


STELLINGEN

1. De op onjuist geïnterpreteerde waarnemingen gebaseerde konklusie van Nabeyama

en Leblond omtrent de sekretorische funktie van de z.g. "caveolae" in

"caveolated cells" gaat voorbij aan de algemeen gangbare opvattingen over het

verloop van sekretieprocessen.

A. Nabeyama en C.P. Leblond: Amer. J. Anat. JjiO, 147-166 (1974)
Dit proefschrift

2. De wijze waarop door membraan omsloten sekreetkorrels worden ontledigd is in

essentie altijd exocytotisch. Schijnbare afwijkingen van deze regel zijn te-

rug te voeren op fixatie-artefakten.

3. Het feit dat bij de "explosieve exocytose" in allerlei slijmcellen delen van

het cytoplasma geïsoleerd raken en met het sekreet de cel verlaten, is nog

geen reden om deze sekretie als apokrien aan te duiden.

B. Tandler et al.: J. Morphol. _12!7, 383-408 (1969)

4. De theorie van Pearse c.s., dat de entero-endokriene cellen van neuroektoder-

male oorsprong zouden zijn, is niet houdbaar.

A.G.E. Pearse: Digestion j», 372-375 (1973)
H. Cheng en C.P. Leblond: Amer. J. Anat. _14J_, 503-520, 539-562 (1974)

5. De myosinefilamenten in het "terminal web" van darmepithee1cellen kunnen, ge-

zien hun geringe lengte, slechts belangrijke betekenis voor de beweging van

de microvilli hebben, als ze zijdelings polair zijn volgens het model van

Craig en Megerman.

M.S. Mooseker en L.G. Tilney: J. Cell Biol. 67, 725-743 (1975)
R. Craig en J. Megerman: J. Cell Biol. 75, 990-996 (1977)

6. Meistrich c.s. gaan bij hun berekening van een verdubbelingstijd voor sperma- -1

togenetische stamcellen tijdens de regeneratie na bestraling ten onrechte uit .;

van een exponentieel groeimodel. ,;|

M.L. Meistrich et al.: Radiat. Res. 74, 349-362 (1978) il
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7. Door een gebrek aan kommunikatie wordt in het klinisch-medische onderzoek aan

de Nederlandse Universiteiten te weinig gebruik gemaakt van de toepassingsmo-

gelijkheden van de recente ontwikkelingen in de celbiologie.

8. In het begrip "Christen-demokratie" schuilt een gevaarlijke paradox, die het

mogelijk maakt het haalbare te kultiveren ten koste van het ideaal.

9. Ornithologische nuanceringen als "havikarend", "arendbuizerd" en "giervalk"

zijn voor de leek slechts taalkundige "valkuilen".

W. Wattel

Structural and functional development of rat and mouse gastric mucous cells in
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Het in dit proefschrift beschreven onderzoek werd uitgevoerd op het Centrum voor

Elektronenmikroskopie en het Laboratorium voor Histoiogie en Celbiologie van de

Fakulteit der Geneeskunde te Utrecht onder leiding van Dr. J.J. Geuze en Dr. D.G.

de Rooij.

i Graag wil ik allen, die op enige wijze bijdroegen aan de totstandkoming van

ï dit proefschrift, hetzij in direkte zin door hun wetenschappelijke en/'of tech-

H . nische inbreng, hetzij indirekt door hun bijdrage aan de goede werksfeer binnen

| het Instituut, hiervoor hartelijk bedanken. Onder de velen die zich hierdoor

>'- aangesproken mogen voelen zijn er enkelen tot wie ik mij bij deze gelegenheid

i graag persoonlijk wil richten.

Mijn promotor, Dr. J.J. Geuze, dank ik voor zijn voortdurende kritische be—

}: geleiding van mijn onderzoekswerkzaamheden en voor zijn vele waardevolle sug-

|. gesties als eerste verantwoordelijke mede-auteur van de publikaties waarop dit

\" proefschrift is gebaseerd.

f' De prettige manier waarop mijn promotor, Prof. Dr. M.T. Jansen zijn belang—

'f- stelling voor het onderzoek toonde tijdens werkbesprekingen en tijdens de fase

J;; van het op schrift stellen van de resultaten, en de inzet waarmee hij zich

j richtte op de verruiming van het wetenschappelijke blikveld van ons als staf-

\ leden, zal ik niet licht vergeten.

fi Naar Dr. D.G. de Rooij, die als tweede werkbegeleider optrad, gaat mijn dank

uit voor de nauwgezette, vasthoudende wijze waarop hij dit deed, en in het bie-

zondev voor zijn belangrijke suggesties in verband met de celkinetische aspek—

ten van het onderzoek.

Drs. J.A.G. Davids wil ik danken voor zijn gastvrijheid en behulpzaamheid,

waarmee hij het in het Energie-onderzoek Centrum Nederland uitgevoerde deel van

het onderzoek mogelijk maakte, voor zijn wetenschappelijke steun en voor zijn

bereidheid medeverantwoordelijkheid voor de betreffende publikatie op zich te

f.' nemen.

Tegenover Dr. M.F. Kramer, die vooral nauw betrokken was bij de opzet en de

afronding van dit onderzoek, wil ik mijn bewondering uitspreken voor zijn

grootheid als leermeester en stimulator, die hij op de hem zo eigen wijze ten

toon spreidt.

Het pionierswerk van Drs. G.A. van Buis opende voor mij de mogelijkheid

mijn werk af te stuiten met een serie experimenten m.b.v. "zijn" perfusiesys—

teem, en ik wil hem daarvoor dan ook hartelijk danken.

Tenslotte dank aan de Heer M.K. l/iekerk voor zijn jarenlange dagelijkse

werk aan de fixaties, de ultramikrotomen en de elektronenmikroskopen, maar daar-

bovenuit vooral voor zijn persoonlijke inzet, belangstelling en vriendschap. '
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I. INLEIDING

Bouw van de maag

De maag van de rat en de muis bestaat uit twee gedeelten, n.l. de voormaag en

de kliermaag (Fig. la). De voormaag is aan de binnenzijde bekleed met een ver-

ij hoornd meerlagig plaveiselepitheel en kan daarom beschouwd worden als een voort-

?-.- zetting van de slakdarm. De kliermaag heeft aan de binnenzijde een éénlagig cy-

!•• lindrisch epitheel, dat is ingestulpt tot talloze tubulaire kliertjes (Fig. lb)

I met een gemengde funktie. Beide gedeelten zijn ongeveer even groot en worden van

f elkaar gescheiden door een aan de binnenkant duidelijk zichtbare richel, de

maagdvemgel, en een groeve, de maaggroeve, die aan de distale zijde langs de

maagdrempel ligt. Op grond van de verschillende celtypen in de maagkliertjes

kunnen in de kliermaag drie gedeelten onderscheiden worden, n.l. cardia, fundus

en pylorisek antrum. De cardia is een smalle zone langs de maaggroeve, waarin

kliertjes aanwezig zijn die alleen slijmaellen bevatten. De fundus beslaat het

grootste gedeelte van de kliermaag en bevat kliertjes met slijmcellen, zoutzuur

producerende pariëtale aellen en pepsinogeen producerende hoofdaellen. Het

antrum, dat grenst aan de dunne darm, bevat kliertjes met weer alleen slijmcel-

len. Naast genoemde celtypen komen over de gehele kliermaag, maar in veel ge-

ringere aantallen, verschillende endokriene cellen en de z.g. fibrillooesiau—

laive aellen (FVC) voor.

Het grootste gedeelte van dit proefschrift (n.l. de hoofdstukken II, III en

V) betreft het fundusgebied. De verschillende celtypen die hierboven genoemd

zijn, liggen in zones gerangschikt in de funduskliertjes (Stevens en Leblond,

1953; zie ook Fig. lc). Aan de binnenoppervlakte van de maag liggen de opper-

vlakkige slijmcellen (SMC), die tevens de z.g. "maagputjes" (foveolae) bekleden.

a. Schema van de rattemaag, waarin is aangegeven de plaats waar (behalve in
hoofdstuk IV) de weefselstukjes werden weggenomen.
1 Slokdarm; 2 voormaag; 3 maagdrempel; 4 maaggroeve; 5 cardia; 6 fundus;
7 pylorisch antrum; 8 dunne darm.

b. Blokdiagram van een stukje maagwand (fundus), waarin de ligging van de maag-
kliertjes is weergegeven.

c. Schema van de bouw van één kliertje in de maagfundus. F foveola; I isthmus;
H hals; B basaal deel van het kliertje.



In de foveolae monden de eigenlijke kliertjes uit (meestal één, soms twee klier-

tjes per foveola). Het op de foveola aansluitende gedeelte wordt isthmus genoemd.

Hierin worden parietale cellen en jonge SMC aangetroffen. In het volgende gedeel-

te, de hals, vindt men eveneens parietale cellen, maar daarnaast een ander type

slijmcellen, de halselijmaellen (MNC). Tenslotte worden in het basale deel van

de kliertjes de hoofdcellen gevonden, eveneens gemengd met parietale cellen.

Celkinetiek

De maagkliertjes vertonen, net als de krypten en villi van de darm, een snel

verlopend proces van voortdurend celverlies en celaanmaak. De zone van prolife-

rerende cellen ligt in de maag ongeveer halverwege de klierbuisjes, n.l. in de

isthmus en de hals, en dus niet basaal, zoals in de darmkrypten (Stevens en

Leblond, 1953; Hunt, 1957; Willems et al., 1971b; Lipkin, 1973; Hattori, 1974;

Hattori en Fujita, 1976). Deze prolifererende cellen zorgen in eerste instantie

voor een regelmatige vernieuwing van SMC en MNC. Daarbij migreren de nieuwge-

vormde SMC in de loop van drie tot zeven dagen langs de foveola naar de vrije

oppervlakte, waar ze afgestoten worden in het maaglumen. De MNC migreren in de

richting van de basis van de kliertjes en differentiëren waarschijnlijk later

tot parietale en hoofdcellen (Townsend, 1961; Heiander, 1969).

Klierfunktie

Uit de beschrijving van de bouw blijkt, dat de maag een ingewikkelde klier met

een meerledige funktie is. Behalve het maagslijm, dat een beschermende funktie

heeft voor het maagepitheel zelf, wordt pepsine en zoutzuur geproduceerd, en

daarnaast een aantal hormonen (o.a. gastrine, histamine en serotonine) die een

rol spelen bij de coördinatie van het totale spijsverteringsstelsel. Het in dit

proefschrift beschreven onderzoek is beperkt tot de slijmproducerende cellen.

Het afstoten van de SMC aan de vrije oppervlakte (zie celkinetiek) is niet

alleen aan te merken als verlies van cellen, maar kan ook gezien worden als een

"holokriene" wijze van seoerneren van het maagslijm. Het is zelfs zo, dat de

mate van afstoting van SMC en de proliferatiesnelheid in de isthmus en de hals

positief beïnvloed worden door de opname van voedsel (Hunt, 1957; Willems et al.,

1971a) en door een stimulering met gastrine (Willems et al., 1972; Hansen et al.,

1976). Het is niet duidelijk of deze stimuleringen ook een positieve invloed

hebben op de slijmsynthesesnelheid van de individuele cellen. Zo'n positieve be-

ïnvloeding van de synthese door een sekretie-stimulus is b.v. wèl waargenomen in

de pancreas van de groene kikker (Van Venrooij en Poort, 1971) en de parotis-



; speekselklier (Kuijper-Lenstra et al., 1975) en de mannelijke accessoire ge-

Ï slachtsklieren (Geuze en Slot, 1976) van de rat, maar niet bij de pancreas

| (Kramer en Poort, 1968; Poort en Kramer, 1969), de submandibulaire speekselklier

f (Kuijper-Lenstra et al., 1975) en de hoofdcellen van de maag (De Groot, 1974)

i' van de rat. Het onderzoek aan de maagslijmcellen is een voortzetting van de

B reeks van bovenstaande, eveneens in ons laboratorium uitgevoerde, onderzoe-

(:. kingen. De reden om juist de maag te kiezen als nieuw studieobjekt was gelegen

j' in de celkinetiek van dit orgaan, die de mogelijkheid opent, synthese en sekre-

:S tie te bestuderen in ontwikkelende cellen. We hebben ons dan ook speciaal bezig-

;•:• gehouden met dit aspekt, en nog niet met de eventuele stimuleerbaarheid van de

ff, slijmsynthese.

"'• Vraagstelling

j; Bij de maagslijmcellen hebben we te maken met een duidelijk leeftijdsverloop,

;'-\ dat bij de SMC is weerspiegeld in hun lokalisatie binnen de totale cellenpopu-

• latie: Delende (en dus ook zojuist gevormde, jonge) SMC worden aangetroffen in '

f.. de isthmus, terwijl oudere, migrerende cellen langs de foveola en aan de vrije

'ft oppervlakte iiggen. Bij de MNC is een dergelijk leeftijdsverloop niet duidelijk
;"•'

:£, uit de lokalisatie af te lezen, hoewel van een zekere migratie in de richting

ft van de basis sprake is (Hattori en Fujita, 1976). De aanwezigheid van deze ver-

'('-;• schillende leeftijdskategorieën van cellen geeft aanleiding tot het stellen van

\\ de volgende vragen:

|j 1. Zijn (a) het verschil tussen SMC en MNC en (b) de leeftijdsopbouw (met name

|Ï die van de S M C ) , behalve uit hun lokalisatie, ook af te leiden uit de ultra-

V: struktuur van deze cellen en uit hun aktiviteit bij de synthese van maagslijm?

f-
£>' 2. Welke ultrastruktuur hebben de cellen die de voortdurende aanmaak van nieuwe
Ki

,%. cellen verïorgen, en wat is hun rol bij de slijmsynthese? Zijn deze prolife-

p rerende cellen ongedifferentieerd, of zijn ze (morfologisch en funktioneel)

f'!- herkenbaar als SMC of MNC?

Bij deze vraagstelling staan drie aspekten centraal, n.l. morfologische diffe-

rentiatie, delingsaktivïteit en synthese—aktiviteit. Deze drie aspekten waren

bepalend voor de verschillende te gebruiken onderzoeksmethoden. Het morfolo-

gische aspekt werd onderzocht in de fundus en de cardia m.b.v. elektronenmikros-

kopie en koolhydraathistochemie (hoofdstuk II, III en IV). De delingsaktivïteit

werd autoradiografisch onderzocht aan proefdieren die waren ge'injiceerd met ~*H-

thymidine (hoofdstuk II, III en IV). In één reeks experimenten werd door neutro-

nenbestraling een sterke toename van de delingsaktivïteit geïnduceerd en deze



situatie werd morfologisch vergeleken met de normale situatie (hoofdstuk III).

Als sluitstuk werd tenslotte de synthese-aktiviteit van de verschillende (leef-

tijds-)kategorieën van slijmcellen bestudeerd door in een perfusiesysteem radio-

aktieve glycoproteine-precursors aan te bieden en de aldus behandelde magen

autoradiografisch te onderzoeken (hoofdstuk V). Het onderzoek werd gedaan bij

ratten, met uitzondering van het bestralingsonderzoek, dat om technische redenen

bij muizen moest worden uitgevoerd.
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r Summary. Gastric surface mucous cells (SMC), mucous neck cells (MNC)
f-: and their undifferentiated and immature precursors were studied by light and
'f. electron microscopic histochemistry. The secretory granules of SMC were
r •:] smaller, more electron dense and more reactive to PAS and its analogues than
1,1 those of MNC. Alcian blue demonstrated that the mucus of SMC was acidic
i and that of MNC was neutral. The periodic acid — thiocarbohydrazide—silver
<•:• proteinate method revealed the presence of carbohydrates in the Golgi appa-
ll' ratus, condensing vacuoles, secretory granules, apical vesicles and tubules and
t: cell coat. Maturation of SMC during their migration towards the free surface
K was reflected by an increase in size and number of secretory granules, an in-
"r crease of RER and microfilaments, and a decrease of microvilli and apical
i;-\ vesicles and tubules. The secretory granules of older SMC were less acidic
j and possessed a proteinaceous core. Most MNC were fully differentiated, but
I someimmatureMNCcontainingonlyafewgranuleswerefound. Furthermore,
[\ undifferentiated cells and intermediates between SMC and MNC were also
f observed. The presence of both transitional and intermediate forms indicates
K that both SMC and MNC arise from the same population of undifferentiated
l'r. cells. Incorporation of 'H-thymidine revealed that undifferentiated cells,

isthmic SMC, MNC and intermediate cells are proliferative. No proliferative
activity was found in foveolar SMC, parietal, chief, fibrillovesicular or endo-
crine cells.
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446 W. Watteletal.

