cells migrate upward to the surface; where

they become the surface epithelial cells (74, 118, 163) and
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are eventually either extruded inte +the lumen of the
stomach, or degenerate in situ (&42). Only a small number of
the newly formed cells migrate downward (&35, 81, 172 to
replace the plder zymogenic and parietal cells, which either
are extruded, in this case into the glandular lumen, or
degenerate in situ. The number of cells that migrate
downwards must exactly balance the number lost in order to
maintain the population of cells in a steadu-state. Since
no labeled cells were seen in the bhase Tegions of control
animals, I have concluded that cell proliferation does not
normally occur there.

Therefore the presence of even a few labeled cells in
the base region of the gastric glands of 3, 4-TCBE—~fed monkeys
represents an additional source of new epithelial cells for
this region. Without a corresponding increase in cell loss,
which was not observed, the increase in the number of cells
being added to the base region above that required to
balance normal loss must surely cause the total population
of cells in the base region to increase.

The labeled cells in the bases of the glands and
elsewhere in the 3, 4-TCB-fed monkeys were indistinguishable
from their neighbors; thus, it may be that all the cells in
the bases of these glands are in wvarious stages of the
proliferative cycle. It is quite possible they are since no
cells were observed differentiating into mature specialized
cells; therefore cell aging and death might not occur. The

cell population would then be expanding exponentially,
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limited in growth only by the availabiliity of an adequate
blood supply.

In mechanism 1, postulated above, all the epithelial
cells in the gastric mucosa would wniformly become cspable
of proliferation. The results shouwn in figures 264, 27, and
28 indicate +that this mechanism is very unlikely;, labeled
cells did not occur with a uniform frequency throughout the
glands, but rather were more frequent in a zone, usually
centered in the middle of the gastric mucosa. Cells were
less frequently labeled, in general. the further away they
were from this zone; and no labeled cell§ were seen at the
surface.

In mechanism 2, above, cell proliferation would occur
only in the same population of ﬁroliferative cells as in
normal animals, except that the cell cycle times would be
shortened. Cell formation would exceed <cell loss and
hyperplasia would result. However, two independent
observations indicate that this mechanism is also unlikely.
First, in the grain-count—-decay experiment (figure 34), the
grain—-count—~decay rate in the 3,4-TCB~fed animal was not
greater,; and even appeared less than that in the control
animal, an indication that the cell cycle time may even be
somewhat longer in 3. 4~TCB-fed animals than in controls.
Secondly, the relative 1labeling densities were determined
throughout the stomachs of the animals (figures 31 and 32),
and the results indicated that regardless of whether the

labeling density was expressed in relation to a unit length
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of muscularis mucosae or in relation to the area of mucosa
in cross—section, the relative numbers of «cells in the
S-phase in 3,4-TCB-fed animals were not measurably greater
than those in controls. The labeling density was even less
near the cardiac region in the 3, 4~-TCB-fed animals than in
the controls. Similarly, comparison of the labeling indices
in the proliferative zone in the 3,4-TCB-fed animals with
the controls also failed to show any increase (figure 333,
and the labeling index was actually less in the same Tegion
near the cardia, as was the labeling demsity.

Use of relative measurements of the number of cells in
the S-phase, such as the labeling index and the labeling
density as indicators of the rates of proliferation of cell
populations has as its principal limitation the fact that
changes in the S-phase duration could inecrease or decrease
the labeling index or density without any real change in the
number of proliferating cells or their total cell cycle
times. Lacking knowledge of the duration of the S-phase in
the gastric mucosa of these animals; I cannot exclude the
possibility that there may be differences in the
proliferation rates in the 3,4-TCB-fed animals that are
masked by changes in the S-phase duration.

The estimation of cell cycle time by the
grain—count-decay method was limited by its imprecision.
Despite the limitations of the methods used in this study, I
found no evidence of a more rapid rate of cell proliferation

due either to a shorter cell cycle or a larger proliferative
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cell popuvlation in the gastric mucosa of the 3,4-TCB-fed
animals.

Therefore I believe that mechanism 3 is wmore likely,
i.e., additional proliferation gaccurs in cells that failed
to differentiate. and possibly also in zymogenic and
parietal cells which loose their specialized functions. The
downward growth of the gastric glands may be explained by
the presence of proliferating cells in the bases of these
glands, where proliferation does mnot mnormally occur. It
this abnormal proliferation results in excess numbers of
cells in the bases of the glands that cannot expand upward,
these cells would be forced to expand downward through weak
points in ¢the muscularis mucosae. This would form
submucosal glands and submucosal cysts would result from the
continued proliferation of the cells lining these glands and
by the secretion and accumulation of viscous mucous
material.

Although a plausible explanation for the development of
submucosal cysts has been presented, the increased height of
the gastric mucosa and the irregular configurations of
surface epithelial cells seen by scanning electron
microscopy cannot be sop easily explained. I+ the middle and
upper regions of the gastric gland are simply forced upwards
as the base region increases in mass due ¢o fthe abnormal
vccurence of proliferation in the base, the major zone of
praliferation should also be forced upward. But this major

zone of proliferation seems to remain at a nearly constant
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height. Figure 29 shows the median heights of labeled cells
above the muscularis mucosae. The data clearly indicate
that the proliferative zone has not shifted upward, and may
even be shifted downward somewhat.

In any case, Hattori (&64) has demonstrated that the
proliferative zone in the gastric mucosa of hamsters is
firmly anchored by a stromal sheath of fibrocytes and
collagen fibrils which are in contact with the basement
membrane of the proliferative cells. Hattori believes that
the tight stromal sheath plays an important role in
maintaining the proliferative capacity of the cells it
surrounds; and once newly formed cells leave the confines
of the sheath, they 1lose +their proliferative capacity.
Rhesus gastric glands do not appear to be as rigorously
ordered as those of the hamster, and I could not clearly
identify a stromal sheath as described by Hattori. Further
morphological studies are needed to determine whether t¢he
proliferative region is as firmly anchored in monkeys as it
appears to be in hamsters.

If the proliferative region is somehow anchored in
rhesus monkeys, and rvemains so after 3,4-TCB feeding, the
following hypothetical mechanism for the development of the
3: 4~TCB induced gastric lesion would be reascnable: In
normal animals a stromal sheath maintains the position of
the proliferative zone. Most of the newly formed cells
migrate uvpward and differentiate to surface epithelial

cells, and some of +the newly formed cells begin to
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differentiate into parietal cells and continue this
differentiation as they migrate downward (figure 39). The
newly formed parietal cells must in some way, presumably
mechanical, be prevented from migrating up vevry +ar, since
they are never encountered above the isthmus regions of the
glands. Some newly formed undifferentiated cells, as well
as young parietal cells, migrate downward. but only when
cell loss from the base regions of the glands creates
vacancies. Such vacancies would release the pressure of the
cells on their neighbors; when this cell-to-cell pressure
in the base of the glands becomes less than the cell-~to—~cell
pressure in the proliferative zone, «cells would migrate
downward from the regien of greatest pressure, in the
proliferative region, to the region of least pressure, in
the bases of the glands. Cells other than parietal cells
that migrated downward would become zymogenic cells. This
differentiation might be determined by environmental factors
in the base regions of the glands, and net by the actual
downward migration itself.

Mext: consider the effects of feeding 3, 4-TCB to rhesus
monkeys. My proposed model for the altered proliferation
and migration of gastric epithelial cells is shown in figure
60. According to this model, the «cells which migrate
dounward fail to respond to environmental cues to
differentiate. They continue to proliferate after migrating
downward and their number exceeds the number of Vacancies

created. The extra cells cause increased cell~to~cell
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pressure within the glands and where possible, the glands
are forced downward through weak points in the muscularis
mucosae, e.g., where the blood vessels from below penetrate.
These become submucosal glands:, and uvltimately cysts. Where
the glands cannot penetrate the muscularis mucosae, the
cell-to~cell pressure increases until it becomes impossible
for cells to migrate downward #£rom the principal zone of
proliferation in the isthmus and neck regions. Continued
proliferation in these regions forces newly formed cells %o
migrate in the only direction remaining: up. There may
even be a net migration of cells from the base region upward
through the neck and isthmus tegions to the surface. Cells
normally migrate vpward to fill vacancies created by loss of
surface epithelial cells by extrusion into the lumen of the
stomach and by in situ degeneration. The upward redirection
of newly formed cells that would normally migrate downward,
pPlus a possible vpward migration of cells +#rom the base
region, could create a greater number of cells migrating to
the surface than is required to fill the vacancies caused by
normal cell loss at the surface. This surfeit of cells
arriving at the surface could account for the apparent
foveolar hyperplasia and abnormal outward bulging of surface
epithelial cells seen in the 3, 4-TCB—fed animals.

The mechanism just described still vequirtes that there
be a net production of new cells that is greater than cell
loss, in order that +the glands become hyperplastic and

increase in height. Yet, as Just discussed, I have no
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evidence even suggestive of a greater production of new
epithelial cells. The missing factor may be a decrease in
cell loss from the base regions of the glands rather than an
increase in cell production. Indeed, such & decrease in
cell loss is guite likely since it appears that cell
division continues and differentiation is halted in the base
regions of glands in 3,4-TCB induced lesions. As these
cells continue +to divide, they may escape aging, and the
cessation of normal «<cell 1loss in their bases may be
sufficient to result in the accumulation of excess cell
numbers in the gastric mucosa. Considering that it wusvally
takes weeks ¢o months for the hyperplastic changes to
develop. even though conversion of specialized cells fto
mucus—secteting cells may occur in less time, this may be a
Teasonable explanation for the development of this
hyperplasia.

The altered functional and structural characteristics
of the epithelial «cells in the 3.4-TCB~induced gastric
lesion were examined by a variety of methods. Histochemical
reactions «clearly established that the specialized
zymogenic., parietal, and enteroendocrine cells had been
replaced by mucus—secreting cells. The mucous material was
shown by the high—iron diamine reaction to contain acidic
sulfomucins. Recent work with human gastric mucosa has
shown that the production of sulfomucing may be used as a
marker of precancerous changes in humans (78, 1523,

However, the occurrence of sulfomucins in the 3, 4-TCB
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induced lesions of monkeys may not have the same
significance, because sulfomucins were also observed in the
mucous neck cells and to @ lesser extent in the surface
epithelial cells, whereas in humans sulfomucins are not
normally seen in the gastric mucosa (78, 150).

