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ABBREVIATIONS 

D 0 Th* absorbed dose of ionising radiation required to reduce a 

surviving fraction of sten cells with a factor 1/e or 0.37. 

Gy Gray, unit of absorbed dose 

1 Cy » 1 J/kg - 100 rad 

ip intraperitoneal(ly) 

iv intravenous(ly) 

LET* Linear Energy Transfer of the ionising particles, the total 

energy transfer per unit of track length, expressed in keV per 

•icro-aeter. 

MKC Mucous Neck Cell(s) 

PC Parietal Cell(s) 

R Roentgen, unit of exposure for X-rays and ganaa rays. One R is 

equal to 2.58 x 10~H Coulonb per kilogran air. An exposure of one 

R corresponds with an absorbed dose equal to 0.0087 Gy in air and 

to about 0.0096 Gy in soft tissue. 

RBE Relative Biological Effectiveness, in this study equal to 

DR/DN» where D R and D N represent the absorbed doses of X-

rays and neutrons, respectively, which cause the sane biological 

effect. 

sc subcutaneous(ly) 

SEC Surface Epithelial Cell(s) 

ZC Zymogenic Cell(s) 
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CHAPTER 1 

IHTRODÜCTIOM 

1.1. Outline of the study 

The study to be reported is a comparative quantitative assessment of 

the effects of two types of ionizing radiation on the gastric epitheli

um. It stems from an earlier observation that whole-body exposure of 

mice to fission neutrons in the upper lethal dose range ( U ^ Q - L D J O Q ) 

caused severe damage in the gastric glandular epithelium which did not 

occur after whole-body exposure to X-rays in the upper lethal dose 

range. It was also observed that the glandular epithelium has a remark

able capacity for regeneration even at neutron doses which destruct the 

entire functional cell populations (Davids 1974). Literature data and 

own findings indicated that whole-body X-ray exposures which produce 

similar effects are well within the supralethal dose range. Hence in 

order to study these effects of X-rays, a therapy which prevents the 

acute lethality has to be applied. Therefore mice of an inbred CBA 

subline in which syngeneic bone-marrow transplantation is very effect

ive in preventing acute lethality, were used in our study. 

The two types of ionizing radiation which are compared, are fast fis

sion neutrons of 1.0 NeV mean energy and 300 kVp X-rays. Both neutrons 

and X-rays carry no electrical charge; they are indirectly ionizing 

radiations which penetrate into tissues fairly well. They differ, how

ever, in the way their energy is transferred to the irradiated tissues. 

The fission neutrons transfer energy through collisions with atomic 

nuclei, mostly those of hydrogen. The positively charged recoil protons 

are the directly ionizing particles. The ionization density in their 

tracks is much higher than that in the tracks of the fast electrons 

which are knocked out of their orbit by X-rays. The difference In ion

ization density is expressed by the mean track-average LET»-values 

for the recoil protons and fast electrons. LET is the acronym for 

JLinear Energy Transfer which is the energy transfer per unit of track 

length. The track-average LET* of the recoil protons is equal to 

57 keV per urn in water, which is near the maximum 74 keV/um that can be 

reached with fast neutrons. The mean track-average LET» of the fast 
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electroos is only about 3 kaY/urn in water. Owing to this large differ

ence in LET the fission neutrons have a larger biological effectiveness 

than that of X-rays. The Relative Biological Effectiveness (RBE) of the 

fission neutrons as compared with X-rays is the ratio of the absorbed 

dose of X-rays D» to the absorbed dose of neutrons Dw, required to 

produce the sane biologies1 effect, all other conditions kept constant. 

In f omnia: 

RIE-Dg/Du 

The H E depends upon radiation quality and Irradiation conditions such 

as dose rate and fractionation as well as upon the kind and level of 

biological effect. 

The accuracy of an RBE-aeasureuent depends critically upon the accurate 

deters!natIon of the absorbed doses DR and D R . The relevant values 

are the absorbed doses in the tissue or tissues, the damage of which 

determines the biological effect used as criterion. The use of a small 

anlaal like the mouse has the advantage that with fission neutrons a 

fairly uniform dose—distribution can be achieved by bilateral exposure 

of the animal. For the neutron irradiations the neutron exposure facil

ity In the Low Flux Reator of the Netherlands Energy Research Founda

tion ECH at Petten was used. The design of the facility, tissue dosime

try and neutron spectrometry have been described elsewhere (Davids et 

al. 1969). The fast neutrons are produced by fission of uranlum-235 in 

a converter, which is exposed to thermal neutrons from the reactor 

core. The animals were Irradiated bilaterally. Fourty mice may be irra

diated simultaneously at the same fast neutron dose rate of 0.1 Gy/min 

in the centre-line of the animal. The absorbed doses, given as centre

line doses, do not Include the 91 y-ray contribution. 

Neutron RBE determinations as a function of neutron energy spectrum, 

Irradiation conditions and for several biological end-points are rele

vant for radiation protection, the treatment after accidental overexpo

sure to fast neutrons and fast neutron radiotherapy. In this collection 

of RBE data those for fission neutrons score highest for each effect 

category that has been investigated (Broerse and Barendsen 1973). Be

cause of their large mean track-average LET,, the RBE-value for fis

sion neutrons may be used as an upper limit of neutron RBE for each 

effect category. 
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The biological effects which «ere investigated in this study all per

tain to the epitheliua of the fundus. First the destruction and subse

quent regeneration of the epitheliua following a 4.0 Gy neutron dose 

was studied by aorphological and physiological aethods. A 3 weeks ob

servation interval after irradiation was chosen for the neutron RBF 

deterainations, which were done for several aorphological and physio

logical end-points, related to changes of the populations of the func

tional cells or changes in their secretory activities. Finally the 

neutron RBE was determined for the depletion of the gastric stem cell 

population. The RBE for the final gastric epithelial daaage was com

pared to the RBE for daaage to the inital stea cell population. 

During the course of this study several aspects which are of interest 

froa the point of view of tissue kinetics and gastric physiology were 

noticed and are included in the following chapters. 

1.2. Morphology of the mouse stoaach 

Figure 1.1. shows an outline of the souse stoaach. The non-glandular 

part is lined by stratified squamous cornified epithelium. The glandu

lar part of the stomach has an epithelium with many longitudinal folds, 

the rugae. The two regions are separated by a ridge of thickened lamina 

propria of the non-glandular part. The larger part of the glandular 

part is called fundus. The area near the entrance of the oesophagus is 

the cardia. The antrum leads to the pylorus, the sphincter between 

stomach and duodenum. The lesser curvature of the anterior border of 

the stomach is concave, the greater curvature of the posterior border 

is convex. 

The wall of the glandular part of the stomach consists of four coats: 

mucosa, submucosa, muscularis and serosa. The inner layer of the mucosa 

consists of the surface and glandular epithelium and the lamina pro

pria. The outer layer, muscularis mucosae, is composed of smooth mus

cle. The submucosa is a layer of loose fibrous connective tissue 

supporting larger vessels and sympathetic neurons and nerve fibers. The 

muscularis is built up of three layers of smooth muscle. A nerve plexus 

lies in the connective tissue between the muscle layers. The outer 

layer of the gastric wall is formed by loose fibro-elastic connective 

tissue, the serosa, which is covered by peritoneum (Hummel, Richardson 
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Figure 1.1. Diagram of the parts of the mouse stomach 

and Fekete, I960) . 

In the surface of the glandular ancosa of the fundus •any microscopic

ally snail openings are present. These openings are called the gastric 

pits or fovaeolae. Into the bottom of the pits tubular glands open, 

which extend to or almost to the auscularis ancosae. The pits *» well 

as the glands are arranged in parallel rows perpendicular to the stom

ach wall. A gland with its pit will be denoted as a fundic tubule. The 

fundic tubules are packed close together and are separated from each 

other by a thin layer of lamina propria. A tubular gland can be divided 

into three regions: the isthmus, which forms the transition between 

gland and pit, the neck and the base, which is the blind mostly coiled 

end of the gland. 

1.3. Secretory cells 

The free inner surface of the fundic part of the stomach and the pits 

are lined by high columnal epithelium formed by the surface epithel

ial cells. This type of cell has an oblong nucleus at the base and 

apical granules of mucus, the amount of which increases from the 

isthmus to the inner surface of the stomach. 
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The isthmus of the glands contains surface epithelial cells as well as 

parietal cells, the producers of gastric acid. The parietal cells 

are relatively large and rounded or triangular shaped with a spherical 

rounded, centrally placed nucleus. In addition undifferentiated cells 

are present in the isthmus. 

In the neck of the glands mucous neck cells Interspersed between 

parietal cells occur. In sections the mucous neck cells often have a 

triangular shape. Their triangular nucleus is close to the cell 

base. 

The base of the glands contains mostly zymogenic cells and occa

sional parietal cells. The zymogenic cells contain pepsinogen in gran

ules present between the nucleus and the free cell surface. The cells 

have a somewhat pyramidal shape and have a rounded, basal nucleus. 

The various cell types in the fundus are clearly recognized in sections 

stained with periodic acid-Schiff and hematoxylin. The apical mucus in 

the surface epithelial cells is colored dark red, whereas the mucus in 

the mucous neck cells has a pink, foamy appearance. The parietal cells 

are visible as pale cells with dark nuclei. The zymogenic cells have a 

strongly basophilic ergastoplasm in their basal part. 

The tubular glands in the cardia are composed of columnar cells without 

secretory granules. The glands in the antrum are composed primarily of 

mucus producing cells resembling the mucous neck cells in the "indie 

glands. 

Besides the cell types mentioned, several types of endocrine cells 

occur in small numbers scattered over the gastric mucosa. They store 

biogene amines and peptide hormones. G-cells are found in the antral 

glance and produce the hormone gastrin. 

1.4. Cell proliferation and differentiation 

The populations of surface epithelial cells (SEC), mucous neck cells 

(MNC), parietal cells (PC) and zymogenic cells (ZC) are continuously 

renewed. Since proliferating cell populations are relatively sensitive 

to radiation, a short review of data on the kinetic behaviour of these 

cell types will be given. 
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Proliferative activity is primarily found in the isthmus of the glands 

in the mouse (Kataoka 1970, Willems et al. 1972, Uattel et al. 1977), 

rat (Stevens and Leblond 1953, Messier and Leblond 1960, Hunt and Hunt 

1962) hamster (Kaku 1966, Hattori 1974) and man (Lipkin et al. 1963). 

The proliferative cell compartment in the mouse is composed of undif

ferentiated cells, SEC in different stages of maturation (Kataoka 1970, 

Uattel et al. 1977) and of immature MNC (Kataoka 1970). Immature SEC in 

the deeper parts of the pits and immature MNC in the upper neck region 

were also found to have proliferative activity in the mouse (Kataoka 

1970). Immature SEC and MNC are considered tc arise from undifferenti

ated cells (Corpron 1966, Kataoka 1970). 

The publications quoted in the following part of the paragraph, all 

refer to labeling studies with 3H-thymidine. The SEC arising in the 

isthmus migrate towards the surface of the mucosa where they are ex

truded in the rat (Messier and Leblond 1960, Hunt and Hunt 1962), ham

ster (Kaku 1966, Hattori 1974) and in man (Lipkin et al. 1963). The SEC 

have an average life time of 3 days in the rat (Stevens and Leblond 

1953) and hamster (Kaku 1966). Mature SEC do not divide. 

The MNC, too, arise in the isthmus from undifferentiated cells and 

immature mucous neck cells in the mouse (Kataoka 1970). They migrate 

from the Isthmus to the deeper parts of the neck. Also MNC in the neck 

were found to proliferate in the mouse (Uattel et al. 1977) and in the 

rat (Stevens and Leblond 1953, Messier and Leblond 1960, Hunt and Hunt 

1962). The turn-over time of the MNC population in the rat is 6% days 

(Stevens and Leblond 1953). 

Most authors found no evidence that the PC are able to divide in the 

mouse (Ragins et al. 1968, Kataoka 1970, Willems et al. 1972, Uattel et 

al. 1977) rat (Stevens and Leblond 1953, Hunt and Hunt 1962"), hamster 

(Kaku 1966, Hatrjri 1976) and in man (Lipkin et al. 1963). PC were 

supposed to be derived from other cells in the isthmus or neck in the 

mouse (Ragins et al. 1968, Kataoka 1970, Willems et al. 1972), rat 

(Hunt and Hunt 1962) and hamster (Kaku 1966, Hattori 1974) and were 

found to migrate downward in the gland. However, indications that PC 

are able to divide have been reported for the mouse (Chen and Ulthers 

1975). Immature PC were assumed to divide as they migrate downward and 
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mature. The PC were found to have a half life time of about 23 days in 

the mouse (Raglns et al. 1968). 

A number of authors found no evidence for proliferation of ZC 

in the mouse (Ragins et al. 1968, Wattel et al. 1977), rat (Stevens and 

Leblond 1953, Hunt and Hunt 1962), and in man (Lipkin et al. 1963). 

However, in other studies proliferative activity in ZC was found in the 

mouse (Willems et al. 1972, Chen and Withers 1975) and golden hamster 

(Hattori and Fujita 1976). /s reported by Willems et al. (1972), at 

least part of the ZC population in the normal gastric mucosa of the 

mouse is formed by division of ZC. The proliferating ZC would have a 

cell cycle of about 2 months. Indications that ZC are derived from MNC 

were found in the golden hamster (Hattori and Fujita 1976). 

1.5. Gastric secretion 

According to the two-component hypothesis of Hollander (1952) gastric 

juice contains an acid or parietal component and an alkaline or non-

parietal component. The acid component consists of the acid secreted by 

the parietal cells. The alkaline component consists mainly of a transu

date of interstitiel fluid and in addition organic substances such as 

mucus, pepsin and the intrinsic factor. 

The gastric acid, hydrochloric acid, is secreted by the parietal cells. 

The concentration of hydrogen ions in the gastric juice is 2 million 

times higher than in plasma (Hendrlx 1974). The concentration gradient 

is maintained by a physiological barrier in the gastric epithelium: the 

"gastric mucosal barrier". During the process of acid secretion, water 

is supposed to be hydrolized at the canalicular membrane in the pari

etal cell and H+-ions are secreted Into the lumen. Gastric acid is 

necessary for the proteolytic action of pepsin, it has a hydrolizlng 

action on dietary components and kills ingested bacteria. 

Pepsinogen is produced by zymogenic cells. In these cells pepsinogen is 

encapsulated in secretion granules. By an adequate stimulus degranulat-

ion occurs and pepsinogen enters the lumen. At continuing stimulation 

the synthetlzed pepsinogen is secreted immediately without having been 

in the granula stage. Pepsinogen is transformed under the Influence of 

acid into the active pepsin, while peptides are formed. 
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This process takes place at a pH lower than 6 and proceeds then auto-

catalytically. Between pH 5 and 7.5 pepsin is inactive but still 

stable, so that the activity returns as the pH lowers. Above pH 7.5 

pepsin is inactivated irreversibly (Piper and Fenton 1965). Pepsin Is 

an endopeptidase and attacks most soluble proteins, making them more 

susceptible to pancreatic digestion. It is, however, not indispensable 

for the protein digestion and metabolism. 

Mucus is secreted by the surface epithelial cells and the mucous neck 

cells. One of its functions is the protection of the mucosa against the 

potentially harmful agents in the diet as plant lectins and micro-or

ganisms (Fox 1979). It also defends the mucosa against a peptic 

attack. 

The intrinsic factor (IF) is secreted by the zymogenic cells in the 

mouse and the rat but in many other mammalian species including man by 

the parietal cells. The IF is a glycoprotein which is necessary for the 

absorption of vitamin B i 2 (extrinsic factor). Vitamin B12
 c a n only be 

absorbed by the intestine in combination with IF. Vitamin B,2 prevents 

the development of pernicious anemia. The secretion of IF is in fact 

the only essential function of the stomach (Hendrix 1974). 

1.6. Regulation of gastric secretion 

According to a hypothesis of Grossman (1975) there are separate 

receptors for gastrin, histamine and acetylcholine on the parietal 

cell. Each of these 3 agents are known as stimulators of gastric acid 

secretion. Blockade of one kind of receptor will depress the response 

to the other stimulants. Occupation of one receptor by its agonist will 

cause allosteric conformation on the other receptors so that potentiat

ion can occur. Histamine appears to be necessary for full action of 

gastrin and acetylcholine. 

Neural and hormonal stimulation as well as inhibition of gastric acid 

secretion traditionally have been divided into three phases: the ce

phalic, gastric and intestinal phase (Grossman 1975, Wright and 

Hlrschowitz 1976, Debas 1977). 
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In the cephalic phase the gastric acid secretion is stimulated by stim

uli arising from the brain or by agents acting upon the nervous system, 

the vagus nerve» and related cholinergic receptors. Acetylcholine 

stimulates acid secretion by direct action on the parietal cell, by 

release of gastrin from the antral G-cells and by increasing the re

sponsiveness of the parietal cell to gastrin. In the gastric phase the 

actions of digested proteins and of intrinsic cholinergic reflexes play 

a part. Digested proteins and amino acids from the diet release gastrin 

in the antrum. Distension reflexes have the samp actions on parietal 

cells and G-cells as do the cephalic vagal reflexes. In the intestinal 

phase acid secretion might be mediated by a nervous reflex mechanism or 

by intestinal hormones. The hormones might act directly on the parietal 

cell or might act on the G-cell to release gastrin. 

For the inhibition of acid secretion in the cephalic phase one or more 

inhibitors may be released by vagal activity. Whether vagal inhibition 

is physiologically important is unknown. In the gastric phase a pH-

value lower than 2 inhibits gastrin release. In the intestinal phase 

both neural and humoral inhibition seem to play a part. Hormones re

leased by acid or fat in the small intestine might have an inhibitory 

action on gastric secretion. 

1.6.2. Pepsinogen secretion 

Secretion of pepsinogen, too, is controlled by the cephalic, gastric 

and intestinal phases, though In a somewhat other way than the acid 

secretion (Magee 1974). Pepsinogen secretion is stimulated by vagal 

activity, by gastrin, by distension of the stomach, by food and by 

intestinal hormones. The agents that are known to inhibit acid secret

ion, Inhibit pepsinogen secretion too, except secretin that stimulates 

pepsinogen secretion. Histamine seems to stimulate pepsinogen secretion 

little and only shortly by a wash-out effect of pepsin by the stimulat

ed acid secretion. 

In experiments acid and pepsinogen secretion are often stimulated in 

the following ways: 
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- Activation of the vagus nerve by sham feeding, by the administration 

of insulin or 2-deoxy-D-glucose (2-DG) and by direct electrical stim

ulation of the nerve. Insulin hypoglycemia and 2-DG cause vagal acti

vation by stimulation of a specific area of the lateral hypothala

mus. 

- Administration of acetylcholine or parasympathomimetics as for exam

ple urecholine. 

- Administration of gastrin or a synthetic gastrin-like peptide as 

pentagastrin. 

- Administration of histamine or a derivative for the stimulation of 

acid secretion. 

1.7. Other irradiation studies on the stomach 

As early as 1897, two years after the discovery of X-rays by Röntgen 

Walsh (1897) observed that X-rays had a clinical effect on the human 

gastrointestinal tract. In 1909 Bassler suggested that irradiation of 

the stomach with doses that lower gastric acid secretion might be used 

as a therapy for the healing of peptic ulcer. One of the first clinical 

reports on this therapy was published by Bruegel in 1917. Subsequently 

many others have applied the therapy for the healing of gastric as well 

as duodenal ulcers. Reviews on this subject were published by Ricketts 

et al. (1948), Levin et al. (1957), Brown, Sahba and Levin (1962) and 

Cocco and Mendeloff (1979). 

In experimental studies on the radiation effects on gastric mucosa in 

laboratory animals several types of ionizing radiation have been used: 

X-rays (Brecher et al. 1958, Ragins et al. 1967, Murray et al. 1969, 

Capofeiro 1972 a,b), Y - r ay 8 (Brecher et al. 1958), fl-rays (Douglas et 

al. 1950, Beal and Ferguson 1963). At first the mammalian stomach was 

regarded to be relatively insensitive as compared with the intestine to 

whole-body doses of X-rays that cause bone-marrow or intestinal death. 

After supralethal exposure to ionizing radiation the survival could be 

prolonged by therapeutical treatments. Gastric lesions developed in the 

second and third week after irradiation (Brecher and Cronkite 1951, 

Conard et al. 1956, Smith et al. 1955). Gastric lesions could also 

be developed by local irradiation (Douglas et al. 1950, Brecher et al. 

1958, Beal and Ferguson 1963, Ragins et al. 1967, Murray et al. 1969, 
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Capoferro 1972 b). Most authors reported that acid secretion (Ragins et 

al. 1967, Murray et al. 1969, Capoferro 1972 a, Beal and Ferguson 

1963) and pepsin secretion (Ragins et al. 1967) could be strongly de

pressed temporarily. The nature of the lesions in the mucosa have been 

described (Douglas et al. 1950, Brecher et al. 1958, Beal and 

Ferguson 1963, Ragins et al. 1967, Capoferro 1972 b). 

1.8. Post-irradiation therapy 

In male CBA-mice, which were used in the present study, the neutron 

dose which kills 50Z of the animals within 30 days, the LD 50/30 days, 

is about 3.5 Gy. The lethality is due to the bone-marrow syndrome and 

occurs mainly between the 8th and the 15th day after irradiation. For 

the intestinal syndrome the LD 50/5 days is about 4.5 Gy neutrons. At 

higher doses most mice die at the 4th and 5th day after irradiation as 

a consequence of Intestinal stem cell depletion. The LD 50/30 days can 

be increased to about 4.0 Gy by giving the animals an intravenous syn

geneic bone-marrow transplant after irradiation. The LD 50/30 days may 

be further increased to about 4.5 Gy by administrating oxytetracycline 

during the first ten days after irradiation as well (Davids 1973). 

Mostly gastric lesions were studied following doses which would have 

been lethal without therapeutic treatment. Because the process of re

generation of the gastric mucosa takes several months the animals irra

diated in this dose range were protected by an intravenous syngeneic 

bone-marrow transplantation and intramuscular injections of oxytetracy

cline. 

