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Abstra&--Gastric mucosal glycoproteins were separated into three welldefined fractions: secreted 
mucin in vivo, adherent to cells, Fraction I; soluble mucin secreted during incubation in vitro, Fraction 
II; and a third, Fraction III released solely by pronase digestion (cell bound or intracellular mucin). 
W-U-D-glucose and “SO, incorporation into glycoprotein fractions II and III was studied during a 
4-hr incubation period in vitro, of mucosal scrapings, freed from Fraction I, from rats treated in vivo, 
with secretin, histamine, aspirin and atropine. The effect of in vitroadded puromycin and actinomycin 
was also studied. Secretin decreased and histamine increased the total amount of protein and glyco- 
protein in Fraction II. Histamine inhibited inco~ration of gh~cose into this fraction, to a moderate 
extent. Secretin had no effect on incorporation. Per oral aspirin, administered for 15 min, decreased 
levels of secreted mucin Fraction I. and strongly inhibited glucose incorporation in Fraction III. 
Parenterally administered aspirin and atropine decreased mucin secretion in vivo (Fraction I) but 
activated glucose incorporation slightly in Fraction II and strongly in Fraction III. Puromycin and 
actinomycin added in vitro to the mucosal scrapings inhibited strongly glucose incorporation in 
Fraction III, but did not inhibit incorporation in Fraction II. This indicates the existence of two 
separate phases of mucin biosynthesis aid secretion, both n~essi~ting~u~ose inco~ration, but only 
the first one being sensitive to puromycin and actinomycin. ““SO, incorporation was strongly inhibited 
by all drugs studied. Sulphation of mucins appears to be much more sensitive to drug action than mucin 
biosynthesis itself. The above results indicate that the described system is suitable for the study in 
vitro of the time sequence and mechanisms of drug action. 

Mucin glycoproteins comprise almost 50 per cent of 
the dry wt of the mucosal tissue of the gastric 
antrum, although somewhat less in the main body 
of the stomach. The estimation of the rate at which 
this major macromolecule is biosynthesized, as well 
as the composition of both secreted and secretable 
mucin, is of great importance for the evaluation of 
the normal or pathological functioning of thegastric 
mucosa. It was shown recently that pig [ 11, rat [2, 31 
and human [4-6], gastric mucosal scrapings or 
biopsies actively incorporate radioactive precursors 
such as “C-U-D-giUcose, 14C-L-l-fucose or [GJH]- 
threonine, [G-3H]serine and NG~~SO, in both 
secretable mucin and into cell bound glycoproteins. 
i4C-glucose was shown to be incorporated into the 
peptide [7] and c~bohydrate fractions [ 1,7] of these 
glycoproteins; incorporation was linearduringa4-hr 
incubation period[3]. This model appeared there- 
fore particularly suitable for the systematic explora- 
tion of the effect of drugs or hormones on the rate 
or quality (carbohydrate-protein ratio) of mucin 
synthesis and secretion. We propose to describe 
here the results obtained with some effecters and 
drugs, such as secretin, histamine, atropine and 
aspirin, administered in vivo. These drugs were 
compared in action to that of puromycin and 
actinomycin, added in vitro. 

Previous experiments by Kent and Allen[4, S] 
have shown that aspirin and sodium salicylate, 

added to cell suspension in vitro, inhibit the incor- 
poration of Y-glucose into whole, unfractioned 
glycoprotein moiety of gastric and colonic mucosal 
scrapings from humans and sheep, respectively. 
The other drugs mentioned were not investigated in 
similar systems, to our knowledge. 

The glycoproteins of the gastric mucosa were 
separated into three distinct fractions, as previously 
described [2,3] that is (I) the fllmof secreted mucin, 
closely adherent to the cell walls solubilized by 
washing (fraction I); (2) the mucin-like glycoprotein 
synthetized and secreted during incubation (fraction 
II), and finally, a fraction which is rendered soluble 
only by digestion with pronase (fraction III or cell- 
bound fraction). 

The effect of the above drugs on the incorporation 
of Y-glucose and 3sS0, in these mucin-fractions in 
vitro was studied in order to distinguish between 
their actions on the biosynthesis of epithelial glyco- 
proteins and their secretion in vivo. 