The conversion or replacement of cells to
mucus—secreting cells was also accompanied by a loss of
pepsin activity in two of the three animals fed 3.4-TCB. In
addition, parietal cells were absent. and in one animal, the
pentagastrin-stimulated production of gastric acid steadily
decreased when the animal was placed on a 3, 4~-TCB diet, but
this phenomenon was not studied in the other animals owing
to their inconsistent response to pentagastrin before toxic
feeding began. But since no cells with structures
resembling the tubulo-vesicular system of parietal cells
were seen in the experimental stomachs, it is unlikely that
these stomachs could produce acid.

Examination of the gastric mucosa by transmission
electron microscopy established the fine structure of the
normal gastric epithelium in rhesus monkeys and provided
control data against which the epithelial «cells in the
3, 4-TCB~induced lesion could be compared. Perhaps the most
striking feature of the epithelial cells in this lesion was
their diversity of structure. Some c¢ells were tall and
cylindrical with few secretory granules:; others in
neighboring areas were short and #filled with secrefory

granules in their apical regions. The epithelial cells in
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this lesion showed many of the specialized structures seeon
in normal cells., such as Jjunctional complexes, plasmalemma
interdigitations with neighboring cells, well-developed
endoplasmic reticulum and ©Golgi bodies, and NUMETOUS
microvilli. Not surprisingly, however, these cells also
showed many of the same morphological changes that my
colleagues and I previously noted in the earlier stages of
minimally developed PCB—induced gasztric lesions (13}, These
included such changes as dilated rough endoplasmic
reticulum, an increase in the number and size of autophagic
vacuoles, and irregular apical surfaces facing the lumen of
the glands. In the advanced lesions described here, many of
the specialized membrane structures appeared abnormal. For
example, the Golgi apparati appeared depleted and their
cisternae were closely packed together. The plasmalemma
interdigitations appeared excessively élaborate. and many of
the secretory granules were fused together,' In some
instances, the entire apical region appeared +to have been
discharged into the 1lumen. Dther ahbhnormalities were
irregularly shaped nuclei, suggestive of pyknosis, and
disorganization of the entire cytoplasm in some <cells.
Although many of these changes were suggestive of cell
injury. or even death, there was no corresponding
inflammatory reaction or other signs indicative of cellular
necrosis. Even the most irregular appearing cells were
occasionally labeled with 3H—thgmidine. an indication ¢hat

despite the profound morphological changes, cellular
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proliferation continued.

In the first report of this PCB-induced lesion, Allen
and Norback in 1973 (7) described stratified arrangements of
preliferating epithelial cells that they believed penetrated
the basement membrane in serial sections of the submucosal
cysts examined by light microscopy. I, however, could #£ind
no evidence for such aggressive and malignant behavior.
Rather I found that the epithelial <cells throughout this
lesion, including those in submucosal cysts. always remained
arranged in & single layer of cplumnar or cuboidal
epithelium bounded by an intact basement membrane.

Examination of the surface of the‘gastric epithelium by
scanning electron microscopy revealed changes not readily
apparent by transmission electron microscopy or 1light
microscopy. These changes included foveolar hyperplasia
with dilated foveolae, irregular protrusions of the surface
epithelial cells from the surface and clusters of cells
bulging from the surface. These changes were not confined
to the body region of the stomach, where the pronounced
mucosal thickening and invasion of the submuosa occurred.
but were seen throughout the stomach from the cardiac to the
antral regions.

Many of the other changes were also seen throughout the
stomach. These included conversion of specialized
epithelial cells to mucus—secreting cells; an increase in
the extent and intensity of alcian blue staining of acidic

mucosubstances; a similar increase in high-ireon diamine
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staining of sulfomucins; and the abnormal occurrence of
proliferating epithelial cells in the bases of the gastric
glands. Yet the most advanced lesion developed only in the
the body rvegion of the stomach, where parietal cells would
otherwise be abundant. It may be that the body region is
somehow more susceptible to the toxic effects of 3, 4-TCB.
that the lesion begins sooner here, and that if the animals
could have 1lived longer on these toxic diet regimens:, the
pronounced gastric lesion would have developed in the ofther
stomach regions as well. The peculiar vulnerability of the
body Tegion brings to mind the possibility that the mucosa
in this area simply is exposed to 3,4~TCB in the food longer
and in closer contact to the mucosa, while the food sits in
the stomach and is churned around by contractions of the
stomach wall before it is passed on to the duodenum.
However, an experiment by McNulty (unpublished data) has
indicated that direct exposure ¢to 3, 4-TCB in food is nof
necessary for the development of the characteristic stomach
lesion. In ¢this experiment a monkey rteceived multiple
intraperitoneal injections of 1.75 mg of 3:,4-TCB three times
a week for 55 days, when it died. This animal had the +full
spectrum of pathologic changes in the skin, the stomach, and
elsewhere seen in animals fed equivalent amounts of the
toxic compound.

The toxic effects also extended beyond the stomach.
Increased thickness of the squamous epithelium lining the

esophagus is evident in figure 10, and dilatation of
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Brunner ‘s glands in +¢he duodenum is seen in figure 14. No
pathologic changes were noted elsewhere in the
gastrointestinal tract distal to the duodenum: but recently
MchMulty has noted metaplastic changes in the salivary glands
of the tongue and in esophageal glands and hyperplasia in
the bile duct (unpublished data). Therefore:. these tissues
may have some factor in common that is not shared by other
tissues in the body. The factor could be a2 regulatory
mechanism that develops in these tissues of similar
embryonic origin, with which these chlorinated biphenyl
compounds interact. It must cevrtainly be a specific
structural site of a macromolecule since 3,4-TCB and
structurally related compounds are very toxic, and their
toxicity depends on certain structural features of the
molecules.

The mechanism of toxicity of +the chlorobiphenyls and
related compounds is as yet unknown (132). However, a
biochemical response to these compounds has been found and
extensively studied by Poland and €Glover (131). They
reported high affinity, stereospecifc binding of
2,3, 7,8-tetrachlorodibenzodioxin (TCDD) by mouse liver
cytosol. They studied numerous cangeners of TCDD, chloro-
biphenyls: azo and azoxybenzene, and chlorobiphenylenes
(131, 132) and found that compounds with ¢the highest
affinities for mouse liver cytosol also most actively
induced aryl hydrocarbon hydroxylase; movreover, these

compounds all produce a similar toxic syndrome. The most
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toxic compounds are all approximate stereoisomers. Their
molecular structures can it into a rectangle 30 X 100 nm,
with the chlorine atoms occupying the corners (132). This
biochemical induction of AHH by these compounds correlates
well with their known toxicities (132), but it does not
account for any of the pathologic changes seen. Even in the
liver the morphological changes do not seem severe enough %o
cause death. However, Poland and Glover (130) have recently
shown that the presence of the cytosolic TCDD binding
receptor segregates with the Ah locus in mice; the toxic
effect of thymic atrophy and the teratogenic effect of cleft
palate formation also segregate with ¢his locus. They
maintain that since the Ah locus controls the induction of
numerous enzymes besides AHH, TCDD and related compounds may
induce the expression, oar possibly the repression, of any
number of genes, one or more of which results in \the toxic
effects on the animals, and the induction of AHH activity
itself is not necessarily responsible for the toxicity
(130).

Attempts to elucidate the biochemical basis of the
toxicity of these compounds have been frustrated by the
failure to f#ind a suitable, susceptible cell 1line for
studies on these compounds in an isolated tissue culture
system. HKnutson and Poland (90) tested 23 cell types for
possible in wvitro toxicity +to TCDD. All the cell types,
even those that responded to TCDD by inducing AHH activity.

failed to show signs of toxicity. It may be that the
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pathologic changes can only be produced in whole animals,
i.e., in an environment in which different cell types
interact with each other. The pathologic changes might be
mediated through hormenal changes. The loss of
differentiated function and the hyperplasia observed in the
gastric mucosa of monkeys fed these toxic compounds
suggested to me that the gastrointestinal hormone. gastrin,
which is known ¢o be important in the proliferation of and
differentiation of immature gastric epithelial cells into
mature parietal and zymogenic cells (30, 61, 120, 173, 174).
might somehow be invelved in mediating the pathologic
changes seen in the stomach. However. neither the fasting
nor the postprandial serum gastrin levels were altered in
one of the animals in whom an advanced gastric lesion
developed, and so the involvement of this hormone seems
unlikely.

The possibility that other hormones, either known or
yet to be discovered, might be involved in the develo;ment
of this gastropathy cannot be excluded. Epidermal growth
factor, a3 small polypeptide hormone isolated from the mouse
submandibular gland has been shown to stimulate Dia
synthesis in mouse tongue, esophagus and stomach (146).
This hormone, which is structurally similar to human
urogastrone and appears to have identical biological
activities, is an example of a growth regulating hormone
such as could possibly be involved in the development of the

gastropathy induced by 3.4-TCB and related compounds.
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However, my observations that the cell cycle time does not
shorten and that the lébeling index and labeling density do
not increase in the gastric mucosa of monkeys fed 3, 4-TCB.
seem to argue against hormonal stimulation of proliferation.

It may be some time before the molecular basis for the
development of the peculiar lesions induced by 3, 4-TCB and
related compounds is understood. We still do not know why
the animals die. The morphological changes seen at autopsy
do not by themselves seem sufficient. The severity of the
gastric lesion does not always correlate well with the
general health of the animal, but may very well contribute
to the loss of appetite and subsequent weight loss. It has
been suggested that malabsorption of nutrients might occur,
a possible explanation for wasting seen in this syndrome.
However:, no impairment has been found in absorption from the
intestine, or in transfer to the cells, of carbohgdrates;
tatty acids, and amino acids in rats fed TCDD (122).

To determine whether the wasting seen in TCDD poisoning
rauvses death, Qasciewicz et al. (49} fed rats intravenously
a total parenteral nutrition fluid on & continuveus basis.
When 100 pug of TCDD / kg of body weight were injected into
the rats, parenteral nutrition protected the animals against
weight loss, and they even gained weight. They died,
nevertheless, within 13 to 17 days after treatment, and had
severely damaged livers. Thus, although weight loss is a
constant feature of 3,4-~TCB—- and TCDD-induced toxicity., it

does not appear to be the cause of death. It is wuseful ¢o
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compare the 3,4-TCB-induced gastropathy in rhesus monkeys
with other lesions 6F known or unknown causes, in order to
see what features they may have in common. Such knowledge
might help vs wunderstand the mechanisms by which these
lesions develoap.