1.9. Structure of the study 

The aiain structure of the study is outlined in the following short 

description of the contents of the chapters 2 to 9. 

Chapter 2 

The distribution of the various secretory cell types and fundic tubules 

in the gastric fundus of unirradiated alee is described. A selec

tion of the sites studied has been used in the study of the irradiated 

animals. 
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Chapter 3 

For unirradiated alee a method for the stimulation of gastric se

cretion is described which gives a sufficient yield of acid and pepsin. 

The «echnique of pylorus ligation was used and various stimulating 

drugs, ways of administration and secretion periods were tried out. Two 

types of stimulation were selected for further experiments. 

Chapter 4 

For nice irradiated with 4.0 Gy fast neutrons the quantitative 

assessment of the responses by the 4 secretory cell types and fundic 

tubules is given for various intervals after neutron irradiation during 

degeneration and regeneration. 

Chapter 5 

For mice irradiated with 4.0 Gy fast neutrons the outputs of fluid, 

acid and pepsin are shown for various intervals after neutron irradia

tion during degeneration and regeneration. The secretion data are com

pared with the histological data of chapter 4. 

Chapter 6 

For mice at 3 weeks after irradiation with graded dosjs of fast neu

trons or X-rays the quantitative assessment of the four secretory 

cell types and fundic tubules are given. The resulting RBE-values are 

presented. 

Chapter 7 

For mice at 3 weeks after irradiation with graded doses of fast neu

trons or X-rays the outputs of fluid, acid and pepsin, are given. 

RBE-values for changes in outputs are presented. The secretion data are 

compared with the histological data of chapter 6. 

Chapter 8 

For mice at 3 weeks after irradiation with graded doses of fast neu

trons or X-rays the survival curves of stem cells in the fundic tu

bules are determined from the numbers per unit area of fundic tubules. 

The RBE values for different levels of stem cell depletion are present

ed. 

Chapter 9 

The results of the chapters 2 to 8 are given in a summary. 
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CHAPTER 2 

THE DISTRIBUTION OF SECRETORY CELLS IN THE GASTRIC FUNDUS OF 

UNIRRADIATED MICE 

2.1. Introduction 

The distribution of cells in the acid and pepsinogen secreting part of 

the stoaach vary aaong aaaaalian species. This holds for parietal cells 

in the rat (Bralow and Koaarov 1962), bat (Ito and Winchester 1963) and 

in aan (01, Hoshlko and Funatsu 1958, Rubin et al. 1968), as well as 

for zymogenic cells in the bat (Ito and Winchester 1S63), cat (Bowie 

1940) and in aan (Rubin et al. 1968) and for mucous neck cells in the 

dog (Ritchie, Barzllal and Delaney 1966) and in aan (Rubin et al. 

1968). 

No quantitative data have been reported for the mouse. If in the unir

radiated mouse fundus the various secretory cell types are not distrib

uted uniformly, local histological differences should alio be expected 

after irradiation. The study of a single position would not be suffi

cient to obtain a picture of che whole fundus. Therefore the distri

bution of the four secretory cell types was studied in several posi

tions of the fundus from unirradiated mice. Besides, the distribution 

of the fundic tubules and the variation in mucosal thickness were de

termined. Two groups of unirradiated mice were studied. One group was 

treated during 10 days with terramycin, the other group was not treat

ed. The effect of terramycin was studied because some groups of irradi

ated mice in later experiments would receive terramycin injections. 

2.2. Materials and methods 

Male mice of a CBA sub-line bred at Petten by brother x sister mating, 

13-15% weeks old and weighing 26-30 g, were studied. The animal care 

has been described elsewhere (Davids 1970). 

Tissue specimen for histology were obtained from animals which had 

fasted 20-24 hours and which were anesthetized by an intraperitoneal 

injection of pentobarbital solution (Nembutal, Abbott, 35-40 mg/kg 

body weight). Ten minutes after injection a 3*8% formalin solution, 
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buffered at pH 7, was injected through the wall of the non-glandular 

part into the luaen of the stoaach. The stoaach was excised and opened 

along the lesser curvature, stretched on a piece of wax to saooth the 

mucosal folds and fixed in formalin during 48 hours. During the subse

quent dehydration process the stomach was prevented from curling by 

pinning it on a piece of cork. The non-glandular part of the stomach 

was removed and the stretched fundic part was embedded in paraffin. 

Sections of 4 urn nominal thickness were cut parallel to the gastric 

ridge and were stained with the periodic acid-Schiff reagent, haeaatox-

ylin and chromotrop 2R. This method stained glycoproteins red, nuclei 

and ergastoplasm blue and connective tissue light red. 

From the stomach of untreated unirradiated aniaals, six groups of sec

tions were cut parallel to the gastric ridge. The groups, 700-900 iim 

apart, were equally distributed over the whole length of the mucosa as 

indicated by the planes 1 to 6 in figure 2.1. Cell counts and 

non-
glandular 
part 

greater 
curvature 

Figure 2.1. Outline of the stomach of the mouse. The planes 1 to 6 run 
parallel to the gastric ridge; L, M and R indicate the zones in which 
the positions at the left, in the middle and at the right, respectively, 
of the sections Were counted 

measurements were done in the left (L), middle (M) and right (R) parts 

of each section. The left and right positions are ventral and dorsal, 

respectively, near the lesser curvature, the middle position is at the 

lesser 
curvature 

esophagus 
cardia 

antrum 

pylorus 

duodenum o '"plane 
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greater curvature. In each position we studied a tissue voluae underly

ing a unit surface area of aucosa. The tissue voluae had the width of 

the ocular grid (300 ua), the thickness of the aucosa and the thickness 

of the section, showing the pits and glands over their whole length. 

The unit area has the width of the grid and the thickness of the muco

sa. The counts are expressed as nuabers per surface unit area of muco

sa. The counts were not corrected for shrinkage during specimen prepa

ration, assualng that to be constant. 

Determined were: 

1. The number per unit area of surface epithelial cells (SEC), mucous 

neck cells (MNC), parietal cells (PC) and zymogenic cells (ZC) by 

counting their nuclei. 

2. The nuaber per unit area of fundic tubules. 

3. The thickness of the aucosa froa the mucosal surface to the muscu-

laris mucosae. 

The determinations were done in 3 mice. For each plane the L, M and R 

positions were counted in 3 sections. 

Another group of 3 unirradiated mice received intramuscular injections 

with oxytetracyclin (Terramycin®, 0.5 ag/day) during 10 consecutive 

days. Eleven days after the end of the series of injections the stom

achs were excised and processed for histological examination as de

scribed above. The same determinations as in the untreated group were 

done, but in each mouse the L, M and R positions were counted only In 2 

sections in the planes 2 and 5. 

To prevent overestimatlon of cells and fundlc tubules a correction was 

made by a modified method of Abercromble (1946, Ortavant 1958). 

The correction formula used is: 

p . B M 
M + 2 / (R2 - 1/4Y2) 

in which P is the real number of nuclei or tubules In a section, B the 

number of nuclei or tubules counted in a section, M the thickness of 

the section, R the radius of the nuclei or tubules and Y the diameter 

of the smallest countable nuclear or tubular fractions. Nuclear diame

ters of MNC, PC, ZC and tubules were measured parallel to the surface 
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of the mucosa In the saae sections where the countings were done. 

Diaaeters of fundic tubules were deterained about halfway between 

isthaus and bottoa of the gland. SEC counts were not corrected because 

their elongated nuclei are not orientated at randoa. Per aniaal 20 

nuclei of each cell type and 20 tubules were aeasured. 

The nuclear diaaeters for the untreated and terraaycin treated group, 

respectively, are: 5.1 ua • 0.2 (s.e.a.) and 5.3 ua ± 0.2 for the MNC, 

6.8 ua ± 0.2 and 6.1 ua t 0.1 for the PC, 5.3 ua ± 0.1 and 4.6 u« ± 0.1 

for the ZC. The diaaeter of the fundic tubules is 23.2 ua • 0.8 for the 

untreated and 24.4 ua ± 0.7 for the terraaycin treated group. 

Section thickness was aeasured on one occasion by stretching sections 

on a warn plate and embedding thea between the soft molten surface of 2 

paraffin blocks. The sections were cut again at right angles to the 

original plane. The measured section thickness was 3.74 ua ± 0.05. 

Therefore the unit area of mucosa is equal to 300 urn x 3.74 urn. 

Differences between means were tested following Student's t-test for 

unpaired data. Significant differences have p - 0.05. 

2.3. Results 

2.3.K Untreatedanimals 

Figure 2.2. shows the distributions of the different cell types in the 

fundic mucosa. Since significant differences between L and R positions 

near the lesser curvature are rare, the average is given. The SEC 

(fig. 2.2.a.) show no systematic differences in number per unit area, 

nor do the MNC (fig. 2.2.b.) at the greater curvature. However, the MNC 

number per unit area is smaller near the lesser curvature in the planes 

4 to 6. 

The number of PC per unit area (fig. 2.2.c.) is smallest in plane I. 

The PC are equally distributed over the other planes. For all planes 

the PC number per unit area is largest near the lesser curvature. 

The ZC number per unit area (fig. 2.2.d.) increases from plane 1 to 

plane 2 and decreases then from plane 2 to plane 6. In each plane the 

number per unit area is largest at the greater curvature. 

The total number of glandular cells per unit area (MNC, PC and ZC) is 
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Figure 2.2. Cell number per unit area of nucosa of a. surface epi'heli 
eel Is (SEC), b. mucous neck cells (MHO, c. parietal cells (FC) and d. 
zymogenic cells (ZC) in the gastric fundus of unirradiated nice. The I-
and right column of each pair indicate the position at the greater .2nd 
the average of the 2 positions near the lesser curvature, respect i:'el% 
A significant difference between the greater and lesser curvature is 
indicated by an arrow. A significant difference between 2 planes is n 
ed by giving in the column of one plane the number of the other plane. 
A significant difference between the left and right positions near the 
lesser curvature is indicated by L when the left position or R, when t 
right position has the largest value. With exception of the SEC the . v 
numbers per unit area are corrected for nuclear overestimation. Veriic 
bars indicate standard error of mean 

*.<iv<-



- ?* 

given in figure 2.3., shouiag gr3ssly the sua» distribution t for the 

ZC. 

The fundic tubules (fig. 2.4.a.) are uniformly distributed both at the 

greater curvature and «ear the lesser cirvature. However, at the great

er curvature the naaaar per uait area is larger. 

Finally, the ancosal thickness (fig. 2.*.b.) is significantly saallcr 

in plane 5 and 6 than in the other planes. However, no significant 

differences exist between the greater and lesser curvature. 

2.3.2. Terraaycln treated anlaals 

The shaded colbaas in figure 2.5. show the data for the planes 2 and 5 

in the fuadic aucosa of terraaycla treated alee. For the lesser curva

ture the average of the L and R positions is given, since differences 

between then ware rare. The open coluans, representing the data of the 

planes 2 and 5 for untreated aniaals are given for comparison. 

Both the SEC (fig. 2.5.a.) and MIC (fig. 2.5.b.) are equally divided 

over the positions in plane 2 and 5. 

The nuaber per unit area of PC (fig. 2.5.C.) is larger near the lesser 

curvature than at the greater curvature, whereas the ZC nuaber per unit 

area (fig. 2.5.d.) shows a tendency for the opposite. Most PC per unit 

area are present in plane 2. 

The total nuaber per unit area of glandular cells (fig. 2.5.e.) does 

not show a narked difference between the two planes. 

The nuaber per unit area of fundlc tubules (fig* 2.5.f.) is siailar for 

plane 2 and 5. The aucosal thickness (fig. 2.5.g.), however, is rela

tively large in plane 2 near the lesser curvature. 
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Figure 2. 3. Sum of VKP. r.:.arbers of mucous neck cells (MNC), parietal cells 
(PC) and zymogenic cells (ZC) per unit area of mucosa in the gastric 
fundus of unirradiated mice. For further explanation see the legend of 
figure 2.2. 
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2.4, Discussion 

In figure 2.6. the distribution of the MNC, PC and ZC are given topo

graphically for the positions in the mouse fundus of untreated mice. 

The mean of the values of the greater curvature in all 6 planes does 

not differ significantly from the mean of the values of plane 2 and 5. 

The same holds for the lesser curvature and for the number per unit 

area of SEC, glandular cells and fundic tubules as well as for the 

mucosal thickness for both curvatures. Therefore the values of the 

planes 2 and 5 for each separate curvature in untreated unirradiated 

mice can be used as an estimate cf the entire greater curvature and of 

the entire lesser curvature, respectively. That is why counting was 

restricted to these 2 planes. 

Additionally numbers per unit area of MNC, PC and ZC were determined 

for the 6 planes about halfway between the greater and lesser curvature 

at both sides of the stomach. Because no significant differences be

tween the values of the same plane were found, except in one instant 

these values were averaged. Two sections per plane per mouse were 

counted. The results, given in figure 2.6., indicate that in most 

planes the values for the MNC, PC and ZC number per unit area are be

tween the values for the two curvatures. 

It was therefore concluded that representative data for the whole fun

dic epithelium can be obtained by counting MNC, PC and ZC at the great

er curvature and near the lesser curvature in plane 2 and 5. 

A comparison of the results in the planes 2 and 5 of the untreated 

animals with those of the terramycln treated animals (fig. 2.5.), shows 

that for the SEC and MNC no appreciable differences in numbers per unit 

area between the 2 groups are present. 

The PC number per unit area is larger near the lesser than at the 

greater curvature in both groups of mice. The value near the lesser 

curvature in plane 2 in the treated animals is larger than the one in 

the untreated animals. 

In both groups of mice the number per unit area of ZC is larger at the 

greater than near the lesser curvature. No appreciable differences in 

number between the 2 groups are present. 

The total number of glandular cells per unit area nor the number of 
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lesser^ 
curvature 

greater-
curvature 

6 5 

Figure 2.6. Distribution of a. mucous neck cells (MNC), b. parietal 
cells (PC), a. zymogenic cells (ZC) over the fandic part of the stomach 
of unirradiated mice. Figures are numbers of cells per unit area counted 
in the 6 planes at the greater curvature, near the lesser curvature and 
between the 2 curvatures 
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fundic tubules per unit area was affected by terramycin treatment. 

The mucosal thickness is slightly but significantly smaller in the 

treated than in the untreated group in plane 2 at the greater curvature 

and in plane 5. 

Apparently, the 10 days of terramycin treatment in unirradiated mice 

has no appreciable effect on the secretory cell number per unit area in 

the planes 2 and 5* 

The numbers of cells and fundic tubules have been corrected for nuclear 

overestimation. The correction factor depends on the diameter of the 

nuclei and tubules and the thickness of the section. Since diameters of 

fragments of nuclei and tubules were measured, besides their full dia

meter, the saean calculated diameter is smaller than the true diameter. 

The calculated diameter is related to the true diameter according to 

the following formula (Abercrombie 1946, Kramer 1960): 

M + 1/AitL 

M + L 

in which Lf is the calculated diameter, L the true diameter and M 

the thickness of the section. According to this formula the calculated 

mean diameter of the nuclei is 11 to 15% smaller than the true diame

ter. However, since a number of fragments of nuclei were too small to 

be noticed, the fault is smaller. The calculated mean diameter of the 

tubules differs less than 20% from the true diameter. As a consequence 

of the fault in the calculated diameter the corrected numbers of cells 

per unit area are larger than the true numbers. In the present study 

the corrected cell numbers are less than 15% larger than the true cell 

numbers, whereas the percentage for the tubule numbers is smaller than 

30. Since the percentages are similar for all positions the fault in 

correction factor has no influence on the relative distribution of the 

different cell types and tubules. The mentioned percentages for the 

cell counts also apply to the data obtained after irradiation. The 

overestimation of fundic tubules in irradiated tissue will be discussed 

in the chapters 4, 6 and 8. 

Before comparing our results with other studies it is Important to note 

that the stomach of rodents as mouse and rat differ in anatomy from the 

stomach of bat, cat, dog and man. The stomach of mammalian species 
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other than rodents do not posses a non-glandular part. One can distin

guish the following parts in these species: cardla, fundus, body and 

antrum. The fundus Is the part lying above a horizontal line drawn 

through the entrance of the esophagus. The fundus and body have the 

same type of glands as the fundus in the mouse. 

In figure 2.6. the distribution of MNC, PC and ZC over the mouse fundus 

are given topographically for all positions. The number per unit area 

of MNC (fig. 2.6.a.) is smallest near the lesser curvature in the dis

tal part of the fundus near the antrum. In the dog, however, the number 

per unit area of MNC is largest In the most distal part of the body 

(Ritchie, Barzilai and Delaney 1966), whereas in the entire body no 

differences between the curvatures were found. Also in man in biopsies 

from the lesser curvature the MNC are most numerous In the more distal 

portions of the stomach (Rubin et al. 1968). 

Our results indicate that the PC distribution is fairly equal over the 

whole fundus, with exception of plane 1, where the number per unit area 

is relatively small (fig. 2.6.b.). However, there is a general tendency 

for the PC number per unit area to be slightly larger near the lesser 

than at the greater curvature. In the dog the PC per unit area are 

evenly distributed over the gastric body (Ritchie, Barzilai and Delaney 

1966). Results obtained for man are not consistent. Berger (1934) found 

that the PC counted in the proximal region of the gland are uniformly 

distributed over the body, except at the angle of the lesser curvature 

where the count slightly decreases. However, 01, Hoshlko and Funatsu 

(1958) showed that the number per unit area of PC present in a certain 

part of the gland is maximal in an annular zone of the body halfway 

between cardia and antrum. In accordance with the latter finding, Rubin 

et al. (1968) found in the lesser curvature most PC halfway cardla and 

antrum. The number per unit area of PC in the rat was found to be a 

parabolic function of the distance from the antrum, with largest num

bers between the 2 curvatures (Bralow and Komarov 1962). In the bat 

the PC are most abundant at the distal side of the body (Ito and 

Winchester 1963). 

According to our results the number per unit area of ZC increases from 

plane 1 to plane 2 and decreases from there towards the antrum 

(fig. 2.Ó.C.). At the greater curvature the ZC numbers per unit area 

are higher than near the lesser curvature. In the bat (Ito and 
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Winchester 1963) and in the lesser curvature in man (Rubin et al. 1968) 

the ZC are least numerous towards the antrum. In the cat, in which the 

greater curvature was studied the ZC per gland are most abundant half

way the cardia and the antrum (Bowie 1940). In the dog, however, 

Ritchie, Barzilai and Delany (1966) found the ZC number per unit area 

to be evenly distributed. 

We ht.ve found that the mucosal thickness decreases in the distal part 

of the fundus. In the rat the curve of the thickness against the dis

tance from the antrum is a parabola (Bralow and Kamarov 1962) whereas 

in the dog no appreciable variations in thickness of the mucosa of the 

body occur (Ritchie, Barzilai and Delaney 1966). In man Berger (1934) 

found no variations in thickness, but 01, Hoshiko and Funatsu (1958) 

reported the thickness to be maximal in the midbody. 

We are not aware that other data on the distribution of SEC and fundic 

tubules have been found. 

The comparisons of our results with those published for other species 

give no evidence that a same or a different distribution of secretory 

cells occurs in different mammalian species, since different methods of 

determination were applied. 

2.5. Conclusions 

Variations in number per unit area of mucosa for various cell types 

exist in the gastric fundus of unirradiated mice. The MNC differ maxi

mally with a factor 2 in number per unit area, the PC differ with a 

factor slightly less than 2, whereas the ZC differ slightly more. The 

MNC are fairly evenly distributed over the fundus with a minimum near 

the lesser curvature near the antrum. The PC number per unit area is 

largest near the lesser curvature and the ZC count is largest at the 

greater curvature. 

The average of the values of the counts in plane 2 and 5 at the greater 

curvature form a representative estimate of the number per unit area of 

secretory cells and fundic tubules as well as of the mucosal thickness 

at this curvature of the gastric fundus of unirradiated untreated mice. 

The same holds for the lesser curvature* 

The terramycin treatment has no appreciable effect on the number per 
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unit area of secretory cells and fundic tubules nor on the aucosal 

thickness in unirradiated mice. 
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CHAPTER 3 

BASAL AND STIMULATED GASTRIC SECRETION OF ACID AND PEPSINOGEN IN 

UNIRRADIATED MICE 

3.1. Introduction 

The aim of this part of the study is to find an agent that has a stimu

lating effect on the gastric secretion of fluid, acid and pepsinogen in 

mice. Pentagastrin, histamine and insulin were tested as stimuli in 

pylorus ligated animals. The reasons why we have chosen for the tech

nique of pylorus ligation are mentioned in the discussion. For mice 

only few publications on the stimulation of gastric secretion have 

appeared. Histamine (Davenport and Chavré 1950) and pentagastrin 

(Szelenyl and Thiemer 1979) are known to stimulate acid secretion in 

vitro. Insulin has a stimulating effect on acid secretion in vivo (Ito 

and Schofield 1974). However, we are not aware that the effect of his

tamine or pentagastrin on acid secretion and of insulin on pepsinogen 

secretion has been studied in vivo in mice. 

3.2. Materials and methods 

Male mice of the inbred CBA-line were used. The results of 4 groups of 

mice are described. Group A was the first group Investigated, group C 

and D were the last ones. 

The mice of group A which received subcutaneous or intravenous injec

tions with histamine (secretion period 30 minutes), were 20-22 weeks 

old and weighed 26-38 g. Mice receiving intravenous injections with 

insulin were 18-19 weeks old and weighed 26-34 g. The mice used in the 

other secretion tests were 12-17 weeks old and weighed 22-34 g. 

Mice of group B served as unirradiated controls of the 4.0 Gy neutron 

experiment described in chapter 5. The animals were 12-17 weeks old and 

weighed 26-36 g. 

