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Summary. The present experiments report the existence of an 
apico-basal plasma membrane shuttle in cultured renal collecting 
duct principal cell epithelium. Apical and basal perfusion under 
isotonic conditions, 290 mosm phosphate-buffered saline (PI3S), 
has no effect on the shape of the epithelium. In contrast, gradient 
perfusion bf the epithelium with 75 mosm PBS on the apical side 
and 290 mosm PBS on the basal side for 10 rain alters the mor- 
phology of the epithelium by causing the originally columnar 
epithelial cells to become lower, the intercellular spaces to di- 
late, and the intracellu]ar vesicles to enlarge. Perfusion of the 
epithelium with isotonic PBS in the presence of electron-dense 
cellular markers such as gold-coupled GPcoI antibody, recogniz- 
ing a glycoprotein in the plasma membrane of collecting duct 
cells (W.W. Minuth, G. Lauer, S. Bachman and W. Kriz, Histo- 
chemistry 80:17 I-182, 1984), cationized ferritin (CF), horserad- 
ish peroxidase (HRP) and native ferritin (NF) for 10 rain reveals 
their binding at the apical plasma membrane. Little endocytosis 
is observable. However, after labeling the luminal side by the 
cellular markers and following exposure to apical hypotonicity, 
75 mosm PBS for 10 rain, endocytosis of all markers is enhanced 
to a high degree. Furthermore, the gold-coupled GPcD! antibody 
and cationized ferritin are transported within vesicles unidirec- 
tionally through the epithelium and are exocytosed at the basola- 
teral aspect, indicating the retrieval and possible translocation of 
apical plasma membrane. In contrast, volume markers such as 
NF and HRP are also endocytosed under osmotic gradient expo- 
sure, but are not seen to be transcytosed. Therefore, the function 
of this membrane pathway seems not to be related to water reab- 
sorption, but may be part of a cellular response as protection 
against the osmotic gradient. 
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Introduction 

In addition to the aldosterone-dependent Na § reab- 
sorption (Morel & Doucet, 1986), the main function 
of the collecting duct system is the reabsorption of 
water, dependent on a luminal-antiluminal osmotic 
gradient, and triggered by the antidiuretic hormone 
vasopressin (Morel et al., 1976; Kokko, 1987; 
Morel, Imbert-Teboul & Chabardes, 1987). Studies 

of microdissected mammalian collecting duct tu- 
bules applying a luminal-antiluminal osmotic gradi- 
ent of approx. 200 mosm have provided qualitative 
and quantitative data elucidating the mechanism of 
water reabsorption mediated by the vasopressin- 
sensitive adenylate cyclase system (Ganote et al., 
1968; Grantham et al., 1969; Kirk, Schafer & Di- 
Bona, 1984; Strange & Spring, 1987). Investiga- 
tions on amphibian toad bladder using tracer sub- 
stances have demonstrated that cellular endocytotic 
processes may be additionally involved (Masur, 
Cooper & Rubin, 1984; Ding, Franki & Hays, 1985; 
Beauwens et al., 1986; Hays, Franki & Ding, 1987). 
On the other side, information about transcellular 
pathways, independent on the adenylate cyclase 
systems has already been documented in studies 
both on continuous cell lines and other epithelial 
cells by labeling with specific markers such as im- 
munoglobulin G (IgG; Abrahamson & Rodewald, 
1981), implanted plasma membrane proteins (Marlin 
et al., 1983; Pesonen & Simons, 1983; Mostov & 
Simister, 1985), as well as with unspecific markers 
like cationized ferritin (CF; van Deurs, von Billow 
& M611er, 1981; von Bonsdorff, Fuller & Simons, 
1985), and horseradish peroxidase (HRP; Abraham- 
son & Rodewald, 1980). 

