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Summary. The possibility of recycling, fusion and retrieval of
membranes during the gastric secretory process was studied in
isolated gastric mucosae of the toad Bufo marinus. Incorporation
and efflux of “C-inulin and horseradish peroxidase (HRP) into
the tissue as well as transmission and freeze-fracture electron
microscopic studies during the secretory cycle were done. HRP
and “C-inulin were incorporated into the tubulovesicular mem-
brane system during the secreting-resting transition. Upon resti-
mulation, markers were released towards the lumen. Marker
efflux preceded onset of H* secretion. Morphological trans-
formations in the oxyntic cell as evidenced from transmission
and freeze-fracture electron microscopy preceded acid secretion
coinciding with marker efflux. At this time, images that have
been associated with membrane fusion were found in the apical
membranes of oxyntic cells. The results are consistent with a
model where membrane area increases by a fusion mechanism at
the expense of the tubulovesicular system. This transformation
precedes the onset of H* secretion. Upon cessation of the stimu-
lus or inhibition, membranes are retrieved and the tubulovesicu-
lar system reformed. Retrieved membranes could be then reuti-
lized in the next secretory cycle.

Key Words membrane fusion - membrane recycling - oxyntic
cell - gastric mucosa - H* transport - Bufo marinus

Introduction

Stimulation of the acid secretory process in the gas-
tric oxyntic cell leads to morphological transforma-
tions that have been evidenced in a number of verte-
brate species [10]. This ubiquitous phenomenon is
characterized by a large increase in apical cell mem-
brane area with a concomitant reduction in the in-
tracellular tubulovesicular (TV) system of mem-
branes [18]. The increase in apical cell membrane
area appears to occur at the expense of the intracel-
lular TV system [15, 16]. This transformation is re-
versible upon withdrawal of the stimulus or inhibi-
tion of acid secretion [32, 35, 40].

The mechanism by which the area of the apical
membrane increases at the expense of the TV sys-

tem is not known. Fusion of the TV system with the
apical membrane has been postulated by several au-
thors {4, 14].

The regeneration of the TV system may result
from two alternative mechanisms, either new syn-
thesis of membranes or reversal of the process in-
volving retrieval of the exposed membranes during
the secreting-resting transition. Some results that
can be interpreted as endocytosis of exposed mem-
branes in the gastric mucosa can be found in the
literature [34]. If this is the case then it would seem
likely that the retrieved membranes may be reuti-
lized in the next secretory cycle. Recycling of mem-
branes has been postulated as a mechanism for
membrane conservation in a variety of secretory
tissues, both of neural and nonneural origin [8, 9,
19, 20, 21, 29, 31]. Furthermore, membrane recy-
cling has been shown to occur in cells engaged in
pinocytotic activity. An extensive review on this

" subject has recently appeared [38]. Important evi-

dence for such a mechanism has been obtained in
those tissues studied by incorporation of electron-
dense markers into endocytic vesicles and following
its intracellular fate by electron microscopy. Forte
et al. [14] postulated a membrane recycling hypoth-
esis in this tissue based on electron microscopic
examination of the oxyntic cell at various times dur-
ing the secretory cycle.

Taking into account the extensive membrane
transformations that occur during the secretory cy-
cle, the gastric mucosa may serve as a useful model
in which to study membrane retrieval and recycling
phenomena. Theoretically, one should be able to
incorporate fluid phase markers into the endocy-
tosed membrane vesicle and subsequently, after
washout of the extracellular space, follow the efflux
of the marker and the secretory parameter upon a
new stimulation. In an ideal system then, the extent
of catabolism and recycling of membranes could be
evaluated by this method.
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In this study, by using radioactive and electron-
dense markers we provide evidence for retrieval
and reutilization of membranes during the gastric
secretory cycle. The results show that markers are
incorporated into the membrane elements of the TV
system of the oxyntic cells and subsequently dis-
charged into the gland lumen upon restimulation.
The onset of morphological transformations, as evi-
denced from marker efflux and transmission and
freeze-etching electron microscopy, precedes the
onset of acid secretion. This phenomenon appears
to occur as a result of membrane fusion.

