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ABSTRACT 

In vitro frog gastric mucosa was employed as a model for a combined physiologi- 
cal, biochemical, and ultrastructural study of the morphological changes which 
accompany the onset of acid secretion by the oxyntic cell. The histamine 1-12- 
receptor antagonist metiamide was used to provide a reproducible control state. 
Stimulation of acid production by theophylline resulted in a 10-fold increase in 
plasma membrane  surface area and a distinct change in the conformation of 
mitochondrial cristae. Studies using the acid secretion inhibitors, thiocyanate and 
anoxia, demonstrated that neither acid production per se nor oxidative metabo-  
lism is essential for the theophylline-dependent changes in surface area. Increases 
in tissue cyclic A M P  levels were observed under the conditions producing 
morphological changes. It is postulated that surface area changes induced by 
theophylline are controlled by cellular cyclic A M P  levels. 
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Morphological changes accompanying the onset 
of gastric acid secretion have been well docu- 
mented for the mammalian parietal cell (5, 9-11, 
15) and the amphibian oxyntic cell (6, 21, 22, 
24, 25). The most dramatic changes involve the 
membranous components of the cell, i.e., the 
tubulovesicles and surface membrane. It is gener- 
ally agreed that, with the onset of secretion, there 
is a decrease in tubulovesicle membrane and an 
increase in surface membrane. This transforma- 
tion is postulated to involve an interconversion of 
surface and tubulovesicle membranes although 
direct evidence has not been offered for such a 
conversion. Although it is likely that the morpho- 
logical changes represent an essential event in the 
stimulus-secretion coupling for gastric mucosa, 
the exact role of the changes has not been dem- 
onstrated nor have the molecular events which 
underlie the transition been identified. 

The present study was undertaken in an effort 
to further understand the relationship between 
the morphological changes and the process of 
acid secretion. To this end, the morphological 
changes are treated as an intermediate event in 
the stimulus-secretion coupling, and the relation- 
ship of this event to other intermediate reactions 
was examined. The results show that the actual 
production of acid is not required for the morpho- 
logical changes, nor is oxidative metabolism. 
However, there does appear to be a correlation 
between morphology and the cellular cyclic AMP 
levels. The data suggest that secretory stimulants 
act via cyclic AMP to produce morphological 
changes. Preliminary results of the present study 
have been previously reported (2). 

MATERIALS AND METHODS 

Preparation 
Bullfrogs (Rana catesbeiana) were obtained from Mo- 

gul Ed (Oshkosh, Wis.) and were kept unfed in running 
tap water until sacrifice. Stomachs were removed from 
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the animals and stripped of their outer muscle layer. 
Chambered, in vitro preparations of gastric mucosa 
were employed to permit continuous monitoring of acid 
secretion by the pH stat method (13) before fixation for 
electron microscopy. The standard bathing medium for 
the serosal side contained in millimoles/liter: Na, 102; 
K +, 2.5; Ca ++, 1.0; Mg +§ 0.8; 0 %  80; HCO~-, 25; 
SO4--, 0.8; phosphate, 1.0; at an initial pH of 7.4. The 
medium was continuously gassed with 95% O2 + 5% 
CO2 at room temperature. The mucosal surface was 
bathed with an identical solution except that the solution 
contained Cl- as the only anion and was gassed with 
100% 02. Additional agents were added to the serosal 
side only. All tissues, except the spontaneously secreting 
and the nontreated resting tissue used for comparison 
studies, were initially treated with 1 • 10 -4 M metiamide 
(1) to reduce spontaneous secretion to zero (26). Me- 
tiamide was a generous gift of Dr. H. Green of Smith, 
Kline & French Laboratories. The tissues treated only 
with metiamide served as the control and are referred 
to as resting tissues. Additional controls were obtained 
for tissues treated with multiple agents as described in 
Results. 