MATERIALS AND METHODS 

Administration of the drags. Wistar rats were 
fasted overnight. Groups of five rats were treated 
in the following ways at the dosage denoted on each 
Table: histamine (Betazole) was injected intramus- 
cularly, 1 hr before decapitation. Secretin in saline 
was injected into each rat, 1 hr before sacrifice. 

2775 



2776 D. WALDRON-EDWARD etal. 

Atropine, was injected, 5 min before sacrifice. As- 
pirin (as aspirin-lysine) dissolved in saline, 500 mg 
per rat, was injected i.p. This amount of aspirin 
caused animal death within 5 min in a few cases. In 
a second series, aspirin-lysine was reduced to 50 
mg: all animals survived for 60 min after injection. 
An aqueous suspension of oral aspirin was admin- 
istered by a nasogastric tube to lightly anaesthetized 
rats; the animals were decapitated after 15 min. All 
experiments were duplicated. 

~~~~r~~~on of gastric rn~~o~~l scrapings. The 
stomachs are excised after sacrifice and trans- 
ferred to a cold room at 4”, opened and rinsed rapidly 
in ice cold saline, then carefully scraped. The scrap- 
ings from five rats are pooled, divided into two, 
weighed and suspended in ice-cold Hank’s medium, 
with sharp, vigorous agitation. 

Three washings are necessary to allow adherent 
mucin to swell and disintegrate. The saline washings 
of the mucosal scraping contain preformed mucin 
in vivo adherent to the gastric mucosa. This mucin 
dispersion is termed Fraction I and analysed for 
its protein and carbohydrate contents. 

The washed cell suspension is centrifuged at low 
speed, 500 gat +Cfor 5 min, resuspended in Hank’s 
or Eagle’s MEM medium containing 25 #M ATP (5 
ml for the scrapings from two rat stomachs), evenly 
dispersed by swirling transferred to 25 ml cultured 
flasks, the radioactive tracer is added (20 ,&i 14C- 
U-glucose, specific activity 250 mCi/mM, CEA, 
Saclay; or 10 &i 55S04, spec. act. 3.6mCi/mM, 
CEA, Saclay) and the flasks are incubated in a 
shaking water bath at 37” for 4-5 hr. At the end of 
the incubation “cold” glucose or sulphate is added 
(1% final concentration), the suspension is 
centrifuged at +4’ and the insoluble residue rinsed 
twice with 5 ml cold 0.9% NaCl. The combined 
supernates are exhaustively dialysed against run- 
ning tap water and distilled water and represent 
“fraction 2”. They contain radioactive glycopro- 
teins (mucins) released by the cell suspension during 
incubation. 
The washed cell residue is then incubated in 2 ml 

Tris-HCL-buffer 0.1 M pH 8, 0, pronase Calbio- 
them, 80 mg/IOO ml, is added and the suspension is 
incubated overnight at 37”. This treatment is re- 
peated once. After exhaustive digestion, the sus- 
pension is centrifuged at 5000 g for 15 min at +4’ 
and dialysed against running tap water and distilled 
water for 48 hr. This pronase-extract is termed 
“fraction 3” and contains intracellular mucins. 

The three mucosal fractions obtained in this way 
were analyzed for fucose by the cystein-sulfuric 
acid procedure of Dische [8], for hexoses f9], using 
the orcinol method, for hexuronic acids [IO] using 
the carbazol method of Dische and for proteins [l l] 
by Lowry’s procedure. 

The precision and specificity of these calorimetric 
methods have been exhaustively studied by 
Dische 18, 121 Montreuil and Scheppler [ 131, Mont- 
reuil and Spik [9]. The interference of proteins in the 
orcinol estimation of hexoses (essentially galactose) 
is negligible at 5 10 nm. The interference of hexoses 
in the fucose estimation is negligible if the absorb- 
ance measurements are done at 3% and 425 nm. The 
interference of fucose in the orcinol estimation of 

hexoses is corrected for by using adequate 
standards. 