Materials and Methods

GENERAL METHODS

Gastric mucosae of the toad (Bufo marinus) were used for the
experiments. Animals were captured in the northern part of Vene-
zuela and maintained in tanks under running tap water until use.
After pithing, the stomachs were removed and opened along the
lesser curvature. The mucosal layer separated from the muscle
coat was split into two halves and mounted as a flat sheet be-
tween two Lucite® Ussing-type chambers and bathed with physi-
ological solutions at room temperature. The exposed area was 2
cm? and the volume of each chamber 3 ml. The serosal or nutri-
ent solution contained (in mMm): 85 NaCl, 4 KCl, 0.8 MgSO,, 1.8
CaCly, 11 glucose and 25 Tris buffer, pH 7.2. The solution
added to the mucosal or secretory side was 120 mym NaCl unless
otherwise stated. Both solutions were bubbled with 100% O,
continuously throughout the experiment. Acid secretory rate
was measured either by continuous titration of the secretory
solution in the chamber by the pH-stat method [7] or by with-
drawing the mucosal chamber contents and titrating to pH 7 at
given time periods.

INCORPORATION AND EFFLUX OF
RADIOACTIVE EXTRACELLULAR SPACE TRACERS

Mucosae were mounted in chambers as described above. The
secretory side was exposed to a solution containing “C-inulin (2
uCi/ml), for a total time of 270 min. During this time the mucosa
was first stimulated to secrete acid by the addition of histamine
(10~* M) to the serosal side for a period of 120 min in order to
induce increase in membrane area [16, 32]. Then, the reversal of
the process was obtained by washing out histamine and addition
of metiamide (1073 m). This inhibition period lasted for 150 min.
To facilitate the reaching of the tracer to the bottom of the gastric
glands, the normal water flow (see Discussion), was abolished
during most of the tracer uptake period [25, 28]. Thus, an os-
motic gradient was applied during the final hour of stimulation
and the first 2 hr of metiamide inhibition (60 to 240 min). This was
done by the addition of sucrose to the serosal solution to a final
concentration of 200 mM. Then, the hyperosmotic solution on
the nutrient side was replaced by normal nutrient solution for
another 30 min (240 to 270 min) to allow osmotic recovery. There
was a very small transepithelial flux of “C-inulin during the pe-
riod. Thus, to avoid accumulation of the tracer on the serosal
side, the nutrient solution was renewed every 30 min.
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At the end of the 270-min incorporation period, 100-ul
samples were taken from both bathing solutions to assess spe-
cific activity of *C. Then, the chambers were thoroughly washed
by renewal of bathing solutions every minute during 10 min (270
to 280 min). Subsequently, the mucosal solution was replaced
every 10 min with fresh solutions. Aliguots were used for liquid
scintillation counting of *C and rate of acid secretion by titration
with 0.01 N NaOH in an autotitrator (Radiometer). In initial ex-
periments it was determined that 100 min was more than suffi-
cient for washout of the extracellular space and to obtain a very
small amount of radioactivity efflux. Thus, the effect of secreta-
gogues on “C efflux was studied after 110 min of washout of
radioactivity.

TRANSMISSION ELECTRON MICROSCOPY

Ultrastructural studies were carried out at different times during
the secretory cycle. Mucosae were mounted in chambers as de-
scribed above. Resting tissue was obtained by prolonged incuba-
tion [23], or by incubating in the presence of metiamide [2, 36].
After reaching the resting state by either method, one hemimu-
cosa was stimulated by the addition of secretagogues, while the
other was kept as a control. Tissues in the resting state and at
various times after stimulation were rapidly withdrawn from the
chambers and immersed in ice-cold 2% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.2. The mucosae were minced to pieces
about 1 mm? in the glutaraldehyde solution. Fixation was carried
out for 3 hr in the cold and then washed in cacodylate buffer for
another 4 hr with hourly changes. Subsequently, the pieces were
postfixed in 2% OsO, for 2 hr, dehydrated in a graded series of
alcohol and embedded in Epon 812. Thin sections, cut with dia-
mond knives (IVIC), were stained with uranyl acetate, acid lead
citrate and viewed in a Hitachi H500 or a JEOL JEM 100B
electron microscope.

FREEZE-FRACTURE ELECTRON MICROSCOPY

Pieces from the same tissues studied by transmission electron
microscopy were processed for freeze fracture {26]. Tissue was
fixed in glutaraldehyde and washed as described above and then
immersed in 30% glycerol in 0.1 M cacodylate buffer for 6 hr.
Samples were frozen in Freon 22, cooled to —160°C in liguid
nitrogen and then fractured in a JEOL freeze-fracture device
(JEOL FED-B). Fractures were done at —120°C and etched at
—110°C before shadowing with platinum-carbon electrodes. Plat-
inum-carbon replicas were washed in sodium hypochlorite solu-
tion, then in distilled water and recovered in copper grids. The
replicas were examined in a JEOL JEM 100B electron micro-
scope.