Introduction

In the fundic mucosal epithelium of the mammalian stomach two types of mucus
secreting cells are present, the surface mucous cells (SMC) and the mucous neck
cells (MNC). In addition, chief, parietal, fibrillovesicular (Hammond and LaDeur,
1968), endocrine and undifferentiated cells are also present. The normal ultra-
structure of the mucous cells has been described in the rat (Kurosumi, 1961;

f Corpon, 1966), the mouse (Helander, 1962), the bat (Ito and Winchester, 1963),
i and in man (Rubin et a!., 1968). Histochemical studies at the light microscopic
i' level have been carried out on several species including the rat (Gerard, 1968;
I Lambert et at, 1968; Willems and Gerard, 1969; Sheahan and Jervis, 1976).

In the isthmus and the neck of the fundic gland, cells proliferate to supple-
ment the continuous loss of epithelial cells, which occurs mainly at the free sur-
face (Stevens and Leblond, 1953; Lipkin, 1973). In the isthmus and the neck,
undifferentiated cells and immature forms of SMC and MNC are found in addi-
tion to parietal cells and mature MNC (Corpron, 1966; Rubin et al., 1968; Kata-
oka, 1970).

In the present study, ultrastructural and carbohydrate histochemical ob-
servations of the mucous cells and their undifferentiated and immature precursors
were combined with autoradiographical tracings of their proliferative capacities,
in order to elucidate morphologically the differentiation and maturation of SMC
and MNC, and to learn to what extent these processes are compatible with cell
proliferation.

Material and Methods

Male albino Wistar rats (TNO, Zeist, the Netherlands), weighing approximately 200 g, were used
either after feeding ad libitum, or after starving for 16-20 h. The animals were decapitated and the
stomach was excised and cut open along the lesser curvature. One or more tissue strips of about
2 x 1 0 mm were cut from the greater curvature approximately 2 mm below the ridge separating the
forestomach from the glandular stomach.

Light Microscopy. The tissue strips were fixed in either Carnoy's fluid or 4% formaldehyde in 0.1 M
phosphate buffer (pH 7.4). Paraffin sections (S urn thick) were stained by one of the following methods
(Pearse, 1968): Periodic acid - Scruff (PAS); Alcian blue (AB) at pH 2.5 (1 % AB solution in 3% acetic
acid); AB at pH 1.0 (1% AB solution in 0.1 N HC1); AB (pH 2.S) followed by PAS; the alcian blue-
critical electrolyte concentration method (AB-CEC) (0.1% AB in 0.05 M sodium acetate buffer.
pH 5.7, supplemented with various concentrations of MgCI2, viz. 0.1, 0.2, 0.5,0.6, O.S, or 1.0 M).
Thick Epon or Araldite sections (1-2 um), cut from the material fixed for electron microscopy (see
below), were stained with periodic acid - silver methenamine (SMA) after Rambourg (1967) (PA
oxidation 15 min, SMA 10-20 min at 70°C), or were studied unstained by phase contrast microscopy.

Electron Microscopy. The tissue strips were sliced with a Sorvall tissue sectioner. Slices 250 um thick
were fixed for 2 h at 4°C in either 1 % OsO4 in Palade's veronal-acetate buffer (pH 6.9), or a mixture of
2% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate buffer (pH7.4) (final concentrations).
This tissue was then washed in 0.2 M sucrose-supplemented phosphate buffer, and postfixed for I h in
the OsO4 fixative. In some cases, tissue was fixed in the formaldehyde-glutaraldehyde mixture ad-
ministered by aortic perfusion for 10 min after Nembutal anesthesia, then excised and processed as
described above.

After fixation, the slices were washed in 0.9% NaCI, dehydrated in graded alcohols, and embedded
in upon on Araldite. Thick sections (1-2 um) and thin sections (60-80 nm) were cut in succession in
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order to correlate light and electron microscopy of particular cell groups or individual cells. Thin
sections were stained with either 5% aqueous uranyl acetate for 10-15 min, followed by Reynolds'
lead citrate for 2 min (UPb). or with the periodic acid - thiocarbohydrazide - silver proteinate technique
(PA-TCH-SP) according to Thiéry (1967) (PA oxidation 20 min, TCH 40-50 h. SP 30 min). In control
sections, PA oxidation was omitted. Thin sections were studied with a Siemens Elmiskop I electron
microscope.

Proliferation Studies. Animals received an intravenous injection of 2.0 or 4.0 uCi (methyl-3H)-thymidine
(3H-TdR) per g body weight (s.a. 5.0 Ci/mM: the Radiochemical Centre. Amersham. England) 30 min
before decapitation. For autoradiographical detection of'H-TdR labeled cells two methods were used:

1. Light microscopic autoradiography: Unstained thick (1 um) Epon sections were mounted on
glass slides and dipped in Ilford L 4 emulsion. After an exposure time of I -3 weeks at 4' C, the auto-
radrograms were developed in Kodak D 19 b and fixed in 20% aqueous sodium thiosulphate. In order
to study the ultrastructure and carbohydrate histochemistry of 'H-TdR labeled cells, 10 tissue blocks
were cut into successive thick and thin (60-80 nm) sections. The thick sections were processed for
autoradiography and labeled cells were traced in low magnification electron micrographs of the sub-
sequent thin sections. These cells were then studied at higher magnifications in the electron microscope.
Although laborious, this procedure allowed an uitrastructurai study of labeled cells in normal thin
sections stained with different methods.

2. Electron microscopic autoradiography: Semithin sections (100 nm) were mounted on collodion
coated glass slides, stained with UPb, coated with a thin layer of carbon and dipped in Ilford L 4 emul-
sion. After an exposure time of 4-6 weeks at 4 C. the autoradiograms were developed in phenidone
(Lettre and Paweletz. 1966) and fixed in 20% aqueous sodium thiosulphate. The collodion supported
sections were taken up on copper grids and studied with the electron microscope.

Results

Light Microscopy

The fundic glands of the rat consist of foveola, isthmus, neck and base (Fig. I).
The uppermost parietai cell marks the boundary between the foveola and the
isthmus, the uppermost MNC demarcates the boundary between the isthmus and
the neck, and the lowest MNC the boundary between the neck and the base. Ac-
cording to these definitions, the foveola is lined by SMC, as is the free inner gastric
surface. The isthmic celi population includes SMC and parietal cells. The neck
cell population includes MNC and parietal cells. The base of the glands is occupied
by chief and parietal cells. Endocrine and fibrillovesicular cells are sparsely
distributed throughout the glands.

The histochemical observations are summarized in Table 1. The secretory pro-
duct in the apical parts of all SMC, regardless of their location, was stained deep
purple-red by PAS and black by SMA (Fig. 1 a). Usually, the stained apical part
was largest in cells near the mouth of the foveolae. The secretory granules of MNC
were stained pink by PAS and light brown by SMA. In all MNC, regardless of
their location, the secretory granules occupied most of \he cell volume.

The AB methods stained the secretory granules in the isthmic SMC a bright
blue. The granules of the SMC in the upper part of the foveolae and at the free
surface were less reactive to AB than those of the lower located SMC. Occasionally,
they were not stained at all (Fig. 1 b). The AB methods for the most part did not
stain MNC granules. Occasionally, however, some of the granules in a few of the
upper MNC were AB-positive. With the AB-CEC method, the SMC granules
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Table 1. Histochemical staining reactions of fundic mucous cells

Staining method MNC SMC SMC
isthmus free surface/foveola

PAS-group:

light microscopy:
PAS + + + + +
SMA(Epon) + + + + +

electron microscopy:
PA-TCH-SP + ++ + +
TCH-SP (control) -

AB-group:
light microscopy:

AB pH 2.S
ABpHl.O
AB / 0.2 M MgCl2 -

or less
AB / 0.5 M MgCI2 -

or more
AB - PAS pink

+ + + / -
+ + +/ —
+ + + / -

-

blue or red
blue+red

+ + = intensive staining reaction; + = less intensive staining
reaction; — = no reaction; + / - = individual differences: some
cells negative, other cells slightly positive

stained in the presence of 0.1 or 0.2 M MgCI2, but not in the presence of 0.5M or
higher concentrations of MgCl2. Thus, the critical concentration of MgCI, was
between 0.2 and 0.5 M. When AB staining at pH 2.5 was followed by PAS, the
granules in the lowest isthmic SMC stained bright blue, whereas the granules in
the upper isthmic SMC stained blue and red. All granules in the foveolar and free-
surface SMC stained typically red with PAS, even in those regions where the
granules stained light blue with AB alone. MNC stained a faint pink with AB+
PAS, as with PAS alone. Sometimes, the upper MNC contained a few blue gran-
ules, as with AB alone.

Electron Microscopy

Surface Mucous Cells. The SMC were usually cylindrical, but were often deformed
by adjacent cells. Frequently they bulged into the lumen. The nucleus was located
basally and possessed a distinct nucleolus. The chromatin material was con-
densed against the nuclear membrane. The shape of the nucleus was often irregu-
lar. The mitochondria were mostly rod-shaped, i:0.5 urn in diameter and up to
2.0 |im in length. In all SMC many free polyribosomes were present. Profiles of
rought endoplasmic reticulum (RER) were distributed throughout the cell, except
for the most apical region (Fig. 2). The cisternae were variable in width and showed
a low or moderate electron density. The RER was not stained by PA-TCH-SP
(Figs. 5, 7). In some isthmic SMC, the RER was poorly developed.
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The Golgi apparatus was located immediately above or lateral to the nucleus.
Every Golgi stack consisted of five to seven cis'.ernae which were irregularly
dilated at the immature face and narrow at the mature face. With UPb, the mature
cisternae usually showed a content of higher electron density than the immature
ones, which resulted in an electron density gradient over the stack (Fig. 2). Small
vesicles and some larger condensing vacuoles with varying electron densities were
distributed near the mature face of the Golgi stacks. Sometimes, the condensing
vacuoles were continuous with the innermost Golgi cisterna. With PA-TCH-SP
(Figs. 4,5), the cisternae at the immature face were unstained, whereas two or three
cisternae at the mature face were stained with an increasing intensity towards the

f mature face. The small vesicles near this face reacted similarly to the innermost
K Golgi cisterna, and the condensing vacuoles were stained with various intensities
f": up to the intensity of the secretory granules.
\ •• Secretory granules were located in the apical part of the cell. They were elec-
r tron dense in UPb stained tissue (Fig. 2) and strongly reactive to PA-TCH-SP
} ' •• (Table 1; Figs. 3, 5. 6, 7). The number of secretory granules per cell generally in-
ï r creased from very few in some isthmic SMC (Figs. 5, 6, 7) to several hundred in
I cells near the mouth of the foveolae (Figs. 2, 3). Secretory granules were less
k: numerous in SMC at the free surface. The granules were usually 0.4-0.7 urn in
'f- diameter. In the foveolar and free-surface SMC, they were often larger (up to 1.3

urn), closely packed and stained inhomogeneously: the outer zone was electron
dense with UPb and strongly reactive to PA-TCH-SP, whereas the core of these
granules was highly electron dense with UPb and unreactive to PA-TCH-SP
(Figs. 2,3). Occasionally, some granules were confluent. In the isthmic SMC, the
granules were sometimes smaller than in the other SMC (0.2-0.4 um) (Fig. 6).

Occasionally, bundles of microfilaments could be found in the upper SMC
just beneath the apical secretory granules. The apical cell membrane of SMC bore
a few short microvilli and had a fuzzy coat reactive to PA-TCH-SP (Figs. 5,6,7),
in contrast to the apical cell membrane of parietal cells, which bore many long
microvilli, but possessed no fuzzy coat. Microvilli were less frequent in the foveo-
lar than in the isthmic SMC.

The isthmic SMC often had a variety of small vesicles and irregular, short
tubules in the apical cytoplasm (Figs. 6, 7). These vesicles were sometimes round
and up to 0.4 um in diameter. More often, they were irregularly indented and
smaller. The membranes of the vesicles were reactive to PA-TCH-SP. The tubular

Fig. 2. SMC in the upper part of a foveola. UPb staining. Most of the abundant secretory granules (s)
have an electron dense core, g Golgi apparatus; r RER

Fig. 3» mA b. Subsequent sections of the upper part of a foveola. / lumen. « PA-TCH-SP staining.
Secretory granules are reactive; the central cores of some of them are not. b Control section fTCH-SP).
Secretory granules are negative; the central cores have the same electron density as the cytoplasmie
matrix

Fig. 4. Golgi apparatus in a foveolar SMC. PA-TCH-SP. The staining intensity increases from the
immature face (if) towards the mature face (mf). cv Condensing vacuole; v stained vesicles at Ihe
mature face





Differentiation of Gastric Mucous Cells 453

structures (50-100 nm in diameter) often stained more strongly with this method,
but it is uncertain whether only the membrane with its coat, or also the content
of the tubules, were stained.

All cell components so far indicated as PA-TCH-SP reactive were not stained
in control sections (e.g. secretory granules. Figs. 3 a, 3 b). Among the upper SMC,
often cells showing degenerative characteristics were found. They possessed large
lysosomal structures and residual bodies, fat droplets and a disintegrated apica!
region. Silver deposits were often found in lysosomes and fat droplets in both
PA-TCH-SP and control sections. In the foveolae and gastric lumen, remnants
of extruded cells were often present.

Mucous Neck Cells. The MNC (Figs. 8,9) possessed a broad apical region, whereas
the neighboring parietal cells had their broadest region basally. The nucleus was
located in the basal part and did not differ from the nuclei of SMC. Mitochondria
were spherical or rod-shaped (0.5 um x 1.0 urn). Free polyribosomes were found
throughout the cell. The RER was moderately well developed, as in the SMC, and
was found throughout the cytoplasm. The RER was not stained by PA-TCH-SP.
The cisternae at the immature face of the Golgi apparatus were usually more
dilated than in SMC. One or more cisternae at the mature face were weakly re-
active to PA-TCH-SP. At this face, some small vesicles and large condensing
vacuoles also showed a weak PA-TCH-SP reaction.

In the MNC, secretory granules usually occupied a larger part of the cell than
in SMC. Only immediately below the isthmic border, MNC with fewer granules
were sometimes present. The secretory granules were round or slightly oval, and
had diameters varying from 0.6-1.6 um. They were often confluent. In UPb
stained sections, they had a moderate electron density (Fig. 8). They were reactive
to PA-TCH-SP (Table 1; Fig. 9), but less so than the granules of SMC. At the isth-
mic border, cells were sometimes present showing characteristics of both SMC
and MNC. They possessed secretory granules with strongly and weakly staining
portions after UPb as well as after PA-TCH-SP staining (Fig. 7). Other cells had
a heterogeneous population of typical SMC granules, typical MNC granules and
irregularly staining granules. The apical cell membrane of MNC bcre sparse
microvilli and had a PA-TCH-SP reactive coat. Some MNC contained small
vesicles and tubules similar to those in isthmic SMC.

Fig. 5. SMC in the isthmus. PA-TCH-SP. Reaction product is present in the Golgi apparatus (g).
the secretory granules (.v). and the cell coat (c). m Mitochondrion: r RER; pc pan of adjacent puricial
cell

Fig. 6. Apical part of isthmic SMC. PA-TCH-SP. Most of the secretory granules (s) are smaller than
normal. The cell reveals special apical vesicles (v) and tubules (/). c Cell coat: g Golgi apparatus;
m mitochondrion; « nucleus

Fig. 7. Apical parts of isthmic SMC (left) and mucous cell with heterogeneously stained secretory
granules (right). PA-TCH-SP. The border between the isthmus and the neck is located between these
two cells (arrowheads), c Cell coat; g Golgi apparatus; / lysosome; m mitochondrion; n nucleus;
r RER; s secretory granules; tPA-TCH-SP reactive tubules; v apical vesicles
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Undifferentiated Cells. Some cells in the isthmus appeared to be undifferentiated
(Figs. 10, 11). Secretory granules were absent; however, in order to prove their
absence with certainty, the section must include the cell apex. The frequency of
undifferentiated cells sectioned through the apex was far less than one per fundic
gland. This was due to the fact that these cells were compressed between the much
larger parietal cells, and because the glandular lumen was very narrow. Therefore,
it was impossible to determine the actual frequency of undifferentiated cells. The
undifferentiated cells contained only a few profiles of RER and rarely a small
Golgi stack, but no condensing vacuoles. Usually, mitochondria were scarce.
Sometimes, small vesicular and tubular structures similar to those in isthmic
SMC were present. Free polyribosomes were abundant.

The above descriptions of the cell types are based on material from both fed
and starved animals. Significant ultrastructural differences were not observed
between the two groups, which agrees with the observations of Helander (1962)
on mice.