The lesion in Menetrier’s disease resembles advanced
gastric lesions induced by 3,4-TCB, TCDD, and related
compounds. The disease is characterized by deep elongated
rugae, interstitial round cell inflammation. hyperplastic
proliferation of gastric epithelial cells, «cystic dilation
of the basilar portion of the gastric glands, occasional
penetration of the muscularis mucosae by the gastric glands;
submucosal edema, and protein loss resulting in
hypoproteinemia and peripheral edema (16, 22, 27, 135, 145).
However, Menetrier‘s disease differs from the lesion seen in
3: 4-TCB poisoning in that mature parietal and zymogenic
cells frequently persist and sometimes increase in numbers,
although in some areas they are totally replaced by
mucus—secreting cells. Furthermore, the elongated rugae
form a more regular surface pattern than the disorganized
surface seen in 3,4-TCB poisoning. Alsor the consistent
infiltration of the lamina propria with inflammatory cells
is an additional feature of Menetrier’s disease not seen in
3, 4-TCB poisoning. Hansen et al. (40) studied several
patients with Menetrier’s disease. They determined by
immunofluorescence microscopy that only the IgM-containing

cells, and not the IgA and IgG cells, increased in number in
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the gastric mucosa. They also found that the H-~thymidine
labeling index of the gastric epithelial cells was elevatad,
but not consistently in all +the patients. Menetrier ‘s
disease has also been noted in a rhesus mankey {(1&67).

There appear to be sufficient differences between
Menetrier ‘s disease and the 3,4-TCB induced gastropathy to
make a common pathologic basis wunlikely. The pathologic
mechanism of Mentrier’s disease is unknown, but a
short—lived variant, seen in children, may resuvlt from
infection by cytomegalavirus (80).

l.oss of parietal and zymogenic cells is also seen in
atrophic gastritis and pernicicus anemia (32, 43). In
addition, there is an alteration in the distribution of
3H-~thymidine—labeled cells (40). In mild atrophic
gastritis, labeled cells occur at the uppermost Iluminal
surface of otherwise normal appearing gastric foveolae. In
patients with partially intestinalized gastric mUcosa.
occasional labeled cells were also seen at the uppermost
luminal surface of normal appearing foveolae; but in those
glands with more advanced intestinal metaplasia,
IH~thymidine labeled cells were located exclusively at the
bases of the intestinalized glands. However, this
intestinalization of gastric mucosa (replacement of normal
gastric cell types by mucus-—-secreting cells similar to those
seen in the intestine) is quite different from the increase
in number and extent of distribution of cells resembling

mucous neck cells seen in 3,4-TCB—induced lesions. &
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further difference is that in 3,4-TCB induced lesions,
3H—thqmidine labeling never shifts exclusively to the basse,
as in intestinalized glands of atrophic gastritis, nor do
3H~thgmidine labeled <c¢ells occur at the surface of the
gastric epithelivm.

N-methyl-N'~-nitre~N-nitrosoguanidine (MNNG) is a potent
gastric carcinogen widely vsed as an experimental model for
chemically induced cancer of +the stomach in dogs and rats
(151). In rats, MNNG induces well~-differentiated and poorly
differentiated types of adenocarcinomas and signet-ring cell
carcinomas (160). HKohli et al. (92) found a signiticant
difference between the labeling indices of the antra of
normal rats, in the antra of MNNG—-treated rats, and of
Cancerous lesions in the antra of MNNG-treated rats.
However, they found that both the DMA-synthesizing phase
(5-phase) and the total «cell cycle time were longer for
cancerous lesions than for normal antral tissue, Deschner
et al. (39) determined the spatial distribution of
aH—thgmidine labeled cells in the pyloric glands of rats
treated with MNNG for 10 and 15 weeks and of control rats.
They found a significant shift of labeled cells dounward
toward the muscularis mucosae in the MNNG treated rats. The
labeling indices of atypical appearing pyloric foveolae in
the treated rats were 1.5 to 5. 5 times those of normal
appearing foveolae in the same animals. The proliferative
zone in some of these atypical foveolae extended further

dounward, and in others further uvpward, than in the normal
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appearing foveolae. A shift in the distribution of gastric
proliferative cells was also notéd in a study on
MMNG—~treated mice (151). Deschner at al. (3%9) examined the
labeling indices of various regions of MNNG-induced pyleric
adenocarcinomas; they found that the labeling indices of
neoplasms were significantly higher than those of adjacent
normal mucosa. This result is in contrast to those of Kohli
et al. (72), possibly because of the higher dose of MNNG
used by Deschner et al.

This chemically induced carcinoma shares some
properties with the 3, 4-TCB—induced gastropathy, in that
both lesions demonstrate a downward shift in the
proliferative zone, and in both the gastric epithelium
penetrates the muscularis mucosae and invades the submucosa
(?2). However, the MNNG—induced carcinoma has been shown to
metastasize (151, 160), unlike the gastrvric epithelium in the
3, 4-TCB induced 1lesion. which was never seen to penetrate
the basement membrane. Furthermore, the MNMNG—induced
changes are frequently #focal, i.e., atypical glands occur
next to normal appearing glands (39, 92}, whereas in the
3, 4-TCB induced lesion. all glands are altered, and those in
the body Tegion of the stomach are mast severely affected.

The surface of the gastric mucosa in 3,4-TCB poisoning
in monkeys resembles that seen in both acute and chronic
gastritis in humans (44, 165). In acute gastritis, the
gastric foveolae are dilated and the surface is irregular,

owing to bulging of the epithelial cells above the surface.
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In nonflorid chronic gastritis, foveolar hyperplasia with
irregular, wide foveolar openings, is seen. In #florid
chronic gastritis, hyperplasia with outward bulging
epithelial cells is also seen, but the openings of the
foveolae are covered by the hyperplastic folds of surface
epithelium (44). Variations in these surface changes are
also seen in monkeys fed 3,4-TCB. Moreover, the apical
ercsion and extensive extrusion of surface epithelial cells
that are commonly seen in 3, 4~-TCB-fed animals are also seen
in rats subjected to behavioral and acetlysalicylic acid
stress (62); an indication that the surface changes seen in
the stomachs of monkeys fed 3, 4~-TCB may represent a common
pattern of reaction to stress and injury.

Thus, the downward shift in the proliferative zone seen
in 3,4-TCB-fed vhesus monkeys resembles the changes seen in
MNNGE—-treated ratsi the ctonversion of specialized gastric
epithelial cells to less differentiated cell types resembles
changes seen in atrophic gastritis, MNNG-induced carcinoma,
and Menetrier‘s disease; the surface changes Tesemble those
seen in acute and chronic gastritis; and the alterations in
membranes structures resemble those seen in chemically
induced cell injury. However, the complete spectrum of
changes I have described in this study on the
3, 4-TCB~induced gastropathy in rhesus monkéqs appears to be
unigue.

This study has presented evidencé of the +failure of

newly formed gastric epithelial cells to differentiate, and
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thereby lose their proliferative capacity. The implication
is that 3.4-TCB and its related compounds intevract in some
highly specific manner with the regulatory mechanisms of
susceptible epithelial cells. Whether 3.4~-TCB interacts
directly with gastric epithelial cells, or indirectly by
interacting first with other cells or tissues that produce a
chemical messenger, such as a hormone, that modifies the
behavior of gastric epithelial cells, cannot be ascertained
from the evidence accumulated in this study. However,
gastric epithelial cells show a number of signs of cell
injury, such as the formation of autophagic vacuoles, and
avtophagocytosis is a comman reaction pattern of sublethally
damaged cells (11, 12. 45, 47). Therefore it seems ¢hat
these toxic compounds may act directly upon these cells.
Failure of tissue culture cells +to Tespond to a clesely
related and more toxic compound, TCDD (90}, suggests that an
interaction of several cell +types is necessary. or that
these compounds must first be metabolized by another organ
to their active metabolites., or possibly both, in order for
the toxic effects to become evident. The elucidation of the
biochemical mechanism of induction of the gastric 1lesion
described in ¢this study probably must await the development

of a suitable in vitro experimental model.
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V. SUMMARY AND CONCLUSIONS

Rhesus monkeys were fed diet cakes containing 1 to 2
mg / kg of the toxic polychlorinated biphenyl, 3: 4,37, 4~
tetrachlorobiphenyl. Characteristic skin and stomach
lesions developed in these animals and the stomach lesion
was examined in detail by 1light microscopy, scanning and
transmission electron microscopy. The gastric mucosa
thickened and appeared hyperplastic and the gastric glands
were dilated and cystic. Some glands were seen penetrating
the muscularis mucosa and #forming submucosal cysts. The
specialized gastric epithelial cells, the zymogenic and
parietal cells, were replaced with mucus—secreting cells
with a wide range of morphologic characteristics. Many
showed signs of cell injury such as autophageocytosis and
irregular apical membranes. All the gastric epitheial cells
were shown to react strongly with alcian blue and the
high—iron diamine stains, which stain vrespectively acidic
mucosubstances and sulphomucins. In contrast, in control
animals the staining reaction was much weaker and was
confined mainly to the surface epithelial cells.

Examination of autoradiographs of 3H--thgmidine
pulse—labelled gastric mucosa rvrevealed that in control
animals the proliferative cells were located exclusively in
the isthmus and the neck region of the gastric glands. In
the experimental-fed animals, proliferative cells were also

seen in the bases of the gastric glands where the mature and
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nonproliferative cells, the parietal and zymogenic cells,
were found in the controls. Consequently the pattern of
distribution of proliferating cells was frequently extended
downward, and in some cases further wvpward in ¢he glands
than in %the controls., however, no increase was seen in the
relative numbers of proliferating cells in the experimental
animals. These data suggest that the hyperlasia seen in
this lesion may result from the proliferation and
accumulation of cells in the base region of the glands.
Scanning electron microscopic examination of the surface of
the gastric epithelium showed changes suggestive of
huperplasia in this region as well.

Therefore this compound appears to alter the normal
pattern of differentiation of gastric epithelial cells.
Cells continue to proliferate after they 1leave the normal

proliferative zone and hyperplastic changes Tesult.
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Figure 1. Structures eof biphenyl. 34,3, 4-tetrachloro~-
biphenyl and velated isosteric, toxic compounds. The Four
toxic tetvrachloro—~ compounds shown all have in common two
phenyl rings which are approximately coplanar and four
chlorine atoms occupying the four corners. These compounds
all form rectangles approximately 30 nm X 100 nm (132).
2,3, 7, 8~tetrachlorodibenzofuran and 2,3, 7, 8~tetrachloro~
dibenzodioxin are respectively approximately 100 and 1000
times more toxic than 3.4,37:4’—tetrachlorobiphenyl for
Thesus monkeys {(McNulty. unpublished). It appears that the
toxicities of these approximately isosteric compounds
correlate with the rigidity of planarity of the two biphenyl
rings.
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Figure 2. The stomach of the vrhesus monkey. The
approximate locations of the rvregions of the stomach are
shown. Contiguous blocks of tissue 0.5 X 1.5 cm were cut
from along the greater curvature, marked by X’'s in the
diagram: beginning at the esophagogastric Junction and
ending in the pylorus.