Aliquots were added to scintillation fluid and 
counted in an Intertechnique Counter, correcting 
for counting efficiency, and decay in the case of 
35S0,. Water content of mucosal scrapings was 
determined by drying samples to constant weight 
in vacua, over PpOJ. 

All three fractions obtained by the above pro- 
cedure are rich in hexoses and in fucose [3]. Fraction 
I contains preformed mucin in vivo and the vari- 
ations of its composition reflect the action in vivo of 
the administered drugs. Modification in the compo- 
sition and/or in the radioactivity of Fraction II 
(released mucins in vitro) and of Fraction III 
(intracellular mucins) reflect the action of drugs 
on the mucin synthesising cells themselves. Most 
radioactivity (> 90%) in Fraction III is non-dialys- 
able showing that it is present in the pronase resis- 
tant glycopeptide core. Fraction III-mucins are 
considered as in the process of biosynthesis and 
not yet excreted. Differences in drug action were 
noticed on mucin biosynthesis at the level of Frac- 
tion II and Fraction III suggesting that different 
mech~isms are involved (see Results). More details 
on these methods are given elsewhere [2,3, 14, IS]. 

RESULTS 

Action of drugs on mucin composition. As shown 
in Fig. 1, injection of neither secretin nor histamine 
had any appreciable effect on the amount of bound 
neutral carbohydrate (hexose + fucose to protein 
ratio) in Fraction I, containing secreted mucins in 
vitro. Aspirin, on the other hand, whether given 
orally or parenterally, markedly reduced the 
carbohydrate-protein ratio in this Fraction. Atro- 

I 1 Froctton 1 
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Fig. 1. C~~hydrate (galactose plus fucose) to protein 
ratio of Fraction I. This was obtained by pooling three stow 
washings (total period, 1 hr), with vigorous agitation 
(4 x 30 set) each time, in order to allow secreted gel mucin, 
adherent to mucosal cells, to swell and disintegrate. C = 
control; S = secretin and H = histamine injections; 
Ao = oral aspirin; Ap = parental aspirin; AT = atropine 
injections. Average of four to five experiments k S.E.M. 
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Table 1. Carbohydrate (hexose + fucose) and protein in washed mucosal scrapings from rats treated in vivo with 
different effecters. compared with normal mucosa, treated in vitro, with inhibitors of protein and RNA synthesis 

Carbohydrate (fucose + hexose) and protein were assayed as described in the text. Figures are the average of n 
experiments f SD., each assay being carried out in duplicate. (9P< 0.005; (“)P< 0.025. Average wt of rats; 

(a) 500 g (b) 250-300 g 

Effector n 

Total 
Fraction III; cell Gal + Fuc 

Fraction II; released mucin bound glycoprotein II + III 
Route time Gal + Fuc Protein Gal + Fuc% Gal + Fuc Protein rp/100 mg 

Dose (mitt) ~g/lOO mg fresh tissue prot fig/100 mg fresh tissue fresh tissue 

(a) Control 
Secretin 
Aspirin 
Aspirin 
Histamine 
Atropine 
(b) Control 
Aspirin 
Histamine 
Atropine 
(b) Control 

Puromycin 

4 
4 
4 
2 
2 
2 
4 
2 
2 
2 
2 

2 

Actinomycin 1 

2 i.u./kg i.p. 
200 n&kg per OS. 
200 mg/kg i.p. 
100 &kg i.m. 
2 n&kg i.p. 

200 r&kg i.p. 
100 fig/kg i.m. 
2 mg/kg i.p. 