Mice of group C and D served as unirradiated controls of the neutron 

and X-ray experiment of chapter 7. They were 13-16 weeks old and weigh

ed 25-33 g. The animals of group C were given terraoycln during 10 
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subsequent days. Eleven days after the last Injection secretion tests 

were done. The animals of group D die not receive the terramycin treat

ment. 

Secretion tests were done between 9.00 a.m. and 1.00 p.m. after a fast

ing period of 20-24 hours during which the animals were kept in a cage 

with a grid bottom to prevent them from eating faeces or saw-dust. 

Water was freely available. The animals were anesthetized by an intra

peritoneal injection of pentobarbital solution (Nembutal®, Abbott, 

35-40 mg/kg body weight) and kept in an incubator at 37 °C. After 10 

minutes the abdomen was opened, the pylorus was ligated and the abdomen 

was sutured. Then drugs were injected for stimulation of gastric juice 

secretion. After either 30 or after 60 minutes the stomach was excised, 

while the esophagus near the stomach was kept closed with a forceps. 

The exterior of the excised stomach was rinsed with water and blotted 

with filter paper. The stomach was opened along the greater curvature. 

With capillary pipettes the gastric contents were collected and their 

volume was measured. Subsequently the interior of the stomach was rins

ed with 2 ml saline. If only the acid output was determined the two 

volumes were mixed and the mixture was titrated. In part of the experi

ments up to three 10 ul samples for pepsin determination were taken 

from the gastric contents. In a few animals of group A in which both 

pepsin and acid were determined, the two volumes were titrated separa

tely to be able to correct for the samples taken for pepsin determina

tion. 

Acid contents were titrated with 0.01 N NaOH. Alkaline contents were 

titrated with 0.01 N HCl. In both cases pH 7.0 was the end point of the 

titration. A Radiometer automatic burette ABU 12, a titrator TTT 660 

and a pH meter PKM 62 with a glass electrode G 222 C and a calomel 

electrode K 4112 were used for the titrations. 

Pepsin was determined with a modified method of Anson (1938) within 30 

minutes after taking the sample. Ten pi of gastric juice were mixed 

with 2.5 ml hemoglobin solution of pH 1.9. The latter solution was the 

supernatant of 2% hemoglobin (protease substrate according to Anson, 

Merck) in 0.06 N HCl. After incubation at 35.5 °C for 10 minutes 5 ml 

7.57. trichloracetic acid were added to stop the reaction. The suspen-
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sion was filtered through a SS-red band filter nr. 598(5) and free 

tyrosin was measured the same day or, after storage at 4 °C, one day 

later. To this end 1 ml filtrate was mixed with 2 ml 0.5 N NaOH and 0.6 

ml of a 1 : 3 dilution of Folin-Clocalteau reagent in demlnerallzed 

water was added. Within 10 minutes the extinction of the solution was 

measured at 579 nm in an Unlearn SP 600 spectrophotometer against a 

blank colour reagent of 1 ml 0.01 N HC1 mixed with 2 ml 0.5 N NaOH and 

0.6 ml diluted Folin-Clocalteau reagent. The extinction of the samples 

was corrected for the mean value of 3 reaction controls, obtained by 

adding the trichloroacetic acid to the hemoglobin solution before 

adding the pepsin solution. Pepsin concentrations were calculated from 

standard samples of Merck or Boehringer pepsin (8.24 and 9.50 units/mg, 

respectively) dissolved in 0.01 N HC1. 

The following drugs were tested to stimulate gastric secretion: Hista-

minedihydrochloride (the dose is expressed as the quantity of histamine 

base), pentagastrin (Peptavlorf®, ICI 50, 123) and insulin (Organon, 

Oss). Histamine was dissolved in saline, the pentagastrin solution was 

diluted with saline. Insulin was diluted with saline, containing 0.1% 

albumen to prevent adherence of Insulin to the glass wall of the tubes. 

All drugs were administered in volumes of 0.5 ml. Basal secretion was 

measured after injection with saline. Injections were given intraperi

toneal^ (ip), Intravenously (iv) in the tail vein or subcutaneously 

(sc) in the right hind limb. 

In the animals of group A for each drug various doses, several modes of 

injection and secretion periods were tried to determine optimal stimu

lation of acid and pepsinogen secretion (Table 3.1.). Secretion periods 

of either 30 or 60 minutes were used. 

In the animals of group B acid secretion was stimulated with histamine 

doses varying between 0.8 and 25.6 mg/kg sc, whereas pepsinogen secre

tion was stimulated with either 4.8 mg hlstamine/kg sc and 2.5 U insu

lin/kg ip or 12.8 mg hlstamine/kg sc and 10.0 U insulin/kg lp. The 

secretion period was 30 minutes. 

In the animals of group C and D acid secretion was stimulated with 12.8 

mg histamine/kg sc, whereas pepsinogen secretion in group C was stimu

lated with 12.8 mg hlstamine/kg sc and 10.0 U insulin/kg ip. The secre

tion period was 30 minutes. 
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Table 3.1. Effect of several drugs on gastric secretion in relation to 

dose-range, mode of injection and secretion period in unir

radiated mice of group A 

drug 

histamine 

pentagastrin 

insulin 

histamine 

+ 

insulin 

dose-r 

0.8-819.2 

4.8-25.6 

3-200 

0.1-2000 

0.1-50 

0.5-16 

0.16-115 

10-28 

2.4-25.6 

+ 

1.25-10.0 

.age 

•g/kg 

•g/kg 

•g/kg 

Hg/kg 

Hg/kg 

U/kg 

U/kg 

U/kg 

•g/kg 

U/kg 

mode of 

injec

tion* 

sc 

sc 

iv 

sc 

sc 

iv 

IP 

ip 

sc + ip 

sc + ip 

secre

tion 

period 

(•in) 

30 

60 

30 

30 

60 

30 

30 

60 

30 

60 

effect 

fluid 

+ 

+ 

ND 

0 

ND 

0 

0 

? 

+ 

+ 

on output** 

of 

acid 

+ 

+ 

+ 

0 

0 

0 

0 

••<»
 

+ 

+ 

pepsin 

ND 

ND 

ND 

ND 

ND 

+ 

+ 

+ 

•H-

++ 

number 

of 

animals 

64 

7 

16 

56 

38 

36 

51 

8 

29 

15 

sc - subcutaneously; iv - intravenously; ip - intraperitoneally. 

0 » no effect; ? - doubtful effect; + - positive effect; ++ * strong 

positive effect; ND - not determined. 

Animals which died before the end of the secretion test and animals of 

which the stomach on visual inspection contained blood were discarded. 

Animals which died before the end of the secretion test were not in

spected for gastric bleedings. In animals of group A gastric bleedings 

occurred rather frequently. The frequency of bleedings was not related 

to the kind of drug. However, the frequency was correlated with the 

dose of the drugs, except for histamine; the higher doses causing 
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gastric bleedings «ore frequently. In group A 21Z of the aniaals had 

gastric bleedings after a secretion period of 30 ainutes. After 60 

ainutes the percentage was even 33Z. In addition in group A 1Z of the 

aniaals died during the 30 ainutes secretion test, whereas 10Z died 

during the 60 ainutes test. The latter percentage is aninly due to the 

high incidence of death, equal to 39Z in aniaals which had received an 

Intraperitoneal injection with insulin. In contrast in later experi

ments concerning the groups I, C and D gastric bleedings were a very 

rare phenomenon. They occurred in only 4Z of the aniaals, whereas 3Z of 

the aniaals died preaaturely. Therefore the drop in incidence of bleed

ings aay be described to an iaproved surgical skill. 

Differences between groups of data were deteralned with Student's t-

test (unpaired). Differences as such stated are significant at the 5Z 

level. 

3.3. Results 

The results of the exploratory experiments on secretion in the aniaals 

of group A are suaaarized in table 3.1. The way of administration of 

histamine, either iv or sc, has practically no influence upon acid 

output for a secretion period of 30 ainutes. Histamine injected subcu

taneous ly stimulates acid secretion dose-dependently (figure 3.1.). The 

response rises froa 1 ag/kg to a aaxiaua at 20 ag/kg. Kistaaine also 

stimulates the fluid output. 

Pentagastrin does not stimulate the fluid or acid secretion in aniaals 

of group A. 

Insulin alone, injected ip or iv in aniaals of group A does not stimu

late the fluid and acid output for a secretion period of 30 ainutes, 

but it stimulates the pepsinogen secretion. Insulin ip stimulates the 

secretion maximally at doses of about 10 to 20 U/kg (figure 3.2.). 

Intravenous administration of insulin does not produce a larger output 

than intraperitoneal injection. With the 60 ainutes period the effect 

on fluid and acid output of insulin injected lntraperitoneally is 

doubtful, but the pepsin secretion is increased. With histamine sc 
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ACID OUTPUT 

100 1000 
mg histamine/kg sc 

Figure 3.1. Dose-response relation of histamine sc and gastric acid out
put measured 30 minutes after histamine injection in unirradiated mice. 
Vertical bars indicate standard error of mean 

combined with insulin ip after 30 minutes about the same amount of 

fluid and acid is found as with histamine alone. However, the pepsino

gen secretion could be stimulated to higher values, which differ signi

ficantly from the output found with histamine alone in one occasion 

(Table 3.2.). 

In table 3.3. the acid outputs of the animals of group A, B, C and D, 

30 minutes after injection with 12.8 mg histamine/kg sc are given. The 

animals of group B have a slightly but not significantly lower value 

than those of group A. However, the mice of the terramycin treated 

group C and of the untreated group D have a clearly lower output. These 

groups were Investigated in a later period. The subgroups of group C 

and D all show the same values. The terramycin treatment has no influ

ence on the acid output. 
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Figure S.2. Dose-response relation of insulin ip and pepsin output 
measured SO minutes after insulin injection in unirradiated mice. Ver
tical bars indicate standard error of mean 

In table 3.3. the pepsin output for the combination of 12.8 mg hista

mine /kg sc and 10.0 U insulin/kg lp (secretion period 30 minutes) In 

the mice of group A, B and C are also given. The pepsin outputs in 

group B and C are smaller than In group A; however, due to the large 

range of the values t'.ie differences are not significant. 
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Table 3.2. Dose-response relation of histamine sc combined vith 

insulin ip and pepsin output measured 30 minutes after 

injection of the 2 drugs In unirradiated mice of group A. 

The asterisk Indicates the output differing significantly 

from the output found after administration of the same 

dose of histamine alone. 

Histamine 

sc (mg/kg) 

2.4 

4.8 

12.8 

25.6 

2.4 

4.8 

2.4 

4.8 

12.8 

2.4 

4.8 

12.8 

2.4 

4.8 

12.8 

Insulin 

lp (ö/kg) 

0 

0 

0 

0 

1.25 

1.25 

2.5 

2.5 

2.5 

5.0 

5.0 

5.0 

10.0 

10.0 

10.0 

pepsin 

output 

(mU ± s.e.m.) 

86.9 ± 35.2 

108.7 ± 41.4 

126.3 ± 41.4 

222.2 

259.4 

34.1 

114.5 

164.1 ± 72.2 

96.3 ± 52.0 

205.6 t 9.6* 

194.4 ± 66.8 

38.9 

121.9 

74.5 ± 32.6 

197.3 

173.9 

79.8 ± 22.4 

144.9 

28.3 

332.7 + 101 

number of 

mice 

3 

3 

4 

2 

2 

3 

3 

3 

3 

2 

3 

2 

3 

2 

3 
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Table 3.3. Acid and pepsin output in various groups of unirradiated 

mice 30 minutes after injection with 12.8 mg histamine/kg sc 

and 12.8 mg histamine/kg sc combined with 10.0 U insulin/kg 

ip, respectively 

animal 
group 

A 

B 

CI 

C2 

C3 

C4 

C1-C4 

D 

age 
(weeks) 

20-22 

12-17 

12-17 

16-19 

16-19 

16-19 

16-19 

16-19 

16-19 

period of 
the year 

summer 1975 

autumn 1975 

autumn 1975 

and 

spring 1976 

Oct. 1976 

Nov. 1976 

Jan. 1977 

March 1977 

Oct. 1976 

March 1977 

Jan. 1977 

number 
of mice 

6 

6 

3(T)+) 

4(T) 

4(T) 

4(T) 

15(T) 

4 

acid output 

(liEqH+± s.e.m) 

9.9 ± 1.7 

8.9 ± 1.0 

5.1 ± 0.6 

4.4 ± 0.8 

4.9 t 1.0 

5.5 ± 2.0 

5.0 ± 0.6 

5.1 ± 1.7 

number 
of mice 

3 

5 

4 (T) 

4 (T) 

2 (T) 

4 (T) 

14 (T) 

pepsin output 

(mU ± s.e.m) 

332.7 + 101.0 

279.3 + 79.6 

212.8 ± 39.0 

249.3 + 29.7 

244.6 

252.0 

252.4 ± 90.3 

239.6 ± 26.8 

) (T) : These animals had received a terramycin treatment. 

3.4. Discussion 

To test gastric secretion the mouse has been used only sporadically. 

To measure gastric secretion in mice a secretion technique has been 

chosen from the series of techniques known for other small mammals like 

the rat. The following techniques have been used in rats; several 

modifications are known. 

a. Under general anesthesia the pylorus is ligated. During a certain 

length of time thereafter the gastric juice is collected (Shay, Sun 
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and Gruenstein 1954). 

b. A chronic gastric fistula is made in the gastric wall. The secretion 

test itself is done without the use of anesthesia, the gastric juice 

drips out of the cannula (Ivy 1955). 

c. A perfusion system, by which the perfusion fluid enters the stomach 

via an esophageal tube and leaves it through a cannula in the duode

num (Ghosh and Schild 1958). The animal is kept under general anes

thesia. 

d. Two chronic gastric cannulas are implanted in the stomach. After 

some weeks perfusion is done without the use of anesthesia (Borella 

and Herr 1971). 

e. A loop of wire or line is placed around the pylorus under general 

anesthesia, so that 7-14 days later the pylorus can be occluded 

without surgical procedures. The animal is not under general anes

thesia during the secretion test (Dai and Ogle 1972, Pare, Vincent 

and Isom 1979). 

f. The gastric juice is collected in a gastric pouch as there are the 

denervated Heidenhain-pouch (Alphin and Lin 1959) and the Pavlov-

pouch (Svensson 1970). 

The secretion tests which are done without acute surgical trauma and 

without the use of anesthetics have the advantage that the gastric acid 

output will not be depressed by acute surgical trauma and anesthetics 

(Borella and Herr 1971, Dai and Ogle 1973). As to that the methods with 

the chronic gastric fistula (b), with perfusion through two chronic 

gastric cannulas (d), with pylorus occlusion in conscious animals (e) 

and that with a pouch (f) have the preference. However, the mouse stom

ach is smaller than the rat stomach and therefore the volume of secret

ed fluid also. In pylorus ligated mice a volume of 80 ul after hista

mine stimulation produced in 30 minutes is a very large one. Volumes 

of this magnitude seem to be too small to measure sufficiently precise 

in animals with a chronic gastric fistula (b) and in gastric perfusion 

(d) and pouch (f) experiments. Moreover, losses of gastric juice 

through the pylorus may occur with the latter two methods (d,f). 

So the technique of pylorus ligation in conscious animals has the pre

ference. The animals in our experiments, however, will be exposed to 

potentially lethal doses of ionizing radiation. Since the animals may 

be too weak to survive the placing of a wire loop around the pylorus, 
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this must be done before irradiation. The loop must be kept at its 

place for a maximal length of time of some months. Because the use of 

irradiated animals may form a complication for the use of this tech

nique, and because unanesthetized animals have a more variable acid 

output from animal to animal than anesthetized ones (Borella and Herr 

1971), we decided to use the pylorus ligation in acutely operated anes

thetized animals. 

Our data indicate that the mouse like the rat is rather insensitive to 

histamine. Maximal secretory effect was caused by 20 mg/kg sc for a 

secretion period of 30 minutes. Likewise both fluid and acid output 

were stimulated maximally within 2 hours in pylorus ligated rats by 18 

mg histamine base/kg sc (Thompson and Lee 1967) and in gastric fistula 

rats by 20 mg histamine base/kg sc (Lee and Thompson 1969). The low 

sensitivity to histamine of the mouse stomach in vitro (Davenport and 

Chavrê 1950) is in accordance with our data obtained in vivo. 

We did not observe an effect of pentagastrin on acid and fluid secre

tion in contrast with data for the isolated whole mouse stomach 

(Szelenyi and Thiemer 1979). In the rat pentagastrin was found to stim

ulate acid secretion by 2 - 2048 ug pentagastrin/kg iv (Barrett 1966) 

and 20 ng/kg sc (Hantschmann 1974) in gastric perfusion experiments. 

Both acid and fluid secretion could be stimulated maximally by 160-

200 iig/kg sc (Klein et al. 1968) and 400 ug/kg sc (Lee and Thompson 

1969) in gastric fistula animals. In three studies acid secretion in

creased within 30 minutes (Barrett 1966, Hantschmann 1974, Klein et al. 

1968). The pentagastrin doses mentioned are within the dose-range used 

in our study. Our result is also contrary to data on the stimulating 

action of pentagastrin in man, dog, cat (Walsh and Grossman 1975) and 

guinea-pig (Capoferro and Torgersen 1971). It Is not clear why in the 

present experiments pentagastrin has no effect on acid secretion. 

In our experiments with stimulation by insulin alone the fluid and acid 

output does not increase significantly within 30 minutes (table 3.1.). 

However, in the perfused mouse stomach the acid output was stimulated 

with 5 U/kg insulin ip after a secretion period of 45 minutes (Ito and 

Schofield 1974). In the gastric fistula rat insulin sc stimulated acid 

secretion maximally at 1.0 U/kg (Lee and Thompson 1969) and in the 
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pylorus llgated rat at 40 U/kg (Lee and Thompson 1967). All these re

sults were obtained after a secretion period of aore than 30 ainutes. 

Possibly the 30 ainutes period in our study is too short to observe 

stimulation of acid secretion. We have not sufficient data on the 60 

ainutes period, because of the high aortality as aentioned in Materials 

and Methods, to know whether the acid output is stiaulated within 60 

ainutes. Nevertheless the pepsin output is stiaulated within 30 ain

utes by insulin ip. 

Likewise, insulin, when given together with hlstaalne, does not augaent 

the acid secretion seen after histaalne alone, but does augaent the 

pepsinogen secretion at a secretion period of 30 ainutes (table 3.I., 

3.2.). More pepsin was found, because the transport of pepsin, the 

secretion of which is stiaulated by Insulin, to the gastric luaen is 

improved by the histaalne stimulated acid flow. 

In the following the results of the 30 ainutes secretion tests in group 

A, B, C and D are coapared with each other (table 3.3.). The effect of 

12.8 mg histamine/kg sc on acid output is saaller in the later tested 

unirradiated aniaals of group C than in those of group A and B, for 

which about the saae values were found. However, the acid output within 

group C is consistent and is not Influenced by the terraaycin treat

ment, since the output of the untreated aniaals of group D equals that 

of group C. With the dose coabination of 12.8 ag histamine/kg sc and 

10.0 U insulin/kg lp no significant differences in pepsinogen secretion 

between the various animal groups were found. 

3.5. Conclusions 

In this part of the experiment various drugs were tested for their 

capacity to stimulate gastric secretion in unirradiated alee. Two types 

of stimulation were selected for further experlaents: for a secretion 

period of 30 minutes fluid and acid secretion were stiaulated with 

histamine sc, whereas pepsinogen secretion was stiaulated with hista

mine sc combined with insulin lp. 

Histamine stimulates acid secretion dose-dependently froa 1 ag/kg to a 

maximum at 20 mg/kg. Pepsinogen secretion could be stiaulated strongly 

by 12.8 mg histamlne/kg and 10.0 U insulin/kg. Pentagastrln has no 



e f f e c t  on a c i d  s e c r e t i o n  i n  contras t  with data f o r  o t h e r  a-1s. 

Terramycin has  no e f f e c t  on t h e  s t i m l a t e d  a c i d  and pepsinogen secre-  

t i o n -  

With so- s u r g i c a l  s k i l l  the  incidence of g a s t r i c  b leed ings  and mortal- 

i t y  during the  s e c r e t i o n  tests was decreased t o  below 5%. 
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CHAPTER 4 

THE EFFECT OF WHOLE-BODY IRRADIATION WITH 4.0 Gy NEUTRONS ON THE 

POPULATIONS OF SECRETORY CELLS IN THE GASTRIC FUNDUS OF MICE 

4.1. Introduction 

As described in chapter 1 a whole-body dose of 4.0 Gy fission neutrons 

heavily damages the fundic epithelium of the mouse stomach, involving 

all 4 types of secretory cells. During the subsequent phase of regener

ation the various cell types reappear successively as described by 

Davids (1974) in a qualitative study. This chapter describes a quanti

tative study of populations of secretory cells in the fundic epithelium 

at various intervals after whole-body irradiation of mice with 4.0 Gy 

fission neutrons. 

4.2. Materials and methods 

Male mice of the inbred CBA Petten sub-line, 12-17 weeks old and weigh

ing 27-35 g, were used. 

Mice were irradiated bilaterally in the facility described in chapter 

1. The fast fission neutrons had a mean energy of 1 MeV. The neutron 

dose in the centre-line of the animals was 4.0 Gy, the dose rate being 

0.1 Gy/mln. 

A whole-body dose of 4.0 Gy neutrons is 100% lethal within 30 days. 

However, a near 100% survival was obtained by injecting intravenously a 

transplant of 3.5 to 7.0 x 106 syngeneic bone-marrow cells within 24 

hours after irradiation, combined with oxytetracycline Injections 

(Terramycin®, Pfizer, 0.5 mg/day i.m.) during the first 10 days after 

irradiation (Davids 1973). The 3 unirradiated control animals did not 

receive either treatment. Groups of Z animals were studied for the 

following time intervals after irradiation: at day 7, 13, 17, 24, 31, 

38, 45, 52, 64, 75 and 84. 