Figure 3. Phases of the cell cycle. Located in the
Introduction. (page =23)




Duodenum




p. 151

Figure 4. Instrumentation used in morphometry. Slides of
gastric tissue were viewed through a microscope equipped
with a drawing tube attachment. An image of the light on
the cursor: located on the digitizing tablet near B in the
diagram, could be seen through fthe microscope supevimposed
over the image of ¢the specimen. The cursor was moved SO
that the 1light appears over feature A, the cursor button
pushed, the light moved to feature B, and the button pushed
again. This generated a signal which could be programmed to
measure the distance between features A and B in the
specimen. These measurements were accumulated by the
computer and stored on flexible discs. By appropriate
programming, the data was recalled and analyzed as vequired,
and graphs constructed on the digital plotter. Drawing by
J. Ito.
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Figure 3. Body weights of rhesus monkeys as & function of
their ages: control animals. Ages are in days. The
animals gained weight at the rate of 70 g + 17 (s.e.m. )} per
month. At the date indicated by Experiment Begun, these

animals remained on control diets: while the other animals,
whose weights are shown in figure &, were placed on 3, 4-TCB
diets. The first three animals received injections of
3H~thgmidine 1 hour before sacrifice at autopsy on the date
of their last weighing. Full-thickness gastric biopsies
were taken at laparotomy from control animal B353. He had
received an ingjection of 3H~thymidine 1 hour before the
first biopsy. After the last biopsy he was transferred to
another project.
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Figure 6. Body weights of rhesus monkeys as a function of
their ages: 3 4-TCB~fed animals. Ages are in days. The
animals gained weight at the rate of 80 g *+ 12 g (a.e.m. }
per month before being placed on the 3, 4~TCB diets. Animal
7194 was fed a diet containing 3 ppm of 3, 4-TCH, while the
other animals were +ed the same compound at a level of 1
ppm. Although the animals eagerly ate the 3,4-TCB diets:
they rapidly lost weight at rates of 110 g per month (animal
9921) to 480 ¢ per month (animal 7194). The first three
animals received ingjections of 3H~thgmidine 1 hour before
sacrifice at avtopsy of the date of their last weighing.
Animal B6B& also received an injection of 3H~thymidine. but
had & full-thickness gastric biopsy taken at laparotomy.
Additional specimens were taken at laparotomy and he was
then sacrificed at autopsy on the date of his last weighing.
Animal 8686 was maintained on the 3.4-TCB diet for 3% days
before sacrifice, animal 7194 for 48 days. animal 9246 for
55 days, and animal 7921 for 97 days.
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Figure 7. Control rhesus monkey stomach and a stomach from
a 3,4-TCB—fed monkey. The stomachs were cut along the
greater curvature and then spread out flat. A portion of
the distal esophagus is seen at the top. and a portion of
duodenum is seen at the bhottom of each stomach.

Figure 76a (topl. Foldings of the gastric mucosa, called
rugae: are prominent throughout this contrel stomach.

Figure 7b (bottom). Stomach from an animal fed 3 ppm of
3, 4~-TCB for 26 days. then an average of 1 ppm for 24 days,
then 0.3 ppm of 3, 4-TCHB for 12 days when he was moribund and
was sacrificed. The rugae have been replaced by a thickened
and irregular gastric mucosa, which is confined to the beody
of the stomach. The dark areas are focal hemorrhages. The
cardia ad jacent to the esophagus and the antrum beneath the
body, both appear relatively uninvolved.
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Figure B. Gastric mucosa from the body region of a control
stomach and a stomach from a 3,4-TCB-fed animal.

Figure Ba (top). The entire thickness of the stomach wall
can be seen in this control animal.

Figure 8b (bottom). The stomach wall from this monkey fed 3
ppm of 3.4~TCB for 33 days extended beyond the field of
view, even at this low magnification (35 X). The gastric
mucosa is clearly hyperplastic and has penetrated the
muscularis mucosae.

2 ym thick glycol methacrylate sections; stained  with
methylene blue and basic fuchsin. (X 33
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Figure 9. Comparison of gastric mucosal thickness in
control monkeys and monkeys fed 3,4-TCH diets. The erdinate
represents thicknese in microns and the abrissa represents
the relative position along the greater curvature. Thea
mucosal thicknesses of all ¢he control animals {top) were
relatively constant from the cardia to the pylorus. The
mucosal thickness of animal B911 was consistently greater
than that of animals 7761 and 9273, which were nearly the
same. In contrast, the mucosal thickness of two of the
3. 4-TCB~fed animals, 7194 and 9244, showed 2 marked increase
in totsl mucosal thickness, as measured Ffrom the deepest
invasions of the mucesa into the submucosa to the luminal
surface. This increased thickness corresponded &o the
gastric lesion as seen in the gross specimen in figure 7b.
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Figure 10. Distal esophagus near the esophagogastric
Junction of a control monkey and a 3, 4-TCB—fed—monkey.

Figure 10a (top). Control monkey. The esophagus is covered
by a thin layer of dead squamous epithelial cells.

Figure 10b (bottom). This same layer is markedly thicker in
this 3,4-TCB—~fed animal. The underlying squamous epithelial
cells appear larger and the entire mucosa is considerably
thicker than normal.

2 pm thick glycol methacrylate sections; stained with
methylene bhlue and basic fuchsin. (X 70)
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Figure 11. Gastric mucosa from the cardias of a control
stomach and a stomach from a 3. 4-TCB~fed monkey.

Figure 11a (top). In this control animal the gastric
foveolae are lined with surface epithelial cells and the
glands proper are lined with mucous neck cells in the neck
region and 2ymogenic cells in the base region. The
zymogenic cells are «clearly seen as the dark staining
epithelial cells in the bases of the glands.

Figure iib <(bottom). In this 3,4-~TCB-fed animal the
zymogenic and parietal cells have nearly all been replaced
by mucus—secreting cells. The lumen of ¢the glands are

markedly dilated. The material above the mucosa in the
lumen of the stomach is a mat of long gram positive filiform
bacteria and mucus.

2 pm thick glycol methacrylate sections; stained with
methyelene blue and basic fuchsin, (X 740
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Figure 12 @astric mucosa from the body region of & control
stomach and of & stomach from a 3,4-TCB~fed monkey.

Figure 12a (top). As in the cardia of control stomachs, the
gastric foveolae are lined with surface epithelial cells.
However, in the body region of control stomachs the gastric
glands proper contain parietal cells as well as mucous neck
tells in <¢the neck region. Parietal tells are alse seen
ad jacent to zymogenic cells in the bases of the glands. The
parietal cells are the pale cells prominent in the middle
third of ¢the normal gastric mucosa, and the zymogenic cells
are the dark staining cells at the bases of the glands.

Figure 12b <(bottom). In ¢his 3,4-TCB-fed monkey, the
parietal and zuymogenic cells have been converted to or
replaced with mucus—-secreting cells. The glands are dilated
and irregular., and have invaded the submucoss. One gland
has formed a 1large spherical cyst. The surface of the
epithelium facing the lumen of the stomach also appears
irregular. :

2 pm thick glycol methacrylate sections; stained with
methylene blue and basic fuchsin. (X 700
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Figure 13. @Gastric mucosa from the antra of a control
monkey and from a 3, 4-TCB—fed monkey.

Figure 13a (top). In this control monkey the gastric glands
are lined principally with mucus—secreting cells identical
to those of the mucous neck region of glands in the bedy of
the stomach. Enteroendocrine cells are also abundant, but
cannot be distinguished at fthis low magnification.

Figure 13b (bettom). In the antrum of this 3,4-TCB-fed
monkey. the g¢glands are markedly dilated and the surface
appears less uniform than in the control animals.

2 pm thick glycol methacrylate sections; stained with
methylene blue and basic fuchsin. X 70)
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Figure 14. Proximal duodena from a control monkey and a
3, 4-TCB—-fed monkey.

Figure 14a (top). In the duodenum of this control monkey.
the villi are lined with absorptive epithelial cells (darker
staining cells) interspersed with mucus—secreting goblet
cells (the apices of these cells are clear and round), The
spaces between the villi form pits into which the underlying
intestinal glands secrete mucus and zymogens. The submucosa
is filled with mucus— and z2ymogen-secreting DBrunner’s
glands. These glands are clearly seen as the wvery lightly
staining glandular structures beneath the muscularis
Mmucosae.

Figure 14b (bottom). In this 3, 4~-TCB-fed animal the wvilli
and intestinal glands appear normal; the submucosal layer
of Brunner’s glands is considerably thicker and ¢he glands
themselves appear dilated.

2 um thick glycol methacrulate sections; stained with
methylene blue and basic fuchsin. (X 70)
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Figure 15. Number of parietal cells per 200 pm length of
muscularis mucosae. Each point represents the mean of 10
measurements. Standard ervors of +the means were usually
between 10 and 20% of the values shown. No parietal cells
were seen in animal 9921 fed 1 ppm 3, 4-TCB for 97 daus and
only occasional parietal cells were seen in animal 9246 fed
i ppm 3,4-TCB for 55 days. Parietal cells were somewhat
more numerous in animal 7194 fed 3 ppm 3, 4~-TCB for 33 days,
but the numbers were very much lower than in the control
animals.

O 7761 fed control diet

A B8R11 fed control diet

O 2273 fed control diet

® 7194 fed a 3 ppm 3, 4-TCB diet for 53 days
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Figure 16. Light micrographs of gastric mucosa sftained for
mucosubstances with the periadic acid-Schiféf and the
high—~iron diamine reactions. All micrographs are from

sections taken from the body regions of the stomachs.

Figure 16a (top left). This control micrograph shows normal
gastric mucosa stained by the PAS reaction. The surface
epithelial cells and the mucous neck cells are strongly
positive. The large, pale, ovoid cells above and

interspersed with the mucous neck cells are parietal cells.
The PAS-negative cells beneath the mucous neck cells are
zymogenic cells.

Figure 16b (%op right). A similar section of control
gastric mucosa stained by the high-iron diamine reaction.
The surface epithelial cells and the mucous neck cells show
a positive reaction indicating that these <cells probably
produce acidic sulfomucins.