Morphological Studies 
Tissues to be studied by electron microscopy were 

initially fixed in the chamber with the addition of 70% 
glutaraldehyde (Ladd Research Industries, Burlington, 
Vt.) to both the serosal and mucosal bathing media to 
give a final concentration of 2%. After 1 h of fixation, 
the chamber was dismounted; the stomach was cut into 
1-mm ~ blocks and fixed for an additional hour in 2% 
glutaraldehyde in 0.1 M phosphate buffer at room 
temperature. The pieces of tissue were rinsed in buffer 
and postfixed in 1% osmium tetroxide in phosphate 
buffer at 4~ Dehydration was carded out in a graded 
series of alcohols followed by Araldite embedding. Thick 
and thin sections were cut on a Sorvali Porter-Blum 
MT2-B ultramicrotome (DuPont Instruments, SorvaU 
Operations, Newton, Ct.) or LKB ultratome III (LKB 
Instruments, Inc., Rockville, Md.) and mounted on 
copper grids. Alcoholic uranyl acetate and lead citrate 
(20) stains were used. The grids were examined with a 
Philips EM 300 or Philips EM 400 microscope. 

Morphometric studies were performed according to 
the methods of Weibel (27, 28). Grids were prepared 
from a minimum of two experiments for each of the five 
analyzed experimental groups. The grids were initially 
examined to assure that the tissue came from a region 
containing primarily oxyntic cells. Four grids from each 
of the experimental groups were chosen randomly, and 
photographs were taken of the first four cells on each 
grid which met the criteria of containing a cross section 
of the nucleus and no obvious section defect. A mini- 
mum of ten of these cells was used for the analysis. The 
lineal analyses to determine surface density were made 
on micrographs having magnifications of • 10,700. This 
magnification was chosen for two reasons: first, it al- 

lowed the negative to contain an entire cross section of 
an oxyntic cell; secondly, it was the lowest magnification 
that permitted adequate viewing of the surface mem- 
brane with reproducible surface intersect counts. The 
distances between grid lines on the transparent overlay 
used for counting were constructed to insure a minimum 
of 25 surface intersects per cell. 

Cyclic AMP 
Tissues to be assayed for cyclic AMP were treated in 

the same way as those used for the morphological 
studies up to the time of fixation. At this time, the 
tissues were frozen in the chamber by using metal tongs 
cooled to the temperature of liquid nitrogen. The frozen 
tissues were then removed from the chamber and pulver- 
ized with a stainless steel pestle while being maintained 
at liquid nitrogen temperature. A trace amount of 
[3H]cyclic AMP was added for the calculation of recov- 
ery, and the frozen tissue powder was then extracted 
with 10 vol of 5% TCA which had been redistilled. 
After thawing to 0~ the TCA precipitate was centri- 
fuged at 15,000 g for 10 rain and the precipitate was 
saved for analysis of protein by a modified biuret method 
(18). The supernate was acidified with 0.1 ml of 1 N 
HCI per ml, washed eight times with 2 vol of anesthesia- 
grade ethyl ether (J. T. Baker Instruments, Milford, 
Conn.) and evaporated to dryness on an Evapomix 
(Buchler Instruments Div., Searle Analytic Inc., Fort 
Lee, N. J.). The residuum was then redissolved in 0.05 
M acetate buffer, pH 4.5, to yield 10 mg of original 
tissue protein per ml. Cyclic AMP was measured by the 
competitive protein-binding method of Gilman (7) as 
previously described (4). The results are expressed as 
picomoles of cyclic AMP per milligram of tissue protein. 

R E S U L T S  

W h e n  gastric mucosa  is isolated f rom bullfrog 
and  m o u n t e d  in an in vitro chamber ,  it secretes 
acid spontaneously  and the  addi t ion of various 
s t imulants  results in only small increases in secre- 
tory rate .  Tissue that  was allowed to sponta- 
neously secrete for 25 min before  fixation for 
electron microscopy showed a he te rogeneous  pop- 
ulat ion of oxyntic cells. This ul trastructural  spec- 
t rum included oxyntic cells with few microvilli 
a r ranged  in glands with small lumens  and  cells 
with many microvillarlike project ions  extending 
into large lumens.  The majori ty  of cells were in 
states in te rmedia te  be tween  the two extremes.  
This wide range in morphology is in te rpre ted  as 
reflecting oxyntic cells in various physiological 
secretory states. 