The preparation of tissue specimens for histology, the method of 

counting and measuring with the applied correction have already been 

described in chapter 2. Based on the results in unirradiated animals 

which were given in chapter 2, plane 2 and 5 were selected for study in 
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all animals. The following determinations were done: the number per 

unit area of surface epithelial cells (SEC), mucous neck cells (MNC), 

parietal cells (PC) and zymogenic cells (ZC); the number per unit area 

of fundic tubules; the thickness of the mucosa from the mucosal surface 

to the muscularis mucosae. 

The diameters of cell nuclei and fundic tubules were measured in the 

control animals and in the irradiated animals for the correction for 

overestimation of the number of cell nuclei and fundic tubules, respec

tively. The diameters of the fundic tubules were determined about half

way between the isthmus and the bottom of the gland. However, when no 

gland or only a short gland was visible, as at day 13 and 17, the dia

meter of the pit was measured. 

Differences between means were tested following Student's t-test for 

unpaired data (p < 0.05 unless otherwise stated). 

4.3. Results 

At day 7 the number per unit area of SEC (fig. 4.1.) has decreased to 

about half of that of the unirradiated animals. The mucosal surface and 

pits remain, however, covered with SEC, because many SEC are flattened, 

especially on the mucosal surface, whereas the pits have shrinked 

(fig. 4.8.a.). Some pits show in their lower part foci of new cells, 

which were identified as SEC because of their dark red secretory gran

ules. Between day 7 and 13 the SEC population regenerates strongly and 

a large overshoot of cells is present at day 13, when pits and surface 

are lined with new SEC. At this time many pits extend deeply in the 

mucosa (fig. 4.8.b.) where they replace the glands emptied by massive 

necrosis of PC and ZC. Thereafter the cell number decreases gradually 

to near control values at day 84. 

The number per unit area of MNC (fig. 4.2.) is diminished at day 7 and 

is still lower at day 13. At this time a few small foci of new mucous 

cells are visible and at day 17 many larger groups of new mucous cells 

are present. These cells are below the deepest SEC of the pits. They 

are columnar or cubic and contain a bright pink foamy mass of mucus and 

have a more or less round nucleus at the bottom of the cell* They were 
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Figure 4.1. Number per unit area of gastric fundic mucosa of surface 
epithelial cells in control (C) and in mice irradiated with 4.0 Gu neu
trons. The SEC counts are not corrected for nuclear overcstimation. The 
black columns indicate the average cell number per unit area of plane 
2 and S at the greater curvature, the open columns that near the lesser 
curvature. A significant difference between the 2 curvatures is indicat
ed by an arrow. The si/nibol - in a column means, that the column does not 
differ significantly from the corresponding column of the control group. 
Vertical bars indicate standard error of mean 
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identified as MNC and increase to very large nuabers per unit area at 

day 24, when they are practically the only cell type lining the glands 

(fig. 4.9.a.). The NNC nuaber per unit area decreases after day 45, but 

at day 84 it is still larger than in the control aniaals. From day 38 

isolated MNC, which are present between the newly formed PC, show the 

angular fora that is their characteristic appearance in unirradiated 

•ice. 

The nuaber per unit area of PC (fig. 4.3.a.) decreases in the first 

week after irradiation. The decrease continues in the second week when 

only very few PC are present, owing to a massive necrosis. The remain

ing cells have a pale-red to pale-yellow coloured cytoplasm. Their 

appearance is very variable. Some are large and swollen, others when 

lining the dilated glandular lumen are flat and distended. At day 24 

new PC are visible in isthmi between SEC and in glands between MNC. 

Their regeneration proceeds rapidly between day 31 and 45 

(fig. 4.9.b.). The increase continues at a slower rate to at least day 

84, when the preirradiation number per unit area is nearly reached. The 

PC number per unit area, in contrast with SEC and MNC, do not show any 

overshoot above the preirradiation number per unit area within R4 

days. 

The ZC number (fig. 4.3.b.) also strongly decreases during the first 2 

weeks simultaneously with the PC owing to a massive necrosis. The re

maining cells line the base of the glands. At day 17 they are absent 

and not before day 45 a few cells looking like ZC are observed occa

sionally in the base of the glands. These cells have a cytoplasm which 

is less basophilic than in the ZC of the control aice, but their cyto

plasm has a coarse structure and the nucleus is basal, characteristic 

for the ZC. Clearly recognizable ZC with basophilic cytoplasm are pres

ent at day 75. At day 84 the cell nuaber per unit area has not yet 

reached the original value (fig. 4.10.). 

Differences in cell nuabers per unit area between the curvatures occur. 

During the rapid regeneration phase of the MNC, PC and ?.C populations 

for each cell type the nuaber per unit area Is significantly larger at 

the greater than near the lesser curvature. 

Differences in cell number between plane 2 and 5 occur only occasional-
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The total number per unit area of cells In the glands (MNC, PC and ZC) 

(fig. 4.4.) shows a strong decrease during the first 13 days after 

irradiation. Thereafter the cell number per unit area increases up to 

day 24 when the control value is reached. During the rest of the obser

vation period the value remains equal or is somewhat decreased. 

The greater curvature contains more cells per unit area than the lesser 

curvature in the control animals as well as during the whole observa

tion period in the irradiated animals, except at day 13. 

The number of fundic tubules (fig. 4.5.a.) is increased at day 7 but 

drops strongly in the second week after irradiation. At day 13 fundic 

tubules are present, the pits of which consist of many new SEC 

(fig 4.8.b.). However, also vestiges of tubules, the widenend lumina of 

which are lined with flattened cells of an often unidentifiable type 

are present. The vestiges are not included in the fundic tubule number 

per unit area. After day 17 the number per unit area of fundic t bules 

increases gradually, but at day 84 the number has not yet reached the 

original value. The Increase will be the result of branching which was 

observed in some pits between day 17 and 38 (fig. 4.9.a.). The branches 

are lined with SEC and/or MNC and a single PC. 

Differences in tubule number per unit area exist between the curva

tures. More tubules per unit area tend to be present at the greater 

than near the lesser curvature during the degeneration as well as dur

ing the regeneration period. 

The diameter of the tubules is decreased at day 7, when relatively many 

tubules per unit area are present (fig. 4.5.b.). The diameters are 

increased from day 13 up to day 38. Thereafter the diameter starts 

decreasing again; at day 84 it is still somewhat larger than the con

trol value. 

The mucosal thickness (fig. 4.6.) is decreased at day 7. However, the 

thickness increases again in the second and third week to values some

what larger than in the control mice. Later, to the end of the observa

tion period the thickness decreases slightly. Differences between the 

curvatures are present between day 17 and 52, when the thickness is 

larger at the greater than near the lesser curvature. 

The body weights of the animals determined at the various observation 
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days are given as a percentage of their original weights (fig* 4.7). 

When weighed before the irradiation experiment, the animals had not 

fasted. However, they had fasted before they were weighed at the day 

the stomach was excised. The percentage is decreased at day 7. There

after the percentage does not increase to the control value. 
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Figure 4.6. The thickness of the gastric fundie mucosa in control mice 
(C) and in mice irradiated with 4.0 Gy neutrons. For further explanation 
see the legend of figure 4.1. 



- 57 

100 
E 

+i 

5 0 . 

BODY WEIGHT 

OL L«-l l LJ I I I I L -ff 
c o 

± _L 
7 13172431 3 8 4 5 5 2 64 75 84 

days after irradiation 

'"i^i° •}. 7. The body ueiaht-r of the ary'naia; at '.he varu'eur ebci-rya- -f »: 
•.layr after1 iï'i'ddiation uith -\.0 Gu ncntranr iwe o-'vor. ar a re>\; •;•: • ;•:, 
,,f theiï' p)'eii'vndiat.-'.r. n h'e.;a}ür. W'-y.-n ;.h>[ahed b-fa-e 'wadfat '•<>: :.'•:• ry' 
had no' far, Ie i; when uh; iaheo befove iheoiv rinnaohr i:e.ye o.ïei'rea, 'h''y ha. 
far Led 



- ")S -

•."*«-•*-^1*. . r-'. 



^'J 
*-

' * . • . . • • • • ' < ' • " " ' 



4.A. Discussion 

4.4.1. Degeneration 

The numbers per unit area of SKC and M\rC are decreased at the end of 

the first week after irradiation. This can be explained by the short 

turn-over times of SRC and M\C, arid by the loss of proliferating cells. 

Stevens and I.eblond (1953) measured in the rat values of 3 and h\ days, 

for SEC and MNC, respectively. On the contrary the disappearance of 

both PC and 'AC, within 2 weeks occurs earlier than expected in view of 

their relatively slow turn-over in unirradiated mice. Raj'ins et al. 

(1968) measured a half life of 23 days for PC in normal mice, and 

Willems et al. (1972) reported that at least part of the 'AC, in normal 

mice have a cell cycle of about 2 months. Massive necrosis of function

al cells of both types within 2 weeks after irradiation is the main 

cause of the early disappearance. Tt is not clear whether the necrosis 

is the result of interphase radiation death or a secundary effect re

sulting from the desintegration of the mucosa and the fundic tubules. 
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In conclusion 4.0 Gy is a rather high dose which causes all four func

tional cell types to disappear from the mucosa. 

4.4^2i_Regene ration 

The SEC population is the first to show a large increase in number in 

the second week after irradiation (fig. 4.11.). The regeneration starts 

already in the first week, in which increasing labeling of cells with 

3H-thymidine was observed in the mouse irradiated with 4.0 Gy neutrons 

(Davids 1974, Wattel et al. 1977). The labeled cells were found in foci 

in the isthmus and upper neck and were identified as undifferentiated 

cells or differentiating mucous cells. The proliferation of the SEC 

population is directed upwards. At day 13 a large overshoot of cells is 

present. In the second week foci of labeled cells were found mainly in 

the isthmus region and consisted chiefly of young SEC. 

Immediately following the regeneration of the SEC population the MNC 

population starts to regenerate (fig. 4.11.). As a result the glands 

are lined by a newly formed layer of MNC. In the period of regeneration 

at day 16, large proliferative foci in the isthmus region are present 

halfway down the mucosa (Wattel et al. 1977). The foci contained SEC, 

MNC and intermediate cell types. The number of MNC per unit area in

creases up to day 24, when a large overshoot of these cells is present. 

At this time the MNC form a continuous lining of the glands. 

The regeneration of the PC population proceeds more slowly 

(fig. 4.11.). A steep increase in number per unit area occurs between 

day 31 and 45. The PC seem to be derived from other cells, since no 

mitotic figures in PC were seen. This in accordance with the results of 

3H-thyraidine labeling experiments in the normal mouse (Davids 1974, 

Ragins et al. 1968, Willeras et al. 1972) and golden hamster (Hattori 

and Fujita 1976): PC do not undergo mitosis, but appear to be derived 

from other cells in the upper part of the glands. 

Finally the ZC population regenerates (fig. 4.11.). New basophilic ZC 

are present again at day 75. 

In the second week after irradiation the proliferation of the SEC popu

lation is directed upwards starting from the isthmus. For the large 

overshoot of SEC present at day 13, space is available in the pits 
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Figure 4.11, The numbers per unit area of gastric fundic mucosa of sur
face epithelial cells, mucous neck cells, parietal cells and zymogenic 
cells in control (day 0) and in with 4.0 Gy irradiated mice. The average 
values for the greater and lesser curvature are given. The broken line 
indicates the count of the cells looking like intermediates between mu
cous neck cells and zymogenic cells. Only the surface epithelial cell 
conn' is not corrected for nuclear overestimation 
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which extend deeply in the mucosa at that time. The number per unit 

area of cells in the glands (MNC, PC and ZC) is minimal at day 13 

(fig. 4~.4.). Thereafter it increases up to the control value which is 

reached at day 24. The rise is completely the result of the increase of 

the number per unit area of MNC, which has reached a large overshoot at 

day 24 (fig. 4.11.). The regeneration of the MNC population starts from 

the isthmus and is directed downwards. At day 24 the MNC, which in the 

unirradiated mouse occur only scattered between parietal cells, is 

practically the only cell type in the gland. The MNC fill up the space 

occupied earlier by PC and ZC. In contrast to the MNC, the regeneration 

of the PC population does not result in an overshoot of cells 

(fig. 4.11.). This may be due to the limited space available for this 

cell type, due to the presence of many MNC. 

In a former study Davids (1974) observed that in the second and third 

week after a whole-body irradiation with 3.8 Gy neutrons the SEC and 

MNC population, respectively, regenerated what is in accordance with 

the present 4.0 Gy study. However, in the former study the appearance 

of new PC and ZC occurred earlier than in the present study. Large 

numbers of new PC were already present at the end of the fourth week, 

whereas new ZC were present at 6 weeks after irradiation, what is more 

than one week and four weeks, respectively, earlier than in the present 

study. In this dose region an increment of 0.2 Gy neutrons seems to 

increase the post-irradiation interval which is necessary for regenera

tion of the PC and ZC populations. 

In the rat the reappearance of SEC, MNC, PC and ZC in succession has 

also been observed during regeneration after damage induced by cauteri

zation (Hunt 1958) and after removal of a piece of mucosa (Townsend 

1961). Also Blom and Helander (1981) observed in an ultrastructural 

study that in the rat during regeneration of a mucosal wound produced 

by cauterization, first SEC and MNC appeared successively. However, new 

immature ZC were earlier present than new immature PC. It was not de

scribed whether mature ZC occurred earlier than mature PC. 

Qualitative studies on radiation effects have shown that mucous cells 

replace PC and ZC during the first phase of recovery. These studies 

were done with the mouse irradiated with 7.5 Gy X-rays (Lawson 1970), 
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the rat irradiated with X-rays in 16 fractions up to a total dose of 

8000 R (Kovacs 1972), the guinea-pig irradiated with 1540 R X-rays 

(Capoferro 1972 b) and aan exposed to a total X-ray dose of alniaal 

1600 R In 10 fractions (Goldgraber et al. 1954). Only the aouse (Lawson 

1970) was totally irradiated, whereas in the other studies only the 

stoaach was irradiated. 

Quantitative studies on radiation effects on the nuaber of PC have been 

done in the dog (Beal and Ferguson 1963) and in the guinea-pig 

(Capoferro 1972 b). In the dog, in which a Heidenhain pouch was irradi

ated from the inside with 48.76 to 49.77 Gy 8-rays from 32P, the PC 

nuaber per tubular gland had reached a ainiaal value of 23Z of the 

control value at 40 to 60 days after irradiation. One year after irra

diation the increased number of PC averaged 30Z of the controls. Hence 

the PC number in the dog decreased less strongly and less rapidly than 

in the mouse in the present study, whereas the regeneration was small

er. A cause of the difference may be the method of irradiation. Ac

cording to the authors (Beal and Ferguson 1963) the intragastrlcal 

irradiation resulted in an uneven dose-distribution in the mucosa. 

In the guinea-pig the total number of PC in the stomach decreased 

steadily in the first 2 weeks after irradiation of the stomach area 

with 1540 R X-rays. Like the PC number per unit area in the present 

study the total PC number decreased to a minimum between 2 and 4 weeks, 

while it was reduced to about 25Z. At 8 weeks the total PC number was 

increased to about 50% and continued to increase until 1 year after 

irradiation. The maximal decrease of the total PC number was smaller 

than that of the PC number per unit area in the present study, whereas 

the regeneration did not appear to have finished earlier. 

The sequence of regeneration of SEC, MNC, PC and ZC, observed in this 

study, is also the sequence of appearance of these cell types during 

perinatal development. However, the successive appearance of new cell 

types takes more time in the present study than in other studies con

cerning development. In the golden hamster (Arnold 1966) SEC appear one 

day before birth, MNC 2 days after birth, differentiated PC are present 

6 days after birth and ZC can be identified at day 8. In the rat 

(Helander 1969 a,b) SEC and MNC rather similar to those found in adult 

animals appear one day before birth. PC able to secrete acid appear in 



- 63 -

the first week after birth aad mature looking ZC are present at 20 days 

of age. 

4.4.3. Origin of zymogenic cells 

At day 45, 52 and 64 cells looking like intermediate forms between MNC 

and ZC are visible. Their cytoplasm has the same coarse structure as 

that of the ZC, but it is less basophilic. These cells are confined to 

the lower part of the glands. The presence of this cell type at this 

time aad its position suggest that the ZC are derived from IMC. This 

observation is in accordance with previous cell kinetic and morphologi

cal studies. In the unirradiated golden hamster ZC may be derived from 

MNC as suggested by the simultaneous increase of the number of labeled 

ZC and the decrease of the number of labeled MNC In the middle part of 

the glands between 28 and 42 days after multiple injections of ^-thy

midine (Hattori and Fujita 1976). 

Intermediate forms between MNC and ZC were also observed in both the 

mouse and rat during regeneration after inflicted mucosal damage. An 

electronmlcroscoplcal study of a regenerating ulcerous lesion produced 

by a pair of tweezers in the mouse showed that cells were present con

taining both mucous and zymogen granules and sometimes ergastoplasa 

(Tahara 1971). After cauterization of a part of mucosa in the rat Hunt 

(1958) observed that newly formed MNC appeared to become more basophil

ic and assumed gradually the characteristics of ZC. Cells with both 

mucous and zymogen granules were observed by Townsend (1961) in regen

erating mucosa in the rat after removal of a piece of mucosa. As the 

amount of mucus decreased, the basophilia Increased. 

Also during development Intermediate forms between MNC and ZC were 

frequently observed in the rat (Helander 1969 b). According to Arnold 

(1966), however, the ZC in the golden hamster seemed to be derived 

directly from undifferentiated cells. 

Besides the indications that ZC are derived from MNC, there is evidence 

that ZC have the capacity to divide, as was found in experiments with 

3H-thymidlne in the unirradiated mouse (Chen and Withers 1975, Wlllems 

et al. 1972) and golden hamster (Hattorl and Fujlta 1976). The labeling 

Indices were very low. The cell cycle duration of ZC in the mouse was 
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about 2 months (Willeas et al. 1972). In the present study, however, 

even in the period of regeneration of the ZC population *t d*y 75 and 

84 no mitosis in ZC was observed. 

4.4.4. Rate of regeneration 

Figure H.12. indicates the rate of regeneration of the various func

tional cell types by giving estimates of the doubling ttae (tj) for 

both the greater and lesser curvature. The td-values were determined 

for the steepest part of the curves. For the SEC the t^-value is 

difficult to determine with only 2 observation points in the regenera

tion phase. In the glands the t<j-value for the functional compart-

aents is smallest for the MIC (1.0 day) followed subsequently by the PC 

(4.0 and 2.7 days) and ZC (6.7 and 7.5 days). 

During regeneration of the populations of MKC, PC and ZC the cell num

ber per unit area for ïfltC, PC and ZC, respectively, is always larger at 

the greater than near the lesser curvature, whereas the tj-values of 

the greater curvature are not significantly smaller than those near the 

lesser curvature (fig. 4.12.). Consequently, the differences in cell 

number per unit area of M C , PC and ZC between the curvatures during 

their regeneration period might be due to a smaller number per unit 

area of surviving cells near the lesser curvature. A possible differ

ence in the number of surviving cells per unit area cannot be due to a 

difference in absorbed dose, since the lesser curvature is on the aver

age more near the centre-line of the animal than the greater curvature. 

A slightly lower dose may be expected in the lesser one. Consequently, 

a higher surviving fraction of cells might be expected for the lesser 

curvature. 

In conclusion, the difference In the number of surviving cells per unit 

area between the greater and lesser curvature may be due to a differ

ence in the number per unit area of cells with a capacity for prolifer

ation present in unirradiated animals, or to a difference between the 2 

curvatures in the survival curve of these cells. 

4;4.5i_Fund^c_tubules 

The nuaber of fundtc tubules per unit area of mucosa is significantly 
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Figure 4.12. The doubling times (tj for the surface epithelial cells 
(SEC, not corrected for nuclear overestimation), mucous neck cells (MllC), 
parietal cells (PC) and zymogenic cells (ZC) are indicated for the 
steepest part of the curves showing the numbers per unit area of the 
various cell types after a 4.0 Gy neutron irradiation for both the great
er (—) and lesser curvature ( ) . The thin lines in the graphs of the 
ZC indicate the cells looking like intermediates between MNC and 'ZC. 
Vertical bars indicate standard error of mean 
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increased from 1.5 in the control animals to 2.1 at day 7 (fig. 

4.5.a.). At day 7 the diameters of the tubules are significantly de

creased with 20% (fig. 4.5.b.), while the diameters of the cell nuclei 

and the mucosal thickness (fig. 4.6.) are both significantly decreased 

with 35% indicating that the mucosa at day 7 has undergone shrinkage. 

The shrinkage coincides with the dehydration that results from the 

intestinal damage occurring in the first week. However, at day 13 the 

number of fundic tubules per unit area is reduced to about 20% of the 

control value, indicating that part of the fundic tubules has lost all 

cells. Only a small fraction of the original number of stem cells has 

survived the irradiation (Chen and Withers 1*72). 

The number of fundic tubules per unit area shows only a slight increase 

until, day 38. It increases twofold in the subsequent week. The mecha

nism by which the tubules increase in number appears to be branching of 

pits as observed in the third and fourth week after Irradiation. Also 

Watlel et al. (1977) observed branchings in the mouse 16 days after a 

4.0 Gy neutron irradiation. H?ttori and Fujita (1974) supposed that by 

fission of the branched tubules new fundic tubules develop in the de

veloping gastric mucosa of young golden hamsters. 

The numbers of fundic tubules like the numbers of cells have been cor

rected for overestimation (chapter 2). In the determination of the 

correction factor an error may be made, which is larger as the ratio 

tubule or nuclei diameter/ section thickness, Is larger. The mean diame

ter of the fundic tubules (larger than 24 urn) is considerably larger 

than the thickness of the section (3.7 um). The mean calculated diame

ter, however, is smaller than the real diameter since besides diameters 

of tubules, fragments of tubules are measured. The relation between the 

calculated diameter and the true diameter is given by a formula given 

In chapter 2. According to this formula the calculated mean diameter is 

18 to 20% smaller than the true diameter for the values of the calcu

lated diameters ranging form 18 to 56 urn. However, since a number of 

smallest fragments of tubules of maximally 11 urn were not measured 

because they were not taken into account the error is smaller. As a 

consequence of the error in the calculated diameter, the corrected 

numbers of tubules per unit area are at most 25 to 30% larger than the 

true numbers. These percentages apply to the whole observation period 
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of 84 days» Therefore the numbers of fundic tubules per unit area at 

the various observation days may be compared with each other. 