Figure 1éc {(bottom left). Gastric mucosa from an animal fed
3, 4-~TCB; stained with the PAS reaction. Nearly all the
cells are PAS-positive. Those few which are not probably
were not sectioned through *the apical regions, where
secretory granules accumulate. Note the prominent
penetration of the gastric glands through the muscularis
muycosae.

Figure 146d (hottom right). & similar area as in figure 16&¢
stained by the high—iron diamine reaction. Mearly all the
epithelial cells show a positive reaction indicating that
these cells probably produce sulfomucins. The alcian blue
stain for acidic mucosubstances (not shown} gave  very
similar results to the high—~iron diamine reaction. '

2 pm thick glycol methacrylate sections. {X 70
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Figure 17. The range of periodic acid-Schiff-positive cells
in control gastric mucosa. The ordinate represents the
distance in pm from the muscularis mucosae and the abscissa
represents the contiguous series of blocks of tissue taken
from the cardia to the pylorus. The uppermost boundary
represents the median value (30 to 50 measurements) of
mucosal height above the muscularis mucosae for each
section, while +%he lowermost boundary of the darkly hatched
area is the median value (100 to 150 measurements) of the
distances of the lowermost PAS—positive «cells above the
muscularis mucosae. Therefore the range of PAS-positive
cells is represented by the area darkened by the heavy
hatching, while the area beneath, only 1lightly hatched,
represents the area occupied by PAS-negative cells. In
control animals, this 1lightly _hatched area is occupied
principally by zymogenic cells. The total PAS-positive and
-negative areas were measured by a digital measuring device
to determine the percent of +the total area occupied by
PAS-negative cells. This was 18 6% for animal 79273; 17. 5%
for animal 8%11; and 13 3% for animal 7741. The mean was
16.3 + 1. 64 (s.e.m. ).
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Figure 18. The range of periodic acid-Schiff-posiftive cells
in the gastric mucosa of 3,4-TCB-fed animals. The ordinate
represents the distance in pm from the muscularis mucosae
and the abscissa represents the contiguous series of blocks
of tissue taken ¢rom the cardia ¢to the pylorus. The
uppermost boundary represents the median value (30 ¢o 35O
measurements) of mucosal height above the muscularis mucosae
for each section and the lowermost boundary of the darkly
hatched area is the median value (100 to 150 measurements?
of the distance of the lowermost PAS-positive cells above
the muscularis mucosae. Therefore the range of the
PAS-positive cells is represented by the darkly hatched
area, while the area beneath, only very lightly hatched.

represents the area occupied by the PAS-negative cells. In
these 3,4~TCB—fed animals this light area is occupied by the
remaining zymogenie cells. The total PAS-positive and

~negative areas were measured with a digital measuring
device to determine the percent of the total area occupied

by PAS—negative cells. This was S.1% for animal 9921;
3.18% for 9244; and 4. 1% for 7194, The mean was 4.2 * 0. 6%
(s.e.m. ). This mean value was significantly less (t—test, p

< 0.01) than the walue obtained in the control animals;
1.5 + 1.6 4 (s.e.m. ).
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Figure i9. The range of the alcian blue-positive cells in
control gastric mucosa. The ordinate represents the
distance in pm from the muscularis mucocae and the abscissa
represents the contiguous series of blocks of tissue taken

from the cardia to the pylorus. The uvppermost boundary
represents the median wvalue (30 to 50 measurements) of
mucosal height above the muscularis mucosae for each

section, while the lowermost boundary of the striped
darkened area is the median value (100 to 150 measurements)
of the distances of the lowermost alcian blue-positive cells
above the muscularis mucosae. Therefore the median range of
AB-positive cells is represented by the striped darkened
area, while the area beneath., lightly stippled with dots,
represents the area occupied by AB-negative cells. In these
control animals, this light area is occupied by those mucous
neck cells which are AB-negative, by parietal cells and
zymogenic cells, The total AB-positive and —negative areas
were measured with a digital measuring device to determine
the percent of the total area occupied by AB-negative cells.
This was 59.0% for animal 9273; 48.3% for 8911; and 42. 5%
for 7761. The mean was 50.8% + 4.2% (s.e.m. ).
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Figure 20. The range of the alcian blue—positive «cells in
the gastric mucosa of 3,4-TCB-fed animals. The ordinate
represents the distance in pym frem the muscularis mucosae
and the abcissa tepresents the contiguous series of blocks
of tissue taken Ffrom the cardia to the pylorus. The
uppermost boundary represents the median wvalue (30 to 50
measurements) of mucoesal height above the muscularis mucosae
for each section:; the lowermost boundary of the striped
darkened avrea is the median value (100 to 150 measurements:?
of the distances of the lowermost AB-positive cells above
the muscularis mucosae. Therefore the median rtange of
AB-positive cells is represented by the darkened area and
the 1lightly stippled area beneath rvepresents the area
occupied by AB-negative cells. In these 3, 4-TCB—fed
animals, this light area is occupied by mucus-—secreting
PAS-—-positive cells which are AB-negative, and the feuw
remaining zymogenic cells. The total AB-positive and
~negative areas were measured with & digital measuring
device to determine the percent of the total area occupied
by AB-negative cells. This was 25 1% for animal 92921:. 16. 0%
for 9246, and 13 94 for 7194, The mean was 19.0 + 3. 0%
{s.e.m. ). This mean value was significantly less (t-Test, p
< 0.02) than the mean value obtained in the control animals:
50.8 + 4. 24 (s.e.m. ).
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Figure 21. Autoradiographs of gastric mucosa from the body
region of control stomachs. The animals received ingections
of 3H~thgmidine 1 hour before sacrifice. SGilver grains can
be seen overlying nuclei in S—-phase which had incorvporated
3H~thymidine into DNA during the hour between injection and
sacrifice.

Figure 2ia (left). In this avtoradiograph, immature surface
epithelial cells are labeled in the isthmus of a gastric
foveonla.

Figure 21b {(right). In this avtoradiograph, labeled mucous
neck cells are seen in the neck region of gastric glands.
The large pale ovoid ceils are parietal cells, which were
never labeled.

2 pm thick glycol methacrylate sections; coated with liquid
photographic emulsion and exposed for 1 month before
development., Stained with methylene blue and basic fuchsin.
(X &30)
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Figure 22. Avutoradiographs of gastric mucosa frem the body
regions of stomachs from 3,4-TCB-fed animals. The animals
received injections of 3H—thgmidine i hour before sacrifice.
Silver grains can be seen overlying nuclei in the B-phase
which had incorporated 3H-thymidine into DMA during the hour
between injection and sacrifice.

Figure 22a {(top 1leftl. Labeled mucus—secreting cells are
seen high in & cystic gland near the surface. These cells
all have large accumulations of mucus—containing secretary
granules in their apices, which appear colorless with +this
stain.

Figure 22b {(top vight). Labeled cells are seen in the upper
portion of a gland.

Figure 22c¢ (bottom left). Labeled cells are seen lining the
middle portion of dilated, cystic glands,

Figure 22d {(bottom right). Labeled cells can be seen in
glands which have penetrated the muscularis mucosae (MM) and
formed a submucosal cyst (8C).

2 pm thick glycol methacrylate sections; coated with liquid
photographic emulsion and exposed faor 1 month before
development. Stained with methylene blue and basic fuchsin.
(X &30)
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Figure 23. Frequency distribution histograms of the
distances above the muscularis mucosae of 3H—thgmidine
labeled gastric epithelial cells in control animal 7761.
Section A begins at the esophagogastric junction and section
0 ends at the pylorcduocdenal junction. The ordinates are
the distance above the muscularis mucosae in gm and the
abcissas are the relative frequency in percent of the total.
The distances of between 150 and 300 labeled cells were
measured from each section to compile each histogram. Each
dotted line indicates the median mucosal height (20 to 40
measurements) over the region in which the labeled cells
were measured. Only section B, in the cardiac—fundic region
has labeled cells as close as 50 o 100 pm above the
muscularis mucosae, and no labeled cells were less than 30
pm above. The distances appeared to be normally distributed
in all the sectiong except A.
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Figure 24, Frequency distribution histograms of the
distances above +the muscularis mucosae of 3H~thgmidine
labeled gastric epithelial cells in control animal 8911
Section A begins at the esophagogastric junction and section
I ends at +the pylovoduodenal junction. The ordinates are
the distance above the muscularis mucosae in pm and the
abscissas are the relative #frequency in percent of the
total. The distances of 150 to 300 labeled cells weres
measured from each section to compile each histogram. Each
dotted line indicates the median mucosal height (20 to 40
measurements) over the region in which the labeled cells
were measured. The lowest labeled cells were at least 130
pym above the muscularis mucosae in every section. The
distances appeared to be normally distributed in all the
sections.
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Figure 25, Frequency distribution histograms of the
distances above the muscularis mucosae of 3H—thgmidine
labeled gastric epithelial «cells in control animal 9273.
Section A begins at the esophagogestric junction and section
H ends at the pyloroduodenal junction. The ordinates are
the distance above the muscularis mucosae in pm and the
abcissas are the relative frequency in percent of the total.
The distances of 150 to 2300 labeled cells were measured from
each section to compile each histogram. Each dotted 1line
indicates the median mucesal height over the region in which
the labeled cells were measured. Only section G, in the
antrum, had labeled cells as close as 50 to 100 pm above the
muscularis mucosae and no labeled cells were less than 50 um
above. The distances appear to be normally distributed,
except in sections € and M, where the distributions are
somewhat irregular.
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Figure 26. Frequency distribution histograms of the
distances above the muscularis mucosae of 3H-thymidine
labeled gastric epithelial cells in the 3,4-TCB-fed animal
7194, Section A begins at the esophagogastric junction and
section M ends at the pyloroducdenal Junction, The
ordinates are the distance above the muscularis mucosae in
um and the abscissas are the relative frequency in percent
of the total. The distances of 150 to 300 labeled cells
were measured from each section to compile each histogram.
Each dotted 1line indicates the median mucosal height over
the region in which the labeled cells were measured. &F9%4 of
the sections had labeled cells as a close as 50 to 100 um
above the muscularis mucosae and 44% as close as 0 to 30 pm
above. The frequency distributions in sections E. F:, and ¢
are markedly leptokurtic, while I is platykurtic and H is
skewed toward the base of the glands. Labeled cells which
occurred beneath the muscularis mucosae in submucosal glands
and cysts are not shown in these histograms.
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Figure 27. Frequency distribution histograms of the
distances above the muscularis mucosae of 3H~thgmidine
labeled gastric epithelial cells in the 3, 4-TCB—fed animal
?246. Section A begins at the esophagogastric junction and
section I ends at the pyloroducdenal Junction. The
ordinates are the distance in pm above +the muscularis
mucosae and the abcissas are the relative freguency in
percent of the total. The distances of 150 to 300 labeled
cells were measured from each section to compile each
histogram. Each dotted line indicates the median mucosal
height (20 to 40 measurements) over the Tegion in which the
labeled cells were measured. All sections had labeled cells
as close as O to 50 pm above the wmuscularis mucosae. The
frequency distributions of sections E and F are markedly
skewed toward the muscularis mucosae, while the shapeg of
the others approximated normal distributions. Labeled cells
beneath the muscularis mucosae in submucosal glands and
cysts are not shown in these histograms.
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Figure 28. Frequency distribution histograms of the
distances above the muscularis mucosae of 3H-thgmidine
labeled gastric epithelial cells in the 3,4~TCB-fed animal
7921. Section A begins at the esophagogastric junction and
section H ends at the pylaoroduodenal Junction. The
ordinates are the distance in pm above the muscularis
mucosae and the abcissas are the relative frequency in
percent of the total. The distances of 150 to 300 labeled
cells were measured from each section %o compile each
histogram. Each dotted line indicates the median height (20
to 40 measurements) over the region in which the labeled
cells were measured. All sections except € had labeled
cells as close as O to 50 ym above the muscularis mucosae.
The distances appeared to follow normal distributions.
Labeled cells beneath the muscularis mucosae in submucosal
glands and cysts are not shown in these histograms.
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Figure 2%9. Median height above the muscularis mucosae of