To obta in  maximal  s t imulat ion by test agents 
and  to have a homogeneous  popula t ion of  oxyntic 
cells for controls ,  it is desirable to initially reduce 
the spontaneous  secret ion to zero. This is accom- 
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plished in the present study by treating tissues 
with the recently developed histamine H2-receptor 
antagonist metiamide (1, 26). This agent inhibits 
spontaneous secretion, and the inhibition is read- 
ily overcome by the subsequent addition of var- 
ious secretory stimulants including histamine and 
theophylline. Fig. 1 shows acid secretion changes 
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FZGt]ltE 1 Experimental protocol for measuring acid 
secretion in relation to morphological and biochemical 
changes. The physiological states are identified as: A, 
spontaneous secretion; B, resting; C, stimulated secre- 
tion. Trace is redrawn from a typical experimental 
record. Ordinate: acid secretory rate in /~Eq cm-2h -1. 
Abscissa: time in hours. 

during a typical experimental protocol: sponta- 
neous acid secretion (A) is inhibited by metiamide 
to produce a resting tissue (B); subsequent addi- 
tion of a stimulant then restores secretion (C). 
The use of metiamide as a pretreatment allows a 
reproducible starting point, or control, for subse- 
quent comparisons with other physiological states. 
These studies thus differ from most previous in- 
vestigations which employed spontaneous secre- 
tion as the control state. 

Cross sections of a gastric gland containing 
oxyntic cells of resting mucosa (Fig. 2) are typified 
by closed lumens bordered by plasma membranes 
which at low magnification appear relatively 
smooth with few projections. At  higher magnifi- 
cation (Fig. 3), the plasma membranes are ob- 
served to be continuous with enfoldings into the 
cytoplasm. Numerous vesicles and short tubules 
are found dispersed throughout the cytoplasm. 
The regular plasma membrane and distribution of 
small vesicles are the two most characteristic 
features of the metiamide-treated or resting state 
and to serve to distinguish it from other states. 
This finding contrasts with the appearance of 
closely packed tubules described for "nonsecret- 

FIGURE 2 Oxyntic cells from metiamide-treated tissue. Section through a gastric tubule showing a small 
lumen (L) bordered by a relatively smooth-surfaced membrane with few extensions. Short tubules (T) 
and vesicles (V) are scattered through the cytoplasm. Mitochondria (M). • 17,500. 
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FIGUaE 3 Apical surface area of metiamide-treated oxyntic cell. At this magnification, the plasma 
membrane is observed to be continuous with short enfoldings of the cell surface. The outer portion of the 
cell membrane consists of a dense coating. • 43,000. 

FmuaE 4 Nontreated, resting oxyntic cell bordering lumen (L). Spontaneously secreting gastric mucosa 
was mounted in a chamber and reached zero secretion 15 h later. The ultrastructure of this tissue is 
indistinguishable from that of tissue treated with metiamide (Fig. 2) to shorten the time required to attain 
the zero secretory or resting state, x 29,000. 

ing" oxyntic cells in previous publications (6, 21). 
The difference might be due to the production of 
a true zero secretory rate in the present study or 
possibly to an action of metiamide per se. 

To test the latter possibility, metiamide-treated 
tissue was compared to tissues which reached a 
zero secretory rate spontaneously. This was ac- 
complished by preincubating the tissues in the in 
vitro chamber until the spontaneous secretion 
declined to zero ( - 1 5  h later) (16). The ultra- 
structure of this tissue (Fig. 4) is indistinguishable 
from that of gastric mucosa brought to zero secre- 
tory rate with metiamide (Figs. 2 and 3). Both 
tissues exhibit small glandular lumens, plasma 
membranes with few projections, and short, scat- 
tered tubulovesicular systems. Addition of me- 
tiamide to the preincubated resting tissues pro- 
duced no observable morphological changes, 
again indicating that this agent acts via inhibition 

of secretion rather than directly. Since no differ- 
ence was observed, it is readily apparent that it is 
advantageous to use metiamide rather than a 15- 
h preincubation to obtain the resting state. 

The ultrastructure of oxyntic cells in which acid 
secretion has been restimulated with theophylline 
(10 -2 M) (Fig. 5) is in striking contrast to that of 
the resting cell. Cross section of a gastric gland 
shows a greatly enlarged lumen bordered by cells 
which exhibit many filamentous projections. 
These projections are generally referred to as 
microvilli but are quite different in appearance 
from the more regular microvilli of intestinal or 
renal epithelial ceils. In addition to having fila- 
mentous projections, the stimulated cells are char- 
acterized by the presence of an extensive "tubu- 
lovesicular" system which occupies most of the 
apical region of the cell. In contrast to those of 
the resting cell, the tubular profiles are more 
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FmURE 5 Oxyntic cells from theophyiline-stimulated tissue. Note increased lumen size and surface 
elaboration compared to Fig. 2. Extended tubules (T) and smooth-surfaced vacuoles (Va) are observed. 
x 14,000. 

numerous and appear to exist in longer segments. 
Another distinguishing feature of the stimulated 
cells is the presence of smooth-surfaced vacuoles 
ranging in diameter from 200 to 700 nm. These 
vacuoles are observed throughout the cell but 
appear most numerous in the apical region. 