4^4i6i_Bod^_weight 

The body weights decrease with about 25Z in the first week after irra

diation and do not increase between day 7 and 84 (fig. 4.6.). Bralow 

and Komarov (1962) found the PC number per unit area to differ up to 

21% for rats varying in age between 30 and 112 days and in weight be

tween 53 and 272 g. Since in our experiment no important differences in 

body weight occur after irradiation, we have not taken into account a 

possible influence of weight changes on the cell numbers per unit 

area. 

4.5. Conclusions 

It appears from this study, that in the first 2 weeks after a whole-

body irradiation with 4.0 Gy neutrons the functional cell populations 

in the gastric fundic mucosa undergo an extensive degeneration. Yet 

repair of the epithelium occurs. The regeneration starts from a small 

fraction of surviving stem cells and takes a period up to at least 12 

weeks after irradiation. 

The regeneration of the four populations of secretory cells occurs in 

the sequence SEC, MNC, PC and ZC. At about 3 weeks after irradiation 

the gastric epithelium is built up of only the two mucous cell types: 

new SEC, lining the pits and surface and new MNC, lining the glands. 

These cells are present in much larger numbers per unit area than in 

the control animals. At day 84 the number per unit area of SEC and MNC 

have decreased to near the normal values. The PC population regenerates 

rapidly between day 31 and 45, and at day 84 near normal numbers per 

unit area are reached. New ZC arre visible for the first time at day 

75. 

The estimated doubling time during regeneration of MNC appear to be 

smaller than the doubling time of the PC, whe reas the latter is smaller 

again than that of the ZC. 

During regeneration the greater curvature contains more cells of the 

regenerating populations of MNC, PC and ZC than the lesser curvature. 
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Since this cannot be explained by differences in absorbed dose, and no 

marked differences in doubling time between the curvatures occur, the 

difference may be due to a difference in the number per unit area of 

cells with a capacity for proliferation in unirradiated animals or to a 

difference in survival curve of these mentioned cells. 
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CHAPTER 5 

THE EFFECT OF WHOLE-BODY IRRADIATION WITH 4.0 Gy NEUTRONS ON THE 

OUTPUT OF FLUID, ACID AND PEPSIN IN THE STOMACH OF MICE. 

5.1. Introduction 

The subject of this chapter is the effect of neutron irradiation of 4.0 

Gy on the gastric fluid, acid and pepsin outputs in mice and the rela

tion of these data with the changes in number per unit area of the 

various secretory cell types in the gastric fundic epithelium after 

irradiation as described in chapter 4. Radiation effects on the course 

of gastric acid secretion in relation to parietal cell number have been 

studied in the dog with B-rays (Beal and Ferguson 1963) and in the 

guinea-pig with X-rays (Capoferro 1972 a,b). Acid and pepsin output 

after X-irradlation of the dog have been studied by Ragins et al. 

(1967). 

5.2. Materials and methods 

The male CBA mice used were 12-17 weeks old and weighed 24-35 g. Part 

of the unirradiated group and of the group irradiated with 4.0 Gy neu

trons was used for histological study as described in chapter 4. 

Mice were exposed to a whole-body dose of fast fission neutrons of 4.0 

Gy. The irradiation procedure and the post-irradiation treatment have 

been described in chapter 4. 

The methods of stimulation and collection of gastric juice and of the 

determination of the fluid volume, acid and pepsin are described in 

chapter 3. In order to stimulate the fluid and acid outputs subcutane

ous injections of histamine in doses equal to 0.8, 1.6, 4.8, 12.8 or 

25.6 mg/kg body weight were given. In order to stimulate the pepsin 

output a subcutaneous injection of histamine combined with an intraper

itoneal injection of insulin was given in doses of 4.8 rag histamine/kg 

and 2.5 U lnsulln/kg or 12.8 mg histamlne/kg and 10.0 U insulin/kg. 

Basal secretion was measured after a subcutaneous injection with 

saline or after a subcutaneous injection combined with an intraperito

neal injection with saline. The secretion period was 30 minutes. Fluid 
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and acid contents were also measured at the start of the secretion 

period. In that case the gastric contents were collected immediately 

after ligation of the pylorus. 

In about 42 of the irradiated animals gastric bleedings occurred. 

There seems to be no relation between the frequency of bleedings and 

either the time elapsed after irradiation or the dose of the injected 

drugs. The animals with gastric bleedings were discarded. 

Fluid and acid were assessed in unirradiated animals and in Irradiated 

animals at various intervals up to 9 or 12 weeks after irradiation. The 

number of mice receiving the same treatment varied between 3 and 7. 

Differences between groups were determined with Student's t-test (un

paired). Diffferences mentioned are significant at the 5% level. 

5.3. Results 

In the unstimulated Irradiated animais the fluid output during 30 min

utes increases sharply from 40 ul at day 13 after irradiation to values 

between 115 and 140 ul between day 24 to day 44 (fig. 5.1.a.). There

after the fluid output decreases to control values of about 20 ul at 

day 51. From figure 5.1.a., which shows the amount of fluid present at 

the start of the 30 minutes period just after the ligation of the pylo

rus, it appears that the large amount of fluid found between day 24 and 

44 is produced for the greater part during the 30 minutes after the 

ligation of the pylorus. 

After administration of histamine the fluid output is relatively high 

between day 20 and 45 (fig. 5.1.b.-f). However, during this period the 

average fluid volume is smaller, though not significantly, than the 

unstimulated fluid output. Hence the stimulating effect of the hista

mine doses of 4.8, 12.8 and 25.6 mg/kg on the fluid output, which is 

found in the unirradiated mice, is absent in this period. 

At the end of the observation period the fluid response to histamine 

stimulation does not show significant differences with respect to the 

preirradiation values, apart from the dose of 25.6 mg/kg. The response 

on the latter dose is relatively small at day 64. 
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The titratable acid or alkali output is shown in figure 5.2. The gas

tric contents become alkaline between day 7 and 10, irrespective of the 

administration of histamine. The basal alkali output increases to about 

1 uEq OH" at day 30, but subsequently decreases until the gastric con

tents become acid after day 45 (fig. 5.2.a.). The basal output equals 

the control value again at day 52. 

The titratable acid or alkali output present at the start of the 30 

minutes secretion period, immediately after pylorus ligation is pre

sented in figure 5.2.a. The gastric contents are alkaline between day 

12 and 37. The amount of alkali is smaller than the basal output during 

30 minutes in this period. Only at day 30 a significant difference was 

found between the 2 groups. 

With all doses of histamine the acid output at day 7 varies between 0 

and 2 uEq H+ (fig. 5.2.b.-f). At this time there is no response to the 

higher doses of 4.8, 12.8 and 25.6 mg histamine/kg, such as occurs in 

the unirradiated animals. The gastric contents are alkaline for the 

first time at day 10. At day 30 the gastric contents contain signifi

cantly less titratable OH- by stimulation with histamine than without 

stimulation, the only exceptions are the doses of 1.6 and 25.6 mg/kg. 

Histamine produces acid gastric contents again between day 32 and 38. 

Thereafter the amount of acid increases to values showing no signifi

cant differences from the preirradiation level. However, for the hista

mine dose of 25.6 mg/kg the acid output decreases to a significant 

lower value bef-'ecr. day 53 and 64. 

The pepsinogen secretion after irradiation is shown in figure 5.3. The 

spontaneous pepsin output stays at about the same level as in the con

trol mice during the whole observation period. 

The quantity of pepsin found after injection of both histamine and 

insulin decreases during the first 13 days after irradiation to the 

level of the basal output. Only at day 84 the pepsin activity increases 

by stimulation with 12.8 mg histamine/kg and 10 U insulin/kg to a value 

smaller than but not significantly differing from the preirradiation 

level (fig. 5.3.b.). 
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Figure 5.2. The titratable gastric acid and alkali output in coyit.ro,, 
mice (C) and in mice irradiated with 4.0 Gy neutrons. The broken lir. 
indicates the 30 minute<s basal output (a-f). The continuous liner, in
dicate the amount of acid or alkali present a. at the start of the 3 
minutis secretion period and 30 minutes after injecuion of b. O.n, 
c. 1.6, d. 4.8, e. 12.8 and f. 25.6 mg histamine/kg sc. Vertical bir 
indicate standard error of mean. The nurnber of animals per observant 
day is 3 (%), 4 (A), 5 (V) or 6 or 7 (M) 

iy: 

http://coyit.ro


- 76 -

mU(-s.em.) 
200 

100 

PEPSIN OUTPUT 

o L 

3 0 0 ^ 

200 . 

100 

c o 

48mg+2.5U 
Omg+ OU 

40 60 80 
days after irradiation 

Figure 5.3. Pepsin output in control mice (C) and in mice irradiated with 
4.0 Gy neutrons. The broken line indicates the 30 minutes basal output 
(a3b). The continuous lines indicate the amount of pepsin present 30 
minutes after injection of a. 4.8 mg histamine/kg sc and 2.6 U insulin/ka 
ip and b. 12.8^ mg histamine/kg sc and 10.0 U insulin/kg ip. Vertical bars 
indicate standard error of mean. The number of animals per observation day 
is 3 C)3 4 (A), 5 (V) or 6 (M) 

The body weights of the animals at each observation day are given as a 

percentage of their weights before the irradiation experiment 

(fig. 5.4.). The animals weighed before the irradiation experiment had 

not fasted, whereas the control and irradiated mice did have fasted 

before the secretion tests. The percentage for the irradiated mice is 

decreased at day 7. It increases a little between day 10 and 20. 

Thereafter it remains about constant, somewhat below the level of the 

prelrradiation value. 
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Figure 5.4. Body weight percentages for control (C) and with 4.0 Gu ma
trons irradiated mice at the various observation days of their weights 
before the irradiation experiment. The animals weighed before the 'irra
diation experiment had not fasted, the animals weighed just before the 
secretion test had fasted. Vertical bars indicate standard error of mean 

5.4. Discussion 

Irradiation affects the secretory response of the gastric mucosa to the 

stimuli used. We will discuss here this effect In relation to the num

ber per unit area of secretory cells present in the gastric mucosa at 

the various intervals after Irradiation. The latter data were presented 

in chapter 4. In this comparison we will use the mean of the cell num

bers per unit area of mucosa at the greater and near the lesser curva

ture as an estimate of the total number of cells present in the 

gastric mucosa. We express this figure as a percentage of the mean in 

the control mice. The output of acid and pepsin too, is expressed as a 

percentage of the mean output in the control animals. The data for 

both the acid output stimulated by 12.8 mg histamine/kg and the pari

etal cell count are given in figure 5.5. and those for the pepsin out

put stimulated by 12.8 mg histamine/kg and 10.0 U insulin/kg and the 

zymogenic cell count in figure 5.6. 
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The basal fluid output is strongly increased between day 24 and 44 

(fig. 5.1.)• The fluid is alkaline in this period. The fluid is formed 

for the larger part in the 30 minutes secretion period as appears from 

figure 5.1.a.. 

An esophagus ligature in addition to the pylorus ligature in a group of 

3 mice at day 24 after Irradiation does not decrease the basal fluid 

volume. With the 2 ligatures the fluid volume was equal to 117 t 8 |il 

(s.e.m.) for a secretion period of 30 minutes. This implies that the 

large quantity of fluid is not due to swallowed saliva, but originates 

from the gastric wall. 

With histamine no stimulating effect on the fluid output was found 

between day 24 and 44. It rather seems to have an inhibitory effect, 

in contrast to the effect in unirradiated animals and in the irradiated 

animals at the end of the observation period. 

The origin of the large amount of fluid found between day 24 and 44 is 

not clear; it may be formed by transudation or secretion. If at day 24 

the fluid consists of secretion fluid it cannot be formed by the PC or 

ZC, since practically no PC (fig. 5.5.) and no ZC (fig. 5.6.) are pres

ent at this time. It may be formed then by mucous cells which are pres

ent in large numbers at this time (chapter 4). These observations re

semble those in athymic nude mice with gastritis induced by Injection 

of spleen cells (Kojima, Taguchi and Nishizuka 1980): all or nearly all 

PC and ZC had disappeared and had been replaced by cells looking like 

MNC, whereas the stomachs contained a small amount of alkaline mucous 

fluid after a short time of fasting. 

Both the basal and stimulated acid secretion decrease during the first 

10 days after irradiation (fig. 5.2.). Histamine does not stimulate the 

acid secretion anymore. The gastric contents are alkaline at day 10. 

Simultaneously with the decrease of the acid output, the number of PC 

per unit area decreases and at day 13 only 8% of the original cell 

number is present (fig. 5.5.). 

Without stimulation the gastric contents are alkaline between day 10 

and 52. Between day 10 and 24 histamine has no influence on the amount 

of titratable OH". However, at day 30 the amount of OH" is significant

ly lowered by 3ome doses of histamine. This may be due to the addition 
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of H+-ions to the gastr ic lumen. The newly formed PC seem to possess 

the capacity to secrete H+-ions on stimulation by histamine at th is 

time. The f i r s t evidence for the secretion of If^-ions after histamine 

Injection i s v i s i b l e at 5 weeks after Irradiation when the gastric 

contents are e i ther ac id i f i ed with doses of 4.8 and 25.6 mg/kg or neu

tra l ized with 12.8 mg/kg. Thereafter the acid secret ion stimulated by 

12.8 mg histamine/kg and the number of PC per unit area are pos i t ive ly 

correlated. The acid output after injection with histamine, except the 

dose of 25.6 mg/kg, reaches near-normal to normal values at the end of 

the observation period. The same applies to the f luid output. 

The stimulated pepsin output decreases to very low values during the 

f i r s t 1.3 days after i rradiat ion . The number per unit area of zymogenic 

c e l l s (ZC), too, decreases sharply in th is period ( f i g . 5 . 6 . ) . Some 
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pepsin activity is Measured between day 17 and 45, though no ZC are 

present. The origin of the pepsin in this period is not clear. It aay 

be foraed by mucous neck cells, because pepsinogen granules are known 

to occur in HNC (Nagee 1974). Only at day 84 an appreciable asount of 

pepsin equal to 521 of the prelrradiation value by stimulation of 12.8 

ag histaaine/kg and 10.0 U insulin/kg is aeasured. At this tiae the 

nuaber per unit area of ZC is increased. Borh the decrease and increase 

of the pepsin secretion are positively correlated with the ZC nuaber 

per unit area. 

Other studies on radiation effects on the stoaach used different aaaas-

lian species in differing irradiation conditions. Dogs were exposed to 

fractionated irradiation with X-rays up to a total dose of 1600 R 

(Ragins et al. 1967). Hlstaaine was used to stimulate secretion. The 
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acid output reached a minimal value of 10% of the prelrradiation level 

between day 7 and 14. The fluid output decreased less, to about 40% in 

the same period. The histamine stimulated pepsin output was maximally 

reduced to about 10% between day 7 and 14. Yet the secretory functions 

were normal again at day 46. Destruction in the mucosa developed be

tween day 3 and 10. The mucosa returned to normal In 30 to 60 days. 

la an other experiment with dogs, which were intragastrically irradiat

ed with 48.76 to 49.77 Gy 8-rays the histamine stimulated gastric se

cretion was depressed maximally to 3-32? of the control value at 3 

weeks after irradiation (Beal and Ferguson 1963). The number of PC per 

gland, however, dropped maximally to 23? of the control value only by 

40 to 60 days after irradiation. During the whole observation period 

the gastric contents remained acid. At 1 year after irradiation the 

acid output had reached 13 to 65% and the PC number per gland had 

reached 30% of the preirradiation level. 

In the guinea-pig the stomach alone was exposed to an X-ray dose of 

1540 R (Capoferro 1972 a,b). The acid output, which was related to 

body-weight, was stimulated by a histamine analogue. The gastric con

tents were always found to be acid after irradiation. Both the acid 

and fluid output per kg per hour were lowest to about 9% and 25% re

spectively of the control levels between 2 and 4 weeks after irradia

tion. During this period also the total amount of PC in the stomach was 

minimal and equalled 25% of the control value. The basal fluid volume 

did not show an increase when the number of PC was minimal. At 8 weeks 

after irradiation the total parietal cell number in the stomach equall

ed nearly 50% of the preirraliation value, while the stimulated acid 

secretion/kg/hr equalled about 40% of the preirradiation value. 

The period in which gastric secretion in the quoted studies was lowest 

is about the same as in the present study, though in the X-irradiated 

dogs (Ragins et al. 1967) the impairment of secretion seems to occur 

earlier. The latter may be due to the fact that the period of fraction

ated irradiation was taking 10 to 12 days. 

In the X-lrradiated dog (Ragins et al. 1967) and guinea-pig (Capoferro 

1972 a) the fluid production was less impaired than the acid output. 

This finding shows a similarity with the present stu / where the basal 
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output of fluid was increased temporarily, while the acid output was 

decreased. 

In the above mentioned studies both the acid secretion and PC popula

tion were not so heavily affected by irradiation as in our study after 

Irradiation with 4.0 Gy neutrons. Yet secretion and r*C population did 

not recover sooner in the dog (Beal and Ferguson 1963) and guinea-pig 

(Capoferro 1972 a,b). 

Irradiation has been used in some places for the healing of peptic 

ulcer. This form of therapy was only used for a special group of peptic 

leer patients in which conventional treatment had not or was not ex

pected to have the desired effect (Brown et al. 1962, Bicks and 0'Bryan 

1963, Clayman et al. 1968, Findley et al. 1974, Cocco and Mendeloff 

1979). It appeared that part of the patients had recurrent ulcer after 

a temporary relief of symptoms during a period of anacidlty or reduced 

acid secretion. Apparently, after an initial decrease of the acid 

secretion, the acid secretion increased as a consequence of the 

regeneration of the parietal cell population, which has a large capaci

ty for regeneration as observed in our study. 

5.5. Conclusions 

We are not aware of any animal experiment concerning the relation be

tween gastric secretion and the number of secretory cells in the stoc-

ach after exposure to such a high radiation dose that stimulation of 

acid secretion is completely prevented. In our study this effect was 

obtained with a whole-body dose of 4.0 Gy fast neutrons. 

After irradiation with 4.0 Gy neutrons the titratable acid secretion 

disappears within 13 days. The secretion cannot be stimulated with 

histamine anymore at this time. Indications that the stimulated acid 

secretion returns are present for the first time at day 30. The de

crease and increase of the stimulated acid secretion run parallel with 

the number of parietal cells per unit area. 

Also stimulations of pepsinogen secretion was prevented practically 

totally within 13 days after irradiation. The pepsinogen output could 

be augmented again at day 84. The response of the pepsinogen secretion 

agrees with the number of zymogenic cells per unit area. 
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The basal fluid output is increased with about a factor 7 between day 

24 and 44. The origin of the alkaline fluid is unknown, it may be a 

transudation fluid or a secretion fluid. If it is a secretion, the 

mucous cells are the only types which may be the source of the 

fluid. 

Nine to 12 weeks after irradiation the acid and pepsin outputs have 

reached near-normal to normal values. 
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CHAPTER 6 

THE EFFECT OF GRADED DOSES OF NEUTRONS AND X-RAYS ON THE POPULATIONS OF 

SECRETORY CELLS IN THE GASTRIC FUNDUS OF MICE 

6.1. Introduction 

This chapter deals with the effects of graded doses of neutrons as well 

as X-rays on the fundic mucosa. Specimens of the mucosa were collected 

at 3 weeks after irradiation. This time interval was chosen, because 

the study after a dose of 4.0 Gy neutrons (chapter 4) had shown that at 

this time the changes in the mucosa are most pronounced. The changes in 

the number per unit area of surface epithelial cells, mucous neck 

cells, parietal cells, zymogenic cells and fundic tubules are described 

in this chapter. In addition also the variation in thickness of the 

mucosa as a function of the dose is given. The Relative Biological 

Effectiveness (RBE) of neutrons was determined for several end points. 

6.2. Materials and methods 

Male mice of the CBA s u b - l i n e , 13-16% weeks old and weighing 25-33 g 

were used. 

For the neutron i r r a d i a t i o n the reader i s r e fe r red to chapter 4 . The 

whole-body neutron dose ranged from 0.75 t o 4.8 Gy. X - i r r a d i a t i o n s were 

performed using a Phi l ips-Mii l ler X-ray tube opera t ing a t 300 kV con

s tant p o t e n t i a l a t 5 mA and with a measured ha l f -va lue l ayer of 2.1 mm 

Cu. The dose r a t e was 0.30 Gy/min In the c e n t r e - l i n e of the animals . 

The d is tance from focus to c e n t r e - l i n e was 69 cm. The whole-body X-ray 

dose ranged from 2.0 to 16.0 Gy. 

Within 24 hours a f t e r i r r a d i a t i o n animals exposed to neutron doses of 

3.2 Gy or more or t o X-ray doses of 7.0 Gy or more received an i n t r a 

venous i n j ec t i on with 3.6 to 5.8 x 106 v i ab l e syngeneic bone-marrow 

c e l l s . All animals received da i ly in t ramuscular i n j ec t ions of t e t r a c y 

c l ine (Terramycin®, P f i ze r 0.5 mg/day) dur ing the f i r s t 10 days a f t e r 

i r r a d i a t i o n (chapter 1 ) . 

Unirradiated mice, which had received oxy te t r acyc l ine i n j ec t i ons during 

10 days served as c o n t r o l s . Three weeks a f t e r th9 s t a r t of the s e r i e s of 
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injections their stomachs were excised for histological study. 

Tissue specimens of the gastric fundus for histological study were 

collected 3 weeks after irradiation. The tissue preparation, the count

ing, the determination of the mucosal thickness and the corrections 

made are all described in chapter 2. Like in the '+.0 Gy study the sur

face epithelial cells have not been corrected for nuclear overestima-

tion. 