^H-Thymidine Incorporation

From four animals injected with JH-TdR, a total number of 41 tissue blocks,
including 473 fundic gland sections, was studied autoradiographically. (One
fundic gland section is defined here as one longitudinal section or several oblique
sections in one row from the free surface towards the base of the mucosa.) The
data of JH-TdR incorporating cells are summarized in Table 2. The light micro-
scopic autoradiograms revealed 510 3H-TdR labeled cells. Thus, the average num-
ber of labeled cells was 1.1 per gland section. However, the frequency of labeled
cells varied considerably among the gland sections within a tissue block (0-5) and
among the tissue blocks (1-30 labeled cells per 10 gland sections). There were also
differences between the four animals. In one animal fed ad libitum, the frequency
of labeled cells was 1.7 per gland section. Two animals were starved for 30 h, then
provided with food for 1 h and again starved for 16 h before being injected with
'H-TdR. In these animals, the mean numbers of labeled cells per gland section
were 0.7 and 0.9. The fourth animal was habituated to a fixed daily mealtime of 1 h
and was injected 16 h after the last meal. Here, the labeled cell frequency was 1.6.
Of the total number of labeled cells counted, 434 (85%) were found in the isthmus
and 76 (15%) in the neck of the glands.

Of ten tissue blocks, a complete series of subsequent thick and thin sections
was prepared. The autoradiograms of the thick sections revealed 119 labeled cells
in 90 gland sections. Fifty-eight of the labeled cells could be traced in the thin
sections. Furthermore, two selected blocks were processed for electron microscopic

Fig. 8. MNC. UPb. Secretory granules (s) are present throughout the cell. They are often confluent (*).
Between the granules, profiles of RER (r) and Golgi apparatus (g) ate visible. / Lumen; m mito-
chondrion; pc parietal cell

Fig. 9. MNC. PA-TCH-SP. Lettering as in Fig. 8. Reaction product is present in the Golgi apparatus,
the secretory granules and the cell coat. Some of the secretory granules have an unreactive cap (arrows)
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The 15 unidentified cells revealed neither secretory granules nor a Golgi ap-
paratus. However, they can not be classified as undifferentiated cells, because of
the well developed RER and the number of free polyribosomes. Based on their
location within the glands, 14 of these cells were tentatively identified as isthmic
SMC, and one as a MNC.

Labeled cells were found exclusively in the isthmus and neck regions. Label
was not found over foveolar SMC, parietal, chief, endocrine or fibrillovesicular
cells.

• Discussion

! Differences between SMC and MNC

The main differences between SMC and MNC can be seen in the number, morpho-
logy and histochemical staining pattern of their secretory granules. Firstly, the
whole cytoplasm of MNC was usually packed with granules, whereas in the SMC.
even near the foveolar mouth, only the apex of the cell was filled with granules.
Secondly, the granules of MNC were larger and more often confluent than the
granules of SMC. In routine electron microscopy (UPb staining), the granules of
SMC were more electron dense than those of MNC. Thirdly, the SMC granules

; were more reactive than the MNC granules to the general carbohydrate staining
i methods of the PAS-group. Finally, the more selective AB methods, especially
: the critical MgCl2 concentration between 0.2 and 0.S M. demonstrated that the
i; SMC secretory product has both strongly acidic (sulphate) and weakly acidic '
i (sialic acid) groups, whereas the MNC secretory product is neutral in character. |
I In outline, these histochemical findings agree with earlier observations (Stevens
| and Leblond, 1953; Lambert et al., 1968; Willems and Gerard. 1969; Sheahan and
! Jervis, 1976). These light microscopical data were complemented and substantiated 'l

i by electron microscopical histochemical data obtained by the PA-TCH-SP
| method. This method is sufficiently specific to state that structures exhibiting a ,
; truly positive reaction (i.e. a positive reaction verified by a negative reaction in i
{ the appropriate controls, as was mostly the case) do contain carbohydrates. !
I However, in some structures (e.g. lysosomes and fat droplets) periodic acid ;
I oxidation was not required to give a positive reaction. Such a false PA-TCH-SP
j reactivity can be due to naturally occurring binding sites either for TCH or for
\. SP (e.g. keto- and aldehyde groups) and is not conclusive for the presence of carbo-
L hydrates. •
\ Thus, the present results demonstrate the presence of carbohydrates in the

cisternae and small vesicles at the mature face of the Golgi stacks, in condensing j
vacuoles, in secretory granules, in apical vesicles and tubules, and in the cell coat 'j
of both SMC and MNC. The staining pattern of the Golgi apparatus reflects the )
incorporation of the carbohydrate moiety of the glycoprotein and/or the con- 1
densation of this secretory product during its passage through the cisternae. ]
Similarly, the increasing staining intensity from condensing vacuoles towards the '
mature secretory granules probably reflects a further condensation. The staining
of these structures was more intense in SMC than in MNC both in immersion
and perfusion fixed tissue. Thus, this difference in intensity is probably due to
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differences in the carbohydrate concentration in the mucus and/or to differences
in condensation of the secretory product as a whole, and not to a fixation artifact.
The second possibility is the most likely, because the unspecific UPb staining
revealed the same difference in staining intensity.

The above mentioned differences aided in the discrimination between the
SMC and MNC. The boundary between the lowest SMC and the uppermost
MNC was located deeper in the glandular tubule than the uppermost parietal
cell. Therefore, in rat fundic glands an isthmus can be discerned (Fig. I) according

f; to the model of Stevens and Leblond (1953). In other species no isthmus is present,
because the boundary between SMC and MNC coincides with the uppermost
parietal cell (Willems et al., 1971 b: dog; Hattori, 1974: golden hamster).

j . Differentiation and Maturation of the Mucous Cells

i Undifferentiated Cells. Differentiation can be defined as a qualitative change, and
i maturation as a quantitative change in gene expression within a developing cell
i, line (Lajtha and Schofield, 1974). Thus, for mucous cells, morphological dif-
': ferentiation starts with the formation and onset of function of the structural
j ; equipment for the synthesis of mucus, and maturation is reflected by a further
: increase and functioning of this equipment. In this investigation, the first sign of
t differentiation was the presence of PA-TCH-SP reactivity in the Golgi apparatus:
I the second sign, the presence of mucous granules. Thus a cell was termed imdif-
f ferentiated only if these features were absent. However, if only this criterion was
I considered, cells in which the Golgi apparatus and the apex were not in the section,
; could incorrectly be interpreted as undifferentiated cells. Therefore, the number

of mitochondria, the RER development and the number of polyribosomes were
used as additional characteristics to discriminate between undifferentiated and
differentiated mucous cells. A gradual transition existed between the undifferen-
tiated cells and the mature SMC and MNC. Therefore, it can be assumed that
throughout adult life both SMC and MNC develop from undifferentiated cells.

\ Undifferentiated cells have been described in gastric fundic glands of rat
| (Corpron, 1966), man (Rubin et al., 1968) and mouse (Kataoka, 1970). Kataoka
I'; (1970) applied the term "undifferentiated" to the same category of cells as de-
| scribed here as such. On the other hand, both Corpron (1966) and Rubin et al.

(1968) did not exclude cells containing a few secretory granules from the undif-
ferentiated category. Nabeyama (1975) denied the presence of undifferentiated, ;
secretion-free cells in the mouse pyloric glands, and argued that a "poorly dif- -\
ferentiated mucous cell" is the most primitive cell type to be found. The undiffer- i
entiated cells described in dogs by Johnson and Young (1968) are obviously the f
same as the fibrillovesicular cells described by Hammond and LaDeur (1968).

Maturation of SMC. The maturation of SMC can be expressed in a number of J
gradual alterations, and is accompanied by a migration from the isthmus towards ")
the free surface, where the SMC are finally shed into the gastric lumen (Stevens i
and Leblond, 1953; Lipkin, 1973). Within the isthmus, maturation is reflected by i
an increase in amount of secretory granules, RER and microfilaments, and a de- i
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crease in amount of apical vesicles and tubules. However, these trends are not
clearly related to each other, nor are they dependent on the relative position of
the cells within the isthmus. The apical vesicles and tubules correspond to the

| vesicles described by Kataoka (1970) in the apical cytoplasm of undifferentiated
f and immature cells in the mouse gastric fundus. The PA-TCH-SP staining pattern
\ of these structures suggests a relationship with the apical cell membrane. Since they
| were especially found in the isthmic SMC where cell proliferation and growth
I requires a supply of cell membrane and coat material, we suggest that these
! vesicles and tubules function as cell membrane carriers.
>. During the migration of the cells upwards through the foveola, the number of

secretory granules shows a further increase. The cell apices bulge into the lumen.
Possibly, this increase in cell volume is related to the observed disappearance of
microvilli. The reactivity of the SMC granules to the AB methods diminished in
the foveolae and at the free surface, which indicates that the secretory product
lacks in part the acidic groups that characterize the mucus of the isthmic SMC.
This was also described by Lambert etal. (1968), Willems and Gerard (1969)
and Sheahan and Jervis (1976), but we observed that both strongly and weakly
acidic groups arc partly lost. Near the mouth of the foveolae and at the free surface,
the SMC often had secretory granules with a core that stained intensely with
UPb, but was unreactive to PA-TCH-SP. These staining properties were also
described by Yeomans (1974). This staining pattern suggests that the core is
composed of protein, whereas the outer zone of the granules has a glycoprotein
character.

Maturation of MNC. Most MNC were packed with secretory granules. However,
sometimes MNC with only a few secretory granules were found just below the
isthmic border. These MNC are interpreted as being immature. Thus, maturation
of MNC is reflected by a Filling with secretory granules, exactly as with SMC.
Because immature MNC were scarce, it was difficult to trace other parameters of
maturation such as RER development. The scarcity of immature MNC is explained
by the fact that MNC renewal is a slow process in comparison with SMC renewal
Stevens and Leblond, 1953). The location of the immature MNC gives some indi-
cation of a migration of MNC downwards during maturation (Kataoka, 1970),
but this migration is far less significant than the upward migration of SMC.

Intermediate Mucous Cells. Light microscopy revealed that at a level below the
normal isthmic SMC a few cells were sometimes present, which had both AB-
positive and -negative secretory granules. These cells probably correspond to the
cells with a mixture of SMC and MNC granules as observed with the electron
microscope. Secondly, electron microscopy revealed in the same region some cells
in which individual secretory granules showed a heterogeneous staining pattern.
All these cells were provisionally described under the heading of MNC, but in
fact they can be conceived as intermediate cells with staining characteristics of
both SMC and MNC. The presence of similar intermediate cells has been noted by
Lee (1976) in mouse pyloric glands. On the other hand, Stevens and Leblond (1953)
and Corpron (1966) denied the presence of such cells. The intermediate cells
described here were often packed with granules, which possibly indicates that
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their intermediate character is permanent. On the other hand, isthmic SMC may
; differentiate into MNC (Rubin et al., 1968), or immature MNC may differentiate
< into SMC (Willems et al., 1971 b). thereby passing a transient intermediate phase.
I . Regardless, the presence of intermediates between SMC and MNC suggests that
b : both arise ultimately from the same population of undifferentiated cells.
i'

't The Proliferative Cell Population

•' The present observations show that undifferentiated cells, isthmic SMC, im-
l mature and mature MNC, and intermediate cells are capable of proliferation.
; Although the influence of fasting and feeding on the proliferative activity was not
; studied extensively, our results suggest that fed and trained animals have a higher
; ~ proliferation rate than animals which were starved, refed and starved again for

16 h. Hunt (1957) and Willems et al. (1971 a) found in their studies a considerable
; (up to eightfold) increase of the proliferative activity caused by refeeding after a

prolonged starvation period. Since the number of 3H-TdR labeled cells varied
considerably among tissue blocks, they are apparently unevenly dispersed. This is
supported by Hunt (1957), who described a spatial periodicity in the occurrence
of mitotic cells in the rat gastric fundus.

' . Since no foveolar SMC incorporated 3H-TdR, it seems that a relation exists
i between the proliferative ability of SMC on the one hand, and their relative posi-

* ] tion or their stage of maturity on the other hand (Stevens and Leblond, 1953;
i I Katakoa, 1970; Lipkin, 1973; Hattori, 1974). Because the majority of labeled

1 MNC was fully mature, the stage of maturity of MNC apparently does not in-
fluence their proliferative ability. The absence of 3H-TdR label over parietal, chief,
endocrine and fibrillovesicular cells indicates that these cell types lack a self-sup-
porting renewal system. For parietal cells, this is supported by the work of Willems
et al. (1972) on mice. The same authors did observe 3H-TdR incorporation in a few
chief cells. In contrast, Chen and Withers (1975) observed 3H-TdR incorporation
immediately after administration both in parietal and in chief cells of the mouse.
Lehy and Willems (1975) found }H-TdR incorporation in a few antral gastrin cells
of the mouse. However, the labeling index of all these cells is so small, that it is
probable that they arise at least in part by differentiation from the mucous cells
or from a common precursor cell type, just as in postnatal development (Helander,
1969) and during gastric regeneration (Townsend, 1961). Thus, as in other parts
of the gastrointestinal tract (Cheng and Leblond, 1974; Nabeyama, 1975), all
epithelial cell types in the gastric fundus arise ultimately from the same population
of undifferentiated cells.
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Summary. Mouse gastric mucosa was studied ultrastructurally and histo-
chemically after exposure' to fast neutron irradiation, the number of cells per
gastric gland was decreased and the glands were shorter. At day 9, several
glands showed a dilated lumen lined by flattened cells. Between days 9 and 16,
some of the glands disappeared. Parietal and chief cells disappeared from the
remaining glands. At the same time, restoration of the mucosa started. At day 6,
proliferative cells were scattered along the isthmus. As in controls, the isthmus
contained a few undifferentiated cells many differentiating surface mucous
cells (SMC) with developing rough endoplasmic reticulum and silver protein-
ate-reactive Golgi elements and small secretory granules. At day 9, numerous
proliferative cells were clustered in foci. Almost all these cells contained silver
proteinate-reactive Golgi elements, granules and vesicles. Most of them were
SMC, others mucous neck cells (MNC) or intermediates. At day 16, prolifer-
ative foci were larger and consisted of differentiated mucous cells. Regener-
ated foveolae and glands consisted of large SMC and MNC and a few fibrillo-
vesicular cells. In conclusion, proliferative activity is confined to undifferen-
tiated cells and differentiating mucous cells, which identifies them as the pro-
genitors of the other gastric cell types.
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Introduction

The mucosal surface of the gastric fundus in mammals is continuously renewed
by loss of old surface mucous cells (SMC) and their replacement by new cells as
a result of proliferative activity in the isthmus of the fundic glands (Stevens and
Leblond, 1953; Willems et al., 197I; Lipkin, 1973). The cells in the fundic glands
are also renewed. The turnover of mucous neck cells (MNC) is two to three times
slower than that of SMC. The parietal, chief and endocrine cells are only very
slowly renewed (Willems et al., 1972; Lehy and Willems, 1975; Chen and Withers,
1975). The proliferative cell population as detected by 3H-thymidine (3H-TdR)
labeling is heterogeneous and consists of a few undifferentiated cells, many SMC
in various stages of maturation, and a moderate number of immature and mature
MNC (Kataoka, 1970; Wattel et al., 1977). This evaluation of cells types showing
proliferative activity depends on the definition of the term "undifferentiated".
If one takes, as we do, any sign of mucus synthesis (a carbohydrate-containing
Golgi apparatus of a few small mucous granules) as a criterion of differentiation,
only very few cells are undifferentiated (Wattel et al., I977).

The low rate of cell turnover does not allow a large number of 3H-TdR-
incorporating cells to be studied ultrastructurally. However, after irradiation
with fast neutrons the number of proliferative cells increases in the regenerating
gastric mucosa (Davids, 1974). We studied the ultrastructure and carbohydrate
histochemistry of the proliferative cells at three intervals after irradiation, in
order to compare them under these experimental conditions with proliferative
cells in the normal stomach.