The mitochondria also differ between the rest- 
ing and stimulated states. In the resting state the 
cristae are relatively straight and quite regular 
(Fig. 6a),  whereas in the stimulated state the 
cristae exhibit a reticulated conformation (Fig. 
6b) .  Presumably, this difference reflects a differ- 
ence in the metabolic rates observed under the 
two conditions (14). 

The transition between the resting and secreting 
states has been postulated to involve an intercon- 
version of tubular vesicular membrane with sur- 
face membrane (5, 10, 15). Further support for 
this idea is obtained by the observation of various 
structures which may be interpreted as transitional 
structures. Fig. 7a shows a high magnification of 
a constricted tubule. These structures are very 
common and may well represent a transition 

between the tubules and vesicles. The direction 
of this transition cannot be determined from these 
studies, and it is possible that the transition is a 
reversible process which continues even in the 
resting state. Further support for vesicle fusion 
and/or fission is provided in Fig. 7 b which shows 
two vesicle profiles having fused membranes. The 
possibility of interconversion between surface 
membrane and tubulovesicles is supported by the 
observation that the luminal spaces between adja- 
cent filamentous projections frequently terminate 
in structures which are indistinguishable from the 
bulbous terminals of cytoplasmic tubules (Fig. 
8a).  Bulbous smooth-surfaced vacuoles unique to 
secreting tissue are observed (Fig. 8b) adjacent 
to the luminal surface and scattered throughout 
the apical portion of the cell. These transitional 
structures may play a role in membrane turnover 
or a recycling process between tubules and mi- 
crovillar membranes. Here again, the direction of 
the possible interconversion cannot be deter- 
mined. 

Although the above results confirm previous 
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FIGURE 6 Comparison of mitochondria from resting and stimulated tissues. (a) Resting tissue exhibiting 
regular plate-like cristae, x 59,000. (b) Stimulated tissue mitochondria include cristae with a reticulated 
conformation, x 50,000. 

investigations and are consistent with the mem- 
brane-conservation hypothesis for the transition 
from the resting to secretory state, it is desirable 
to gain more insight into the mechanisms under- 
lying this transition. A major question regarding 
the morphological transition is whether it requires 
the actual production of acid or whether it occurs 
as a direct result of the stimulating agent. To test 
these possibilities, tissues were examined for mor- 
phological changes under two conditions in which 
acid production does not occur upon addition of 
theophylline. The first condition involves the si- 
multaneous addition of theophylline and thiocya- 
nate (SCN), a potent inhibitor of acid secretion. 
Under this condition, it has been shown that the 
tissue responds metabolically (increased oxygen 
consumption, cytochrome reduction) but does not 
secrete acid (12). The second condition tested is 
that of nitrogen anoxia. Under anoxic conditions, 
the addition of theophylline or other stimulants 
fails to result in acid production, presumably due 
to the lack of metabolic energy. Despite the lack 
of acid production, both test conditions were 

found to result in obvious morphological changes 
(Figs. 9 and 10). The morphological transitions 
were found to be similar to, but not identical 
with, those observed with secreting tissues. The 
theophylline plus SCN condition results in the 
formation of filamentous surface projections but 
differs from the secreting state in the appearance 
of tightly packed tubules and an absence of 
smooth-surfaced vacuoles. Although some mito- 
chondria exhibit a reticulated conformation, most 
of them have straight, regular cristae similar to 
those of the resting state. The anoxia-stimulated 
tissues also show surface elaborations and in- 
creased numbers of tubules, but the tubules are 
not densely packed. Smooth-surfaced vacuoles 
are absent, and the mitochondrial conformation 
resembles that of the resting state. Despite the 
detailed differences between the various condi- 
tions, it is clear that both the theophylline plus 
SCN- and the anoxia-stimulated tissues have un- 
dergone significant morphological changes com- 
pared to the resting state. Control studies using 
SCN alone or anoxia alone (Figs. 11 and 12) 
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Fmum~ 7 Tubular transition figures. (a) A tubule exhibiting constrictions possibly indicating a tubule- 
vesicle interconversion. • 41,000. (b) Vesicles exhibiting a fusion of membranes (arrow) possibly 
indicating a mechanism for tubule formation or dissolution, x 333,500. 