Surface epithelial cells (SEC), mucous neck cells (MNC), parietal cells 

(PC), zymogenic cells (ZC) and fundic tubules ere counted and the 

mucosal thickness was measured. The planes and positions studied are 

mentioned in chapter 4. Two sections per plane were examined. Per ra

diation dose and control group 3 mice were studied. 

Differences between means were tested with Student's t-test for unpair

ed data (p < 0.05 unles' otherwise stated). 

6.3. Results 

No qualitative changes were observed in the mucosa at neutron doses up 

to 1.5 Gy and X-ray doses up to 7.0 Gy at 21 days after irradiation. 

However, at doses from 2.4 to 3.2 Gy neutrons and from 8.0 to 12.0 Gy 

X-rays some fundic tubules contain at this time only surface epithelial 

cells (SEC) and mucous neck fells (MNC). In the glands in which zymo

genic cells (ZC) occur they only occupy the very lowest part of the 

glands. Very few tubules have a widened lumen with stretched-out cells. 

At still higher doses all tubules contain mainly SEC and MNC and the 

few pari ,-al cells (PC) are scattered between the MNC or are present at 

the bottom of the glands. The enlarged tubules are surrounded by much 

connective tissue. 

Figure 6.1. shows the relation between radiation dose and the number 

per unit area of mucosa of surface epithelial cells. The SEC number , er 

unit area increases with a factor 2 between 1.5 an 3.6 Gy neutrons. At 

doses higher than 3.6 Gy neutrons the number per unit area at the 

greater curvature does not change further significantly, but near the 

lesser curvature the amount of SEC decreases steeply with dose to the 

rontrol level. As a result there is a large difference between the 
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Figure 6.1. The number of surface epithelial cells per unit area of 
mucosa of the gastric fundus of control mice (C) and of mice irradiated 
with graded doses of neutrons or X-rays at 3 weeks after irradiation. The 
lumbers arc not corrected for nuclear overestimation. The round symbols 
represent the values at the greater curvature, the triangular symbols 
represent the values near the lesser curvature. Arrows indicate the doses 
for which a significant difference between the 2 curvatures was found 
(p < 0.0 fj . The number of mice per dose is 3. Vertical bars indicate 
standard error of mean 
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greater and lesser curvature for the two highest doses investigat

ed. 

After X-irradiation t;;e SEC number per unit area also increases to the 

same maximum but at 12.0 Gy. At higher doses there is also a large 

difference 2tween the greater and lesser curvature as was observed 

with neutrons. Near the lesser curvature the number per unit area of 

SEC drops to half the value of the controls between 13.0 and 15.0 Gy. 

The decrease in SEC number per unit area hrs stopped at the highest 

neutron uoses as well as at the highest X-ray doses investigated. The 

changes in SEC number per unit area which were found after neutron 

irradiation are reproduced wf ~h X-ray doses which are about 3.2 times 

as high. 

The dependence of the number ?a of mucous neck cells (MNC) 

on dose is shown in figure 6.2. Afttt neutron irradiation a steep rise 

in number per unit area of MNC occurs above 2.4 Gy. A peak for both 

curvatures is reached between 3.2 and 3.6 C'. In this interval the 

number per unit area at the greater curvature is about 9 times as large 

as the control value, whereas the count near the lesser curvature 

reaches about 4^ times the control value. Above 2.8 Gy the values for 

the greater curvature are remarkably higher than those for the lesser 

curvature. The lowest dose for which the number per unit area is signi

ficantly increases is 1.5 Gy. 

After X-ray doses above 9.0 Gy a similar steep rise In number per unit 

area of MNC oc~'irs. A peak for both curvatures is reached between 11.0 

and 12.0 Gy, where the co. .it at the greater curvature amounts to about 

9 times the -"'trol value, and that near the lesser curvature about 7 

times that x *. The values are significantly larger at the greater 

than near the lesser curvature at doses of 10.0 Gy a ' higher. The 

lowest dose for which the number of MNC per unit are* *s significantly 

increased is 7.0 Gy. 

The neutron RBE value is equal to 3.4 for the peak in the graph of the 

number per unit area of MNC for both curvatures. 

In figure 6.3. the number per unit area of parietal cells (PC) as a 

function of dose is . After neutron irradiation the numbers per 

unit area at Che grt and near the lesser curvature decrease sharply 
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to practically zero between 2.8 and 3.6 Gy. Only very few PC are pres

ent at the greater curvature between 4.4 and 4.8 Gy, whereas no PC are 

visible near the lesser curvature. 

The numbers per unit area of PC are larger for the lesser than for the 

greater curvature in the unirradiated animals &nd for neutro.i doses up 

to 1.5 Gy. However, no difference between the curvatures is found at 

2.4 Gy, whereas at higher doses the greater curvature shows, though not 

always significantly, larger values than the lesser curvature. 

After X-irradiation the PC count for both curvatures decreases steeply 

to zero between 9.0 and 14.0 Gy. A first significant decrease is al

ready found at 2.0 Gy. However, an increase follows between 5.0 and 

8.0 Gy. The number per unit area at the greater curvature is signifi

cantly larger than the control value at 7.0 and 8.0 Gy, whereas the 

value for the lesser curvature does not differ significantly from the 

control value at 8.0 Gy. 

Like in the control animals near the lesser curvature more PC per unit 

area occur thar at the greater curvature in the lower X-ray dose 

region. However, the difference becomes smaller and disappears as the 

dose increases from 2.0 to 9.0 Gy. Above 9.0 Gy the greater curvature 

shows the highest values but these do not differ significantly from the 

values near the greater curvature except at 12.0 Gy. 

The neutron RBE value is 3.5 for a decrease to 20 PC per unit area. 

The curves for the number per unit area of zymogenic cells (ZC) as a 

function of dose are shown in figure 6.4. The first significant de

crease in number per unit area of ZC after neutron irradiation Is found 

for a dose of 1.5 Gy. As the dose increases the ZC decrease further in 

number per unit area and at 3.2 Gy neutrons all ZC have disap

peared. 

After X-irradiation the first significant decrease of the ZC count for 

both curvatures occurs at 3.0 Gy. A steep decrease in cell number to 

near zero is found between 8.0 and 11.0 Gy. No ZC are present at doses 

of 12.0 Gy and higher. 

The ZC numbers per unit area tend to be larger for the greater than for 

the lesser curvature for both types of radiation. In the majority of 

the observations, however, no significant differences between the 
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curvatures are present. 

The neutron RBE is equal to 3.6 for the decrease to 20 ZC per unit 

area. 

Figure 6.5. shows the relation between the number per unit area of 

fuiKiic ntbules *-nJ dose. After neutron irradiation the number per unit 

area for both curvatures decreases if the dose increases from 1.5 Gy. 

At 4.8 Gy 8 to loZ of the control number per unit area of fundic tu

bules is left. 

After X-irradiation the number per unit area of fundic tubules for both 

curvatures is a little but significantly diminished between 2.0 and 7.0 

Gy. However, the count equals the control value again at 8.0 Gy. As 

the dose increases further the number per unit area decreases steeply 

to 4 to IX of the control value at 16.0 Gy. 

Although they do not differ significantly for each dose, the counts for 

the greater curvature tend to be larger than for the lesser curvature 

for both types of radiation. 

The neutron /.BE is 3.9 for the decrease to 0.5 fundic tubules per unit 

area. 

In figure 6.6. the relation between the diameter of the fundic tubules 

and the dose is shown. After neutron irradiation the diameter increases 

steeply between 2.8 and 4.8 Gy, reaching a value of 3 times the control 

value. 

After X-irradiation the diameter increases steeply between 12.0 and 

16.0 Gy, reaching a value of over 3 tines the control value. 

Branching of fundic tubules is observed at neutron doses of 3.6 Gy and 

higher and at X-ray doses of 12.0 Gy and higher (fig. 6.13.). 

No systematic differences in diameter between the curvatures were found 

for both kinds of radiation. 
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Figure 6.6. The calculated diameter in urn of the fundic tubules of the 
gastric mucosa of control mice (C) and of mice irradiated with graded 
doses of neutrons or X-rays 3 weeks after irradiation. The number of 
mice per dose is '6. Vertical bars indicate standard error of mean 
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Figure 6.7. The thickness of the gastric fundic mucosa of control miae 
(C) and of mice irradiated with graded doses of neutrons or X-rays at 
3 weeks after irradiation. For further explanation is referred to the 
legend of fig. 6.1. 

Figure 6 .7 . shows the re lat ion between the mucosal thickness and the 

dose. After neutron as wel l as X-irradiation some variation in thick

ness was found. At the higher doses from 2.4 Gy neutrons and 10.0 Gy X-

rays the thickness at the greater curvature i s s i gn i f i cant ly larger 

than near the l esser curvature. This difference i s not found in the 

unirradiated animal. 

Signif icant differences in counts between the planes 2 and 5 only oc

curred occasional ly . For the l esser curvature differences were more 

often found than tor the greater curvature and mostly in plane 2 the 

highest numbers per unit area were counted. However, a relat ionship 

with the dose was not evident. 

Figure 6 . 8 . shows the body weight at 3 weeks after irradiat ion as a 

function of dose. The weight decreases a', doses higher than 3.2 Gy 

neutrons and 10.0 Gy X-rays. 
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Figure 6.8. Body weight of control mice (C) and of mice irradiated with 
graded doses of neutrons or X-rays. The rcut.d symbols represent the weights 
at Z weeks after irradiation, the square symbols the weights Just before 
irradiation. Only the mice weighed at 3 weeks after irradiation have 
fasted 20-24 hours. The wznber of mice per group is Ö. Vertical bars in
dicate standard error of mean 

6.4. Discussion 

For the Interpretation of the results presented In this chapter one 

must keep In mind the histological data obtained after Irradiation with 

4.0 Gy neutrons as described In chapter 4. It was shown there that the 

SEC and MNC decrease In number In the first week after irradiation. All 

ZC and nearly all PC have disappeared after the second week. However, 

the SEC and MNC populations regenerate in the second and third week 

respectively. When their regeneration is finished, their cell numbers 

per unit area are much higher than in the unirradiated animals. The PC 

population regenerates chiefly from the third till the seventh week and 

new ZC appear only after the ninth week. The data presented in this 

chapter are in accordance with the data presented in chapter 4, because 

3 weeks after irradiation with 4.0 Gy neutrons relatively large SEC and 

MNC populations, only few PC and no ZC per unit area are found 

(fig. 6.9., 6.10., 6.11., 6.12.). 

A first question which is importsut to answer is, whether at 3 weeks 
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after irradiation the cells of a population have survived the irradia

tion or have been newly formed afterwards. A second question is whether 

at 3 weeks after irradiation a cell population is growing, in steady 

state, or is shrinking. The latter question aay be answered by looking 

for differences in cell nuaber per unit area between the greater and 

lesser curvature* The argument is, that in the 4.0 Gy neutron study 

presented in chapter 4 significantly «ore cells per unit area of a 

regenerating population occur at the greater than near the lesser cur

vature. We shall try to answer these questions for successively the 

SEC, MNC, PC and ZC populations. 

In the 4.0 Gy study it was found that the number of SEC per unit area 

decreases in the first week after irradiation. Regeneration occurs in 

the second week and at day 13 at the end of the regeneration phase an 

overshoot of SEC of over 2 tiaes the control value Is present. At this 

time the greater curvature has a significant larger SEC number per unit 

area than the lesser curvature. After the second week the overshoot 

gradually decreases (fig. 4.1.). 

If we assume that the SEC population in the mouse has the same turn

over time of about 3 days as was found for the rat (Stevens and Leblond 

1953) then we may assume that all SEC present at 3 weeks after irradia

tion have been formed after irradiation. 

At neutron doses of 4.4 and 4.8 Gy 3 weeks after irradiation the SEC 

number per unit area at the larger curvature is about twice as large as 

near the lesser curvature. The difference between the curvatures indi

cates that 3 weeks after irradiation with thise higher doses the SEC 

population is still regenerating. It implies th?t at these high doses 

the regeneration phase of the SEC starts later or has a longer duration 

than at a dose of 4.0 Gy, since the mucosa is more heavily damaged at 

the high doses. 

At lower doses than 4.0 Gy neutrons no differences exist between the 

greater and lesser curvature. This indicates that regeneration is 

finished at 3 weeks after irradiation. The overshoot of SEC increases 

with dose between 1.5 and 3.6 Gy. This may be explained by assuming 

that the regeneration of the SEC population is finished earlier when 

the dose is lower, so that the decrease of the overshoot has occurred 
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Haure 6 •?• The number of surface epithelial cells per unit area of 
mucosa of the gastric fundus at the greater curvature of mice as a 
function of neutron dose at I weeks after irradiation and as a function 
of time at a neutron done of 4.0 Gy 
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Figure 6.1C. The number of mucous neck cells per unit area of mucosa . 
the gastric fundus at the greater curvature of mice as a function of 
neutron dose at S weeks after irradiation and as a function of time •;: 
a neutron dose of 4.0 Gy 
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Figure 6.11. The number of parietal cells per unit area of mucosa of 
the gastric fundus at the greater curvature of mice as a function of neu
tron dose at 3 weeks after irradiation and as a function of time at a 
neutron dose of 4.0 Gy 
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Figure 6.12. The number of zymogenic cells per unit area of mucosa of 
the gastric fundus at the greater curvature of mice as a function of 
neutron dose at 3 weeks after irradiation and as a function of time at 
a neutron dose of 4.0 Gy 



- 102 -

during a longer period, or/and that the overshoot at these lower doses 

is saaller than at 4.0 Gy. 

After X-irradiation similar processes as after neutron irradiation sees 

to play a part. At 3 weeks after irradiation the SEC population is 

regenerating at doses between 13.0 and 16.0 Gy, whereas at lower doses 

the regeneration has been finished. 

It appears from these data that the time accessary for repair of the 

SEC population is dose dependent. 

The MNC population was found to regenerate In the third week after 

irradiation in the 4.0 Cy study, resulting in an overshoot of MNC of 

about 10 times the control value at day 24. In the regeneration phase 

at day 17 the MNC number per unit area is significantly larger at the 

greater than near the lesser curvature. After day 45 the overshoot 

gradually diminishes (fig. 4.2.). 

The MNC population is found to have a turn-over time of 6.5 days in the 

rat (Stevens and Leblond 1953). Therefore we assume that all MNC pres

ent at 3 weeks after Irradiation have been formed after irradia

tion. 

In the 4.0 Gy study the MNC population is still regenerating at 17 days 

and has just finished its regeneration at 24 days after irradiation. In 

accordance with this finding the MNC population in the present study is 

regenerating at 4.0 Gy neutrons, since the MNC population is larger at 

the greater than near the lesser curvature at this time. At higher 

doses the MNC population is regenerating for the same reason, but the 

MNC numbers per unit area are lower for both curvatures. The lower 

counts are found because the regeneration of the MNC population may 

have started later or may take more time than at 4.0 Gy, since the 

mucosa is heavier damaged. 

The MNC population also regenerates at doses of 3.2 and 3.6 Gy, In view 

of the differences in MNC cell number per unit area between the curva

tures. However, at lower doses between 1.5 and 2.8 Gy the MNC popula

tion appears to have finished its regeneration, since only small dif

ferences between the curvatures are present. The overshoot is smaller 

than at 4.0 Gy, because the regeneration has finished earlier and as a 

consequence the overshoot decreases earlier. Another possibility is 
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that the aaxiaua overshoot is smaller as the dose is lower. 

A siailar explanation can be given for the variation of the t&C nuaber 

per unit area after X-irradiation, which shows the saae pattern as 

after neutron irradiation. Judging fro» the differences between the 

greater and lesser curvature the HNC population regenerates at 3 weeks 

after irradiation at doses between 10.0 and 16.0 Gy. At lower doses 

between 7.0 and 9.0 Cy the regeneration has been finished. Therefore 

the neutron RBE value of 3.4 for the peak of the curve refers to the 

capacity for regeneration of the MNC population. 

In the 4.0 Gy neutron study the nuaber per unit area of PC has decreas

ed to near zero at day 17. Thereafter the PC population regenerates 

aost strongly between day 31 and 45. In the regeneration phase between 

day 24 and 45 the PC nuaber per unit area at the greater curvature is 

significantly larger than near the lesser curvature in contrast with 

the unirradiated aniaals (fig. 4.3.)* 

The PC population in aice has a half-life tiae of 23 days (Ragins et 

al. 1968). The PC need no aore than one week to differentiate from 

precursors (Ragins et al. 1968, Uilleas et al. 1972). For these reasons 

it is possible that 3 weeks after irradiation, PC which have survived 

the irradiation as well as PC which were newly foraed after irradia

tion, are present. 

In the unirradiated aniaals and in the aniaals irradiated with 0.7 5 and 

1.5 Cy neutrons the PC nuaber per unit area is significantly smaller at 

the greater than near the lesser curvature. However, at doses higher 

than 2.4 Gy up to 3.6 Gy the greater curvature has the largest values. 

This finding may be explained by assuming that in this high dose region 

the PC population is regenerating at 21 days after irradiation. At 

still higher doses all PC have disappeared and regeneration has not 

started. 

Similarly after X-ray doses up to 3.0 Gy the PC count is significantly 

smaller at the greater than near the lesser curvature, after 9.0 Gy 

they are equal and after higher doses the count near the lesser curva

ture is smaller. This may also be explained by assuming that at doses 

between 9.0 and 12.0 Gy, 21 days after irradiation, the PC population 

is regenerating. At X-ray doses of 13.0 Gy and higher all PC have 
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disappeared and reeenerat ion has not started. Therefore the KBE value 

of 3.5 for the decrease of the PC nuaber per unit area to 20 cells aay 

be regarded as the neutron RBE value for daaage to the capacity of 

regeneration of the PC population. 

In the 4.0 Cy neutron study all ZC have disappeared at day 17. Only at 

day 75 new ZC are found. During the regeneration phase of the ZC popu

lation, but also in the unirradiated aniaels, the ZC nuaber per unit 

area is significantly larger at the greater than near the lesser curva

ture. 

Zymogenic cells are supposed to have a life tiae of several aonths in 

•ice. They aay be foraed by division as well as by differentiation 

(Chen and Withers 1975, Willens et al. 1972). Possibly the ZC differen

tiate froa HNC, what aay take 4 weeks as suggested for the golden haa-

ster (Hattori and Fujita 1976). Therefore 3 weeks after irradiation we 

aay see ZC, that were already present before irradiation, as well as ZC 

that developed by differentiation at the tiae of or after irradiation 

as well as ZC foraed by division during or after irradiation. 

For the neutron and X-rays doses for which ZC were found at 3 weeks 

after irradiation the ZC nuaber per unit area at the greater curvature 

is larger than near the lesser curvature. Because the saae difference 

exists in the unirradiated aniaals no conclusions can be aade about 

regeneration of the ZC population within 3 weeks after irradiation. If 

no new ZC have been foraed after irradiation between 2.4 and 3.2 Gy 

neutrons and between 8.0 and 12.0 Gy X-rays the data for these dose 

regions represent the ZC survival. Therefore the R3E values of 3.6 for 

the decrease of the ZC nuaber per unit area to 20 cells aay concern ZC 

survival or regeneration of the zyaogenic cell population or a coabina

tion of thea. 

It appears froa the above mentioned data that the regeneration of the 

populations of SEC and MNC is finished earlier as the dose is lower. 

The PC «population seems to start earlier if the dose is lower. For 

the ZC population no conclusions about the relation between regenera' 

tion, time and dose can be drawn. 

It looks as if the ZC are slightly aore vulnerable than the PC. For the 

ZC have disappeared at 3.2 Gy neutrons and 12.0 Gy X-rays, whereas 
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PC are still present at these doses. Geldgraber et al. (1*54) and 

tafias et al. (1947) observed that in ana and in the dog respectively 

no aarked difference la radioeeaeltivlty of the PC and the ZC to X-rays 

was foaad. 

The maker of fuadic tubules per unit area decreases strongly between 

1.5 and 4.8 Cy neutrons and between 9.0 and 16.0 Cy X-rays. Yet the 

overshoot of SEC and WfC is 80x1801 within these intervals: at about 

3.6 Cy neutrons and at about 12.0 Cy X-rays. There is room for so «any 

ancous cells because all ZC and nearly all PC have disappeared from the 

glands. At higher doses of 4.4 and 4.8 Cy neutrons and froa 13.0 to 

16.0 Cy X-rays still relatively nany MUCOUS cells per fuadic tubule 

are present. At these doses the tubules show aaay saall branchings 

foraed by MUCOUS cells. Hence the diaaeter of the tubules are large. 

The branchings probably play a part la the Multiplication of the tu

bules (chapter 4, fig. 6.13.). 

As is explained in the discussion of chapter 4, errors aay occur in the 

detemination of the aean diaaeter and the nuabers per unit area of 

fundlc tubules. For the present data the calculated aean tubule diaae

ter (fig. 6.6.) is at aost 18 to 21% saaller than the true diaaeter, 

and the corrected nuaber of tubules per unit area is at aost 25-301 

larger than the true nuaber. However, these differences have only a 

saall Influence on the IBE values Mentioned. 

In the 4.0 Gy neutron study the nuaber per unit area of fundlc tubules 

is ainiaal in the third week after irradiation. Therefore at 3 weeks 

after irradiation with neutron doses of 4.0 Gy and higher the tubule 

counts represent the tubule survival. At lower doses new tubules aay 

have been foraed at this tie*, existing together with tubules froa 

before the irradiation. However, if new tubules have been foraed their 

nuaber will be relatively saall, since the increase in tubule nuaber 

per unit area proceeds slowly (chapter 4). The doubling tlae is about 

23 days after a 4.0 Gy neutron irradiation. Therefore the tubule counts 

at 3 weeks after irradiation can be assuaed to represent the nuaber of 

tubules per unit area in which one or More stea cells have surviv

ed. 