Material and Methods

Irradiation Experiment. Male mice (about 25 g) of an inbred CBA subline of the Netherlands Energy
Research Foundation ECN at Petten were used. The animals received a bilateral total body irradiation
with fast neutrons of 1.0 MeV mean energy in the Low Flux Reactor at Petten. The irradiation dose
was 400 rads, which is just between the LD 50/30 d related to the bone marrow syndrome (approx.
330 rads) and the LO 50/5 d related to the intestinal syndrome (approx. 450 rads). To prevent the bone
marrow syndrome, we gave the animals an intravenous injection of 5-9 million viable isologous bone
marrow cells within 24 h after irradiation. In addition, we gave them a daily intramuscular injection
of 0.S mg terramycine (up to the 10th day). Additional details of the experimental facilities and speci-
fications for neutron irradiation and for subsequent treatment have been described previously (Davids
et al.. 1969; Davids, 1970,1974). On the 6th, 9th and 16th day after irradiation, 2 animals were sacri-
ficed. As controls, 2 untreated animals from the same strain were used. All animals were starved for
24 h before being injected intraperitoneally with 25.0 |iCi (methyl-JH) thymidine (3H-TdR) (The
Radiochemical Centre, Amersham, England; s.a. S.0Ci/mM). The mice were sacrificed 1 h after the
injection of 3H-TdR.

Fixation. Strips of tissue were excised from the greater curvature of the fundus approx. 2 mm below the
ridge that separates the forestomach from the glandular stomach. These strips were sliced and fixed
for 2 h at 4 C in either 1 % OsO« in Palade's veronal-acetate buffer (pH 6.9), or a mixture of 2% formal-
dehyde and 2% glutaraldehyde (final concentrations) in 0.1 M phosphate buffer (pH7.4). followed
(after washing in 0.2 M sucrose-supplemented phosphate buffer) by poslflxation for 1 h in the OsO.
fixative. The tissue slices were dehydrated in graded alcohols, and embedded in Epon.
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Autoradiography. Thick sections (1 urn) were applied to clean, uncoated glass slides. They were dipped
in llford L4 emulsion and stored for 2-4 weeks at 4 C. The autoradiograms were developed in Kodak
D 19 b and fixed in 20% aqueous sodium thiosulphate. The autoradiograms were studied by phase
contrast microscopy. Groups of cells could be recognized in subsequent thin sections with the electron
microscope.

Electron Microscopy. Thin sections (60-80 nm) were stained either with 5% aqueous uranyl acetate
for 10-15 min, followed by Reynolds' lead citrate for 2 min (UPb), or with periodic acid-thiocarbo-
hydrazide-silver proteinate (PA-TCH-SP) after Thiéry (1967). The latter staining method is specific
for carbohydrates. The sections were studied with a Siemens Elmiskop I electron microscope.

Results

Control Animals

Fundic glands of normal mice consist of afoveola lined with surface mucous cells
(SMC), an isthmus with maturing SMC, a few undifferentiated cells and parietal
cells, a neck with mucous neck cells (MNC) and parietal cells, and a base with
parietal and chief cells. Throughout the glands, occasional endocrine and fibrillo-
vesicular cells are present. We found 3H-TdR labeling in the isthmus and the neck,
but not over parietal cells.

The ultrastructure of mouse gastric epithelial cells has been described by
Helander (1962). We used PA-TCH-SP as an additional method to facilitate the
dicrimination between SMC and MNC (Wattel et al., 1977), but we found many
cells with an intermediate character. The main characteristics of surface mucous
cells (Fig. 1) were their Golgi apparatus and secretory granules. With PA-TCH-SP,
and often also with UPb, the contents of the Golgi cisternae showed an increase
in stainability from the immature towards the mature side (Fig. 4). The typical
secretory granules (diameter 300-800 nm) were highly reactive to PA-TCH-SP
(Fig. 2) and electron dense with UPb (Fig. 1). However, many granules or parts
of granules were not at all or only slightly reactive to PA-TCH-SP (Fig. 3). The
unreactive (parts of) granules were more than normally electron dense with UPb.
Moreover, SMC contained generally small PA-TCH-SP-reactive granules and
small vesicles with a PA-TCH-SP-reactive membrane (Fig. 2). Isthmic SMC con-
tained fewer typical secretory granules than foveolar and free surface SMC, but
showed numerous small granules and vesicles. The mitochondria of SMC often
contained one or several dense granules unreactive to PA-TCH-SP, which had a
diameter of approx. 300 nm (Fig. 1).

Mucous Neck Cells (Fig. 5) were characterized by larger secretory granules (up to
1.4 um), which were less electron dense both with UPb and PA-TCH-SP than the
secretory granules of SMC (Fig. 6). The Golgi apparatus of MNC showed less
PA-TCH-SP reactivity than that of SMC.

Fibrillovesicular Cells (Hammond and LaDeur, 1968) were characterized by long
microvilli, many glycogen particles and numerous apical microfilament bundles
and irregular vesicles with PA-TCH-SP-reactive membranes.
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In the isthmus, a few undifferentiated cells were present. Cells were considered
undifferentiated if they contained abundant free polyribosomes, little rough
endoplasmic reticulum(RER) or other organelles, and no secretory granules or PA-
TCH-SP-reactive Golgi apparatus (Wattel et al., 1977). Using these criteria, it was
very difficult to find definitely undifferentiated cells, because most sections of
isthmic (non-parietal) cells showed at least a few secretory granules (Fig. 7).

Irradiated Animals

The structural alterations and cell kinetics of mouse gastric mucosa after fast
neutron irradiation were described in the light microscopical study of Davids
(1974). Our light microscopical observations are consistent with the results of that
study. In addition, we used electron microscopy to obtain more detailed
information concerning the cell types involved.

Six Days after Irradiation

In animals sacrificed six days after neutron irradiation, the mucosa was thinner and
mature SMC were fewer than in control animals. Parietal cells were found
throughout the glandular tubules and even at the free surface, so that a foveola, as
defined by the absence of parietal cells, could not be discriminated. In some places,
the epithelial cells lining a glandular tubule were extremely flattened, and the lumen
of the gland appeared very wide. Just as in control animals, 3H-TdR label was found
over scattered cells in the lower part of the isthmus and in the neck, but not over
parietal cells.

The mature SMC and MNC showed signs of deterioration (lysosomes and
residual bodies) (Fig. 9). Parietal cells were relatively numerous and were normal in
morphology, except for those at the free surface, which contained an increased
number of tubulo-vesicles (Fig. 8). The flattened cells surrounding widened glands
appeared to include ultrastructurally recognizable SMC, MNC and parietal cells.

In the lower part of the isthmus, i.e. in the main region where 3H-TdR labeling
was observed, many irregularly shaped cells were present between the parietal cells
(Fig. 10). They had a moderately well developed RER and numerous free
polyribosomes. They contained rod-shaped mitochondria, often with an electron
dense granule, like the mitochondria of normal SMC. In most, a PA-TCH-SP-
reactive Golgi apparatus and a few small mucous granules (200-300 nm) were
present. A few cells in the same region were undifferentiated. It was impossible,
however, to determine the actual frequency of undifferentiated cells or to confirm
their presence in every gastric gland, because of the problems involved in their
identification. ;f

•2

Nine Days after Irradiation 'j

The light microscopical picture (Fig. 11) had changed drastically after nine days. j
Many of the glandular tubules showed a dilatation of the lumen and a flattening j
of the lining cells. In the original isthmic region, groups of uniform cells were j
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found, which showed an extensive labeling with 3H-TdR. Such proliferative foci
were often associated with newly formed foveolae that constisted of cylindrical
cells up to 30 um in height. Parietal cells were numerous in old glands, but were
relatively scarce in the proliferative foci and were absent from the foveolae. Label
was not present over parietal or chief cells.

Near the free gastric lumen old SMC with degenerative characteristics were
still present (Fig. 14). The parietal cells possessed numerous tubulo-vesicles. The
cells lining the wide glandula lumina were reminiscent of SMC, MNC and parietal
cells. They revealed many signs of deterioration (destroyed mitochondria with
large, dense granules, dilated RER cisternae, lysosomes and residual bodies).

The cells of the proliferative foci (Figs. 11,12) were cylindrical and up to 30 um
in height. Most of these cells were similar to young SMC as observed in the isthmi
of control animals and of animals at day six after irradiation. They contained
many free polyribosomes, a moderately well developed RER, and mitochondria
of normal size with an electron dense granule. Generally they possessed a PA-TCH-
SP-reactive Golgi apparatus (Fig. 13) and small PA-TCH-SP-reactive granules
and vesicles (200 nm), but mucous granules of normal size were scarce in com-
parison to those in isthmic cells of control animals. The vesicles had a PA-TCH-
SP-reactive membrane and were often dented or tubular. Occasionally SMC-like
and MNC-like mucous granules were found within the same cell. No fibrillo-
vesicular cells were found in the proliferative foci.

Undifferentiated cells (Fig. 15) were scarse and could not be positively identi-
fied in every proliferative focus.

Sixteen Days after Irradiation

The overall picture at day 16 was characterized by relatively few, broad foveolae
and glands and by extensive proliferative foci halfway down the mucosa. Some of
the foveolae showed bifurcations. The foveolae and glands were lined by high
cylindrical mucous cells. Almost no parietal and chief cells were present and thus
the region defined as "neck" extended towards the bottom of the glands. The foci
consisted of still more 3H-TdR labeled cells than at day nine. The tall cells of the
foveolae and the glands were unlabeled.

The cells lining the foveolae and the free surface were up to 40 um high, but I
only 4-5 um across. They were recognizable as SMC because of the PA-TCH-SP
staining pattern of their Golgi apparatus and their secretory granules (Fig. 16).
Generally, small vesicles and tubules were also present. The mitochondria were •
often bigger than in control SMC and contained large dense granules (diameter j
up to 1.5 urn) unreactive to PA-TCH-SP. The relative amounts of free polyribo- i
somes and RER were similar to those in normal SMC. Some of these cells con- j
tained large lysosomal structures and multivesicular bodies. :

The cells lining the glandular tubules were recognizable as MNC (Fig. 18). ij
They were up to 45 urn high and approx. 11 um across. They contained abundant j
secretory granules (0.8-1.6 um) that stained faintly but homogeneously with UPb j
(Fig. 18) and PA-TCH-SP (Fig. 17). The RER, Golgi apparatus, free polyribo- j
somes and mitochondria were normal for MNC. :
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The cells of the proliferative foci revealed more secretory granules, of normal
size, than at day nine, as well as a moderately well developed RER, a well developed
PA-TCH-SP-reactive Golgi apparatus, free polyribosomes and normal mito-
chondria. Because of the secretory granules, they could be identified as SMC,
MNC or intermediate cell types. Undifferentiated cells were not identified with
certainty. No fibrillovesicular cells were found in the proliferative foci.

In the foveolae and glands, between the tall SMC and MNC, fibrillovesicular
cells were present. Some of these cells showed a few mucous granules of either type.

Discussion

Gastric Damage

Neutron irradiation is especially injurious to renewing cell populations, since it
results in the death of affected cells during their next mitosis. Thus the normal cell
supply stagnated, as indicated by a decreased 3H-TdR incorporation at days two
and four (Davids, 1974). This resulted in a thinner gastric mucosa and in the
appearance of parietal cells at the free surface at day six. Subsequently, cell supply
was resumed by an excessive proliferative activity of surviving cells. Because some
of the glands disappeared, the irradiation dose had apparently been such that not
every gland retained undamaged cells capable of regeneration. As a result, at day
nine signs of restoration (gland with proliferative foci) were seen side by side with
signs of final stage injury: cystically dilated glands lined by extremely flattened
cells. Finally, at day 16, restorative features were predominant (proliferative foci,
new foveolae and glands with tall SMC and MNC), but the previous damage was
reflected by the small number of glands and the absence of parietal and chief cells.

Our observations of the sequence of events after neutron irradiation are in
accordance with experiments using X-irradiation (Tahara and Hirose, 1972;
Capoferro, 1972) and the mutagenic agent N-methyl-N'nitro-N-nitrosoguanidine
(Tahara, 1974; Tahara et al., 1976). All these treatments are characterized by a
"long term effect" caused by a disturbance in the normal turnover of the cell
population. On the contrary, gastric damage caused by directly lethal agents such
as aspirin (Hingson and Ito, 1971; Pfeiffer and Weibel, 1973; Rainsford, 1975)
develops within one hour after exposure.

Cellular Injury

The features of deterioration as observed in the mucous cells were not essentially
different from similar features seen in normal ageing mucous cells. Apparently, at
the dose used, irradiation does not damage interphase or post-mitotic mucous
cells to any extent. The reason that lysosomes and related structures were more
prominent, may be that younger cells were initially less numerous than in controls
and that the shedding of old cells was postponed. The latter was evident at day
nine, when stretched cells spanned large areas of the dilated glands and the gastric
surface. We did not observe a striking nuclear pyknosis, nor changes in the mor-
phology of the Golgi apparatus, as did Tahara and Hirose (1972) after a very high
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dose of localized X-irradiation. We doubt the significance of dense Golgi cisternae
; as a sign of deterioration (Tahara and Hirose, 1972; Tahara, 1974), because such
}; dense Golgi cisternae are also observed in controls. We would rather interpret
i- them as signs of concentration of the secretory product of these cells (Wattel et al.,
f 1977).
'{' The appearance of numerous tubulo-vesicles in parietal cells is a feature which
I has also been observed after treatment with N-methyl-N'-nitro-N-nitrosoguani-
[ dine (Tahara, 1974) and with aspirin (Pfeiffer and Weibel, 1973). Parietal cells
I- showing many tubulo-vesicles are representative of a resting phase (Forte et al.,
f 1975). Possibly, in our case, this feature reflects a disturbance of the high meta-
j bolic activity of the parietal cells (Pfeiffer and Weibel. 1973). This could be connec-
! ted with the remarkable disappearance of these cells between days nine and six-
; teen, which is much earlier than we would expect from their normal half-life span

of 23 days (Ragins et al., 1968). The shortening of the life time of parietal cells
suggests that these cells are more sensitive to irradiation than the mucous cells.
The same applies to the chief cells, which in normal animals have an even longer
life time than parietal cells (Willems et al., 1972). This view contrasts with the view
of Tahara and Hirose (1972), that the mucous cells would be the most irradiation-
sensitive group, a view that does not take into account the normal fast ageing of
the mucous cells. On the other hand, the gross structural alterations of the gastric
mucosa per se may have caused, as a secondary effect, the shortening of the life
spans of parietal and chief cells.

Evaluation of Mucous Cell Types

In general, the presence, size and staining pattern of secretory granules allow
a reliable discrimination to be made between SMC and MNC in the mouse fundic
glands, even when the discrimination is not possible by light microscopy (Davids,
1974). However, more cells are present with a mixed content of SMC and MNC
type secretory granules than in the rat stomach (Wattel et al., 1977). Such inter-
mediate forms possibly indicate transitions between SMC and MNC. They were
present in both control and irradiated animals. Secondly, secretory granules
partly or totally unreactive to PA-TCH-SP are not uncommon in SMC. They
most likely have a proteinaceous content (Yeomans, 1974; Wattel et al., 1977).
Thirdly, SMC often showed small secretory granules or vesicles with a PA-TCH-
SP-reactive membrane. These small granules and vesicles were most prominent in
the isthmic SMC of controls and in the proliferative cells of irradiated enimals.
Obviously, these structures appeared earlier in the cell's life than the normal
secretory granules. i

The intramitochondrial inclusions seen in injured cells at day nine and in •
regenerated SMC at day sixteen were much larger than those in SMC of control j
animals. They were similar to the inclusions found by Tahara (1971) in new SMC i
during post-traumatic regeneration and by Makita et al. (1975) in ileal goblet cells ' |
of mice with muscular dystrophy. It has been suggested that these intramito- \
chondrial inclusions are rich in lipids (Ashworth et al., 1966; Tahara, 1971;
Makita et al., 1975), but their functional significance is not clear. Their unreac-
tiveness to PA-TCH-SP does not support Tahara's (1971) view that they have an
additional glycoprotein component.
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Regeneration

On the second day after irradiation only very few cells (located in the isthmus) in-
corporate 3H-TdR (Davids, 1974). At days four to six, the frequency of labeled
cells per unit of mucosal area returned to normal. These DNA-synthesizing cells
must have been the offspring of cells that were not killed by the irradiation. The
isthmic cell population showed the same ultrastructural characteristics as in
control animals. Obviously, not only undifferentiated cells, but also differentiating
mucous cells were involved in proliferative activity.

Most proliferative cells present in the foci at day nine were young SMC as
judged by their PA-TCH-SP-reactive Golgi apparatus and small granules and
vesicles. Other cells possessed a mixed population of SMC and MNC type granules
and were interpreted as intermediate cell types. Typical SMC with secretory
granules of normal size were scarce in the foci. The 3H-TdR labeling pattern,
together with these ultrastructural findings, revealed that the only cells involved
in the proliferative regeneration of the glands were the slightly differentiated
mucous cells (most of them SMC) and a few undifferentiated cells. At day 16,
many clearly identifiable SMC, MNC and intermediate cells with normal secre-
tory granules were present in the proliferative foci. These observations support
our earlier conclusion (Wattel et al., 1977) that an advanced differentiation is not
incompatible with a proliferative capacity. Even the expansion of the proliferative
cell population after neutron irradiation does not inhibit normal cell differen-
tiation. This seems to be a general conclusion for the gastro-intestinal tract,
because the same was also found for rat intestinal principal cells after X-irradiation
(van Dongen et al., 1976).