Fmu~ 8 Surface transition figures. (a) Intermicrovillar space terminating in bulbous structure, x 
20,000. (b) Smooth-surfaced vacuoles adjacent to luminal surface and in apical area of secreting cell. 
Note similar transitional structures in Fig. 5. • 15,500. 

show that the transitions are due to the theophyl- 
line treatment rather than to the SCN or anoxia 
per se. 

The most conspicuous change among the tran- 
sitional states of the oxyntic cells is that of the 
apical surface membrane. For this reason, reliable 
quantitative measurement of morphological 
change is most easily accomplished by morpho- 
metric lineal analysis (27, 28) of the apical surface 
density. The results of such an analysis are pre- 
sented in Table I. The values reveal approximately 
a 10-fold increase in surface area after theophyl- 
line stimulation compared with metiamide con- 
trols. Spontaneously secreting tissues show a value 
intermediate between that of the resting state and 
that of the theophylline-stimulated group. This 
supports the qualitative observation that sponta- 
neously secreting tissue contains a nonhomoge- 
neous population of cells. 

A value similar to that for the theophylline- 

stimulated tissue was found for the nonsecreting 
state after treatment with theophylline plus SCN. 
The anoxia-stimulated tissue shows a significant 
increase in surface area compared to metiamide- 
treated tissue, but the increase is less than that 
observed with theophylline or theophyiline plus 
SCN. 

The use of theophyiline as a secretory stimulant 
immediately suggests a role for cyclic AMP in the 
morphological transitions as has been suggested 
for acid secretion per se (8). To test the possible 
role of cyclic AMP in promoting morphological 
changes, tissue cyclic AMP content was measured 
for the various experimental conditions. Table II 
shows the results of these studies as being consist- 
ent with cyclic AMP mediating the theophyUine- 
induced morphological changes. Under the condi- 
tions tested, a significant increase in cyclic AMP 
was observed after theophylline, whether or not 
acid secretion was stimulated. Furthermore, the 

CAI~LISLE Er AL. Ultrastructural Changes and Cyclic AMP in Frog Oxyntic Cells 37 



FIGURE 9 Oxyntic cell treated with theophylline plus SCN. Note surface elaboration and exaggerated 
tubule system compared to that of nonsecreting tissue in Fig. 2. x 17,500. 

Fx~UP.E 10 Oxyntic cell treated with theophyiline under anoxic conditions. Note surface elaboration 
compared to that of resting tissue in Fig. 2. x 14,000. 
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FIGURE 11 Control tissue for SCN. A tissue was treated with SCN (10 -2 M) only after metiamide. 
Compare with Figs. 2 and 9. x 12,000. 

FIGURE 12 Resting tissue made anoxic for 40 min. Control anoxic tissues are similar to those treated 
with metiamide alone (Fig. 2). Compare with Fig. 10. x 10,000. 

TABLE I 

Morphometric Analysis of  Surface Area 

Experimental group N* Surface density 

m 2 ctn-a 

Metiamide 13 0.122 _+ 0.014 
Spontaneous se- 15 0.442 _+ 0.072(c 

cretion, 25 min 
TheophyUine 9 1.130 - 0.124~ 
Theophylline + 11 0.970 _+ 0.136~: 

SCN 
Anoxia + theo- 10 0.525 _+ 0.058:~ 

phylline 

* N = number of cells measured. 
:~ P < 0.001 compared to metiamide. 

increases in cyclic A M P  found with SCN and 
anoxia were as great as that with theophylline 
alone, indicating that these t reatments  do not 
interfere with the production of cyclic A M P .  The 

spontaneously secreting mucosa showed a cyclic 
A M P  level slightly higher than that of metiamide- 
treated tissues, but the difference is not signifi- 
cant. 