3H~thgmidine labeled gastric epithelial cells. The
ordinates vepresent the median height {150 to 300
measurements) in um. The abcissas represent the relative

position along the greater curvature. The top graph shows
the data for the control animals and the bottom graph shows
the data for the 3, 4-TCB-fed animals. The twe groups are
not significantly different. In two of the controls and two
of the toxic fed animals, the median value increases from
the cardia to the pylorus.

O 77461 control animal

A 8911 control animal

O 9273 control animal

® 7194 fed a 3 ppm 3, 4-TCB diet for 53 days

B 92446 fed a 1 ppm 3,4-TCB diet for 595 days

A 9921 fed a 1 ppm 3, 4~-TCB diet for 97 days
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Figure 30. Ratio of the median height of 3JH-thymidine
labeled gastric epithelial cells ¢to the median gastic
mucosal height. The ordinate represents the ratioc and the
abcissa represents <the relative position along the greater
curvature. The top graph depicts the ratios obtained in the
sections from the control animals while the bottom gvaph
depicts the ratios obtained in the 3, 4-TCB—fed animals. The
ratios in the controls are somewhat constant betwesn 0.5 and
0. &, whereas the ratios in the toxic fed animals were 0.15
to 0.3 in the body of the stomach, where the gastric lesion
was most severe. The means of these ratios in the body
regions were significantly different +from the controls
{(t~test., p <« 0O.01). This indicates that while the mucosal
height increased in the body of the stomach of the toxic fed
animals, the zone of proliferation did neot also increase o
maintain the same relative position within the glands.

O 77461 fed control diet
A 8911 fed control diet
O 9273 fed control diet
® 7194 fed 3,4-TCB
B 9244 fed 3, 4-TCB

A 9921 fed 3,4-TCB
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Figure 31. Labeling density of 2H-thymidine labeled gastric
epithelial cells per 200 pm length of muscularis mucosae.
The ordinate represents the number of labeled cells per 200
um length of muscularis mucocsae and the abeissa represents
the relative position of the sections along the greater
curvature of the stomach. Each point is the mean of 10
determinations. The standard ervor of +the mean typically
was 10 to 204 of the wvalue of the mean. The top graph
depicts the results from the control animals and the bottom
graph depicts the rTesults of the 3, 4-TCB-fed animals. The
mean of the densities just distal +to the cardia of the
3: 4~TCB fed animals was significantly lower (t-Test, p <
0.05) than the mean for the corresponding rvegion in the
control animals. Notice that the labeling indices increased
3 to 10 fold progressing distally from the cardia to the
pylorus in all the animals, and in 2 of 3 of the control
animals and 2 of 3 of the toxic fed animals, the densities
increased sharply in the body region.

O 7761 fed control diet
A 8911 fed control diet
O 9273 fed control diet
® 7194 fed 3,4-TCBHB
B 9244 fed 3, 4-TCB

A 9921 fed 3, 4-TCB
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Figure 32. Labeling density of 3H*thgmidiﬂe labeled gastric
epithelial cells per square millimeter of gastric mucosa in
cross  section. The ordinates represent the number of
labeled epithelial cells per sguare millimeter of mucosa and
the abcissas represent the relative position of the sections

along the greater curvature of the stomach. Each point is
the mean of 10 determinations and the standard errvor of the
mean was typically 10 to 204 of the value of the mean. The

top graph depicts the results from the control animals and
the bottom graph the Tesults from the 3, 4-TCB—fed animals.
The labeling densities show the same relative changes as
seen in figure 31, where the labeling density per 200 um of
muscularis mucosae is shown.

O 7761 fed control diet

A B%ii fed conkrol diet

O 9273 fed control diet

® 7194 fed 3, 4-TCB

N 9244 fed 3, 4-TCB

A 9921 fed 3, 4-TCB
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Figure 33. Labelling indices in the gastric mucosa of
control animals and 3, 4-TCB-fed animals. The ordinates
represent the percent of the gastric epithelial cells within
the proliferative zone which were labeled with IJH-thymidine
and the abcissas are the relative positions of the sections
along the greater curvature. The proliferative zone was
estimated as the region between the uppermost and the
lowermost labeled cells within & given gastric gland or
segment of a gland. Zymogenic and parietal cells, which
were never labeled, were not considered to be part of the
proliferative cel]l population and were thersfore not
included in the determination of the labeling indices. Each
point represents the mean of 15 determinations. The
standard error of the mean was typically 10 to 25% of the
mean. The 1labeling indices showed similar patterns of
change from the cardia to the pylorus of each animal as do
the corresponding labeling density determinations, shown
previously in figure 31 and 32. One exceptien is the
labeling index in the pylorus of 9921, which is relatively
less than the labeling density of the same section. The
labeling indices of the 3, 4~-TCB—fed animals are not greater
than the controls and the region just distal to the cardia
in the 3,4~TCE fed animals is significantly less (t~Test. p
< 0.01) than the corresponding region in the controls.

O 7761 fed control diet
A 8911 fed control diet
O 9273 fed control diet
® 7194 fed 3.4-TCB
B 9246 fed 3, 4-~TCH

A 9921 fed 3,4~TCB
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Figure 34. Grain—-count—-decay experiment. The ordinate is
the natural 1logarithm of ¢the mean number of grains,
expressed as a percent of the original value, obtained €rom
the first biopsy specimen, taken 1 hour after ingection with
3H~thymidine. The abcissa represents the number of days
after the initial labheling. Full—-thickness biopsy specimens
were taken at laparotomy from the anterior wall of the
stomach. Autoradiographs of each specimen were uniformly
prepared and silver grains overlying labeled gastric
epithelial cells remaining in the proliferative zone were
counted. The open circles are the values from the control
animal. B8333 and the dark triangles are the values from
animal 8686, which was fed a 1 ppm 3,4-TCB diet for for 30
days before the first biopsy. All biopsy specimens from the
control animal showed normal gastric mucosa; those from the
3: 4~TCB~fad animal had hyperplastic and cystic glands
lacking zymogenic and parietal cells.

The dashed 1line is +the least squares best +it linear
regression for the normal animal and the dotted line is ¢the
regression line for the 3, 4~-TCB-fed animal. The cell cycle
time is approximated by finding the time it takes for the
mean grain count to halve, and hence become 50% of the
original mean grain count determined in the first biopsy
specimen from day O. The natural logarithm of 30 is 3. 91,
therefore the estimated cell cycle times are 1.6 for the
control animal, and 3.0 for the toxic fed animal.

The slopes of the lines are not significantly different
(analysis of covariance, 0.2 < p <€ 0.4), an indication that
the cell cycle time in 3,4-TCB-fed animals may not be
shorter thanm in control animals.
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Figure 35. Gcanning electvon micrographs of the surface of
the gastric mucosa from the cardias of a controel and a
3: 4=-TCB~fed animal,

Figure 3%a (top). The surface of this control! gastric
mucosa forms smooth and regular hills and valleys. The
valleys are the openings of the foveolae to the surface.
(X 270)

Figure 35b <(bottom). The surface of the epithelium from
this 3, 4-TCB-fed animal (9921) is very irregular owing to
the protrusion of surface epithelial cells. Many of these
cells appear indented, with surrounding haloes. These cealls
have probably Just discharged the secretory granules stored
in their apices. (X 3603
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Figure 36. Scanning electron micrographs of the surface of
the gastric mucosa from the body regions of control and
3: 4-TCB-fed animals.

Figure 36a (top). The surface of this control mucosa is
smooth and regular. Motice that the openings to the
foveolae appear as narrow slits. (X 215)

Figure 36b (middle). The surface of the gastric mucesa from
the body rvegion of this 3, 4~-TCB-fed animal (9921) is guite
irregular. The epithelium surrounding each foveola is
bulging outward and gives the appearance of doughnut rings.
The cells which appear indented have probably discharged the
secretory granules stored in their apices. (X 2135}

Figure 36c (bottom). In this 3, 4-TCB-fed animal (8486), the
epithelium is even more disorganized and many individual
cells appear to be bulging outward. (X 213}
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Figure 37. Scanning electron micrographs of the surface of
the gastric mucosa from the body regions of a control and a
3: 4-TCB-fed animal.

Figure 37a (top). This control mucosa has smooth and
regular contours. The individual cells give the surface a
Tegular cobblestone appearance. The narrow slit—like
indentations are the entrances to the foveolae. (X &&65)

Figure 37b <(bottom). In the mucosa from this 3. 4-TCB—fed
animal (7194), the entrances to the +foveonlae are markedly
dilated. The small droplets on many of the epithelial cells
are probably mucus, (X 665)
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Figure 38. Scanning electron micrographs of the surface of
antral gastric mucosa in a control and a 3. 4~-TCB—fed animal.

Figure 38a (top). The surface of normal antral mucosa is
smooth and regular. {X 1000)

Figure 38b (bottom). Many of the cells on the surface of
the antral mucosa in +this 3: 4-TCR—-fed animal (7194}
protruded above the surface. (X 1000)
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Figure 39. Detail of the surface epithelium from the body
regions of control stomachs.