The absence of fibrillovesicular cells from the proliferative foci and their late
reappearance after irradiation (day 16) conflicts with the view that these cells
might be the precursors of the other gastric cell types (Johnson and Young, 1968).
On the contrary, we suggest that they originate from differentiating mucous cells,
because some of them contained mucous secretory granules.

The branching of foveolae that we saw at day 16 probably indicates the manner
in which the original number of foveolae is restored. Such a branching and splitting
of foveolae was also observed in the gastric mucosa of young golden hamsters and
was interpreted as a means of formation of new foveolae and glands (Hattori,
1974).

The proliferative activity of undifferentiated cells and differentiating mucous
cells, and the late reappearance of parietal, chief (Davids, 1974) and fibrillo-
vesicular cells indicate that the progenitors of all fundic epithelial cell types must i
be sought among the undifferentiated cells and the differentiating mucous cells. {
This conclusion is supported by the sequence of appearance of cell types during |
ontogenesis (Arnold, 1966; Helander, 1969 a, b) and after gross lesions (Hunt, \
1958; Townsend, 1961; Tahara, 1971; Shirai et al., 1975; Tahara et al., 1976) and •;
by the data on fundic cell kinetics in normal animals (Stevens and Leblond, 1953; |
Willems et al., 1972; Ghen and Withers, 1975; Lehy and Willems, 1975; Wattel |
et al., 1977). !
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The Cells of the Rat Gastric Groove and Cardia

An Ultrastructural and Carbohydrate Histocbemical Study,
with Special Reference to the Fibrillovesicular Cells

W. Wattel and J J. Geuze*

Centre for Electron Microscopy, Medical Faculty, State University of Utrecht, The Netherlands

Summary. The distal wall of the groove between the rat forestomach and
glandular stomach is lined with a special type of columnar cells (CCGG) and
with fibrillovesicular cells (FVC). The cardiac glands contain cardiac mucous
(CMC) and serous cells (CSC). The CCGG contain small mucous granules and
special vesicles and tubules. The CMC are filled with large mucous granules and
resemble mucous neck cells. The CSC are filled with large proteinaceous
granules. The FVC are characterized by long microvilli, apical bundles of
microfilaments and a complex "tubulovesicular system". The pattern of 3H-
thymidine incorporation and the presence of immature and transitional forms
indicate a possible origin of all the cell types concerned from a common
undifferentiated precursor.

The membranes of the tubulovesicular system of FVC as well as the apical
cell membrane were reactive to Thiéry's carbohydrate stain. However,
lanthanum tracing of the extracellular space and ultrastructural stereoscopy did
not reveal a permanent continuity between both membrane systems. The
absence of 3H-thymidine label showed that FVC were not proliferative. The
structural characteristics of FVC do not account for a secretory, resorptive or
receptive function. The special arrangement of microfilaments and the
tubulovesicular system suggests an ability to fast changes in surface area.

Key words: Gastric mucous cells (ret) — Cardia — Fibrillovesicular cells —
Gastric groove — Differentiation.

Introduction

The stomach of the rat consists of two main parts, the non-glandular forestomach
and the glandular stomach (Fig. 1}. The boundary between the two parts is
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et al., 1977a,b). The present paper describes the cell types of the gastric groove and
cardia and compares the differentiation of these cell types with the differentiation of
the fundic cells as described previously.

In these studies, we met with a special cell type, the fibrillovesicular cell (FVC).
Johnson and Young(l 968) designated the FVC as a possible precursor of the gastric
mucous cells. Although our experiments with incorporation of 3H-thymidine and
with neutron irradiation disproved such a precursor function of FVC (Wattel et al.,
1977a, b), our interest in this puzzling cell type was aroused and prompted by the
excellent morphological descriptions of Isomaki (1973) and Nabeyama and
Leblond (1974). In this context the gastric groove is of special interest, because this
part of the stomach is particularly rich in FVC (Isomaki, 1973). We used a
carbohydrate histochemical stain (Thiéry, 1967), an extracellular space marker
(Revel and Karnovsky, 1967), ultrastructural stereoscopy and 3H-thymidine
labeling as tools to obtain new information on FVC structure and function.

Materials and Methods

Male albino Wistar rats (TNO, Zeist, the Netherlands), weighing approx. 200 g, were used after either
feeding or overnight starvation. The animals were usually killed by decapitation. A transverse strip of the
gastric wall including the ridge, the groove and the cardia was excised (Fig. 1) and cut into slices
(thickness 250-500 um) perpendicular to the surface.

Fixation. The slices were fixed for 2 h at 4° C in either 1 % OsO4 in Palade's veronal-acetate buffer
(pH 6.9), or a mixture of 2% formaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4)
(final concentrations), followed, after rinsing in 0.2 M sucrose supplemented phosphate buffer, by
postfixation for 1 h in OsO4 fixative. The tissue was rinsed in saline, dehydrated in graded alcohols, and
embedded in Epon. In some cases, the animals were anaesthetized with urethane, and the stomach was
perfused with glutaraldehyde/formaldehyde. After lOmin of perfusion, a strip of the gastric wall was
excised and processed as described above. In two experiments, lanthanum nitrate was applied during
fixation and dehydration by mixing a 2 % La (NO3)3 stock solution at pH 7.8 (Revel and Karnovsky,
1967) in a 1:2 ratio with the fixatives, rinsing fluids and alcohol mixtures. The phosphate buffer was
replaced by a 0.1 M cacodylate buffer because lanthanum precipitated with phosphate in preliminary
experiments.

Light Microscopy. Thick (lum) Epon sections were either studied unstained by phase-contrast
microscopy, or were stained by one of the following methods:

(a) MBP: methylene blue-pararosaniline, a modification of the polychrome stain described by Sato and
Shamoto (1973).

1

(b) SMA: periodic acid - silver methenamine, a specific method for carbohydrates (Rambourg, 1967). <\

Electron Microscopy. Thin sections (60-80 nm) were stained either with 5 % aqueous uranyl acetate for
10-15 min, followed by Reynolds' lead citrate for 2min (UPb), or with periodic acid - thiocarbohy-
drazide - silver proteinate (PA-TCH-SP) after Thiéry (1967). In control sections, PA oxidation was
omitted. Only those cell components which remained unstained in the controls, which demonstrates the
presence of carbohydrates, are indicated in the results as "PA-TCH-SP-reactive". The sections were
studied with a Philips EM 301 electron microscope provided with a eucentric goniometer stage. For
stereoscopy, UPb stained thick sections (0.5urn) were photographed in several tilted positions.
Stereopairs of such photographs (tilting angles differing 6-12°) were studied with a Wild stereoviewer,
typeTSPl.
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Autaradiography. Two animals received an intravenous injection of 4.0 |iCi (methyl-3H)-thymidine
| (3H-TdR) per g body weight (s.a. 5.0 Ci/mM; the Radiochemical Centre, Amersham, England) 30 min
; before decapitation. Thick sections (1 urn) were applied to uncoated glass slides and were dipped in Ilford

L4 emulsion. After exposure for 8 days at 4° C, the autoradiograms were developed in Kodak D 19b,
fixed in 20 % aqueous sodium thiosulphate and studied by phase-contrast microscopy. Semithin sections
(lOOnm) were mounted on collodion coated glass slides stained with UPb, coated with carbon and
dipped in the emulsion. After an exposure time of 4 weeks, the sections were developed in phenidone
(Lettre and Paweletz, 1966), fixed in 20 % aqueous sodium thiosulphate, mounted on grids and studied
with the electron microscope.

Results

Survey

The forestomach and the ridge between the forestomach and the glandular stomach
are lined with a cornified stratified squamous epithelium similar to that of the
oesophagus (Fig. 2). At the bottom of the gastric groove, this epithelium borders on
the single columnar epithelium of the glandular stomach. The majority of the cells
lining the distal wall of the groove are here referred to as "columnar cells of the
gastric groove" (CCGG). They are intermingled with numerous fibrillovesicular
cells (FVC), which are clearly recognizable because of their tuft of long microvilli

|'; (Figs. 2, 3).
j In the narrow cardiac zone immediately adjacent to the groove, coiled,
I branched tubular glands are present (Figs. 1, 2). For the most part, these glands

consist of mucous cells similar to the mucous neck cells of the gastric fundus. These
cells are referred to as "cardiac mucous cells" (CMC). In the glands lying closest to

[.' the bottom of the groove, other cells, the "cardiac serous cells" (CSC), are found.
Ï The cardiac glands open into the groove by tubules lined with CCGG, or at the free
; gastric surface by tubules similar to the isthmi and foveolae of fundic glands. The
\ free gastric surface in this region is lined with normal surface mucous cells. Some
: cardiac glands contain a few parietal cells. There is a gradual transition between the
f cardiac and the fundic regions.
!-•

\'- Fibrillovesicular Cells
i,

\-. About 20 % of the cells that line the gastric groove are FVC. These cells were also
I found frequently in the glandular tubules near the groove. The FVC were only
fj faintly stained by methylene blue-pararosaniline, and were unreactive to silver

methenamine. The FVC were characterized by long microvilli (Figs. 3 ,4,8,9) and j
bundles of microfilaments running from the top of the microvilli towards the I
supranuclear region (Fig. 4). Other microfilament bundles were arranged circularly . I
around the apical cytoplasm (Fig. 5). Among the microfilaments sparse \
microtubules were irregularly distributed. Between the vertical bundles of 'i
microfilaments were numerous vesicular and tubular profiles (Fig. 4), often ?
arranged in rows. Many vesicles and tubules were "dented" by polyp-like 'j
imaginations or contained small membrane-bounded spheres filled with material j
similar to the cytoplasmic matrix. In some places, the cytoplasmic face of the i
vesicles and tubules was coated (Fig. 6).
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The FVC showed free polyribosomes, some rough endoplasmic reticulum
(RER) and a distinct Golgi apparatus. Occasionally, some secretory granules were
present (Figs. 4,5, 7). Mitochondria were normal in size and number. The nucleus
was round or oval, with one or more nucleoli and heterochromatin condensed
against the inner nuclear membrane. The FVC were connected with adjacent cells
by a junctional complex and by desmosomes (Figs. 4, 5). They possessed a basal

j lamina, and no special associations with connective tissue elements or nerve cells
|; were found.

With the PA-TCH-SP method (Figs. 7, 8) some special characteristics were
elicited. The apical plasma membrane reacted with this stain, just as the membranes
of the apical vesicles and tubules. The glycocalyx was less distinct than that of the
other cell types. The secretory granules present in some FVC appeared to be PA-
TCH-SP-reactive(Fig. 7) and were similar to those of adjacent mucous cells. The
mature side of the Golgi apparatus and small vesicles near that side were weakly
reactive. Numerous /?-particles of glycogen were present throughout the cells,
though less in the apical region. No PA-TCH-SP-reactivity was observed in the
nucleus, mitochondria, RER and microfilaments.

When lanthanum was admixed during fixation and dehydration, the apical cell
membrane became lined with La-deposits. La was found within small caveolae
continuous with the gastric lumen, but not within the apical vesicular and tubular
structures (Figs. 4, 9).

Electron microscopical stereoscopy of thick UPb stained sections revealed that
many continuities exist between the vesicular and tubular structures seen in thin
sections (Figs. 10, 11). Thus, these structures appeared to be arranged into a
complex, coherent "tubulovesicular system", consisting of narrow (±50nm)
tortuous tubules and wider (up to 400 nm) vesicular outcroppings. The irregular
outline of this system explains the characteristic image of vesicles with
invaginations and small spheres as seen in thin sections. The continuities were

f preferably oriented in the direction of the cell axis. So, mainly vertically arranged
r tubulovesicular complexes alternate with the apical bundles of microfilaments. No
; reliable images of continuity between the tubulovesicular system and the gastric
j lumen were observed.

Columnar Cells of the Gastric Groove [
i

The CCGG were only very faintly stained by MBP and were unreactive to SMA. j
Towards the edge of the groove, the stainability with both MBP and SMA i
increased. At the free surface normal surface mucous cells stainable with both MBP <
and SMA were present immediately adjacent to the CCGG. *

The CCGG (Figs. 12-14) were generally columnar in shape (Fig. 2), but those J
near the bottom of the groove were cuboidal or squamous and arranged in several [i
layers (Fig. 12). The nucleus was located in the base of the cell and was roughly i
round or oval. The heterochromatin was mainly condensed against the nuclear j
membrane, and there was a distinct nucleolus. The rod-shaped mitochondria were ';
especially numerous in the supranuclear zone (Fig. 14). There were many free
polyribosomes and a varying amount of RER. None of these organelles was
reactive to PA-TCH-SP.
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The Golgi apparatus consisted of irregularly distended cisternae. At the mature
face, small vesicles were present. The cisternae and the vesicles at the mature face
were weakly reactive to PA-TCH-SP.

In the most apical part of the CCGG, granules and vesicles were present. The
granules had a diameter of 0.2-0.4 urn and were reactive to PA-TCH-SP. The
vesicles were smaller and were often dented or tubular and had a PA-TCH-SP-
reactive membrane. The CCGG near the bottom of the groove had only few
granules and vesicles just below the apical cell membrane (Fig. 13). The higher the
location of the CCGG in the groove, the more granules and vesicles were present
(Fig. 14). Near the edge of the groove, a sharp border was observed between the
CCGG and the surface mucous cells, which contained larger PA-TCH-SP-reactive
granules.

Especially in the apical part of the CCGG, bundles of microfilaments were
prominent. Sometimes, /f-particles of glycogen were found. The apical cell
membrane bore short microvilli (Fig. 12) with a PA-TCH-SP-reactive glycocalyx.
The cells were joined by junctional complexes and desmosomes, and were separated
from the underlying connective tissue by a basal lamina.

Cells of the Cardiac Glands

The cardiac mucous cells (CMC) were completely filled with mucous granules
faintly stainable with MBP and SMA in light microscopy. The CMC were similar to
the mucous neck cells of the fundus. The cardiac serous cells (CSC) also contained
numerous granules, but these granules were more distinct, clearly stainable with
MBP and unreactive to SMA. They were bigger than the granules of the chief cells

: in the nearby fundic glands, and the CSC themselves were larger than the chief cells
\ and contained more granules. The cells of the gland ducts that opened into the
1 groove revealed the same unreactiveness to the stains as the CCGG.

The secretory granules of CMC, as examined in the electron microscope, were
I often coalesced, even in perfusion fixed material, and had a diffuse content of
i material which was only faintly stained with UPb (Fig. 15), but was clearly reactive
] to PA-TCH-SP (Fig. 18). Part of the granules contained a "core" which was
f unreactive to PA-TCH-SP, but was stained by UPb with the same electron density

as the granules of CSC. The secretory granules of CSC were generally separate and
were moderately electron dense with UPb (Fig. 17) and unreactive to PA-TCH-SP
(Fig. 18). Cells containing granules of both types (CMC and CSC) were also
present.

Both CMC and CSC possessed a PA-TCH-SP-reactive glycocalyx. Only few j
profiles of RER and Golgi apparatus and few mitochondria were present. The \
nucleus was irregularly shaped and revealed a distinct nucleolus and heterochro- j
matin condensed against the inner nuclear membrane. ';[

The cardiac glands communicated with the gastric lumen by straight ducts of 'J
two kinds. The glands lying closest to the groove opened into the groove via tubules ]
lined by CCGG. The more distal cardiac glands, many of which possessed a few j
parietal cells, opened via regular isthmi and foveolae at the free surface. These
isthmi and foveolae were lined with surface mucous cells with an increasing number j
of mucous granules towards the mucosal surface. In both types of ducts, just above {
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the border between the glands and the ducts, undifferentiated cells were present,
though very scarce. The undifferentiated cells were characterized by the absence of
secretory granules and a low degree of development of RER and other organelles
(Wattel et al., 1977a, b). In the same region, immature CMC and CCGG or surface
mucous cells with only few granules were present.

3 H-thymidine Incorporation

3H-TdR incorporation was observed in the cardiac glands and their duels and in the
I isthmi and necks of the fundic glands. No label was present over the cells lining the
| gastric groove (Fig. 16). In the cardiac region, about 60% of the cells that
i incorporated 3H-TdR were located in the ducts. Most of these cells were CCGG,
; but electron microscopic autoradiography revealed that a few labeled cells were
) undifferentiated. About 40% of the labeled cells were CMC (Figs. 15,16), part of

which were immature. Light microscopic, but not electron microscopic autoradio-
graphy revealed a few labeled CSC. Neither FVC, nor CCGG of the groove proper
were found labeled.