STUDIES WITH
ELECTRON-DENSE EXTRACELLULAR MARKERS

Horseradish peroxidase (HRP) was used as extracellular marker,
and incorporated into the tissue in the same manner as for “C-
inulin as described above. The mucosal side was exposed to a
solution containing HRP (Sigma Type 11, 30 mg/ml) for 150 min.
During the first 60 min, the mucosae were stimulated with 1074 M
histamine. Then the tissues were treated with 1073 M metiamide
to inhibit secretion for the remaining 90 min. At the end of this
period HRP solution was washed with fresh nutrient. One hemi-
mucosa was immediately fixed in the resting state, whereas the
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Fig. 1. Effect of db-cAMP (10
1% mM) on “C-inulin efflux
(continuous lines) and acid
secretion (dashed lines) in
hemimucosae preloaded with the
tracer. One hemimucosae was
loaded with the stimulation-
inhibition sequence (filled
circles) whereas the other
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(=4
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5 12 during the entire loading period
k3 500 (open circles). At the arrow,
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o | | I e, ol I 1 L | Jo experiment. See text for details
30 60 20 120 150 180 210 240
TIME (minutes)

other one was stimulated again with db-cAMP (10 mwm) for 10 min
and then fixed. Tissues were minced to small pieces (about 1
mm?) and fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer
pH 7.2, containing 10 mM CaCl,. Fixation was carried out for 3
hr at 1 to 2°C and then the tissues were washed overnight in
cacodylate buffer. For histochemical localization of HRP, muco-
sal pieces were previously cut into 50-um sections with a vibro-
tome to assist penetration of the incubation medium. The sec-
tions were incubated in a medium containing 0.05%
diaminobenzidine, 0.1 M cacodylate buffer, pH 7.2, and 10 mMm
CaCl,. After 30 min H,O, (0.01%) was added as substrate and
incubation carried out for another 45 min at room temperature.
After washing for 3 hr in cacodylate buffer, the 50-um sections
were post-fixed in 0sQ,, dehydrated in ethanol and embedded in
Epon as described above for transmission electron microscopy.
Unstained sections were examined in a JEOL JEM 100B elec-
tron microscope. Mucosae not exposed to extracellular HRP but
incubated in the complete diaminobenzidine medium showed no
reaction product except a faint precipitate in mitochondrial cris-
tae (see Results).

Results

RADIOACTIVE TRACER EFFLUX STUDIES

The time course of “C-inulin efflux, and the effects
of stimulation with db-cAMP on tracer efflux and
acid secretion, in paired hemimucosae preloaded in
two different conditions, are shown in Fig. 1. One
hemimucosa was loaded with the tracer with the
stimulation-inhibition sequence as described in Ma-
terials and Methods, whereas the control one was
loaded in the inhibited condition from the begin-
ning. In both hemimucosae, after removal of the
tracer, the efflux fell exponentially to very low val-
ues with a f,, of about 7 min, typical of mucosal

extracellular space as measured for this tissue [39].
In the experimental half, addition of db-cAMP (10
mM) in the presence of metiamide, induced an in-
crease in tracer efflux which peaked and came down
to very low count efflux. There was a temporal dis-
sociation between this phenomenon and acid secre-
tion, the onset of tracer efflux preceding onset of
secretion by about 20 to 30 min in most cases. In the
control half, little or no count efflux was observed
with stimulation despite an elevation of acid secre-
tion to values similar to the experimental half.
These effects of restimulation with db-cAMP were
common to all secretagogues tested. Joint addition
of histamine and theophylline produced an increase
in counts and secretion with the temporal dissocia-
tion seen with db-cAMP (Fig. 2). If the tubulovesi-
cular system is the compartment where the tracer
had accumulated, one might expect a correspon-
dence between the volume estimated from the
tracer space and from morphometric calculations.
The equivalent volume, released by stimulation
represents about one-half of the TV system vol-
ume calculated from morphometric measurement
(Tabie 1).

To further study this relationship, the effects of
known inhibitors of acid secretion were tested.
Paired mucosal halves were used for these experi-
ments. One half was treated with the inhibitor prior
to stimulation whereas the other was kept as a con-
trol. SCN~ pretreatment completely inhibited the
response to db-cAMP in both parameters studied
(Fig. 3). An increase in count efflux and secretion
with stimulation can be seen in the control half.