TABLE II 
Tissue Cyclic AMP Content 

Experimental ~'oup N:g Cyclic AMP Acid secretion 

Metiamide 
Spontaneous 

secretion, 
25 min 

TheophyUine 12 
TheophyUine 8 

+ SCN 
Anoxia + 10 

theophyl- 
line 

pmol/mg protein p.Eq cm-2h-I 

12 0.9 - 0.09 0.24 _+ 0.06 
8 1.3 +- 0.12 1.44 - 0.12" 

4.8 +- 0.40* 2.82 - 0.43* 
6.3 - 0.60* 0.54 -+ 0.12 

4.3 __ 0.40* 0 

* P < 0.001 compared to metiamide. 
~c N = number of tissues measured. 
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DISCUSSION 
The studies reported here have utilized in vitro 
frog gastric mucosa as a model system for studying 
the morphological changes that are concomitant 
with varying physiological activity. This prepara- 
tion allows considerable latitude in our ability to 
manipulate the physiological state of the tissue 
and permits the simultaneous measurement of 
morphological, physiological, and biochemical pa- 
rameters. Thus, it is an ideal preparation for 
studying the mechanisms which underlie the ob- 
served morphological changes. 

Pretreatment of the tissue with the histamine 
H2-receptor antagonist metiamide results in an 
easily obtainable, reproducible control state in 
which the oxyntic cells have a uniform appearance 
characterized by a smooth surface and no appar- 
ent organization of the tubulovesicular system. 
This appearance contrasts with the heterogeneous 
ultrastructure of the oxyntic cells observed in the 
spontaneously secreting tissue. The morphological 
effects of metiamide appear to be related to the 
inhibition of secretion rather than to a direct 
action of this agent on oxyntic cell morphology. 
Tissues brought to zero secretion by preincubation 
showed a morphology similar to that after meti- 
amide treatment, and subsequent addition of 
metiamide resulted in no further change. There- 
fore, it appears that metiamide does not alter the 
ultrastructure of the true resting oxyntic cells and 
that it can be used to produce a reliable, repro- 
ducible control state which is readily distinguished 
from the secreting state. 

The metiamide-treated tissues differ from the 
nonsecreting controls reported by other investiga- 
tors (6, 21), particularly with regard to the ap- 
pearance of the tubulovesicular system which 
seems to be much more organized in their prepa- 
rations. The explanation for this difference may 
lie in the true zero secretory rate of our prepara- 
tions. 

The morphology of the theophylline-stimulated 
tissue is consistent with that reported by other 
investigators (5, 6, 9-11, 15, 20-24) in showing a 
marked increase in surface area primarily due to 
the appearance of filamentous projections or mi- 
crovilli. This large, 10-fold change, compared to 
the metiamide control, is readily quantitated by 
lineal analysis as is shown in Table I. These 
morphometric results are consistent with changes 
observed in mammalian parietal cells (9, 15), and 
the values are similar to those reported by Helan- 
der et al. (11) in frog. The formation of these 

microvilli has been postulated to involve incorpo- 
ration of tubulovesicle membrane into the cell 
surface, i.e., the membrane-conservation hypoth- 
esis (9, 15, 23). This hypothesis is supported by 
the observations that inhibition of protein synthe- 
sis does not block the transition (3) and that the 
total phospholipid content does not change (17). 
Thus de novo membrane synthesis does not seem 
to be required. This would not rule out the 
possibility that membrane dissolution to the mo- 
lecular level may be involved, but this seems 
unlikely. The observation of various structures 
which are interpreted as "transition figures" also 
lends support to the membrane-conservation hy- 
pothesis, and we have presented several structures 
that seem to fit this category (Figs. 7 and 8). 
Despite the circumstantial evidence, no definite 
proof of transitions between vesicles, tubules, and 
surface membrane is yet available. Perhaps the 
most convincing evidence, though not proof, is 
the morphometric analysis showing a reciprocal 
relationship between surface membrane and sub- 
surface membrane (10, 15). 