The thickness of the Mucosa changes less draaatically than the cell 
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numbers per unit area of the various cell populations. Apparently this 

Is due to the fact that the total number of cells per unit area does 

not change strongly. However, the thickness decreases near the lesser 

curvature at the highest neutron and X-ray dose Intervals. At these 

Intervals the PC and ZC have disappeared and both the SEC and MNC de

crease in number per unit area near the lesser curvature. Then connec

tive tissue Is found in abundance below and between the fundlc tu

bules. 

In normal animals the number of epithelial cells Is correlated with the 

body weight. It seems unlikely, as explained In chapter 4, that the 

relatively small changes in body weight occurring after Irradiation, 

affect the cell numbers strongly. 

The neutron RBE values for changes In the populations of MNC, PC and ZC 
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vary between 3.4 and 3.6. These RBE values approximate the neutron RBE 

for jejunal stem cell depletion equal to 3.3 (Davids 1973) and differ 

from the neutron RBE values for hemopoietic stem cell damage equal to 

2.4 (Davids 1973) and for spermatogonial stem cell killing equal to 

4.1 (Bootsraa 1978). These values have all been determined for the same 

sub-line of mice irradiated with neutrons of the same energy spectrum 

at surviving stem cell fractions of 0.01. 

6.5. Conclusions 

At 3 weeks after irradiation of id.ce with fast neutron doses between 

0.75 and 4.8 Gy or X-ray doses between 2.0 and 16.0 Gy radiation damage 

can manifest itself by the presence of an overshoot of mucous cells and 

a decrease In the number per unit area of PC and ZC. For the neutron 

dose of 4.0 Gy the time pattern of degeneration and regeneration of the 

various cell populations was determined. For the lower and higher doses 

the time pattern may be different. Indications are found, that regener

ation of the SEC, MNC and PC populations occur earlier as the dose Is 

lower. 

The number of SEC per unit area increases between 1.5 and 3.6 Gy neu

trons and between 3.0 and 12.0 Gy X-rays reaching a maximum of 2 times 

the control value. At higher neutron doses the counts at the greater 

and near the lesser curvature are markedly different, Indicating that 

at 3 weeks after Irradiation with neutron doses of 4.4 and 4.8 Gy the 

SEC population is still regenerating. At X-ray doses higher than 13.0 

Gy the amount of S7.C decreases for both curvatures. However, the SEC 

number per unit area decreases less at the greater curvature than near 

the lesser curvature, indicating that regeneration occurs at that 

time. 

TIK mucous neck cells increase steeply in numer per unit area between 

2.4 and 3.2 Gy neutrons and between 9.0 and 11.0 Gy X-rays, reaching a 

maximum count of 9 times the control value at the greater curvature. At 

doses above 3.6 Gy neutrons and 12.0 Gy X-rays the number per unit area 

decreases. The greater curvature shows larger MNC numbers per unit area 

than the lesser curvature at doses of 3.2 Gy neutrons and 10.0 Gy X-

rays and higher, suggesting that 3 weeks after Irradiation with these 

http://id.ce
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doses the MNC population is regenerating. 

The PC number per unit area decreases to near zero between 2.8 and 3.6 

Gy neutrons and between 9.0 and 13.0 Gy X-rays. Indications are present 

that In these dose regions at 3 weeks after ivradiatlon regeneration 

occurs. The ZC number per unit area decreases between 2.4 and 3.2 Gy 

neutrons and between 8.0 and 12.0 Gy X-rays to zero. 

The neutron RBE values for changes in the various cell numbers per unit 

area vary between 3.A and 3.6. These values approximate the neutron RBE 

for jejunal stem cell depletion of 3.3 in mice of the same sub-line. 
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CHAPTER 7 

THE EFFECT OF GRADED DOSES OF NEUTRONS AND X-RAYS ON THE OUTPUT OF 

FLUID, ACID AND PEPSIN IN THE STOMACH OF MICE 

7.1. Int roduct ion 

This chapter deals with the gastric acid and pepsinogen secretion in 

mice irradiated with graded doses of fast neutrons or X-rays. The se

cretion tests were done 3 weeks after irradiation. This time interval 

was chosen because after irradiation with 4.0 Gy neutrons the secretory 

pattern was radically changed at that time: acid and pepsin were absent 

and the basal fluid output was strongly increased (chapter 5). The 

changes in secretion are compared with the morphological changes in the 

fundic mucosa, which were described in chapter 6. The relative biologi

cal effectiveness (RBE) of neutrons for the decrease of both the acid 

and pepsinogen secretion have been determined. 

7.2. Materials and methods 

Male CBA mice, 13-16^ weeks old and weighing 25-33 g were used. 

For the procedure of neutron irradiation the reader is referred to 

chapter 4 and for the procedure of X-irradiatlon to chapter 6. Groups 

of mice were exposed to neutron doses varying from 0.25 to 4.0 Gy or to 

X-ray doses varying from 1.0 to 13.0 Gy. The separate doses are men

tioned in table 7.1. 

Within 24 hours after irradiation the animals exposed to neutron doses 

of 3.2 Gy and higher and X-ray doses of 7.0 Gy and higher received an 

Intravenous injection of 3.6-5.5 million viable syngeneic bone-marrow 

cells. All Irradiated animals received daily intramuscular injections 

of oxytetracycline (Terramycln®, Pfizer, 0.5 mg/day) during the first 

10 days after irradiation. 

Acid and pepsinogen secretion tests were done in groups of unirradiated 

control mice and irradiated mice. The control groups received the same 

injections of oxytetracycline as the Irradiated animals, but did not 

receive a bone-marrow transplantation. The secretion tests were per-
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formed 3 weeks after neutron or X-ray exposure or 3 weeks after the 

first oxytetracycline injection in the control animals. 

Acid secretion was stimulated by a subcutaneous injection of 12.8 mg 

histamine/kg, whereas pepsinogen secretion was stimulated by 12.8 mg 

histamine/kg sc together with 10 U lnsulin/kg ip. As has been described 

in chapter 3 these doses were found before to have a strong stimulating 

effect on the acid and pepsinogen secretion in the CBA mice. 

The technique of the acid and pepsin secretion tests together with the 

methods for the determination of the amount of the fluid, acid alkali 

and pepsin have been described in chapter 3. 

The number of control and irradiated animals used for the acid and 

pepsinogen secretion tests are mentioned in table 7.1., together with 

the number of animals that were discarded because they died during the 

secretion test, or because they had gastric bleedings or had relatively 

much food in the stomach. Differences between means are significant for 

p < 0.05 according to Student's t-test (unpaired). 

7.3. Results 

The relation between the neutron or X-ray dose and the amount of ti-

tratable gastric acid or alkali, found 3 weeks after irradiation, is 

shown In figure 7.1. The acid output, found 30 minutes after injection 

of 12.8 mg hlstamine/kg, shows large standard errors and scatter of the 

points in the lower dose ranges between 0.5 and 2.4 Gy neutrons and 

between 1.0 and 9.0 Gy X-rays. The most striking observation is that 

the acid output diminishes strongly at higher doses. Between 2.4 and 

3.2 Gy neutrons the acid output decreases and at the latter dose the 

gastric contents are alkaline. The amount of alkali increases up to 4.0 

Gy. After X-lrradiatlon a decrease In acid output occurs from 8.0 Gy, 

so that at 12.0 Gy the gastric contents are alkaline. 

The n"utron RBE for the strong decrease determined at an acid output of 

2 o pEq H+/30 min is 3.7. 

Vhe fluid output measured In the acid secretion test in control and 

irradiated animals is given in figure 7.2. Towards higher neutron and 
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Figure 7.1. The output of acid or alkali found ZO minutes after histamine 
injection in mice 3 weeks after irradiation with graded doses of natrons 
or X-rays. Asterisks indicate those values which differ significantly 
from the control value at C (p < 0.05). Vertical bars indicate standard 
error of mean 
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The volume of the gastric fluid contents found 30 minutes 
after histamine injection in mice 3 weeks after irradiation with graded 
doses of neutrons or X-rays. Asterisks indicate those values which differ 
significantly from the control value at C (p < 0.05). Vertical bars 
indicate ctandard error of mean 
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Figure 7.1. The pepsin output found ZO minutes after injection of both 
histamine and insulin in mice 3 weeks after irradiation with graded 
doses of neutro. or X-rays. Asterisks indicate those values which diff 
significantly fr^m the control value at C (p < 0.05). Vertical bars 
indicate standard error of mean 
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Figure 7.4. The volume of the gastric fluid found 30 minutes after in
jection of both histamine and insulin in mice 3 weeks after irradiation 
with graded doses of neutrons or X-rays. Asterisks indiaate those values 
which differ significantly from the control value at J (p < 0.05). Ver
tical bars indicate standard error of mean 
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Figure 7.5. The body weights of the mice at 3 weeks after irradiatie 
expressed as the percentage of their pre irradiation weight are pLott-, 
as a function of neutron and X-ray dose. When weighed before irt\id;\i: 
the animals had not fasted, when weighed after irradiation the animai 
did have fasted. Vertical bars indicate standard error of mean 
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X-ray doses the fluid output tends to increase. A rise in fluid output 

to about 2 tiaes the control value occurs between 2.8 and 3.6 Gy neu

trons and between 7.0 and 12.0 Gy X-rays. 

The pepsinogen secretion measured 30 minutes after injection of 12.8 mg 

histamine/kg subcutaneously and 10 U insulin/kg intraperitoneally as a 

function of neutron or X-ray dose is shown in figure 7.3. A significant 

decrease in pepsin output occurs between 0.75 and 1.0 Gy neutrons. A 

second decrease to zero occurs between 2.4 and 3.2 Gy neutrons. After 

X-irradiatlon a similar pattern in the course of the pepsin output is 

visible. A first significant decrease in pepsin output occurs between 

2.0 and 3.0 Gy. The output drops to zero between 8.0 and 11.0 Gy. The 

neutron RBE for the decrease determined at 50 mU pepsin/30 minutes is 

3.7. 

The fluid output in the pepsinogen secretion test is given in figure 

7.4. The same pattern as in the acid secretion test occurs. The acid 

output doubles at higher doses between 1.5 and 3.6 Gy neutrons and 

between 7.0 and 11.0 Gy X-rays. 

The body weights of the animals at 3 weeks after irradiation expressed 

as a percentage of their preirradiation weights are given for each dose 

group in figure 7.5. The percentage decreases as the dose increases 

from 2.0 to 4.0 Gy neutrons and from 7.0 to 13.0 Gy X-rays. 

7.4. Discussion 

The data on secretion presented in this chapter are compared with the 

morphological data for the fundic mucosa exposed to neutrons or X-rays, 

which have been given in chapter 6. 

In figure 7.6. the acid output expressed as a percentage of the control 

value is given as a function of the absorbed neutron or X-ray dose. 

Also expressed as a percentage of the control value are the average 

values of the numbers of PC per unit area at the greater and near the 

lesser curvature. The average values of the greater and lesser curva

ture are assumed to represent the whole fundic mucosa. 

The acid output decreases steeply to zero after neutron doses between 

2.4 an 3.2 Gy and after X-ray doses between 10.0 and 13.0 Gy. A close 
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correlation between the decrease of the add output to aero and of the 

PC count to aero exists after hoth neutron and X-lrradtatlon. Nearly 

canal M E values for the decrease la a d d output (3.7) and for the 

decrease la PC count (3.5) were found. Op to a neutron dose of 2.4 Gy 

thc add output tends to he a little bit higher, whereas the PC count 

tends to be sonewhat decreased la comparison with the control value. 

These tendencies, although less strongly, are also seen at X-ray doses 

up to 7.0 Cy. 

The histamine stimulated fluid output shows a tendency to be increased 

for Che highesc doses between 3.0 and 4.0 Gy neutrons and between 8.0 

and 13.0 Cy X-rays. This effect is even more pronounced after stimula

tion with histamine and insulin. The fluid found between 3.2 and 4.0 Gy 

neutrons and at 12.0 and 13.0 Gy X-rays Is alkaline. The origin of the 

alkaline fluid was discussed in chapter 5. There It was mentioned, that 

if the fluid is a secretion fluid Che SEC or MIC or both will be the 

secreting cells. Here too, we find that the increase in fluid output is 

positively correlated with the increase in the number of nucous cells 

as described in chapter 6. 

The decrease in pepsin output seems to occur in two steps, after neu

tron as well as after X-irradiation. The first decrease at low doses 

nay be due to a radiation effect on the autonomic nerve systen, what 

could be revealed by the vagal activation by insulin hypoglycemia. It 

is difficult to conclude fron the few data in figure 7.7. how close the 

correlation is between pepsin output and ZC count in the low dose 

range. Both the pepsin output and ZC count decrease steeply to zero 

between 2.4 and 3.2 Gy neutrons and between 8.0 and 11.0 Gy X-rays, 

respectively. For these high radiation doses a close correlation exists 

between pepsin output and ZC count. This is also expressed by the RBE 

values for their decreases which are equal to 3.7 and 3.6 respective

ly. 

The U>50/3flj-value for neutrons is 3.5 Gy and that for X-rays is 7.4 

Gy for mice of the same sub-line which have not been treated with bone-

marrow or terranycin (Davids 1973). These L05(J-values represent the 

doses at which 50% of the animals die within 30 days after irradiation 

as a consequence of Che bone-marrow syndrome. At the U),.-value for 



- 120 -

neutrons of 3.5 Gy the acid output and PC count as well as the pepsin 

output and ZC count are reduced to zero. However, at the X-ray L D
5 0~ 

value of 7.4 Gy both the acid output and PC count have normal values, 

whereas the pepsin output and ZC count reach at least 50% of their 

control values. It appears from these data that neutrons and X-rays 

differ in their pattern of damage produced: animals dying after the 

kD50/30d ^ o r neutrons have a heavily damaged fundlc mucosa, in con

trast to animals dying after the LD5Q for X-rays, which have only a 

slightly damaged mucosa. 

The influences of the change in body weight on gastric secretion are 

considered to be negligible as is discussed in chapter 5. 

7.5. Conclusions 

The acid secretion measured 3 weeks after irradiation drops to zero 

between 2.4 and 3.2 Gy neutrons and 9.0 and 13.0 Gy X-rays. The RBE 

value for the decrease is 3.7. 

The pepsin output is decreased already at much lower doses of 1.0 Gy 

neutrons and 3.0 Gy X-rays. A drcp to zero occurs between 2.4 and 3.2 

Gy neutrons and 8.0 and 11.0 Gy X-rays. The RBE value for the decrease 

to zero is equal to 3.7. 

The decrease of the acid output to zero correlates positively with the 

decrease of the PC count to zero. The same applies for the decreases to 

zero of the pepsin output and ZC count. 

Animals which receive a neutron dose of 3.5 Gy which is 50% lethal 

within 30 days if no bone-marrow and terramycln treatments are given do 

not secrete acid and pepsin anymore at 21 days after irradiation. All 

PC and all ZC have disappeared at this time. However, after a 50% le

thal dose of X-rays of 7.4 Gy the acid output and PC population show 

normal values at 3 weeks aft r irradiation, whereas the pepoln output 

and ZC count are at least 50% of the unirradiated control values at 

thia time. 



Table 7.1. For each dose group the number of animals is given for which the acid and pepsin outputs were 

determined. A figure followed by a D indicates the number that died during the secretion test, a B 

indicates the number that had gastric bleedings but had not died and a F indicates the number of ani

mals that had much food in the stomach but had not died and had no bleedings. The animals belonging to 

one of these 3 groups were discarded. 

dose (Gy) 

0 

neutrons: 
0.25 
0.50 
0.75 
1.0 
1.5 
2.0 
2.4 
2.8 
3.0 
3.2 
3.6 
4.0 

number of animals 

acid 
secretion test 

15 +2F 

7 

6 +1F 
4 +2D +2F 
4 +1F 
8 +2F 
9 
9 +1F 
10 +5b 
11 +2B+1F 
6 

pepsinogen 
secretion test 

14 +1F 

3 +1B 
6 +3B 
5 
6 
5 +2B 
4 +1B 
9 
9+1D 

10 +4B 
13 +3F 
6 

dose (Gy) 

X-rays: 
1.0 
1.5 
2.0 
2.5 
3.0 
5.0 
7.0 
8.0 
9.0 
10.0 
11.0 
12.0 
13.0 

number of animals 

acid 
secretion test 

6 
4 
5 

3 +1B 
5 +3D+2B 
8 +2B 
10 +3D+1B 
8 +1B 
8 
10 
10 
8 

pepsinogen 
secretion test 

5 +1B+1F 

6 +1B 
3 
5 +1B+1F 
7 +2B 
8 +1B+1F 
11 +1D+1B 
8 +1B 
10 
8 +1D 
9 
10 +1F 

Total: 150 (82.4%) + 3D (1.6%) + 18B (9.9%) + 11F (6.0%) Total: 175 (82.5%) + 8D (3.8%) + 15B (7.1%) + 14F (6.6%) 
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CHAPTER 8 

SURVIVAL OF GASTRIC MUCOSAL STEM CELLS IN MICE AFTER IRRADIATION WITH 

GRADED DOSES OF NEUTRONS AND X-RAYS 

8.1. Introduction 

The data on the changes in the number per unit area of fundlc tubules 

present at 3 weeks after irradiation with graded doses of fission neu

trons and X-rays were given in chapter 6. The number decreases between 

1.5 and 4.8 Gy neutrons and between 8.0 and 16.0 Gy X-rays below 10Z of 

the control values. From these data the average numbers of surviving 

gastric stem cells per fundic tubule were calculated. The average num

ber per unit area of tubules is minimal in the second week after irra

diation with 4.0 Gy neutrons. At 3 weeks after irradiation the number 

has hardly increased. Therefore the data on tubule number given in 

chapter 6 can be used for the calculation of cell survival. The method 

used, described by Chen and Withers (1972), is based on the assumption 

that a single surviving stem cell is sufficient for the regeneration of 

the tubule. We determined the surviving fraction of tubules at 3 weeks 

whereas Chen and Withers (1972) used an interval of 10 days and 10 

hours after irradiation. The slopes of the survival curves were deter

mined and the neutron RBE value for stem cell depletion was calculat

ed. 

8.2. Methods 

In the calculation of stem cell survival the data of chapter 6 on the 

number of fundic tubules per unit area as a function of dose were used. 

It is assumed that the actual number of surviving stem cells per fundic 

tubule is distributed according to Poisson-statistics. Hence the chance 

P. that in a tubule no stem cell has survived at a dose D is equal to 

e~N» N representing the average number of stem cells per tubule sur

viving dose D. PQ and N can be calculated as follows: 

the number of tubules per unit area at dose D 
P - 1 

the original number of tubules per unit area 
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and 

N - - In P0 

The average number of surviving stem cells per tubule N was assumed to 

be an exponential function of dose. Therefore a regression analysis 

with the In N values as data was applied. The function is: 

In N = In A - D/Du 

in which A represents the point of intersection of the linearly extra

polated curve with the ordinate and D the dose administered. DQ is the 

dose required to reduce a surviving fraction of stem cells by a factor 

of 0.37 or 1/e. A and DQ with their standard errors were calculated by 

a linear least-squares computer program. In this program the recipro

cals of the In N variances were used as weights. 

The average number of surviving stem cells per fundlc tubule was calcu

lated for each of the 3 mice separately, whereafter the numbers were 

averaged. As value for the original number of tubules per unit area the 

mean value of 3 unirradiated control animals was used. The iime inter

val after irradiation was 3 weeks. 

8.3. Results 

Figure 8.1. shows the number of fundic tubules per unit area as a func

tion of neutron and X-ray dose for both the greater and lesser curva

ture. The data are those given in figure 6.5., but plotted semi-loga-

rithmlcally. 

From these data the average stem cell survival per fundic tubule N was 

calculated for doses that decreased the number of tubules. Figure 8.2. 

shows the relation between the average number of surviving stem cells 

per fundic tubule and dose. For all A curves there is a good fit of the 

model to the In N values (simple or product-moment correlation coeffi

cient rho > 0.90). Table 8.1. shows the DQ-values of the 4 curves and 

the values for A, the point of intersection with the ordinate. 

Because only small differences exist in Dg-values and A between the 

greater and lesser curvature, for both neutrons and X-rays, the data 

for the two curvatures were combined. The survival curves for neutrons 
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Figure 8.1. The number of fundic tubules per unit area at the greater 
and near the lesser curvature in the stomach of mice as a function of 
neutron and X-ray dose at 3 weeks after irradition. The circles indicate 
the greater curvature} the triangles the lesser curvature. The number 
of mice per dose is 3 
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Figure 8.2. The average number of surviving stem cells per fundic tubule 
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a function of neutron and X-ray dose at 3 weeks after irradiation. The 
circles and the continuous line indicate the greater curvature, the tri
angles and the broken lines the lesser curvature. The number of mice per 
dose is 3. Vertical bars indicate standard error of mean 
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Table 8.1. The Dg-values and the extrapolation number of the regres

sion curves of gastric sten cell survival in mice exposed 

to either fission neutrons or X-rays. 

type of 

irradiation 

neutrons 

neutrons 

X-rays 

X-rays 

neutrons 

X-rays 

curvature 

greater 

lesser 

greater 

lesser 

greater and 

lesser 

greater and 

lesser 

DQ ± s.e.m 

Gy 

0.87 ± 0.04 

0.75 ± 0.07 

2.12 ± 0.24 

2.71 ± 0.27 

0.84 ± 0.04 

2.49 ± 0.19 

extrapolation number A 

(with 95Z confidence interval) 

16.0 (10.5-24.4) 

34.1 (15.2-76.3) 

140.9 (35.1-565.6) 

40.0 (14.9-107.5) 

19.3 (13.4-28.0) 

60.6 (28.0-133.1) 

and X-rays are given in figure 8.3. (rho > 0.90). The DQ-value for 

neutrons is equal to 0.84 ± 0.04 (s.e.m.) Gy and that for X-rays is 

2.49 ± 0.19 Gy (table 8.1.). 