Figure 3%a (top). This is a micrograph of the surface
epithelium surrounding & foveola. It has a regular
cobblestone appearance and indents into @ narrow slit-like
opening of a fovealas. (X 1000}

Figure 396 (middlel. This 1is a higher magnification
micrograph (X 35,400) of surface epithelial cells. Note that
none of these cells protrude above any of their neighbors.

Figure 39c (bottom). A higher magnification (X 11,000}
micrograph of surface epithelial cells. These cells appear
to be covered with mucus except in the narrow area where
ad jacent cells meet. NMote the small blebs which can be seen
in this small area between cells. They are probably ¢he
same structures as the microvilli seen in ¢ronsmission
electron micrographs.
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Figure 40. Detail of the surface epithelium from the body
regions of stomachs from 3, 4-TCB-fed animals.

Figure 40a (top). The dirregular contour of the surface
epithelium (from animal 9246) is readily apparent in this
micrograph. NMNote that groups of epithelial cells seem to be
elevated and folded over other surface epithelial cells.
{X 1,000}

Figure 40b (middle). Surface epithelial cells seem ¢o be
protruding outward in a cluster. (animal 9921, X 2,000}

Figure 40c (bottom). This is a high-magnification view
(X 11.000) of the area between several surface epithelial
cells. ©Small blebs, which are probably microvilli, are seen
here, as in the control animals. The tmemainder of the
surface of these cells appears to be covered with mucus.
The larger bumps are probably secretory granules about to
rupture through the surface. (From animal 9246)
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Figure 41. Scanning electron micrographs of custic glands
in a 3, 4-TCB-fed animal.

Figure 41a (top). This is a low-magnification view of both
the luminal surface of the gastric epithelium:. and a surface
cut perpendicular to it by a razor. On the cut surface, a
number of large cystic glands are prominent, some of which

appear to contain masses of mucous material. (animal 7194,
X 90)
Figure 41b <(bottom). A higher magnification view of a

cystic gland like those above. A mass of mucous material is
seen in the lumen., Mucus produced by the epithelial cells
lining the cystic glands may accumulate and plug the lumen,
and thereby cause the glands to swell. (X 2.800}
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Figure 42. Scanning electron micrographs of cystic gastric
glands in 3:;4-TCB-+fed animals.

Figure 42a (top). Freeze-fractured surface of cystic
glands. The glands appear ¢to be filled with MUCOUS
material. Before critical-point drying, this mucus might
have completely filled the lumens of these glands. {animal
9246, X 350)

Figure 42b <(bottom). The luminal surface of epithelial
cells lining a cystic duct can be seen in ¢this micrograph
from animal 7194 Note that the cells are covered with

small blebs, which may be microvilli. (X 5, 500)
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Figure 43. Low-magnification electron micrographs of
control gastric mucosa. These micrographs $¢rom the body
regions of a control stomach show the basic structure of the
gastric mucosa and the locations of the various specialized
cell types.

Figure 43a (top left). Mucus—secreting surface epithelial
cells (SEC) are seen. These cells line the lumen of the
stomach and the gastric foveolae, which extend beneath the
surface. The lamina propria (L.P) is the 1loose connective
‘tissue which surrounds the epithelial cells of the glands
and provides structural support, as well as nourishment to
the glands. It contains capillaries, lymphatics, lympho—
cytes, eosinophils, macrophages, fibrocytes and other cell
types. {X 323

Figure 43b (top right). In this micrograph a portion of a
toveola is seen. I+ is 1lined  with immature surface
epithelial cells. Beneath the foveola begins the neck
region, lined with mucous neck cells (MNC) and parietal
cells (P). (X 730)

Figure 43c (bottom left’. A transistion from mucous neck
cells to zymogenic (Z) cells is seen deeper in the gland in
this micrograph. Parietal cells are numerous in this

region. {X 780)

Figure 43d (bottom right). Thie micrograph shows the base
of a gastric gland. Here zymogenic cells predominate, but
enteroendocrine cells (arrows) are alst numerous. The
muscularis mucosae (MM), compoused of smooth muscle cells,
lies beneath the bases of the gastric glands. (X &3Q)
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Figure 44. Electron micrographs of surface epithelial cells
from contrel animals.

Figure 44a (top lett). Apical region of mature surface
epithelial cells showing masses of polygonal electrondense
secretory granules., A few microvilli can be seen at the
luminal surface. {X &35,000)

Figure 44b (top right). Middle region of mature surface
epithelial cells. The dense and somewhat indistinct
cytoplasm is filled with endoplasmic reticulum,

mitochondria, free ribosomes and small secretory vesicles
which appear to be migrating vpward %o fuse with the larger
granuvles in the apices of the cells. {X 59,700}

Figure 44c¢ (bottom left). Immature surface epithelial cells
from near the base of a gastric foveola. The cytoplasm is
less dense and its fine-structure is more distinct fthan in
mature cells. Mitochondria are readily visible and Golgi
apparati can be seen above the nuclei. As in mature cells,
small secretory granules can be seen, but in these immature
cells they are more numercus. These granules also appear to
be migrating toward the apices to fuse together and form
larger granules. (X 8,000)

Figure 44d (bottom right). A higher magnification view of
the perinuclear rvegion of the same cells seen in the
ad jacent micrograph at the bottom left. A horsehoeshaped
Golgi apparatus, and numevrous mitochondria and sescretory
granuvles are seen. {X 18,000
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Figure 45. Electron micrographs of mucous neck cells #rom
the neck regions of gastric glands from a control animal.

Figure 45a (top). Apical region of a mucous neck cell.
Note the smallevr vesicles which appear to be fusing with
other vesicles to form larger secretory granules. The lumen
of the gland is seen &t ¢the wupper right corner of the
micrograph. The apical vregions of these cells contain
relatively fewer sgecretory granules than mature surface
epithelial cells. (X 27, 000}

Figure 45b ({(bottom). Base of a MUCOUS neck cell.
Interdigitations of the plasmalemma of one cell with that of
its neighbor are seen in a2ll gastric epithelial cells: they
are especially well developed in mucous neck cells, swuch as
this one. (X 27,000}
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Figure 4é. Mucous neck cells apparently undergoing
differentiation into parietal cells in control animals.

Figure 46a (top?. Mucous neck cells containing relatively
few dark, electron—-dense secretory granuvlies can be seen (the
darker, electron-dense cells). Many of these cells also
contain numerous mitochondria and electron—lucent vesicles,

as do the neighboring parietal cells. The parietal cells
are easily distinguished as the lighter, more
electron—lucent cells which are packed with mitochondria,
tubulovesicles and canaliculi. The area within the black

lines is seen at higher magnification below. (X 5,360}

Figure 46b (bottom). Higher magnification electron
micrograph of the same area seen within the black lines
above. The lightery. less electron—dense cytoplasm of a
parietal cel]l is ceen fto the left of ¢the darker. more
electron—dense cytoplasm of a mucous neck <cell apparently
undergoing differentiation to a parietal cell. The
principal evidence for differentiation is the presence of
electron~lucent tubulovesicles in the apex of the cell.
These tubulovesicles resemble those of the neighboring
parietal cells, and are not normally seen in other mature
gastric epithelial cells. (X 27, 000)






p. 237

Figure 47 . Mature parietal cells in control animals.

Figure 47a {(top). Mature parietal cells are large and
pyramidal shaped. Their apices face the lumen of the
gastric glands. In %his micrograph, the lumen is just

visible in the center of the top margin. The bases of
parietal cells rest on a basement membrane, as do all
gastric epithelial cells. The basement membrane under this
parietal cell seems to be shared with another parietal <cell
from @ neighboring gland. The cytoplasm i3 packed with
mitochondria and with numerous glectron—lucent
tubulovesicles in the center of this ¢ell. This is the
usual appearance of parietal cells in fasting animals. In
the stimulated state the tubulovesicles fuse to form an
extensive canalicular system which is continuous with the
lumen of the gastric gland. Such canaliculi are lined with
microvilli, as seen in the one canaliculus visible in the
top center of this cell. Portions of microvilli can also be
seen on the plasmalemma facing the lumen of the gland at the
tup margin. (X 7,700)

Figure 47b (bottom). Parietal «cell cytoplasmic details.
Several ctanaliculi cen be seen near the center, at ¢the top
margin. Long microvilli progect into the lumen of the
canaliculi. Electron—lucent tubulovesicles and mitochondria
are NuMerous. The mitochondria are packed with tlat
cristae, @ characteristic of mitochondria undergoing high
rates of oxidative phosphorylation. (X 22,000}
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Figure 48. Zymogenic cells in control animals.

Figure 4Ba (top). Zymogenic cells in the bases of gastric
glands. A narrow band of lamina propria runs diagonally
across the view from the upper—left corner <0 the lower
right. Several zymogenic cells face the lumen of a gland in
the upper-right corner. They contain 1large secretory
vesicles of light to maderate electron—density and a well
developed system of endoplasmic reticulum. A mast cell with
large electron—dense granules is prominent in the lamina
propria in the center of this micrograph. To the left are
two entercendocrine cells (E), one of which contains
numerous small, electron—dense granules. The other is
probably the same type of <cell, whose granules are not
vigible in this plane of section. Portions of two parietal
cells can be distinguished by their numerous mitochondria.
Dne parietal cell is prominent in the lower~vight corner.
(X 4,300}

Figure 48b (bottom). The bases of several zymogenic cells
can be seen abutting the basement membrane and 8 small area
of lamina propria is also visible. The bases of these

zymogenic cells are filled with rough endoplasmic reticulum.
Large electron—lucent secretory granules are also seen.
Note the interdigitations of the plasmalemma between
neighboring zymogenic cells. A mast cell is seen within the
lamina propria. {X 11, 400}
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Figure 49 Low-magnification electron micrographs of the
gastric mucosa in 3. 4-TCB-fed animals. All normal
specialized epithelial cell types have been replaced ov
converted to mucus-secreting cells and &the lumen of the
glands are markedly dilated. The apical surfaces of the
cells are irregular. and in many cells the mucous granules
have apparently fused and broken through the plasmalemma
into the lumen. which appears filled with mucus.

Figure 49a (top left). Dilated glands Jjust below the
surface of the gastric mucosa. Notice that wmany of the
cells have discharged their mucous granules. From animal
9921 fed 1 ppm 3. 4-TCB for 97 days. (X &50)

Figure 49b {(top right). Dilated glands from the middle
region of the gastric mucosa. The lamina propria is
flattened between the glands. Note that many of the cells
have large accumulations of secretory granules. Animal 92446
fed 1 ppm 3, 4-TCE ¢for 55 dauys. (X 700).