Metabolic inhibition by amytal has been shown
to depress ATP levels and acid secretion in the iso-
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lated amphibian mucosa [30]. Pretreatment with
amytal (5 mM) completely abolished the response to
db-cAMP both in acid secretion and radioactive
tracer efflux (Fig. 4).

Given the anatomical characteristics of the gas-
tric gland, it might be possible that tracer had re-
mained in a space such as the gland lumen. Stimula-

Table 1 Equivalent volume released upon stimulation in
mucosae previously exposed to “C-inulin

Group? Secretory Mucosal Equivalent TV system % of
rate wet volume volumed TV system
(neq H*/hr)®  weight released® (uh volume
(mg) (ul) released®
A 4.4 186.1 3.00 5.57 51
(n = 10) 0.42 18.5 0.6 0.5§
B 3.8 "148 0.14 4.43
(n=275) 0.48 30.9 0.06 0.92

2 Table representing summary of experiments like the one presented in Fig. 1. In group
A mucosae were exposed to tracer during a stimulation-inhibition sequence. In Group
B, mucosae were exposed to tracer only during inhibition. See Materials and Methods
for details.

b Maximal rate obtained after restimulation with db-cAMP.

¢ Estimated from integration of efflux peak from time 100 to 170 (min after washout)
and calculated from specific activity of mucosal bulk solution.

d Calculated assuming a TV volume of 2.99% of mucosae. This has been estimated
from morphometric measurements (ref. 18; Jirén and Michelangeli, preliminary
results),

€ Calculated from the difference in volume release in the two groups and compared to
the TV system volume. Values represent the mean * SEM.
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tion of H* production with its accompanying
volume flow, could sweep out tracer, which could
appear preceding H* secretion. Experiments were
designed to test this possibility. Mucosae, first
loaded with “C-inulin were exposed to a hypertonic
solution (S + 200 mM sucrose) on the secretory side
after the usual washout of the mucosal extracellular
space. Induction of an osmotic water flow by this
method did not result in an increased tracer efflux.
However, subsequent stimulation with db-cAMP
induced radioactivity efflux as in control experi-
ments (results not shown).

TRANSMISSION ELECTRON MicRoscoPY DURING
THE SECRETORY CYCLE

Trying to correlate efflux studies with morphologi-
cal changes, the structure of the oxyntic cell was
studied at different times throughout the secretory
cycle. Tissues were fixed in the resting state and at
two different times after stimulation with db-cAMP.
The first time selected was a few minutes after stim-
ulation when the tissue gave the first sign of H*
production. This time was coinciding with the peak
of “C-inulin efflux. This is termed presecretory
state from here on. Other tissues were fixed after
the mucosae had reached a stable secretory rate
(=60 min; secretory state).

Fig. 2. Effect of histamine (10~*
M) plus theophylline (10 mm) on
YC-inulin efflux (continuous
lines) and acid secretion (dashed
lines) in gastric mucosa
preloaded with the tracer.
Stimulants were added at the
arrow and remained until the end
of the experiment

L4
120

TIME (min.}
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The fine structure of the oxyntic cell of the toad
(Bufo marinus) in both the resting and secretory
states resembles very closely that described for
other amphibian species [33]. However, in this
work we have found morphological changes at an
early stage of stimulation (presecretory state) so far
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not described in the literature for an amphibian spe-
cies. Therefore, these changes are briefly described.
In this state, structural changes have already
started to take place (Fig. 5). It can be observed that
numerous microvilli and finger-like processes pro-
ject from the apical plasma membrane into the gland
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Fig. 5. Apical pole of an oxyntic cell of a toad in the presecretory state. Numerous microvilli project into the gland lumen (L).
Elements of the TV system (TV) are seen in close proximity to the plasma membrane. Images suggestive of fusion are also seen
{arrows). Elements of the TV system (TV) are seen in contact with the apical plasma membrane or inside microvilii (5b). Figure 5S¢
shows a tubule that is fused with the apical membrane. Exocytosis of secretory granules (SG) is seen in this state (5d). Bars: 0.5 um.
Magnifications: 42.500x (Sa). 50,000x (5b.¢) and 27.000% (5d)

lumen greatly increasing the membrane area. Nu-
merous tubular and vesicular elements of the TV
system are now seen in close proximity or contact-
ing the apical plasma membrane. In some cases one
can see tubular elements inside microvilli or open-
ing into the gland lumen (Fig. Sh-c). Secretory
granules move toward the apex of the cell and ex-
ocytosis of these granules (Fig. 5d) already occurs
during this period.