Discussion

The ridge between the forestomach and the glandular stomach in the rat provides
an anatomical base for a functional difference between the two parts, although the
compartmentation is not absolute. The non-glandular forestomach serves as an
initial food store and enables a prolonged activity of salivary amylase(Kunstyr et
al., 1976). The glandular stomach is the site of a further peptic degradation of the
food. So, the gastric ridge and groove are located at a physiological borderline,
which is continuously subject to mechanical and chemical irritation (Isomaki,
1973).

The Cardiac Glands

In the rat stomach only a narrow transitional zone of cardiac glands is present.
Because part of them contains a few parietal cells and opens by isthmi and foveolae
like those of the fundic glands, we consider the cardiac glands as incompletely
differentiated fundic glands. The presence of undifferentiated cells, the gradual
transitions between these cells and the mature CCGG and CMC, and the
intermediates between CMC and CSC, suggest that the various cardiac cell types
ultimately arise from a common undifferentiated precursor, just as the cells of the
fundus (Wattel et al., 1977 a), pylorus (Nabeyama, 1975) and intestine (Cheng and
Leblond, 1974; Nabeyama, 1975).

As judged from their ultrastructure and PA-TCH-SP-reactivity, the CMC are
similar to the mucous neck cells of the fundus. The CSC have not been described
until now. Because their secretory granules were fairly well stained by U Pb but were
unreactive to PA-TCH-SP, we suggest that these cells are serous. The CSC differ
from the fundic chief cells by the degree of filling with granules and the size of these
granules. Their polarity indicates that they are not endocrine. Intermediate forms
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containing both CMC- and CSC-type secretory granules suggest that the CSC
differentiate from the CMC or that both cell types originate from a common
precursor.

I The Columnar Cells of the Gastric Groove

f The special cell type that lines the distal wall of the gastric groove and which is here •
I, referred to as CCGG, was considered non-secretory by isomaki (1973). However,
f we observed that the CCGG possessed small secretory granules, which were
I, inconspicuous in light microscopy but were evident in electron microscopy, ;
I especially in PA-TCH-SP-stained material. There is a sudden transition between ;
f' CCGG and surface mucous cells near the edge of the groove. So, the CCGG are a '
1 separate type of mucous cell. The pattern of 3H-TdR labeling indicates that the •
[ CCGG of the groove proper are not proliferative. So, we suggest that they originate
; from the undifferentiated cells and/or the CCGG present in the ducts of the cardiac
jr, glands. The increasing granule content of CCGG towards the edge of the groove ;
; possibly represents maturation of these cells during an upward migration.

The Fibrillovesicular Cells

The fibrillovesicular cells (Hammond and LaDeur, 1968) have been described
under many different names in several parts of the gastrointestinal tract and its '
derivatives in the widest sense (Table 1). Several speculations have been made on i
their function, which could be resorptive (Isomaki, 1962,1973; Nevalainen, 1977), •
chemoreceptive (Silva, 1966; Luciano et al., 1968a,b, 1969; Luciano, 1972a,b; j
Ferguson, 1969; Riches, 1972) or secretory (Murray, 1969; Nabeyama and •
Leblond, 1974). Most authors disagree with the proposed precursor function of •}
these cells (Johnson and Young, 1968), because of their specialized morphology. We ;

found that the FVC do not incorporate 3H-TdR, which shows that they are not .1
proliferative (Wattel et al., 1977a,b; present paper). j

The bundles of microfilaments, especially their arrangement into an axial and a [
circular system, suggest a motility (Silva, 1966; Isomaki, 1973; Nabeyama and 1
Leblond, 1974). However, until now there is no supporting immunocytochemical )
evidence about the presence in FVC of actin, myosin and a-actinin, such as has been
reported in connection with microvillar motility in intestinal absorptive cells 1
(Schollmeyer et al., 1974; Mooseker and Tilney, 1975; Mooseker, 1976; Rodewald '\
etal., 1976). t

The tubulovesicular system is not penetrated by extracellularly administered
lanthanum. Stereoscopy demonstrated many continuities within the system, but no
openings to the lumen. These observations do not support the proposed continuity
of the tubulovesicular system with the gastric lumen (Nabeyama and Leblond,
1974), and they render the name "caveolated cell" inappropriate. Nevertheless, the
PA-TCH-SP-reactivity of the membranes of the tubulovesicular and of the
microvillar systems suggests a relationship between both. This could be accounted
for by a membrane transport (either endo- or exocytotic) between the two systems.

In view of the polyp-like invaginations of the tubulovesicular system and of the
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Table 1. Survey of literature on fibrillovesicular cells

389

Authors Date Species Organ Name Proposed
function

Isomaki 1962,
1973

rat.
hamster,
guinea pig

stomach.
intestine.
gall bladder.
bile duct.
pancreatic
ducts.
gastric groove

tuft cell

Luciano
et al.

1968.
1969,
1972

rat.
mouse

trachea.
lung alveoli.
rectum.
gall bladder.
bile duct

BOrstenzelle
(brush cell)

pinocytosis.
resorption

Silva

Hammond and
La Deur

Johnson and
Young

1966

1968

1968

mouse

dog

dog,
man

colon

gastric fundus

gastric fundus

multivesicular cell

fibrillovesicular cell

undifferentiated cell

secretion or
reception

secretion,
resorption,
or reception

precursor

chemoreception

Ferguson

Murray

Kataoka

Riches

Nabeyama and
Leblond

Watte!
et al.

Nevalainen

1969

1969

1970

1972

1974

1977

1977

man,
dog,
mouse

cattle

mouse

rat

mouse

rat.
mouse

mouse

pyloric antrum

abomasum

gastric fundus,
small intestine

bile duct

stomach,
intestine

gastric fundus

gall bladder

S-cell

filament-containing cell

fibrillovesicular cell

agranular light cell

caveolated cell

fibrillovesicular cell

tuft cell

reception

secretion

reception

secretion

—

rcsorplion

spheres within the tubules and between the microvilli, Nabeyama and Leblond
(1974) proposed that the "caveolae" of the tubulovesicular system would produce
the spheres and secrete them into the gastric lumen. Taking into account our
stereoscopical observations, that reveal the invaginations and spheres as aspects of
the irregular outline of the tubulovesicular system, we doubt this uncommon mode
of secretion. On the other hand, we conclude from the presence of PA-TCH-SP-
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reactive secretory granules in some FVC, that these cells are capable of an incidental
mucous secretion, which indicates their origin from mucous cells or from a common
precursor.

We did not observe junctions of the FVC with the nervous system as have been
found in the rat trachea (Luciano et al., 1968a), nor did we encounter cells with
combined features of both endocrine cells and FVC as have been described for the
stomach and intestine in the rat and the tree shrew (Forssmann et al., 1969;
Helmstaedter et al., 1977). Thus we found no supporting evidence for a receptive or
a regulatory function of the FVC.

In conclusion, the structural characteristics that call for a functional
explanation are the system of microfilaments and the tubulovesicular system.
Because of the special arrangement of these two systems, it is tempting to speculate
that they together exert the FVCs function - if any. The tubulovesicular system and
the lirge microvilli seem to represent a stock of plasma membrane that enables the
cell to vary its surface area considerably within a short time. The motile system of
microfilaments would enhance such a membrane flow. The high frequency of FVC
in the gastric groove suggests a special function of these cells in the food processing
from the forestomach to the glandular stomach, Possibly, experiments on the
occurrence of the postulated membrane flow and on the influence of extreme
mechanical stimuli (e.g. long starvation or stuffing with food) may throw more light
on the function of these cells.
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Incorporation of Labeled Glycoprotein Precursors by the Mucous Cells of the Rat

Gastric Fundus during their Differentiation
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f;-: ' '
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i State University of Utrecht, The Netherlands

i'
: Summary. Labeled leucine, serine, galactose, glucosamine, and sulphate were ad-

?"''., ministered to rat stomachs in a perfusion system. Sections of the gastric fundus

'{•', were studied by light microscopic autoradiography. Five categories of mucous

cells were distinguished and their glycoprotein synthetic activity was measured

;\ by counting the autoradiographical grains over each category. The morphological

;•?• differentiation of surface mucous cells (SMC), which takes place during their

:..-; migration from the isthmus of the fundic glands to the free (luminal) surface,

<• was reflected by an increase in precursor incorporation, thus by an increasing

ïy, synthetic activity. Differences between the incorporation patterns of the vari-

|J ous precursors in cells of different ages suggested, that structural development

(•-'. runs ahead of functional activity. The incorporation of sulphate was consider-

k ', ably lower in the SMC of the free surface than in the foveolar SMC, which sup-

\ ports earlier histochemical observations. A low rate of precursor incorporation

i by the mucous neck cells (MNC) demonstrated that these cells do not play an im-

'•; '• portant role in gastric mucus synthesis. MNC did not incorporate sulphate,

i' ; which is consistent with histochemical observations.

L.., In conclusion, the bulk of gastric glycoprotein synthesis is carried out by

}' '. non-proliferative cells, although proliferative activity of the gastric mucous

I;-' cells does not fully exclude functional activity.

Key words: Gastric mucous cells (Rat) - Differentiation - Glycoproteins -

Precursor incorporation - Autoradiography.

73



I n t r o d u c t i o n

As in other animals, the mucous epithelial cells of the rat gastric fundus are

; subject to a rapid turnover. Proliferative cells are located in the isthmus and

! the neck of the fundic glands. Most of the proliferative cells in the isthmus

j show the ultrastructural and histochemical characteristics of surface mucous

f cells (SMC). Only a few are undifferentiated in that they do not show these

j characteristics. The proliferative cells in the neck region, as judged from

; their ultrastructural and histochemical characteristics, are mucous neck cells

I (MNC) and cells intermediate between SMC and MNC. Together with part of the un-

differentiated cells they maintain the population of MNC. This means that most

proliferative cells in the rat gastric mucosa are morphologically differentiated

(Wattel et al., 1977a). This is supported by our ultrastructural study on re-

generating mouse gastric mucosa (Wattel et al., 1977b).

The new SMC formed by the proliferative activity in the isthmus migrate a-

long the foveolae towards the luminal surface (Stevens and Leblond, 1953; Hunt,

1957; Willems et al., 1971; Lipkin, 1973; Hattori, 1974; Hattori and Fujita,

1976). During the migration of a young SMC to the surface, the amount of rough

endoplasmic reticulum (RER) increases and the cell apex is filled with more

secretory granules (Wattel et al., 1977a). The first aim of the present study

was to investigate the rate of glycoprotein synthesis in the proliferative cells

and the older SMC.

Ultrastructural studies showed that the MNC are usually full of large secre-

tory granules, which are less electron dense than those of SMC (Corpron, 1966;

Wattel et al., 1977a). These secretory granules are less reactive to PAS and to

Thiéry's ultrastructural carbohydrate stain than those of SMC. Furthermore, they

are not stained by alcian blue at pH 0.5-1.0, nor at pH 2.5, whereas those of

SMC are stained by these methods. This indicates the presence of a neutral

glycoprotein in the MNC and of an acid glycoprotein in the SMC (Lambert et al.,

1968; Willems and Gerard, 1969; Sheahan and Jervis, 1976; Wattel et al., 1977a).

So, we were interested in the possible differences in synthetic activity between

the SMC and the MNC and in the kinds of glycoprotein precursors incorporated by

these cells.

Finally, in order to verify the conclusion from histochemical observations,

that the secretory product of the SMC in the upper part of the foveolae locses \J

its sulphated character (Lambert et al., 1968; Willems and Gerard, 1969; :j
'I

Sheahan and Jervis, 1976; Wattel et al., 1977a), we studied the incorporation of 1

labeled sulphate ac different levels in the fundic pits and glands. •'

74



M a t e r i a l a n d m e t h o d s

Perfusion system. Albino Wistar rats (TNO, Zeist, The Netherlands), weighing

100-300 g, were starved overnight. The stomach was removed under urethane

anaesthesia and was connected with a perfusion system through the celiac artery.

The perfusion medium was a Tyrode solution supplemented with excess bicarbonate,

with nucleosides and with araino acids in serum concentrations. As an oxygen

I, carrier fluorocarbon FC-75 (3M Company, St. Paul, Minnesota, USA) was added in

emulsion with a small amount of the detergent F 68 (Nefron Chemie, Amsterdam,

I The Netherlands). During perfusion the medium was continuously oxygenized and

• thermostabilized at 37 C. The pH of the medium was 7.4. The perfusion pressure

i, was maintained at 120 cm water. An oxygen electrode was included in order to

; monitor the oxygen consumption of the isolated stomach, as an index of its

; viability. Details on the surgical preparation of the stomach, the perfusion

> system and the composition of the perfusion medium will be published elsewhere.

' Incorporation of precursors. The following labeled precursors were used:

[3H]-leucine (s.a. 50.0 Ci/mMol), [3HJ-serine (17.0 Ci/mMol), [3H]-galactose
;. (5.2 Ci/mMol), [3H]-glucosamine (23.0 Ci/raMol), and [35sJ-Na2SO4 (carrier-free).

j All radiochemicals were obtained from the Radiochemical Centre, Amersham,

r England. In eacl: experiment, the quality of the system was checked by measuring

I of flow and oxygen consumption during 15 min. Then one of the precursors was

{-•'• added to the perfusion medium (10 uCi/ml) during 30 min. Subsequently, the

: medium was replaced Ly fresh, unlabeled medium and the perfusion was continued

; for 15 min. Each precursor was tested in duplo. Only those experiments were

' used for further analysis in which both the amount of precursor incorporated

i (as measured provisionally in a liquid scintillation counter) and the quality

;;, of the fixation were considered adequate.
} -
'i (r

! ; Fixation. Immediately after the experiment, the vascular system of the stomach

', / and the gastric lumen were perfused with a mixture of 1% formaldehyde, \7.

• : glutaraldehyde and 1% sucrose in a 0.1 M phosphate buffer (pH 7.4), for 10 min

if at room temperature. A transversal strip of the fundus (2 x 15 mm) was excised

1/ perpendicular to the greater curvature, approx 2 mm below the gastric ridge,
and was cut into blocks (± 250 ym thick). These blocks were fixed for 2 h at

0 C in the same fi>

with 0.I M sucrose.

0 C in the same fixative and then washed in the phosphate buffer supplemented
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In some cases, the tissue was removed and sliced without previous perfusion

• fixation and was fixed by immersion in a mixture of 2% glutaraldehyde, 1% acro-

f lein, and 1.25% dimethylsulphoxide in a O.I M cacodylate buffer (pH 7.4) for 2 h

at 0° C. Then, the blocks were washed in the buffer. All tissue blocks were post-

fixed for I h in 1% OsO, in Falade's veronal-acetate buffer (pH 6.9), rinsed in

0.9% NaCl, dehydrated in graded alcohols and embedded in Epon.

Electron microscopy. Thin sections (60-80 nm), stained wi th 5% aqueous uranyl

acetate for 10-15 min and with Reynolds' lead citrate for 2 min, were studied in

a Philips EM 30] electron microscope.

Autoradiography. Thick sections (1 ym) were mounted on glass slides and pre-

treated for 10 min with 1% periodic acid. Autoradiograms were prepared with

Kodak AR 10 stripping film. They were exposed at 4° C for times varying from I

to 58 days, depending on the precursor used. They were developed in Kodak D 19 b,

fixed in 20Z aqueous sodium thiosulphate, stained with methyleneblue and studied

in the light microscope.

Aspecific binding of radioactive precursors. To estimate the amount of radioac-

tive precursors bound to the mucous cells without being incorporated into secre-

tory glycoproteins ("aspecific binding"), several control experiments were car-

ried out. In one experiment with [ H]-serine, cycloheximide (0.7 x 10 M) was

added to the perfusion media before, during and after label administration, in

order to inhibit most of the (glyco)protein synthesis. After the same exposure

time, the mean numbers of silver grains per cellular area (see below) of the

various mucous cell categories amounted to 10-15% of the numbers found in ex-

periments without cycloheximide. For radioactive leucine about the same value

(ca 10%) was found in pieces of fundic mucosa fixed by aldehydes after incuba-

tion (instead of perfusion) in the presence of puromycin (10 M), an other in-

hibitor of protein synthesis. The number of silver grains found in aldehyde-

fixed pieces of fundic mucosa after incubation with [ Hj-galactose at 0 C, was

5% of the value found at 37 C. Finally, so little radioactive sulphate was

bound to pieces of fundic mucosa during incubation at 0° C that the number of

silver grains did not exceed the background values measured in unlabeled tissue.