in vitro 
250 cg/lOO mg 
fresh tissue 
12.5 fig/100 mg 
fresh tissue 

60 
15 

2 
5 

60 
60 

5 

344? 124 538 f 42 61 *7 232 2 27 
263 r 120 “401+-76 65 2 5 236 2 47 
521 2 148 509269 92-t 12 350 -t- 58 
317 440 79 273 
357 695 54 247 
410 683 60 414 
410 983 40 357 
497 1335 37 372 
611 1460 42 280 
551 1029 53 395 
373 994 43 350 

540 

413 

1070 54 

1204 34 

309 

397 

254 2 21 576 
201 -+ 27 499 
364242 871 
411 690 
375 604 
297 824 
433 767 
484 869 
525 891 
575 1126 
430 723 

430 849 

460 910 

pine had an effect very similar to the aspirin protein ratio in each series of experiments remained 
treatments. relatively constant. Secretin, however, significantly 

The total nondialysable bound carbohydrate and decreased both protein and carbohydrate content in 
protein obtained from Fraction II and Fraction III, Fraction II. Atropine, aspirin and histamine on the 
from untreated rats, decreased somewhat with the other hand increased the total glycan content within 
size (age) of the rats (Table I). Thus, medium sized the washed mucosal mass. This increase may be 
rats (25&300 g) yielded 3.62 + 0.3 mg hexose + fu- attributed to an inhibition of secretion of preformed 
case per 100 mg dried tissue, whereas mucosa from mucin corresponding probably with the decrease 
rats weighing 500 g contained only 2.88 -C 0.4 observed in Fraction I (see Fig. 1). 
mgl100 mg. Smaller rats (150 g) yielded even higher The effect of puromycin and actinomycin added 
figures (1100 to 1300 pg carbohydrate per 100 mg in vitro, is also shown on Table 1. Neither additive 
fresh mucosa (Waldron-Edward and Greenberg, appeared significantly to modify the overall carbo- 
unpublished results). hydrate content of either Fractions II or III, al- 

Table 1 shows the composition (Gal + Fuc and though more total glycoprotein was found to have 
proteins) of Fractions II and III from control and accumulated (see last column of Table I). 
treated animals. Carbohydrate-protein ratios are None of these drugs, nor the physiological stimu- 
also shown for Fraction II but not for Fraction III lant of acid secretion, histamine, nor secretin, had 
because of the proteolytic treatment this fraction any effect on the acid mucopolysaccharides (bound 
has undergone. uranic acids) in these fractions (not shown). How- 

Although the glycoprotein and protein content of ever, the average uranic acid found in Fraction I fell 
mucin released during incubation, Fraction II, and from 54 pg to 27 pg per 100 mg wet tissue when the 
of cell-bound glycoproteins, Fraction III, from con- rats were treated with aspirin or atropine (unpub- 
trol and treated animals varied, the carbohydrate- lished results). 

Table 2. Action of drugs on the incorporation of l%-glucose into rat gastric mucosal scrapings. Fraction 
II; mucins released in vitro. Fraction III; cell bound glycoprotein. For details, see Methods. The results 
are given as the average of two separate experiments, each carried out in duplicate. Control, n=4; i: 

inhibition; (I: activation, both given as per cent of control values 

Effector Dose 

Radioactivity, d.p.m./mg protein x 1O-3 
Time, 

Route min Fraction II i % a % Fraction III i % a % 

Control 9.25 - - 6.25 - - 
Secretin 2 i.u./kg i.p. 60 9.8 0 - 5.7 15 - 
Histamine 100 &kg i.m. 60 6.1 36 - 6.9 - IO 
Aspirin 2OOmg/kg peros 15 11.2 - 22 3.0 62 - 
Aspirin 2OOmg/kg i.p. 60 10.25 - 11 13.2 - 112 
Atropine 2 mgllrs i.p. 5 11.9 - 29 35.0 - 460 
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Fractlan II Fraction L!J 

Fig. 2. Incorporation of W-glucose in muck of Fraction II (secreted in vitro) and Fraction III 
(intracellular fraction) of rat gastric mucosa scrapings in the presence of puromycin (P) and actino- 

mycine (A) as compared to controis (C). R~ioactivity of fraction as d.p.mJmg protein. 

Action on the incorporation of '*C-U-D-ghCOse. 
The radioactivity of Fractions II and III of the 
mucosal scrapings from treated rats is compared 
with that of controls, in Table 2. Secretin had no 
noticeable effect on the incorporation of glucose in 
either of these fractions. Histamine administration 
resulted in a moderate inhibition of glucose uptake 
in Fraction II. Oral aspirin (15 min) did not affect 
significantly incorporation in Fraction II but de- 
creased it strongly (-62 per cent) in Fraction III. 