FREEZE-FRACTURE ELECTRON MICROSCOPY
DURING THE SECRETORY CYCLE

Freeze-fracture replicas from the same tissues pro-
cessed for transmission electron microscopy in dif-
ferent physiological states were studied.

The ultrastructure of the toad oxyntic cell as
seen in conventional electron microscopy could be
easily recognized in freeze-fracture replicas (Figs.
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Fig. 6. Freeze-fracture replica of a toad oxyntic cell in the resting state. Detail of apical pole. (a) P faces of apical membrane and
tubulovesicular system are observable. Fracture images of other organelles are seen. (4) Large area of apical membrane is fractured,
showing the E face. Cytoplasmic cores of microvilli are seen. Note image of fractured glycocalix (gc) on the surface of microvilli. mv,
microvilli; L, lumen; E, E face; P, P face; TV, tubulovesicular system; jc, junctional complex. Arrow in lower left corner depicts angle
of shadowing. Bar: 1 um. Magnification: 32,500 (a), 25,000% (b)

6-8). In the resting state (Fig. 6), both fracture
faces, P and E [3], of the various membranes can be
observed. On the P face, the particle density varies
depending on the membrane. It is very high in the
membranes of the TV system but low in the apical
plasmalemma and secretory granules. On the E
faces, particle density is always low and no appar-
ent differences could be observed between the vari-
ous membranes, in particular between TV system

and apical membrane. On the apical plasmalemma
and its microvilli, a fibrillar structure was seen ad-
hering to the external side. This might represent the
fracture image of the glycocalix observed by trans-
mission electron microscopy [13]. In the resting
state, where large sheets of membranes could be
fractured, no communication could be evidenced
between the apical membrane and the TV system.

In the presecretory state the apical plasma
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membrane appeared now largely increased in area
by the presence of long and numerous finger-like
processes (Fig. 7). In addition to the increase in
area of the apical membrane, two striking differ-
ences could be observed as compared to the resting
state. The first is a change in particle density of the
P face of the apical membrane. It is now rich in

Table 2. Quantification of IMP-free bulges
in microvilli of oxyntic cells in the presecre-

tory state

Number of mucosae 3
Cells examined 22
Microvilli counted® 158
Microvilli with bulges 94
Number of bulges observed 126

2 Only microvilli exposing the P fracture
face were taken into consideration.
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intramembrane particles (IMP) with an apparent
density like that of the P face of the TV system. The
other interesting feature is the appearance on the P
face of bulges devoid of particles in the microvilli of
the apical membrane. An attempt to quantitate the
frequency of this phenomenon is presented in Table
2. In about 60% of all microvilli showing the P face,
IMP-free bulges could be observed. In some cases
up to three bulges could be counted on a single mi-
crovillus. This is a minimal estimate of the fre-
quency since only a fraction of the P face of each
microvillus is observed. In the insert of Fig. 7, in
addition to the particle-free bulges already de-
scribed, a depression devoid of particles can also be
observed. This type of image was also rather fre-
quent in this state. No apparent changes in other
structures could be observed with this technique,
The increase in apical membrane area reached a
maximum in the secretory state (Fig. 8). The P face
of microvilli and apical plasmalemma was rich in

Fig. 7. Freeze-fracture replica of a toad oxyntic cell in the presecretory state. Detail of apical pole. Note numerous microvilli. IMP
density of P face of apical membrane is similar to that of TV system. Arrows indicate IMP-free bulges on apical membrane. In the insert
a detail of the P face of a microvillus is shown. Thin arrow indicates an IMP-free bulge. Thick arrow indicates a depression area devoid
of IMP. L, lumen; P, P face; E, E face; #j, tight junction; TV, tubulovesicular system; BLM, basolateral membrane. Arrow at lower left
corner depicts angle of shadowing. Bars: 1 um and 0.1 pum (insert). Magnifications: 50,000x and 210,000 (insert)
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particles with a density similar to that of the P face
of the TV system. In this sense, the secreting oxyn-
tic cell was like the one in the presecretory state.
However, the particle-free bulges and depressions
were never observed in this state. No apparent
changes in other structures could be visualized in
replicas of secreting oxyntic cells.