Countings and statistics. From each experimental animal 5-10 tissue blocks were

used (Table 1). From each tissue block one section was analyzed. Gastric mucous
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cells were divided into five categories (Fig. 6). Silver grains were counted

systematically over 50 cells of each category per section. In a few cases only

a smaller number of cells could be counted. The total number of silver grains

counted was 29,574 for leucine, 41,523 for serine, 26,280 for galactose, 4,488

for glucosamine, and 41,768 for sulphate. For each cell category in each section

the mean number of silver grains per cellular area was determined. This is the

quotient of the number of silver grains and the number of cells (usually 50).

This quotient was used as an index of the radioactivity incorporated per cell.

j'. Per experiment the mean values and s.e.m.'s (standard error of the mean) of

J."" these quotients were calculated. The differences between these mean values for

| each pair of adjoining cell categories were tested statistically (Wilcoxon's

test, bilaterally, a = 0.05).

R e s u l t s

Quality of the perfusion system

The success of the perfusion of the isolated stomachs was variable. In the ex—

• periments reported here, the flow varied from 2.0 to 6.3 ml/min (mean 4.4).

'.! Oxygen consumption was always marked, but was not measured quantitatively. A

| successful perfusion was characterized morphologically by wide blood capillaries

( without erythrocytes and by the ultrastructure of the mucous cells.

In each experiment we measured the amount of bound precursor in the liquid

scintillation counter before we decided whether or not the tissue would be
i

analyzed by autoradiography. The incorporation varied considerably between the

•',, different precursors used. This is reflected by the differences in exposure

• times of the autoradiograms (Table 1). There were often marked differences be-

tween experiments with the same precursor. There was no clear relation between

; these differences and the flow or other characteristics of the experiment.

i
Ultrastructure and quality of fixation

The ultrastructure of the mucous cells of the rat gastric fundus has been de-

scribed before (Corpron, 1966; Wattel et al., 1977a). In the present experiments

the quality of fixation of the cellular substructure was not different from that

obtained in decapitated animals fixed immediately after death (Wattel et al.,

1977a). We did not observe significant differences between the two fixation

methods employed in this study.
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SMC (Figs. 1, 2, 3, 4) were characterized by relatively small secretory

granules. These granules varied in electron density, but were always denser than

those of the MNC in the same section. In the lower part of the isthmus only a

few secretory granules were present in each cell (Fig. 4 ) , whereas their number

was high in the cells of the foveola and the free surface (Figs. 1, 2). The MNC

(Fig. 5) had larger secretory granules than the SMC, and these granules were

moderately electron dense. Fusions between the secretory granules of MNC were

frequent, but varied even within one section.

The perfusion often caused a local dilatation of tha intercellular spaces

between the SMC of the free surface (Fig. 1) and partial separation of these

cells from the basal lamina. This phenomenon did not affect seriously the ultra-

structure of the cells.

Autoradiographical data

The mucous cells were divided into the following five categories (Fig. 6):

1. The SMC of the gastric luminal surface

2. The SMC of the foveola

3. The SMC of the upper half of the isthmus

4. The SMC of the lower half of the isthmus

5. The MNC

, i The borderline between the first two categories was arbitrarily located at the

f ' mouth of the foveola. The border between the foveola and the isthmus is marked

I' ) by the uppermost parietal cell (Wattel et al., 1977a). The border between the

- i isthmus and the neck is marked by the uppermost MNC as visualized by a staining

i!

Figs. 1-5. Examples of the five categories of gastric mucous cells. Perfusion
fixation after incorporation experiment.
s secretory granules. The magnification standard in Figure I applies to all
Figures of this page
Fig. 1. Surface mucous cell (SMC) at the gastric luminal surface. Note wide
intercellular spaces (is) due to perfusion fixation
Fig. 2. SMC in the foveola
Fig. 3. SMC in the upper part of the isthmus, pa part of a parietal cell
Fig. 4. SMC in the lower part of the isthmus, with only a few secretory
granules
Fig. 5. Mucous neck cell (MNC)
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Left: schematical drawing of the upper part of a gastric gland, illustrating
the distribution of the five categories of mucous cells. Fat arrow: upper
parietal cell; thin arrow: position of upper MNC.
Right: semi-quantitative representation of the distribution of each precursor
over the five cell categories, based on table 1. Significant differences are
indicated by different shading:

HIM" n o t significantly different from 100%

//^//= significantly lower (75-IQOZ)

\\\\\- id. (50-75%)

= = id. (25-502)

I~~\- id. ( 0-25Z)

leu leucine; ser serine; gat galactose; glc glucosamine; SCQ sulphate

difference between the secretory granules of SMC and MNC (periodic acid -

methyleneblue stains SMC granules dark blue and MNC granules light purple-blue).

The boundary between categories 3 and 4 was simply drawn half-way the length of

the isthmus.
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Table 1. Incorporation of precursors in the various cell categories. For each category

the mean is expressed as a percentage ± s.e.m. of the mean for the foveolar SMC.

Exp. Precursor Exposure Number SMC SMC SMC SMC
nr. time of surface foveola upper lower

(days) sections isthmus isthmus

MNC

leucine
5

10

42.2 ± 4.0 JOO

55.4 + 4.5 100

95.6 ± 6.6

98.2 ± 7.7

69.5 ± 4.4

57.8 ± 5.2

62.5 + 5.0

58.7 ± 5.4

87.4 ±13.0

83.5 ±34.8

100

100

87.7 ±13.7

74.6 ±30.8

67.2 ±13.4

45.9 ±18.4

79.9 ±17.5

50.7 ±18.7

galactose
40

57

67.2 ±12.7

84.5 ±12.9

100

100

66.1 ±11.8

97.4 ± 9.4

21.0 ± 3.7

37.6 ± 4.8

14.4 ± 2.1

25.2 ± 5.8

galactose
(immersion
fixed)

33
111.1 ±21.9

72.5 ±11.2

100

100

53.5 ± 9.6

60.9 ± 7.3

22.5 ±3.7

23.1 ± 2.6

23.6 ± 4.8

25.4 + 4.0

9

10

glucos-
amine
(immersion
fixed)

58 136.2 ±24.2

122.1 ±28.6

100

100

71.4 + 8.3

67.8 ±10.4

41.2 ± 7.2

40.7 + 6.8

33.3 ± 4.0

39.4 ± 6.2

11

12
sulphate

10

49.7 ± 9.1

27. 1 + 5.4

100

100

56.6 ± 6.1

97.8 ±14.3

21.4 + 2.7

28.8 ± 4.8

7.2 +1.1

10.1 ± 1.7

^"'^«^&yb:j;^





The rate of incorporation of the various precursors into the five cell cate-

gories was determined in the autoradiograms. The data are summarized in Table 1

and visualized in Fig. 6. The significant trends are described below.

The incorporation of leuaine increased from the lower to the upper isthmic

SMC, remained equal in the foveolar SMC and decreased in the free surface SMC.

The incorporation into MNC corresponded to the incorporation into the lower

isthmic SMC.

In the case of serine (Figs. 7, 8), the number of grains increased from the

lower isthmus to the foveola. Again, the radioactivity decreased from the

foveola to the free surface, though less marked than with leucine. The MNC did

v not differ from the lower isthmic SMC. In the control experiment with serine

1. and cycloheximide no differences were observed between the pairs of adjoining

j cell categories, but significantly more silver grains were present over the

r foveolar SMC than over the lower isthmic SMC.

fj' With galaatose (Figs. 9, 10) the total radioactivity was considerably lower

fv than with the amino acids. The four experiments showed some minor differences.

f'. The overall picture was, that galactose incorporation increased from the lower

j isthmus to the foveola and remained at the same height in the SMC of the sur-

»( face. Again, no difference was observed between the MNC and the lower isthmic

|? SMC-
f Although the grain counts with glueosamine were very low, the trends were

K clearly similar to those with galactose: an increase from the lower isthmus to

fc' the foveola, a stay at the same level in the superficial SMC, and an equal in-

U| corporation in MNC and lower isthmic SMC.

Figs. 7-11. Autoradiographs of gastric mucosa, showing the distribution of some
precursors over the five categories of cells.
s surface; ƒ foveola; ui upper part of the isthmus; Zi lower part of the isth-
mus; n neck. The magnification standard in Figure 7 applies to all Figures of
this page
Fig. 7. Survey of a fundic gland from the isthmus to the surface.
Serine, exposure time 6 days. Most label is present over the foveola and the
upper part of the isthmus
Fig. 8. Chief (ao) and parietal (pa) cells from the same section as Figure 7.
Serine, 6 days. Chief cells are heavily labeled
Fig. 9. Surface anil foveola. Galactose, 40 days. Most label is present over the
foveolar SMC
Fig. 10. Isthmus and neck, same section as Figure 9. Galactose, 40 days. Note
considerable labeling of the upper isthmic SMC
Fig. 11. Survey of a fundic gland from the isthmus to the surface. Sulphate, 4
days. Note heavy labeling over the upper isthmic and foveolar regions and very
low labeling at the surface
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The silver grains caused by the radioactive sulphate were more scattered

over the tissue than those of the [ H]-label of the other precursors, but never-

theless the differences between the cell categories were marked (Fig. II). Sul-

phate incorporation increased from the lower isthmus towards the foveola and de-

creased again in the SMC of the free surface. The MNC showed significantly less

sulphate label than the lower isthmic SMC.

We did not quantify the precursor incorporation by the pepsinogen producing

chief cells, but it was clear that these cells incorporated much more leucine

and serine than the mucous cells. On the other hand, the incorporation of galac-

tose, glucosamine and sulphate did not exceed that of the MNC. In the parietal

cells, the mean number of silver grains per cellular area was one to two times

that of the MNC with all precursors tested. In this context it is important to

note that parietal cells are considerably larger than the other cell types

(Figs. 7, 8, 10, II), which of course influences the mean grain number per cell-

ular area.

D i s c u s s i o n

To compare the glycoprotein precursor incorporation of gastric mucous cells of

different ages, i.e. at different levels in the fundic mucosa, an even precursor

supply to all cells is essential. Previous experiments showed that in small

pieces of gastric tissue incubated in vitro, the radioactivity incorporated

1showed a gradient from the outside to the inside of the tissue blocks (Kramer

and Geuze, 1977). Injections of labeled precursors in vivo did not result in an 1

incorporation high enough to allow autoradiographic studies of mucous cells in j

the stomach. So, we chose a perfusion system guaranteeing a sufficient supply "%

and even distribution of the precursors. Nevertheless, in some cases we found :

considerable variations between experiments with the same precursor. Since we -'•

were only interested in the relative differences in precursor incorporation be- Z,

tween the various categories of mucous cells, we could accept these variations, •

which were possibly due to the experimental conditions. \

The condition of the fixed tissue was not optimal. The main difference with -•(

freshly fixed tissue (Wattel et al., 1977a) was the local swelling of the inter- |

cellular spaces and of the space between the SMC and the basal lamina near the -]

mucosal surface. However, from comparison with intact regions it appeared that fj

this swelling did not affect seriously the ultrastructure of the SMC, nor their 'J

ability to incorporate the precursors. There were no marked differences between 'f
A
3 -

?

f
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ii immersion and perfusion fixed tissues.

i- By each method used now and before (Wattel et al., !977a), the fixation

quality of MNC was variable, mostly with swollen and more or less confluent

granules. We never succeeded in obtaining MNC with all secretory granules intact

!•• and distinct. Obviously, the mucous granules of MNC are very sensitive to any

I* change in the intracellular conditions, much more so than the granules of SMC.

|.: The radioactivity incorporated in the control experiments (see material and

f; methods) can be ascribed partly to an aspecific binding of the labeled precursors

J by the fixative, and partly to a residual incorporation of the precursors into

!•'• (glyco)protein (Kramer and Geuze, 1977). The latter is suggested by the differ-

; ence between the foveolar and the lower isthmic SMC in the experiment with serine

k-'j and cycloheximide, which may indicate that the inhibition of protein synthesis by

;,* cycloheximide was not absolute, but that every mucous cell was inhibited propor-

i ": tionally. Just as in our previous work (Kramer and Geuze, 1977) the amounts of

; * radioactive precursors aspecifically bound were small enough not to influence

I significantly the trends found in the main experiments.

i ',, Functional maturation of SMC

The succession of cells from the isthmus to the surface reflects an age distri-

bution (Stevens and Leblond, 1953; Hunt, 1957; Lipkin, 1973; Hattori and Fujita,

1976; Wattel et al., 1977a). The isthmic SMC and undifferentiated cells are pro-

liferative. Newly formed SMC migrate upwards during their aging and replace the

cells lost from the surface.

For all precursors used, we observed an increasing incorporation of label per

cell from the SMC in the lower isthmic compartment towards the upper isthmic or

foveolar SMC. Over the same stretch the amount of rough endoplasmic reticulum and

the size and number of secretory granules increases too (Mattel et al., 1977a).

So, the pattern of precursor incorporation coincides with the morphological

maturation of SMC.

The differences between the incorporation patterns of the various precursors

can be explained by the different uses the cells make of them. Leucine is equally

used for the synthesis of both constitutive and secretory (glyco)proteins (Kramer

and Geuze, 1977), whereas the sugars and sulphate are almost exclusively used for

the synthesis of secretory glycoproteins. So, the latter precursors are the best

probes for the activity of the cells in mucus synthesis, whereas leucine provides

additional information about constitutive synthesis. More serine is used for the

synthesis of secretory glycoproteins than for constitutive elements (Spee-Brand,
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Strous and Kramer, to be published), and should show an incorporation pattern

intermediate between those of leucine and the sugars.

We found that the labeling gradient from the lower isthmic towards the

foveolar SMC was steeper for the sugars and sulphate than for leucine and serine.

In the case of the amino acids the incorporation in the lower isthmic cells was

» more than half that of the foveolar cells, whereas relatively little sugar and

f sulphate was incorporated in the isthmus. This means that the SMC in the lower

f part of the isthmus are not very active in the synthesis of secretory glyco-

12 proteins, but do synthesize a considerable amount of constitutive proteins. Thus,

j during maturation of SMC the development of the structural elements (including

i the equipment for mucus synthesis) preceeds functional activity (mucus synthe-

i-" sis).

•- The incorporation of leucine was already maximal in the upper isthmic SMC,

'•• and showed a marked decrease towards the free surface. On the other hand, the

• incorporation of galactose and glucosamine reached its maximum not before the

! foveola and remained high in the SMC at the free surface. Serine showed an inter-

', - mediate character: only in one case its incorporation increased further from the

\ upper isthmus to the foveola; a decrease towards the surface was significant

though less marked than for leucine. We concluded from these incorporation pat-

terns that the formation of constitutive elements is largely finished in the

upper isthmic SMC and decreases considerably in the older SMC, whereas the syn-

thesis of secretory glycoproteins increases further in the foveolar SMC and does

not decay with age.

The fact that sulphate is incorporated into the SMC supports the conclusion

C'i of Liau and Horowitz (1974), that rat gastric mucous cells do produce sulphated

glycoproteins, and that the presence of sulphated glycoproteins in the stomach

cannot be ascribed to contamination with salivary mucus only (Chayvialle and

Lambert, 1973). It is evident that the pattern of sulphate incorporation in SMC

mimics the pattern of the sugars, but its decrease from the foveola to the free

surface is striking. This phenomenon confirms the histochemical observation,

that the mucus of the older SMC is less acidic in character than that of the

younger SMC (Lambert et al., 1968; Willems and Gerard, 1969; Sheahan and Jervis,

1976; Mattel et al., 1977a).

Glycoprotein synthesis by MMC

In almost all experiments with the amino acids and sugars we found the same pre-
•i

cursor incorporation in the isthmic SMC and the MNC. This implies that the syn- i
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thetic activity of MNC is as low as that of the youngest SMC. The morphology of

MNC shows that they are packed with mucous granules. Of course, in steady state

their secretory activity must be proportional to their synthetic activity. So,

they cannot play an important role in gastric mucus production. They are rather

a transient stage in the differentiation towards chief cells which probably

derive from them (Townsend, 1961; Helander, 1969).

Again the pattern of sulphate incorporation is striking. Sulphate was the

only precursor that was incorporated into the MNC at a rate definitely different

|_' from the incorporation into the youngest SMC. The sparse sulphate label present

i- over the MNC did not exceed background. Obviously, rat MNC do not incorporate

j sulphate into their secretory product, which conclusion is in agreement with the

\ histochemical observation that MNC are not stained by alcian blue (Lambert et al.,

»-., 1968; Willems and Gerard, 1969; Sheahan and Jervis, 1976; Mattel et al., 1977a).
i

i
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I V I . SAMENVATTING

i
.'. In het hier beschreven onderzoek is getracht een verband te leggen tussen de

h differentiatie en de delingsaktiviteit van maagslijmcellen bij de rat en de muis.