Parenterally administered aspirin (60 min) did not 
affect either incorporation in Fraction II but pro- 
duced a strong increase of inco~oration in Fraction 
III. Atropine (5 min) had an effect similar to, but 
greater than parenteral aspirin. This activation of 
glucose incorporation in the cell-bound mucin (Frac- 
tion III) contrasts with the strong decrease in the 
carbohydrate to protein ratio in Fraction I contain- 
ing in viva secreted, preformed mucin (see Fig. I). 

~romycin and actinomycin drastically reduced 
incorporation in Fraction III, but not in Fraction II, 
as shown in Fig. 2. None of these drugs (aspirin, 
atropine, puromycin or actinomycin) appeared to 
affect significantly the incorporation of glucose in 
Fraction II (secreted mucin in vitro). 

Effect on sulphate incorporfftion. Both secretin 
and histamine injections, as welt as the secretion 
depressants had strong effects on sulphate incor- 
poration into both Fractions II and III (Table 3). It 
was assumed that all sulphate was bound to the 
polysaccharide moiety. The scatter was fairly large 
in most cases, but the decrease in sulphate uptake. 

particularly in Fraction II ranged from 20-6percent 
of the control values W-94 per cent inhibition). It 
is intriguing that histamine and secretin which had 
no action on glucose incorporation did inhibit sul- 
phate incorporation. 

DSCUSSION 

The above results can be analysed in terms of the 
in vivo and in vitro action of drugs on mucin 
biosynthesis. Between the moment of their admin- 
istration and the sacrifice of the animals, the drugs 
do act in vivo on mucin synthesis and secretion as 
shown by the data concerning Fraction I in Fig. 1. 
Their action in vitro is exemplified by their 
modification of the incorporation of labelled pre- 
cursors in Fractions II and III as shown by the data 
of Fig. 2 and Tables II and III. 

The strong reduction of the carbohydrate content 
of preformed mucin (Fraction I) after oral and par- 
enteral aspirin administration as well as after par- 
enteral atropin administration confirms and extends 
previous findings by Kent and Allen [l, 4, 51 
Kent [ 161, Rainsford [ 171 and others concerning the 
inhibition of mucin formation and/or secretion by 
these drugs. 

In contrast to the above findings in vivo, the data 
shown in Tabfe 1 do not reflect asignificant decrease 
of the carbohydrate to protein ratio in Fraction II 
mucins (secreted during incubation of the scrapings 
in the medium) or of the total amount of carbohy- 
drate recovered from Fractions II plus III (extra- 

Table 3. Incor~ration of ?SO,‘” into Fraction II, giycoprotein released into the medium 
during incubation, and into Fraction III, cell-bound glycoproteins. The animals had been 
treated in viva as described in Table 2. n = 53; i per cent = inhibition in per cent of control 

value 

Effector Route 
Radioactivity, d.p.m./mg hexose 2 SE. 

Time.min Fraction II i% Fraction III i% 

Control 1320 -t 400 420% 115 
Secretin i.p. 60 2402 15 82 170 k 15 60 
Histamine i.m. 60 200 t 140 85 70 + 45 83 
Aspirin per OS I5 260235 80 40 + 30 90 
Aspirin i.p. 60 lOOC70 92 210% 10 50 
Atropine i.p. 5 8Or?l20 92 120520 71 
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cellular plus intracellular carbohydrate) in the 
mucosa suspension from rats treated with atropin 
or aspirin. In some cases there appears to be even 
an increase in the carbohydrate content of the 
extracts obtained from drug treated animals. 

The incorporation data of Table 2 confirm these 
results by showing that glucose incorporation is not 
inhibited in Fraction II mucins and strongly inhi- 
bited only by administered aspirin per OS in Fraction 
III (intracellular) mucin. Parenterally administered 
aspirin and atropin increased substantially glucose 
incorporation in Fraction III mucin and did not alter 
it significantly in Fraction II mucin. 

The reason for this apparent contradiction be- 
tween the in vivo and in vitro results is not yet clear. 