STUDIES WITH HORSERADISH PEROXIDASE
HRP was used in an attempt to visualize the sites of

incorporation of extracellular space tracers. When
the tissue was loaded with HRP, the electron-
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dense tracer penetrated into the pits and gland lu-
men. However, most of the HRP was localized in
the pits associated with fibrillar material, probably
mucus. In tissues that were loaded with HRP with
the stimulation-inhibition sequence and left in the
resting state only the oxyntic cells showed HRP
localized intracellularly. In the resting oxyntic cell
(Fig. 9) smooth membrane with microvilli typical of
this state can be observed in unstained sections. No
electron-dense material could be evidenced in the
gland lumen. However, HRP was seen adhering to
the surface of the apical membrane. Numerous tu-
bular and vesicular profiles of elements of the TV
system are seen. HRP is observed within many of

Fig. 8. Freeze-fracture replica of a toad oxyntic cell in the secreting state. Note increase in apical membrane area. P, P faces; E, E
faces; L, lumen; TV, tubulovesicular system. Circled arrowhead depicts angle of shadowing. Bar: 0.5 um. Magnification: 42,500x
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Fig. 9. Unstained section of a toad oxyntic cell in the resting state Joaded with HRP. Numerous vesicular and tubular profiles are seen
filled with electron-dense material. Endogenous reaction product is seen in mitochondrial christae (Fig. 95). HRP is also seen in
multivesicular bodies (Fig. 9¢). L, lumen; TV, tubulovesicular system; M, mitochondria; MVB, multivesicular body. Bars: 0.5 um.
Magnifications: 59,400% (9a), 55,700% (9b) and 56,700% (9¢)

these profiles. HRP was also observed within since it also appeared in tissues not loaded with
multivesicular bodies (Fig. 9¢). Mitochondria exogenous HRP but treated with diaminobenzidine
showed a positive reaction in their cristac most  (Fig. 9b).

probably due to endogenous peroxidase activity When HRP-loaded tissues were fixed shortly (5



C. Jirdn et al.: Membrane Fusion and Recycling in Oxyntic Cells

129

Fig. 10. Unstained sections of a toad oxyntic cell in the presecretory state. Mucosae had been loaded with HRP and then restimulated
with db-cAMP (see Materials and Methods). Tubular profiles are seen in contact with the apical membrane or emptying into the lumen
(thin arrows). HRP is seen adhering in some areas to the apical plasma membrane (thick arrow), L, lnmen; M, mitochondria; TV,
tubulovesicular system. Bars: 0.5 um. Magnifications: 35,700% (10a), 69,300 (104)

min) after restimulation, typical morphological
changes were observed (Fig. 10). Long villi and
foldings are seen in the gland lumen. At this stage,
tubules are seen in contact with the apical mem-
brane and some of them appeared to be emptying
their contents into the lumen. HRP was also seen
adhering to the exterior of the plasmalemma. Cells
that had been stimulated for a longer time (45 min)
showed typical changes induced by stimulation
(Fig. 11). The amount of HRP seen in this case was
much less than that observed in the resting state.
However, HRP still remained in multivesicular
bodies.

In another group of experiments, mucosae were
brought to the resting state with metiamide. Then,
they were exposed to HRP on the lumen side in the
continuous presence of metiamide. These experi-
ments served as a control for the nature of the in-
corporation of the tracer. HRP was observed adher-
ing to the surface of the apical membrane, without
filling the gland lumen as was the case for the pre-
ceding conditions. However, in this case, no elec-

tron-dense material was seen within the TV system
or within multivesicular bodies.

Discussion

Stimulation of acid secretion in the gastric oxyntic
cell of the vertebrate induces a proliferation of api-
cal plasma membrane apparently at the expense of
the intracellular TV system [16]. This process is
reversible when the cell goes back to the resting
state in each secretory cycle. Forte et al. [14] have
proposed that retrieved membranes may be reuti-
lized. Our results presented here are fully consis-
tent with a membrane recycling hypothesis. In the
present paper, we found that radioactive and elec-
tron-dense extracellular markers were incorporated
into the TV system during membrane retrieval.
Upon a new stimulation of secretion, markers were
discharged to the luminal side. This was accompa-
nied by an increase in membrane area. The morpho-
logical transformation after stimulation preceded
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Fig. 11. Unstained section of a toad oxyntic cell in the secreting state. Mucosa had been preloaded with HRP and then restimulated
with de-cAMP and fixed 45 min after. L, lumen; TV, tubulovesicular system; M, mitochondria. Bar: 1 um. Magnification: 29,050%

the onset of acid secretion as could be evidenced by
efflux of radioactive markers and transmission and
freeze-fracture electron microscopy. A membrane
fusion mechanism appears to be involved in the in-
crease in membrane area.