I" In eerste instantie (hoofdstuk II) werd gezocht naar morfologische kriteria voor

i; het begrip differentiatie. Daarbij gingen we ervan uit dat een jonge cel, die

: blijk geeft van enige funktionele aktiviteit (i.e. slijmsynthese), als gediffe-

y rentiëerd kan worden beschouwd. Het was dus noodzakelijk een morfologisch krite-

rium te vinden voor funktionele aktiviteit van de in aanmerking komende celsoor-

ten, te weten de oppervlakkige slijmcellen (SMC) en de halsslijmcellen (MNC).

Het morfologische onderscheid tussen de gedifferentieerde SMC en MNC berust

vooral op de verschillen tussen hun mukeuze sekretieprodukten. Lichtmikrosko-

i pische koolhydraathistochemie (alciaanblauw bij verschillende pH's en PAS) wees

•; uit dat het slijm van de SMC zuur van karakter is (door sulfaat- en siaalzuur-

1= groepen) en dat van de MNC neutraal. In de oudste SMC bleek dit zure karakter

van het geproduceerde slijm geleidelijk verloren te gaan. Elektronenmikrosko-

v pisch konden SMC en MNC onderscheiden worden op grond van de grootte van de se-

i kreetgranula (bij MNC groter) en hun elektronendichtheid na uraan/lood-kleuring

j (bij MNC minder elektronendicht). Een ultrastrukturele koolhydraat-kleuring

' volgens Thiéry (perjoodzuur - thiocarbohydrazide - zilverproteinaat) kleurde

' eveneens de MNC-granula minder sterk dan de SMC-granula.

| Omdat de Thiéry-methode selektief het slijm (glycoproteïne) in de cellen

f kleurt, dus aangrijpt op een punt waaruit funktionele aktiviteit blijkt, leverde

; deze methode hec belangrijkste kriterium op voor het onderscheid tussen gediffe-

j rentiëerde en ongedifferentieerde cellen, n.l. een Thiëry-positie iolgi-appa-

i raat, hetgeen meestal gepaard ging met Thiéry-positieve sekreetgr^.iula. Op grond

i van dit kriterium (en van enkele bijkomende ultrastrukturele kriteria, zoals de

i , mate van ontwikkeling van RER en het aantal polyribosomen), bleek dat werkelijk

{•' ongedifferentieerde cellen in de maagkliertjes zeldzaam zijn. Het was zelfs niet

mogelijk vast te stellen of elk kliertje tenminste één ongedifferentieerde cel

|; bevatte. Uit diverse overgangsvormen kregen we zeer sterk de indruk, dat zowel

ï\ SMC als MNC als ook - via deze celtypen - de pariitale en hoofdcellen uiteinde-

lijk zijn afgeleid van één type ongedifferentieerde cel.

Prolifererende cellen werden gemerkt door proefdieren te injiceren met H- J

thymidine, dat selektief wordt ingebouwd in DNA tijdens de aan de mitose voor-

afgaande DNA-synthese-fase. De gemerkte cellen werden opgespoord m.b.v. licht- V

mikroskopische autoradiografie en deze zelfde cellen werden vervolgens opge- "ï
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zocht in aangrenzende elektronenmikroskopische coupes. Op deze wijze kon worden

vastgesteld, dat ds meeste prolifererende cellen herkenbaar waren als (jonge)

SMC, MNC of een tussenvorm, d.w.z. als gedifferentieerde cellen. De jonge SMC

hadden hierin het voornaamste aandeel. Slechts ± 10Z van de gemerkte cellen was

ongedifferentieerd. Hieruit kan de konklusie getrokken worden, dat delingsakti-

viteit en funktionele aktiviteit elkaar niet uitsluiten, dus dat de slijmsyn-

these al in een jong stadium van de cel op gang komt. Het is uit onze onderzoe-

kingen niet duidelijk geworden of de aanwezigheid van ongedifferentieerde cellen

in een reeds bestaand maagkliertje strikt noodzakelijk is om een voortdurende

celaanmaak te waarborgen.

Om aan bovenstaande konklusie meer grond te geven was het nodig grotere aan-

tallen prolifererende cellen te onderzoeken. Een geschikt experimenteel systeem

voor dat doel was voorhanden op het Energie-onderzoek Centrum Nederland (ECN)

te Petten. Uit onderzoek van Davids1 vas gebleken, dat muizen die bestraald wa-

ren met snelle neutronen (dosis 400 rads), een aanzienlijke schade aan hun maag-

epitheel opliepen, die ze onder adequate verzorging konden herstellen. In deze

regeneratieperiode werd de delingsaktiviteit in de totale mucosa tot ± 5 x ver-

hoogd, terwijl in coupes grote groepen van bij elkaar liggende delende cellen

werden gevonden. In hoofdstuk III is de ultrastruktuur (inklusief Thiéry-kleu-

ring) van deze delende cellen beschreven. Ook nu werd gevonden dat het meren-

deel van de delende cellen herkenbaar was als gedifferentieerde cel, hetzij als

SMC, hetzij als MNC. Hoewel in de groepen van delende cellen ook enkele onge-

differentieerde cellen werden gezien, kon niet worden vastgesteld of deze onge-

differentieerde cellen strikt noodzakelijk waren voor de regeneratie.

In hoofdstuk IV is het onderzoeksveld verlegd naar de cardia en de maag-

groeve. Ook hier werd de voornaamste delingsaktiviteit waargenomen in gediffe-

rentieerde cellen, n.l. de mukeuze cellen van de cardia (CMC) en een speciaal

celtype, dat de maaggroeve en de hierin uitmondende foveolae bekleedt, de

"cylindrische cellen van de znaaggroeve" (CCGG). Daarnaast werd eveneens een ge-

ring aantal ongedifferentieerde cellen aangetroffen. De voornaamste aanleiding

om dit gebied van de maag te onderzoeken was het feit dat in het epitheel langs

de groeve een groot aantal fibrillovesiculaire cellen (FVC) aanwezig zijn. Van

deze cellen is wel gesuggereerd dat ze de ongedifferentieerde voorlopers zouden

zijn van de andere maag-epitheel-cellen. Wij vonden echter geen inkorporatie van

1 Zie noot op pg. 94.
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r H-thymidine in FVC en bovendien was al bij de bestralingsproeven gebleken, dat
't

f ze naar verhouding laat terugkeren in regenererend maagveefsel. Onze konklusie

J.' hieruit is, dat de FVC geen rol spelen bij de aanmaak van nieuwe cellen in de
t

h maag. Ondanks enkele nieuwe gegevens over de ultrastruktuur van deze cellen

f- (vooral wat de bouw van hun kenmerkende "tubulovesiculaire systeem" betreft),

r kunnen wij nog geen konklusie trekken omtrent hun werkelijke funktie.

!'; Om onze konklusies uit het morfologische onderzoek nog eens langs een andere

[: weg te toetsen werden tenslotte (hoofdstuk V) funktionele experimenten uitge-

voerd. Geïsoleerde magen werden in een perfusiesysteem voorzien van verschillen-

de radioaktief gemerkte (glyco)proteïne-precursors, n.l. leucine, serine, galak- :

tose, glukosamine en sulfaat. De mate van inkorporatie van deze precursors werd

autoradiografisch bepaald en de aldus verkregen gegevens werden geïnterpreteerd

als maatgevend voor de synthese-aktiviteit van de onderzochte cellen. In grote

lijnen werden onze al beschreven morfologische indrukken bevestigd. Reeds onder-

in het isthrausgebied, dus in de proliferatiezone, vond slijmsynthese plaats, zij

het op geringe schaal. Bij de ouder wordende SMC nam de synthese toe om in de

: foveolae en aan de oppervlakte een hoogtepunt te bereiken. Tijdens deze ontwik-

keling liep de aanmaak van konstitutieve elementen (weerspiegeld in de inkorpo-

ratie van leucine) iets vooruit op de slijmsynthese-aktiviteit (inkorporatie '.

van galaktose en glukosamine). De oudste (goed gevulde) SMC gingen onverminderd

met de slijmsynthese door zonder zich nog verder met sekreetgranula te vullen, ,

vat betekent dat ze ook slijm moeten secerneren (of intern afbreken) voordat ze

worden afgestoten in het maaglurnen. Deze sekretie, samen met de waarneming dat

de inkorporatie van sulfaat bij de oudste SMC afnam, verklaart de histochemische •

waarneming, dat de oudste SMC een minder sterk gesulfateerd slijm bevatten. •

De synthese-aktiviteit van de MNC bleek biezonder laag te zijn (vergelijk- j

baar met die van de jongste SMC). De histochemische waarneming, dat het slijm —

van MNC neutraal is, werd bevestigd door het uitblijven van sulfaat-inkorporatie '

in deze cellen. Het is vooralsnog niet duidelijk, of de MNC ook verloren gaan

door uitstoting, of alleen door verdere differentiatie (tot pariëtale en hoofd-

cellen) .

De slotkonklusie uit dit onderzoek luidt dat het voornaamste aandeel in de

produktie van het maagslijra bij de rat en de muis wordt geleverd door niet meer \

delende, oudere SMC langs de foveolae en het maagoppervlak. Uit de morfologie 1

en het vermogen tot inkorporatie van glycoproteïne-precursors van prolifereren- \'\

de cellen in de isthmus van de maagkliertjes blijkt, dat differentiatie tot '

slijmproduktie verenigbaar is met celvermeerdering. Of voor deze celvermeerde- '

9)



¥•

ring noodzakelijkerwijs ongedifferentieerde cellen moeten optreden als stamcel-

len kon niet worden vastgesteld, maar de geringe frequentie waarin delende onge-

differentieerde cellen gezien werden, wijst erop dat het voortdurende celverlies

in het maagepitheel vooral wordt goedgemaakt door proliferatie van cellen die al

met hun differentiatie begonnen zijn.
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SUMMARY

In the investigation reported here we have tried to find a relation between the

differentiation and the mitotic activity of gastric mucous cells of the rat and

the mouse. Primarily we tried to establish morphological criteria for differenti-

ation (chapter II). He presumed that a young cell revealing some functional ac-

tivity (i.e. mucus synthesis) can be considered differentiated. So, it was

necessary to find a morphological criterion for functional activity of the cell

types considered, namely the surface mucous cells (SMC) and the mucous neck cells

(MNC).

The morphological discrimination between the differentiated SMC and MNC is

based mainly on the difference between their mucous secretory products. Light

microscopical carbohydrate histochemistry (alcian blue at different pH and PAS)

showed that SMC mucus is acid (due to sulphate and sialic acid groups) and MNC

mucus is neutral in character. The acid character of the SMC mucus was gradually

lost in the oldest SMC. SMC and MNC could be discriminated electron microscopic-

ally by the size (larger in MNC) and the electron density after uranium/lead

staining of their secretory granules (less dense in MNC). An ultrastructural

carbohydrate stain after Thiéry (periodic acid - thiocarbohydrazide - silver

proteinate) also stained the MNC-granules less intensely than the SMC-granules.

Because Thiéry's method selectively stains the mucus (glyco-protein) in the

cells, which gives evidence of functional activity, this method provided the main

criterion for the discrimination between differentiated and undifferentiated

cells, viz. a Thiéry-positive Golgi apparatus, which was mostly accompanied by

Thiêry-positive secretory granules. According to this criterion (and to some

additional ultrastructural criteria such as the development of RER and the number

of polyribosomes) truely undifferentiated cells were found to be scarce in the

gastric glands. It was not even possible to find out whether each gland contained

at least one undifferentiated cell. The occurrence of several intermediate forms

strongly suggested that SMC and MNC as well as - via these cell types - parietal

and chief cells ultimately arise from one type of undifferentiated cell.
3

Proliferative cells were labeled by injecting experimental animals with H-

thymidine, which is selectively incorporated inco DNA during the pre-mitotic DNA

synthesis. The labeled cells were traced by light microscopical autoradiography

and then the scone cells were identified in adjoining electron microscopical

sections. In this way we found that most proliferative cells were recognizable as

=1

•j
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f: (young) SMC, MNC of intermediate cells, i.e. as differentiated cells. Most of

them were young SMC. Only i WZ of the labeled cells were undifferentiated. So,

we concluded that mitotic activity and functional activity are not mutually ex-

clusive. In other words, mucus synthesis starts early in a cell's life. Our

studies did not reveal whether or not the presence of undifferentiated cells in

j- a developed gastric gland is strictly necessary to secure a continuous supply of

i new cells.

I In order to consolidate the above conclusion it was necessary to study a

larger number of proliferative cells. An experimental system suited for that

purpose was available in the Netherlands Energy Research Foundation ECN at

Petten, The Netherlands. Experiments of Davids1 had shown that mice irradiated

with fast neutrons (dose 400 rads) got a severe gastric epithelial injury, from

which they could recover under adequate care. In this period of regeneration the

mitotic activity in the whole mucosa increased up to ± five times the normal

rate, and large groups of clustered mitotic cells were found in sections of

regenerating tissue. The ultrastructure (including Thiéry-staining) of these

mitotic cells is described in chapter III. Again we found that most mitotic

cells were recognizable as differentiated cells, either SMC or MNC. Although

some undifferentiated cells were seen among the mitotic cells, it was not clear

whether or not these undifferentiated cells were strictly necessary for regener-

ation.

The object of our study was shifted to the cardia and the gastric groove in

chapter IV. Here the main mitotic activity was also observed in differentiated

cells, viz. the cardiac mucous cells (CMC) and a special cell type, the columnar

cells of the gastric groove (CCGG), which line the gastric groove and the foveo-

lae opening into it. Besides, a small number of undifferentiated cells was found.

The main reason for studying this part of the stomach was the presence here of

many fibrillovesicular cells (FVC). These cells have been suggested to be un-

. differentiated precursors of the other gastric epithelial cell types. However,

we found no incorporation of H-thymidine into FVC. Moreover, the irradiation

experiments had shown that FVC reappear relatively late during regeneration. So,

we concluded that the FVC do not play a part in the formation of new gastric

Davids, J.A.6.: Regeneration of gastric glandular epithelium in adult mice ;;
after exposure to 1-MeV fast neutrons, pp. 311—324 in: Biological effects of ';]
neutron irradiation. Vienna: IAEA 1974. %
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epithelial cells. In spite of some new data on the infrastructure of these cells

(especially concerning the structure of their characteristic "tubulovesicular

system"), we are not able to give an opinion upon their actual function.

Finally, in order to verify the conclusions from our morphological work, we

did some functional experiments (chapter V). Isolated stomachs were provided

with various labeled glycoprotein precursors (leucine, serine, galactose, glu-

cosamine and sulphate) in a perfusion system. The rate of incorporation of these

precursors was determined by autoradiography and was taken as an index for the

synthetic activity of the cells considered. The data thus found roughly covered

our morphological observations. Though at a low rate, mucus synthesis was ob-

served already in Che lower part of the isthmus, thus in the proliferative com-

partment. Synthetic activity of the SMC increased during aging to reach its

maximum in the foveola and at the luminsl surface. During this development the

synthesis of constitutive elements (as reflected by the incorporation of leucine)

ran ahead of mucus synthetic activity (incorporation of galactose and glucos-

amine). Mucus synthesis was still going on in the oldest (well filled) SMC, which

implies that these cells must secrete (or break down) part of their product until

they are extruded into the gastric lumen. This secretion, together with the ob-

servation that sulphate incorporation decreased in the oldest SMC, explains the

histochemical observation that the oldest SMC contain a less sulphated mucus.

The synthetic activity of MNC appeared very low (comparable to the youngest

SMC). No sulphate was incorporated into MNC, which is consistent with the histo-

chemical observation of MNC-roucus being neutral in character. It is not clear

whether MNC are lost by extrusion or only by a further differentiation (to

parietal and chief cells).

The final conclusion of this study is, that the bulk of gastric mucus pro-

duction in the rat and the mouse is carried out by the older, non-proliferative,

SMC that line the foveolae and the gastric surface. The proliferative cells in

the isthmus of the gastric glands show by their morphology and their capability

to the incorporation of glycoprotein precursors, that differentiation towards

mucus production is compatible with cell proliferation. We could not ascertain

whether or not undifferentiated calls are strictly required as stem cells for

this cell prolifaration, but the low frequency of dividing undifferentiated

cells indicates that the cell loss from the gastric epithelium is made good

primarily by the proliferation of cells that started differentiation already.
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