It may be partially due to a biphasic action observed 
recently after peroral aspirin administration to rats 
(Waldron-Edward and Greenberg, unpublished re- 
sults). After a 10 min inhibition period a strong acti- 
vation of r4C-adenine and r4C-leucine incorporation 
was noticed during at least 30 min, accompanied by 
an increase of 0, consumption. It is also conceivable 
that this accelerated synthetic period exhausts the 
biosynthetic activity of the mucin synthesising cells 
resulting in a decrease of mucin formation. A de- 
crease of the lysosomal proteolytic and glycolytic 
enzymes by these same drugs can also contribute to 
the observed effect (Boutros, Waldron-Edward 
[NW. 
The action of secretin and histamine on mucin 

synthesis and secretion is less emphatic. The carbo- 
hydrate content of the preformed mucin in vivo 
(Fraction I) was not or only slightly affected. The 
carbohydrate content of excreted mucin in vitro 
(Fraction II) and intracellular mucin (Fraction III) 
was not affected or even slightly increased by his- 
tamin. Secretin did however increase significantly 
the total amount of mucin recovered from the 
stomach (unpublished data). This effect is probably 
strongly time dependent and must be investigated at 
shorter time intervals. 

The action in vitro of puromycin and actinomycin 
strongly suggest the existence of two separate 
phases of mucin biosynthesis. Both of these drugs 
severely reduced incorporation of glucose in intra- 
cellular mucin (Fraction III). They did not affect 
glucose incorporation in mucin secreted during incu- 
bation (Fraction II) (Fig. 2). No explanation is as yet 
available for this observation. 

Whur, Hercovics and Leblond[l9], have sug- 
gested that the primary polypeptide with the inner 
core sugars of the glycoprotein are assembled in the 
rough endoplasmic reticulum, while the later steps 
in glycosylation take place in the Golgi apparatus. 
If one can assume that such a stepwise synthesis 
takes place in mucin biosynthesis, then it follows 
that the glycosylation in the Golgi apparatus is not 
suppressed by puromycin and only partially inhi- 
bited by actinomycin, so that %-glucose uptake 
from glucose continues, whereas the biosynthesis 
of the polypeptide sugar inner core is suppressed 
by these drugs. 

Hog and rat gastric mucins are supposed to be 
sulphated glycoproteins [5, 20, 211. This was not 
definitely shown for human gastric mucin and Lam- 
bert et al. presented evidence suggesting that the 

sulphate content of human gastric mucin pre- 
parations is due to the admixture of oesophagal or 
salivary glycoproteins 1221. Sulphate incorporation 
in rat gastric mucin was shown to be strongly 
inhibited by all drugs used, in agreement with 
previous studies on aspirin [ 171 (see Table 3). These 
results suggest a much greater susceptibility of the 
sulphatation stages of mucin biosynthesis to drug 
action, than those of the glycosylation stages. They 
also show that the inhibition of sulphatation did not 
prevent glycosylation or mucin synthesis and 
excretion by the mucosal preparations. As the 
physicochemical properties of glycoproteins may be 
strongly influenced by total negative charge, the 
physiological properties of undersulphated or unsul- 
phated mucin may differ from those of normally 
sulphated mucins. 

The mucin coating of the stomach provides physi- 
cal protection for the underlying cells; this layer 
is lost on ulceration [23]. In the normal unchanged 
stomach, freshly secreted mucin swells relatively 
slowly in the course of absorbing luminal fluids; the 
softened gel then disintegrates and is shed when 
secretion of acid is stimulated by normal physio- 
logical events such as food ingestion; the acidity 
causes precipitation of the clear mucin gel. The 
effect of ulcerogens such as aspirin, therefore, may 
be due either to acceleration of mucin swelling and 
its subsequent disintegration or else directly on the 
secretion of the glycoprotein from the surface cells 
by an initial acceleration of mucin biosynthesis fol- 
lowed by the exhaustion of the mucin synthesising 
cells. 

The described method of analysis illustrates 
clearly the overall effect of drugs and secretagogues, 
firstly on the secretion of protective mucin in vivo, 
and secondly, on the cellular response of biosyn- 
thesis. However, each of these experiments was 
restricted to one dose and one time-period of appli- 
cation. The sequence of events which lead to over- 
stimulation and then to tissue breakdown, has yet 
to be followed and requires further investigation. 
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