Figure 4%c (bottom lefi). f.ess severely involved gastric
glands. These cells appear somewhat less severely altered
than in the previous micrographs. They resemble mucous neck
cells, except that their apices are very irregular. Animal
9921, (X 2,800}

Figure 49d {(bottom right). A cystic gland. The secretory
granules of all the cells in this region appear to have
fused together and been discharged into the 1lumen of this
cgstic gland. Animal ?2464. {X 1,200)
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Figure 50. Variations in structure of epithelial cells #from
the gastric mucosa of animals fed 3, 4-TCB diets.

Figure 50a (top lefi). These cells appear similar ¢o
control mucous neck cells. They contain numerpus apical
secretory granules, numercus mitochondria, microvilli and
interdigitations of the plasmalemma with neighboring cells.
Junctional complexes and a few electron—-lucent vesicles are

seen in the apical region of these cells. Animal 9921,
(X 11,500).

Figure 350b (tap vright). Cells similar to those in the
previous micrograph, but these contain fewer mitochondria
and more secretory granules. Note the extensive

interdigitation of the plasmalemma with the neighboring
cells. Animal 9921. (X 6, 600).

Figure 50c (bottom left). A higher magnification view of
cells similar to those seen in figure 49d. The secretory
granules appear to have #fused together and broken apen to
the lumen of this cystic gland. The cytoplasm of these
cells and those of the lamina propria appear disorganized
and the nuclei have irregular outlines. Animal 9246,
(X 3, 600).

Figure 50d (bottom right). From a cystic gland which had
penetrated the muscularis mucosae. These tall epithelial
tells do not have mucous granules and the endoplasmic
reticulum is disorganized. Animal 7124 (X 2,000;
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Figure 51. Cytoplasmic abnormalities in gastric epithelial
cells of 3,4-TCB~fed animals.

Figure Sla (top 1left). Abnormal surface epithelial cells.
These cells lacked the masses of tightly packed secretory
granvles seen in normal surface epithelial cells. The
secretory granules which are present appear irregular. the
cytoplasm appears disorganized and many clear vacuoles are
seen. Compare with normal surface epithelial cells in
figure 44a. Animal 9921. (X 4,800)

Figure S1b (top rtight). Fibrillar structures. This cell
was lining & submucosal cyst. Cells like this were not seen
in control monkey gastric mucosa, but have been reported in
the gastric mucosa of dogs and humans. (X 35,000)

Figure 5ic (bottom 1le#ft). Dilated endoplasmic reticulum.
Note that several areas of cell to cell interdigitations of
the plasmalemma are present. The membranes of the secretory
granules in the wupper left have fused together. Animal
FI21. (X 8, 200)

Figure 5id (bottom right). Note the extensive cell to cell

interdigitations of the plasmalemma. The saccules of the
two Golgi apparati visible appear depleted and closely
packed together. One Golgi apparatus is in the upper right

corner and the other is +the large multi-layered membrane
structure to the right of center. Animal ?921. (X 18, 500}






Figure 52. Autophagic vacuoles in the gastric epithelial
cells of 3,4-TCB—fed animals.

Figure 52b (top). Two asutophagic wvacuoles #filled with
membranows material. Animal 9921. (X 22,000)

Figure 52a (bottom?. A large autophagic vacuole is
prominent in the center and a smaller vacuole is present
near the left margin. Several Golgi apparati can be seen.
Their saccules appear depleted and pressed together. Animal
9921. (X 22.000)
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Figure 53. Fasting and postprandial serum gastrin levels.
The ordinate is pg of gastrin per ml of serum. The abcissa
is time in minutes after the animals were returned to their
cages in which contrel diet cubes had been placed. Time O
represents 08:30 when the overnight-fasted animals were
removed from their cages and a sample of blood was taken by
venapuncture. Additional samples of blood were taken at the
times indicated. Animals 9921, 2273 and 8911 showed similar
postprandial rises in serum gastrin; animal 92446 had
tasting serum levels three—fold higher than the other
animals, and his postprandial levels were correspondingly
higher.
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Figure 54, Fasting and postprandial serum gastrin levels in
control animal 9273. The ordinate is pg of gastrin per ml
of serum and the abcissa is the time in minutes after
feeding 75 ml of liquid diet by nascgastric tube. Overnight
fasting samples, taken at 08:30, are indicated at time O.
Three determinations were made on separate days while the
animal was on the control diet. These are the baseline
determinations shown in ¢&he top graph. Additional
measyrements were made throughout the experiment (middle and
bottom graphs). The numbers after the lines indicate the
number of days since beginning the experimental diet, which
for this animal was the control diet. Neither the ¢fasting
nar the postprandial wvalues appeared tto change in this
animal throughout the experiment.
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Figure 53. Fasting and postprandial serum gastrin levels in
control animal 8911. The ordinate is pg of gastrin per ml
of serum and the abcissa is time in minutes after feeding 73
ml of liquid diet by nasogastric tube. Overnight fasting
samples, taken at OB:30, are indicated at time O. Three
determinations were made on separate days while the animal
was on a control diet. These are the baseline
determinations shown in +%the top graph. Additional
measurements were made throughout the experiment (middle and
bottom graphs). The numbers after the Ilines indicate the
number of days since beginning the experimental diet, which
for this animal was the control diet. Note that neither the
fasting nor the postprandial values appeared %o change in
this animal throughout the experiment.
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Figure 5&6. Fasting and postprandial serum gastrin levels in
3, 4-TCB—fed animal 9921. The ordinate is pg of geastrin per
ml of serum and the abcissa is the time in minutes after
feeding 75 ml of liquid diet by nascgastric tube. Overnight
fasting samples, taken at 08:30, are indicated at time O.
Three determinations were made on separate days while the

animal was on control diet. These are the baseline
determinations shown in ¢the top graph. Additional
measuyrements were made throughout the experiment (middle and
bottom graphs}. The numbers after the lines indicate the

number of days since beginning the experimental diet, which
contained 1 ppm of 3:.4-TCB. Note that neither the +fasting
nor the postprandial wvalues changed significantly in this
animal as a result of the toxic diet.
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Figure 97. Fasting and postprandial serum gastrin levels in
3, 4-TCB~fed animal 9246. The ordinate is pg of gastvrin per
ml of serum and the abcissa is time in minutes after feeding
75 ml of a liquid diet by nasogastric tube. Overnight
tasting samples, taken at 08:30, are indicated at f{ime O
Three determinations were made on separate days while the

animal was on the control diet. These are the baseline
determinations shown in the <top graph. Additional
measurements were made throughout the experiment (middle and
bottom graphs)d. The numbers after the lines indicate the

number of days since beginning the 3. 4-TCB diet. Mote that
the baseline determinations of the fasting gastrin levels
were 2 to 3 times as great @#s in the other three animals,
and the postprandial levels were correspondingly higher.
These high wvalues persisted until 8 days of toxic feeding.
However, by 22 days, and on all subsequent days, the fasting
values were similar to those seen in the other animals, but
no postprandial increase is seen.
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Figure 58. Argyrophilic epithelial cells. Sections stained
with the ©Grimelius argyrophilic reaction specifically stain
gastrin—containing @ cells. These cells are most abundant
in the antrum and duodenum, but a few are also seen in the
body region in animals fed control diets (left).
No-@Grimelius positive cells were seen in the body regions of
stomachs #rom animals fed 3, 4~-TCB, but they were numerous in
the duodenum (right) and were also seen in the antrum of
these animals.

Figure 58a (left). From the body region of the stomach of
control animal B8911. Two Grimelius—positive cells can be
seen opposite the arrows. (X 650}

Figure 58b (right). From the duodenum of 3,4-TCB—fed animal
9921. A number of Grimelius—-positive cells can be seen
opposite the arrows. (X 700}
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Figure 59. Model of gastric epithelial proliferation in the
normal mucosa. Cellular proliferation is confined te a zone
which includes the isthmus and neck regions of the glands.
The majority of newly formed cells migrate wupward (heavy
arrow) to replace the surface epithelial cells 1lost by
extrusion or by in situ degeneration. A few newly Fformed
cells migrate downward (smaller arrow) ¢&o replace aged
zymogenic and parietal cells which have been lost,
presumably by in situ degeneration. The proliferative zone
may be held in place by a network of ¢ibrocytes and
collagen, as described by Hattori in hamsters (64). A
similar network may exist in monkeys. I# so, this would
stabilize the position of the proliferative zone. Cells
would only be able to migrate downward as space became
available in the bases of +the glands through loss of the
older cells.
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Figure &40. Model of gastric epithelial proliferation in the
mucosa of 3, 4-TCB-fed animals. As in normal gastric glands
(preceding figure), proliferation occurs in the isthmus and
neck regions of the glands. This is the 1° proliferative
zone in the diagram. However in this lesion., proliferation
also takes place in the bases of the glands, and in the
epithelium which penetrates the muscularis mucosae (MM) to
form submucosal glands and cysts. The majority of the newly
formed cells in the 1° proliferative zone migrate wuvpward
(heavy arrow) to replace surface epithelial cells iost by

extrusion or in situ degeneration. The small arrows
indicate where cells may wmigrate uvpward and downward, as
well as laterally, in the bases of the glands. = Douwnward

migration of newly formed from cells higher in the glands,
in the 1° proliferative zone, may be prevented by an excess
formation of cells in the base region of the glands. The 1°
proliferative zone in the 3, 4-TCB-induced gastropathy may be
anchored in a matrix of connective tissue, as it may be in
normal gastric mucosa. i¢ so. this would explain the
failure of this 1° proliferative zone to be forced upward
owing to the excess formation of cells in the bases of the
glands. Instead these excess cells would tend to force the
expanding gastric epithelium downward through the muscularis
mucosae, forming submucosal glands and cysts.

Since cells may be prevented from migrating downward from
the 1° proliferative zone. and since the base region is also
producing cells which may be trying to migrate upward, the
number of cells which migrate uvpward may exceed the number
lost at the surface. This would explain the signs of
apparent hyperplasia of surface epithelial cells seen by
scanning electron microscopy.

The overall density of proliferative cells in this lesion
does not appear +to be gveater than normal. However,
proliferation continues in the bases of the giands., where
zymogenic and parietal cells normally age and degenevate, an
indication that normal cell aging and loss wmay not occur
here. This could explain the development of hyperplasia in
the absence of & shortened cell cycle time in the
proliferative cells, and in the absence of increased numbers
of these cells.
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