Accepting the observation that morphological 
changes accompany secretory stimulation, two 
general questions arise. First, what mechanisms 
are responsible for the transition and, second, 
what role does the morphological change play in 
the production of acid? The present study repre- 
sents an initial attempt to correlate morphological, 
secretory, and biochemical evidence in order to 
gain insight into these two problems. The morpho- 
metric results obtained with SCN and anoxia 
demonstrate that the ultrastructural changes can 
be dissociated from the secretory response and 
thus can be assumed to be a direct result of the 
stimulating agent rather than secondary to acid 
production. This would be consistent with the 
observation of Helander and Hirschowitz (10) 
that morphological changes precede the onset of 
acid secretion. It is also consistent with the recent 
observation that secretory inhibition by anoxia 
does not reverse the morphological changes (5). 
The observation that morphological changes occur 
under anoxic conditions demonstrates that they 
are not dependent upon oxidative metabolism 
and probably do not require excessive metabolic 
energy. The fact that acid secretion itself is very 
dependent upon oxidative metabolism (12) fur- 
ther emphasizes the independence of these two 
phenomena. The dissociation of morphological 
changes from acid production does not indicate 
that acid secretion can occur in the absence of the 
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morphological transition. Indeed, all of the evi- 
dence would indicate that the morphological 
changes are a prerequisite to acid secretion, al- 
though the exact relationship is unknown. 

The demonstration that theophylline stimulates 
acid secretion and morphological changes suggests 
a role for cyclic AMP in these processes. The 
observations of Harris et al. (8) that theophylline 
increases tissue cyclic AMP levels and that cyclic 
AMP stimulates acid production and respiration 
provide a basis for the assumption that cyclic 
AMP mediates the action of theophylline on the 
secretory and metabolic processes. Moreover, 
cyclic AMP has been implicated in morphological 
changes in other tissues (19, 29, 30). Consistent 
with this view, the present results show a correla- 
tion between the theophylline-dependent morpho- 
logical changes and tissue cyclic AMP content. 
Although these conditions do not represent an 
exhaustive comparison of cyclic AMP and mor- 
phological changes, they do represent four distinct 
physiological states. The metiamide-treated tissue 
has a low cyclic AMP content, zero secretion, low 
metabolic rate, and resting morphology. The theo- 
phylline treatment results in secretory, metabolic, 
and morphological responses, whereas the theo- 
phylline plus SCN treatment results in only meta- 
bolic and morphological responses. Finally, the 
anoxia-stimulated tissue exhibits only the morpho- 
logical response. The last three conditions have 
only morphological changes and increased cyclic 
AMP content in common. Ideally, this sequence 
should be completed by identifying a condition in 
which the addition of theophylline did not result 
in morphological changes; however, we are not 
aware of such a condition. The spontaneously 
secreting tissue has a secretory rate and surface 
area which is intermediate between that of the 
resting condition and that of the theophylline 
condition. The cyclic AMP content, however, is 
low in proportion to the other parameters, being 
essentially the same as for metiamide treatment. 
Several explanations for this quantitative discrep- 
ancy may be envisioned. The temporal relations 
between morphology and cyclic AMP may not be 
exact, i.e., the cyclic AMP level may rise and 
then return to basal level, while the morphological 
changes and secretory rate persist for some time. 
Alternatively, the increase in cyclic AMP seen 
with theophylline may represent an overproduc- 
tion, and thus no strict quantitative relationship 
between cyclic AMP and morphology would be 
expected. Finally, it is possible that while theo- 

phylline acts via cyclic AMP, other stimulants 
(including the one which produces spontaneous 
secretion) may act by a mechanism which does 
not involve this cyclic nucleotide. Distinguishing 
among these possibilities is clearly beyond the 
scope of the present study. We can conclude only 
that for theophylline there is at least a qualitative 
relationship between surface area and cyclic 
AMP. 

The present study demonstrates a certain inde- 
pendence concerning the role of morphology in 
the process of acid secretion. Previous investiga- 
tors have postulated that the morphological 
changes serve to increase secretory surface area. 
However, this postulate only states the obvious 
and does not focus on the important question of 
the physiological significance of membrane trans- 
formation and turnover. The observation of mem- 
brane transition figures which are interpreted as 
membrane recycling suggests that the surface elab- 
oration is not static but continually turning over. 
This would imply a system which requires surface 
turnover rather than just increased surface area. 
Thus, the raison d'etre of the morphological tran- 
sition most likely involves more than surface in- 
crease, and future studies should be directed to 
this important question. 

In addition to the elucidation of the acid secre- 
tory mechanism, the ability to manipulate the 
physiological, biochemical, and ultrastructural 
states of this tissue gives this system the potential 
of answering some basic questions in the field of 
cell biology concerning the function of mitochon- 
dria and the recycling processes of cytoplasmic 
and plasma membranes. 

This study was supported by U. S. Public Health Service 
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