To interpret the results obtained with *C-inulin
it was important to estimate the amount of tracer
that reaches the bottom of the gland. Given its anat-
omy we need to consider the ‘‘sweeping out’” effect
produced by the net flow of water accompanying
acid secretion [25, 28]. In this case, the water flow
going out of the gland would oppose the diffusional
entry of the tracer. Therefore, the relation of con-
centrations in the bulk solution and at any given
length along the gland lumen in the steady state
would be given by the following expression [25, 28]:

C/Co = e™"P

where C is the concentration of the tracer at any
length x along the gland; Co is the concentration of
the tracer in the bulk solution, v is the velocity of
secretory flow and D is the diffusion coefficient of
the tracer in free solution. Assigning known values

to these parameters (length of the gland, 200 wm
[18]; velocity of secretion, 12 pl/cm? of gland lumen
per hour {39] and Djpyin, 1.7 X 107¢ cm? - seg™! [22)),
we get an estimate of C/Co at the bottom of the
gland of 0.68. This would be a minimum value for
the bottom of the gland. We have manipulated the
only parameter susceptible to modification which is
the velocity of water flow. It has been shown [6]
that the net water flow that accompanies acid secre-
tion can be abolished or even reversed by placing an
osmotic gradient across the tissue. In the present
study we have used an osmotic gradient during the
loading period to optimize availability of tracer
along the gland. Furthermore, the return to the rest-
ing morphology after metiamide inhibition appears
to be slower than cessation of H* secretion [40].
Thus, uptake of tracer would occur in a situation of
zero or very little volume flow.

In the present study we were able to show up-
take of electron-dense markers into the TV system
during the reversal of the process and we could in-
fer from this that also the radioactive markers were
incorporated into the TV system. Uptake of fluid
phase markers such as radioactive [27] and elec-
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Fig. 12. Unstained sections of a toad gastric gland at the oxyntic cell region in the resting state. Resting mucosa was incubated with
HRP in the luminal side for 90 min and then fixed. Electron-dense material is only seen adhering to the surface of the apical membrane.
Endogenous reaction product is seen in mitochondrial christae. HRP is absent in the TV system or in multivesicular bodies. L, [umen;
TV, tubulovesicular system; M, mitochondria; MVB, multivesicular body. Bars: 2 um (122); 0.5 pm (125). Magnification: 13,500x
(12a), 59,400 (12b)

tron-dense markers [21] during membrane retrieval
has already been shown in a variety of systems [38].
In this tissue, Sedar [34] showed that HRP could be
incorporated into the TV system of the oxyntic cell.
On the other hand, Forte and Forte [12] showed in
fixed tissues that lanthanum did not penetrate into
the TV system in the resting oxyntic cell, and very
poorly in the stimulated one. These results agree

with our interpretation as will be discussed below,
that there is no static communication between the
TV system and the gland lumen. The fact of finding
HRP in the TV system of a resting cell after reversal
of the secretory state suggests that these structures
are regenerated after membrane retrieval. Forte et
al. [10] have shown incorporation of microperox-
idase into endocytic and multimembrane vacuoles
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in the mammalian parietal cell. The steps for the
regeneration of the TV system after retrieval in the
amphibian oxyntic cell are not known. However, it
may involve the formation of intermediate struc-
tures similar to those seen in the parietal cell
[10, 14, 16]. In other secretory cells (exocrine,
endocrine and immunoglobulin-secreting cells),
retrieved membranes fuse with Golgi cisternae to be
reused as membrane containers in secretory gran-
ules for export of products (for a review see refer-
ence 9). On the other hand, the presence of HRP in
multivesicular bodies and lysosomes may indicate
that a certain degree of catabolism of membranes
occurs after retrieval, at least in the presence of
HRP. In control mucosae that were loaded with the
tracer in the metiamide-inhibited state, no efflux of
counts was observed. Also, no HRP was observed
in the TV system when the mucosae were exposed
to the electron-dense marker in inhibited condition.
In this case HRP reached only the lumen of the
gland. These results indicate that the loading of the
TV system occurs only during retrieval of mem-
branes.