On the assumption that for these high-LET fission neutrons the accumu

lation of sublethal damage is negligible (Davids 1973), the point of 

intersection of the neutron curve with the ordinate may be equalled to 

the number of stem cells per fundic tubule in the unirradiated animal. 

It may therefore to be concluded that in the unirradiated mouse 19 stem 

cells per fundic tubule are present (fig. 8.3., table 8.1.). 

The RBE values for different levels of stem cell survival are given in 

figure 8.3. They vary between 4.1 and 3.6 for surviving fractions be

tween 0.03 and 0.005. 

8.4. Discussion 

The Dg-values nor the values for A, the point of Intersection with the 
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ordinate, in the stem cell survival curves for both kinds of radiation 

shov significant differences between the two curvatures (table 8.1.). 

Therefore the stem cells at the greater and lesser curvature have an 

equal sensitivity to neutrons and X-rays. 

When the data for stem cell survival at the greater and near the lesser 

curvature are combined, the Dg-value for neutrons is 0.84 Gy and for X-

rays 2.49 Gy. Ue can make a comparison with stem cells in other tissues 

of the same strain, Irradiated in the same neutron facility. The D 0-

valuet are equal to 0.45 Gy for hemopoietic stem cells and 0.50 Gy for 

intestinal crypt stem cells (Davids 1973). For the radioreslstent phase 

of the spermatogonia1 stem cells a DQ-value of 0.80 Gy was found and 

for the radiosensitive phase a Dg-value of 0.25 Gy (Bootsma 1978). 

Therefore the gastric stem cells are more radioreslstent to neutrons 

than those of the hemopoietic tissue and intestinal crypts and the 

spermatogonia1 stem cells in the sensitive phase. They have a compa

rable radioresistence as the spermatogonial stem cells in the resistent 

phase. 

From their first experiments Chen and Withers (1972) concluded that the 

radiosensitivity of gastric stem cells In the mouse was similar to that 

of jejunal stem cells, the DQ-values being equal to 1.37 Gy v-rays for 

gastric stem cells and 1.09 Gy X-rays for jejunal stem cells (Withers 

and Elkind 1970). However, later Nasuda et al. (1977) concluded from 

the survival curves that in mice the gastric stem cells are more resis

tant to gamma-radiation than stem cells of the jejunum. This conclusion 

agrees with our conclusion for neutron and X-ray exposures. 

The extrapolated neutron curve cuts the ordinate at 19.3 surviving 

cells per fundic tubule. Therefore the average number of stem cells per 

tubule for both curvatures in the unirradiated mouse is 19 with the 

rather small 95% confidence interval (13.4-28.0). This value agrees 

very well with the value of 21 cells which Masuda et al. (1977) calcu

lated for C3Hf-Bu mice from single-dose-survival curves constructed 

from multifractionated y-ray exposures. 

In the discussion of chapter 6 it is explained that the determination 

of the number per unit area of fundic tubules involves a systematic 

error which is about equal for all observation points. Therefore, 
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according to the formula for the calculation of the average number of 

surviving stem cells per tubule, the error will have no appreciable 

Influence on the calculated number of surviving stem cells. 

It was mentioned in chapter 4 that during regeneration the greater 

curvature contains more cells per unit area of the regenerating popu

lation than the lesser curvature. It was supposed that the difference 

is due either to a difference in the stem cell number per unit area 

between the two curvatures or to a difference in survival 

curves of the stem cells between the two curvatures. We now can exclude 

the latter possibility. In unirradiated control animals (chapter 4 and 

6) the number of tubules per unit area tends to be larger at the great

er curvature and therefore the number of stem cells per unit area will 

be larger at the greater curvature than near the lesser curvature. 

However, the difference in tubule number is too small to explain the 

difference between the two curvatures. In addition no differences be

tween the curvatures in doubling time of the regenerating cell popula

tions were found. Therefore the only explanation that remains is that 

differentiation starts earlier at the greater curvature than near the 

lesser curvature. 

The neutron RBE value for gastric stem cell killing decreases with 

decreasing surviving fraction of stem cells, from 4.1 for a surviving 

fraction of 0.03 to 3.6 for a surviving fraction of 0.005. The latter 

RBE value is equal to the RBE values for the decrease in the popula

tions of PC and ZC. This forms an argument that the degree of damage to 

the populations of PC and ZC which starts unexpectedly soon after irra

diation is ultimately connected with the degree of stem cell deple

tion. 

The RBE value is 3.7 for a surviving fraction of 0.01. This value is 

significantly greater than the neutron RBE for hemopoietic stem cell 

killing which is equal to 2.4, but it xs only slightly greater than the 

RBE value for jejunal crypt stem cell killing which is 3.3 (Davids 

1973). It is slightly smaller than the RBE for the radioreslstent phase 

of the spermatogonlal stem cells which is equal to 4.1 (Bootsma 

1978). All values apply to a surviving stem cell fraction of 0.01 in 

the same strain and to the same high-LET fission neutron spectrum. 
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8.5. Conclusions 

The gastric stea cells at the greater curvature have the saae radlosen-

sitivity as the stea cells rear the lesser curvature both t- neutrons 

and X-rays. 

The Dg-value for gastric stea cells is 0.84 ± 0.04 Gy for neutrons and 

2.49 ± 0.19 Gy for X-rays. 

The average nuaber of stea cells per fundic tubule for both curvatures 

is equal to 19.3 (13.4-28.0, 95Z confidence interval). 

The gastric stea cells are slightly less sensitive than the Jejunal 

stea cells to both fission neutrons and X-rays. 
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CHAPTER 9 

SUMMARY 

9.1. Summary of the Individual chapters 

The aim of this quantitative study is to get more knowledge on the 

effects of a whole-body irradiation on the stomach of mice. The effects 

of fast fission neutrons and X-rays on the functional cell populations, 

on gastric secretion and on gastric stem cell populations were 

studied. 

Radiation effects were investigated: 

1. for a neutron dose in the lethal dose-range of 4.0 Gy as a function 

of time and 

2. at a postirradiation Interval of 3 weeks as a function of neutron 

and X-ray dose. 

The distribution of the numbers per surface unit area of mucosa of 

secretory cells and fundic tubules were determined in unirradiated 

mice (chapter 2). Sections cut in 6 planes running parallel to the 

gastric ridge, which were equally divided over the whole fundus were 

studied quantitatively at the greater curvature as well as near the 

lesser curvature. 

The surface epithelial cells (SEC) show no systematic differences In 

number per unit area. The mucous neck cell (MNC) number per unit area 

has a minimum near the lesser curvature next to the antrum. The number 

per unit area of parietal cells (PC) is largest near the lesser curva

ture, whereas the zymogenic cell (ZC) count is largest at the greater 

curvature. Also the funolc tubule number per unit area is largest at 

the greater curvature. 

The average of the numbers per unit area of secretory cells and fundic 

tubules in plane 2 and 5 at the greater curvature is a representative 

estimate of the values of the 6 planes at this curvature. The same 

holds for the lesser curvature. Therefore in the Irradiation experi

ments countings were done only in plane 2 and 5 at both the greater and 

lesser curvature. 
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The terramycin treatment necessary for animals irradiated with lethal 

doses to survive the consequences of the intestinal syndrome has no 

appreciable effect on the number per unit area of secretory cells and 

fundic tubules in unirradiated mice. 

Gastric secretion tests were done in anesthetized pylorus llgated ani

mals 'chapter 3). In unirradiated mice various drugs (histamine, 

pentagastrin and insulin), modes of injection and secretion periods 

were tried out to determine optimal stimulation of acid and pepsinogen 

secretion. Histamine (sc) stimulated acid secretion dose-dependently 

from 1 mg/kg to a maximum at 20 mg/kg for a secretion period of 30 

minutes. Pepsinogen secretion could be stimulated strongly by 12.8 mg 

hlstamine/kg sc combined with 10.0 0 insulin/kg ip, also for a secre

tion period of 30 minutes. Pentagastrin had no effect on acid secre

tion in contrast with literature data. 

The results enabled a selection of 2 types of stimulation for further 

experiments: for a secretion period cf 30 minutes fluid and acid secre

tion were stimulated with histamine sc, pepsin secretion was stimulated 

with histamine sc combined with insulin ip. 

In the first series of experiments mice were irradiated with 4.0 Gy 

neutrons. The 4 functional cell populations undergo an extensive degen

eration in the first 2 weeks after irradiation and part of the fundic 

tubules disappear totally (chapter 4). The regeneration starts from 

the small surviving fraction of stem ells and takes at least 12 weeks 

after Irradiation. 

The SEC, MNC, PC and ZC populations regenerate successively. A the end 

of the second week the SEC number per unit area has reached its maximum 

of 2 to 3 times the value in the unirradiated mice. At 3 weeks after 

Irradiation the epithelium is built up of only the two mucous cell 

types: new SEC lining the pits and surface and new MNC lining the 

glands. At day 24 the MNC per unit area are 9 times as numerous as in 

the unirradiated animals. At day 84 the number per unit area of SEC and 

MNC have returned to near normal values. 

The PC population regenerates rapidly between day 31 and 45 and at day 

84 near normal numbers per unit area are reached. New ZC are visible 

for the first time at day 75. At day 52 and day 64 cells which look 
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like iBteraediate fora* totweea M K «ad ZC are preseat is the lower 

parts of the glaads. It is eot kaowa froa which calls the aewly foraed 

PC aad ZC are derived after irradiatioa. They aay differaatiate froa 

undifferentiated stea calls or froa aacoas cells. The presence of cells 

looking iateraadlate betweca MIC aad ZC at day 52 aad 64 suggests that 

HKC are the precursors of ZC. 

The approxlaate doubling tiae dariag regeaeratloa is I day for the MIC 

population, 2.7 days for the PC population and 6.7 to 7.5 days for the 

ZC population. These doubling tiaes are aot significantly different 

for the greater aad lesser curvature. 

During regeneration the greater curvature coataiaa significantly aore 

cells per unit area of the regenerating populations of HKC, PC aad ZC 

than the lesser curvature. It cannot be explained by a difference in 

absorbed dose nor by differences in doubling tlae between the curva

tures. 

The fundlc tubule nuaber per unit area is alniaal round day 13, being 

20Z of the value in unirradiated aniaals. Thereafter the nuaber per 

unit area increases gradually and at day 86 it is nearly restored. 

The titratable acid secretion disappears within 13 days after irradia

tion with 4.0 Gy neutrons (chapter 5). The secretion cannot be 

stiaulated at this tiae. Evidence for soae stiaulated acid secretion 

for the first tiae is present at day 30. The decrease and subsequent 

increase of the stiaulated acid secretion correlate positively with the 

nuaber of PC per unit area. 

Also stiaulation of pepsinogen secretion was alaost coapletely prevent

ed within 13 days after irradiation. The pepsinogen output could be 

stiaulated again at day 84. The decrease and subsequent increase of 

the stiaulated pepsinogen secretion correlate positively with the nua

ber of ZC per unit area. 

The basal fluid output is increased with about a factor 7 between day 

24 and 44. The pathway of the fluid which is alkaline in this period is 

uncertain. It aay be either transudation fluid or secretion fluid. If 

it Is secretion, at day 24 the aucous cells are the only ones which aay 

be the source of the fluid. 
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In the next step of the study groups of mice were irradiated with grad

ed doses of neutrons and X-rays. The neutron doses varied between 0.75 

and 4.8 Gy, the X-ray doses between 2.0 and 16.0 Gy. Effects evident at 

3 weeks after irradiation were studied. The number per unit area of SEC 

increases between 1.5 and 3.6 Gy neutrons and between 3.0 and 12.0 Gy 

X-rays, reaching a maximum of 2 times the value in unirradiated mice 

(chapter 6). In the same dose-range the MNC too increase in number 

per unit area up to 9 times the value in unirradiated animals at 3.2 Gy 

neutrons and 11.0 Gy X-rays. However, both the PC and ZC have disap

peared at 3.6 Gy neutrons and 13.0 Gy X-rays. The fact that the greater 

curvature contains more PC per unit area than the lesser curvature at 3 

weeks after Irradiation with doses between 2.8 and 3.6 Gy neutrons and 

between 9.0 and 13.0 Gy X-rays gives evidence that in these dose ranges 

the PC population is regenerating. 

The SEC number per unit area decreases above 4.0 Gy neutrons and at X-

ray dose" above 13.0 Gy. The cells at the greater curvature show then 

larger numbers per unit area than the lesser curvature, indicating that 

regeneration occurs. The MNC decrease in nun.be r per unit area at doses 

above 3.6 Gy neutrons and 14.0 Gy X-rays. The MNC population is also 

regenerating 3 weeks after these doses since the greater curvature 

contains more MNC per unit area than the lesser one. 

The time pattern of degeneration and regeneration of the various cell 

types was studied after a neutron dose of 4.0 Gy. Indications are found 

that regeneration of SEC, MNC and PC populations occur earlier as the 

dose is lower. 

The neutron RBE for the decrease in the numbers per unit area of PC and 

ZC are 3.5 and 3.6, respectively. 

Also gastric secretion was studied after Irradiation with graded doses 

of neutrons and X-rays at 3 weeks after irradiation (chapter 7). 

The acid output, stimulated with 12.8 mg histamine/kg decreases to zero 

between 2.4 and 3.2 Gy neutrons or between 10.0 and 13.0 Gy X-rays. The 

decrease correlates positively with the decrease of the PC count to 

zero. The RBE value for the decrease of the acid output is 3.7. 

The fluid output, stimulated with the same dose of histamine, increases 

between 2.8 and 3.6 Gy neutrons and between 7.0 and 12.0 Gy X-rays to 

http://nun.be
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about 2 tines the value in unirradiated animals. 

The pepsin output, stimulated with 12.8 mg histauine/kg and 10.0 U 

insulin/kg is already decreased at 1.0 Gy neutrons and 3.0 Gy X-rays. A 

decrease to zero occurs between 2.4 and 3.2 Gy neutrons and 8.0 and 

11.0 Gy X-rays. The decrease to zero correlates positively with the 

decrease of the number per unit area of ZC to zero. The RBE value for 

the decrease of the pepsin output to zero is 3.7. 

The fluid output with this type of stimulation increases between 2.8 

and 3.6 Gy neutrons and 7.0 and 12.0 Gy X-rays to about 2 times the 

value in unirradiated mice. 

A difference exists in the effectiveness of neutrons and X-rays on the 

gastric mucosa in the lethal dose range. Animals which receive a 50% 

lethal neutron dose of 3.5 Gy do not secrete acid and pepsin anymore 

at day 21 after irradiation. All PC and ZC have disappeared at this 

time. However, 3 weeks after irradiation with a 50% lethal dose of X-

rays of about 7.4 Gy the acid output and the PC counts show normal 

value8 whereas the pepsin output and the ZC counts are reduced to only 

50% of the value in unirradiated animals* 

From the number of fundic tubules per unit area present at 3 weeks 

after irradiation with graded dose of neutrons and X-rays the stem cell 

survival was calculated (chapter 8). Somt data on stem cells are 

mentioned. The gastric stem cells at the greater and near the lesser 

curvature have an equal sensitivity to both neutrons and X-rays. The 

D -value for gastric stem cells for both curvatures is 0.84 Gy for 

neutrons and 2.49 Gy for X-rays. The average number of stem cells per 

fundic tubule for both curvatures in the unirradiated mouse may rather 

accurately calculated to be 19. The gastric stem cells have a larger 

radloresistence than jejunal stem cells in mice of the same sub-line. 

The neutron RBE is 3.7 at a surviving fraction of 0.01. 

9.2. Suggestions for future Investigations 

It has been shown that the irradiated mouse stomach is a good system 

for studying tissue kinetics and differentiation of the functional 

cells In the gastric epithelium as well as gastric secretion. By 
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irradiation one can produce standardized lesions, the degree of damage 

of which can be varied with radiation dose. The study of the regenera

tion of the lesions under various experimental conditions may yield 

information about the development and healing of gastric ulcers. For 

example, in this respect the study of effects of drugs, e.g. nicotine 

(Narks 1980) and steroids (Eastwood, Forrest Quimby and Laferriere 

1981), on the healing of gastric damage in the irradiated mouse stomach 

may be of interest. 

In the mouse stomach the combined effect of radiation and chemothera-

peutics on the normal epithelium can be investigated. The results may 

be of interest In view of the application of intra-operative radiother

apy for gastric cancer (Abe and Takahashi 1981, Goldson 1981). 

9.3. Summary 

In this study a comparative quantitative assessment of effects of fast 

fission neutrons with a mean energy of 1.0 MeV and 300 kVp X-rays on 

the gastric fundic epithelium in the mouse is made. Several aspects of 

interest from the point of view of tissue kinetics and gastric physiol

ogy were noticed. 

First the destruction and subsequent repair of the epithelium after a 

4.0 Gy neutron dose was studied. The four functional cell populations 

undergo an extensive degeneration in the first 2 weeks after irradia

tion. The regeneration lasts till at least 12 weeks after irradiation. 

The populations of surface epithelial cells (SEC), mucous neck cells 

(MNC), parietal cells (PC) and zymogenic cells (ZC) regenerate succes

sively. New MNC, PC and ZC only appear when the preceding cell popula

tion has finished its regeneretion. At 3 weeks after Irradiation the 

epithelium is built up of only the 2 mucous cell types, which are pres

ent In large overshoots. The PC population, regenerating rapidly be

tween day 31 and 45, forms no overshoot. New ZC are visible for the 

first time at day 75. At day 84 near normal numbers per unit area of 

SEC, MNC and PC are present. 

The approximate doubling times of the populations of MNC, PC and ZC 

increase with the order of regeneration. During repair the greater 

curvature contains more cells per unit area of a regenerating 
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population than the lesser curvature. The difference cannot be explain

ed by differences in absorbed dose, stem cell survival or doubling 

time. 

The stimulated acid and pepsinogen secretion correlate positively with 

the numbers per unit area of PC and ZC, respectively. 

RBE determinations were done at 3 weeks after irradiation. The neutron 

RBE values for changes in the numbers per unit area of MNC, PC and ZC 

vary between 3.A and 3.6. The RBE values for the decrease in acid and 

pepsin output to zero are both equal to 3.7. The acid and pepsin out

puts correlate positively with the numbers per unit area of PC and ZC, 

respectively, for the doses at which the RBE values have been determin

ed. 

The RBE for gastric stem cell depletion is 3.7 at a surviving fraction 

of 0.01. The latter RBE value is for the accuracy of the experimental 

observation equal to the RBE values for the depletion of the PC and ZC 

populations. This forms an argument that the degree of damage to the 

populations of PC and ZC is reducible to the degree of stem cell deple

tion. The Do-value for the gastric stem cell population is equal to 

0.84 ± 0.04 Gy for neutrons and 2.49 ± 0.19 Gy for X-rays. 
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SAMENVATTING 

Dit onderzoek beschrijft een vergelijkende quantitatieve studie naar 

effecten van snelle splijtingsneutronen met een gemiddelde energie van 

1,0 MeV en 300 kVp röntgenstralen op het fundusepitheel van de maag van 

de muis. Aan verscheidene aspecten, die van belang zijn uit het oogpunt 

van weefselkinetiek en maagfysiologie wordt aandacht gegeven. Eerst 

werden de beschadiging en het daaropvolgend herstel van het epitheel na 

een bestraling met 4,0 Cy neutronen bestudeerd. De vier functionele 

celpopulaties ondergaan een omvangrijke degeneratie in de eerste twee 

weken na bestraling. De regeneratie duurt tot tenminste 12 weken na 

bestraling. De populaties van de oppervlakte epitheelcellen (SEC), 

slijmhalscellen (MNC), pariëtale cellen (PC) en pepsinogeencellen (ZC) 

regenereren achtereenvolgens. Nieuwe MNC, PC en ZC verschijnen pas 

wanneer de respectievelijke voorgaande celpopulatie haar regeneratie 

heeft beëindigd. Drie weken na bestraling is het epitheel slechts opge

bouwd uit de 2 socrten slijmcellen, die in veel grotere aantallen dan 

voor de bestraling aanwezig zijn. De PC populatie, die snel regenereert 

tussen dag 31 en 45, vormt geen overshoot. Nieuwe ZC zijn voor de eer

ste maal zichtbaar op dag 75. Op dag 84 zijn er bijna normale aantallen 

SEC, MNC en PC per oppervlakte-eenheid mucosa aanwezig. 

De bij benadering vastgestelde verdubbelingstijden van de MNC, PC en ZC 

populatie nemen toe met de volgorde van regeneratie. Gedurende het 

'.ïerstel van het epitheel bevat de curvatura major meer cellen per op-

pervlakte-eenheid mucosa van een regenererende populatie dan de cur

vatura minor. Dit verschil kan niet verklaard worden met verschillen in 

geabsorbeerde dosis, stamceloverleving of verdubbelingstijd. 

De gestimuleerde zuur- en pepsinogeensecretie correleert positief met 

de aantallen PC respectievelijk ZC per oppervlakte-eenheid. 

RBE bepalingen werden gedaan 3 weken na bestraling. De neutronen RBE 

waarden voor veranderingen in de aantallen MNC, PC en ZC per oppervlak

te-eenheid variëren tussen 3,4 en 3,6. De RBE waarden voor de afname 

van de zuur- en pepsinogeensecretie tot nul zijn beide gelijk aan 3,7. 

De zuur- en pepsinogeensecretie correleert positief met de aantallen PC 

respectievelijk ZC per oppervlakte-eenheid voor de doses waarvoor de 
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waarvoor de RBE waarden bepaald zijn. 

De RBE voor de depletie van de maagstamcelpopulatie is 3,7 bij een 

stamceloverleving van 1Z. Deze RBE is voor de nauwkeurigheid van de 

experimentele waarneming gelijk aan de RBE voor de depletie van de PC 

en ZC populatie. Dit vormt een argument dat de mat» van beschadiging 

van de PC en ZC populatie herleidbaar is tot de mate van depletie van 

de stamcelpopulatie* De Do-waarden voor de stamcelpopulatie is gelijk 

aan 0,84 ± 0,04 Gy voor neutronen en 2,49 ± 0,19 6y voor röntgenstra

len. 
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