The results obtained following restimulation
were characterized by an increase in *C-inulin ef-
flux whose onset and maximum preceded the onset
and maximum of acid secretion. Furthermore,
much of the increase in apical membrane area had
already taken place at a time after stimulation corre-
sponding with the peak of *C-inulin efflux and with
no H* secretion. Similar observations have been
made by electron microscopy in the mammalian
stomach [17]. This result would indicate that the
onset of the morphological transformation precedes
the activation of the H" pump and might be a re-
quirement for secretion. Our results with inulin ef-
flux and morphology also suggest that the TV sys-
tem does not contain a low pH fluid. Otherwise, H*
would have accompanied or even preceded *C-in-
ulin efflux. One can calculate the amount of acid
that would be released if the volume of the TV sys-
tem were full of isotonic HCI and then emptied into
the lumen upon the morphological transformation.
Based on our data (Table 1) we find that about 0.36
peq would be released with “C-inulin at the time of
the morphological transformation. If this transfor-
mation occurred in 20 min, the increase in H* secre-
tion would be of about 1 meq/hr. This change in
secretory rate would accompany or even precede
inulin efflux (H* diffuses faster than inulin) and
would be easily detectable by our methods. Even if
the whole process took one hour, the change in rate
(of 0.36 weq/hr) would still be detectable. In no case
do we see an increase in H* rate of this magnitude
accompanying “C-inulin efflux. Furthermore, the
use of acridine orange fluorescence as an indicator

C. Jirdn et al.: Membrane Fusion and Recycling in Oxyntic Cells

of pH in mucosal slices of several amphibian spe-
cies shows the accumulation of acid in the gland
lumen upon stimulation. Regions of high acidity are
absent in oxyntic cells in the resting state [37]. This,
again, argues against the existence of preformed
acid. Our results are in contrast with the findings in
isolated gastric glands. Accumulation of aminopy-
rine and acridine orange fluorescence is consistent
with regions of high H" activity within the cell, pos-
sibly the TV system in the resting state [1]. This
might be a characteristic of the isolated gastric
gland of the rabbit. The results in the in vivo dog
stomach are consistent with the model here pro-
posed for the amphibian [17].

The observations of marker efflux and images
of HRP discharge into the lumen, accompanying the
morphological transformation with restimulation of
secretion, strongly suggest that at least an impor-
tant fraction of the retrieved membranes are reuti-
lized in the next secretory cycle.

The mechanism by which the area of the apical
plasmalemma increases at the expense of the TV
system is not known. A mechanism implying ever-
sion of the TV system was early proposed by Sedar
{33]. Recent results in isolated gastric glands [1]
have been interpreted within the framework of this
eversion hypothesis. In this case, the TV system
membranes would be continuous with the apical
plasmalemma and there would be communication
between their lumen and the gland lumen. Stimuia-
tion would lead to a ‘‘turning-out’” of this membra-
nous element resulting in the morphological change.
On the other hand, a second mechanism involving
fusion of the TV system with the apical plasma-
lemma, as a consequence of stimulation, has been
proposed [10, 11]. The results shown in this paper
rather support the fusion hypothesis. Images sug-
gestive of fusion observed by transmission electron
microscopy appeared in the presecretory state.
These images in the toad are similar to those ob-
served by many authors in other species. When the
tissue was observed in the same state by freeze-
fracture electron microscopy we found images that
have been associated with membrane fusion in
other systems. Thus, bulges devoid of IMP on the P
fracture face were observed on the newly formed
finger-like processes and membrane proliferations.
Similar structures have been described in other se-
cretory systems at the time and place of membrane
fusion [24]. More recently, Chandler and Heuser
[5], from their studies in quick-frozen cells, have
argued that these IMP-free bulges may be artifacts
only seen in fixed tissues, although they most prob-
ably originate at early stages of membrane fusion.
The fact that these images appear only in the prese-
cretory state, at the places of membrane contacts
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seen in transmission electron microscopy, and coin-
¢iding with radioactive tracer efflux, makes it highly
likely that they represent points of membrane fu-
sion. Furthermore, the complete absence of com-
munication between the TV system and the apical
plasma membrane in the resting state argues against
the possibility of an eversion of the TV system.

The results obtained in this paper, with differ-
ent approaches and techniques, are consistent with
a model where the increase in apical membrane
area, following stimulation, occurs by a fusion
mechanism. This transformation would precede the
onset of secretion and would be a requirement for
it. Upon withdrawal of the stimulus or inhibition,
the apical membrane would be retrieved by endocy-
tosis with the consequent regeneration of the TV
system. Retrieved membranes could be then recy-
cled.

We are deeply indebted to Marie-Christine Ruiz for her unre-
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