Recently, we demonstrated that cultured col- 
lecting duct cells grown on a specific renal support 
can be maintained in a differentiated state (Minuth 
et al., 1986). The cultured cells develop many char- 
acteristics of adult Principal cells of the renal col- 
lecting duct, as shown by morphological (Minuth & 
Kriz 1982; Gross et al., 1986), immunological 
(Minuth et al., 1984; Minuth & Gilbert 1987), and 
electrophysiological methods (Gross et al., 1986). 
In the present investigation we analyzed an apico- 
basal transcellular pathway in cultured renal col- 
lecting duct epithelia. We studied the distribution of 
electron-dense markers in the cells perfused in a 
microchamber system under isotonic and osmotic 
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gradient conditions. These experiments were per- 
formed according to previous investigations 
(Ganote et al., 1968; Kirk et al., 1984; Strange & 
Spring, 1987) and according to the conditions in the 
kidney, where a luminal-antiluminal osmotic gradi- 
ent across the collecting duct exists. This transepi- 
thelial gradient increases from the cortex towards 
the medulla. 

Materials and Methods 

CELL CULTUR E  

Cortical explants of kidneys from neonatal New Zealand rabbits 
were isolated as previously described (Minuth & Kriz, 1982; 
Gross et al.,, 1986). The thin tissue layer consists of collecting 
duct anlagen and S-shaped bodies adhering to the capsula fibrosa 
(Fig. 1). It was mounted on a shallow plastic cylinder (R0 of 3- 
mm inner diameter (Fig. la) and fixed by a tight-fitting plastic 
ring (R_,). This tissue setting was cultured in Dulbecco's MEM 
containing 10% fetal calf serum (Gibco Biocult, Karlsruhe, FRG) 
in humid atmosphere with 95% air and 5% CO,. Within the first 
24 hr of cultivation the collecting duct cells grew out of the 
collecting duct anlagen (Fig. lb), forming a polarized differenti- 
ated epithelium (Fig. lc). After 4 to 5 days of cell culture the cells 
were used for microperfusion experiments. 

PERFUSION CHAMBER FOR THE COLLECTING 

DUCT E P I T H E L I U M  

For studying morphological and cell biological aspects of the 
cultured collecting duct epithelium under perfusing conditions, 
the cells were transferred into a perfusion chamber (Fig. 2), 
which was designed for this purpose by Erich Botz (Institute of 
Anatomy I, University of Heidelberg, FRG). The epithelium, 
fixed on the plastic cylinder, was mounted in the basal chamber 
part and was covered with a tight-fitting apical chamber lid 
equipped with a rubber ring seal. Thus, a separate apical and 
basal perfusion of the epithelium by inserted cannulae was possb 
ble. The apical and basal chamber was peffused independently 
with media at a constant flow of 3 ml/hr at room temperature of 
22~ 

PERFUSION EXPERIMENTS 

The collecting duct epithelium installed in the chamber was per- 
fused using different protocols. For morphological studies the 
epithelium was perfused either under isotonic conditions or un- 
der an apico-basal osmotic gradient using diluted apical medium. 
In order to investigate transcytosis of membrane, a second ap- 
proach was made. Tracer substances were added to the apical 
side of the collecting epithelium cells under isotonic conditions. 
Then the cells were either perfused isotonically or exposed to an 
apico-basal osmotic gradient for 10 min. 

ISOTONIC PERFUSION 

The epithelia (n = 19) were perfused simultaneously both on the 
basal and the apical side under isotonic conditions. The basal and 

E 

Fig. 1. (a-c) Schematic illustration of the outgrowth and devel- 
opment of renal collecting duct epithelium. (a) The thin cortical 
explants of neonatal rabbit kidney consisting of collecting duct 
anlagen (CD), S-shaped bodies (S) and capsula fibrosa (CFI were 
mounted on a plastic cylinder (R0 with an inner diameter of 3 
mm and fixed by a tight-fitting ring (R2). (b) In the DMEM con- 
tainmg 10% fetal calf serum, the collecting duct cells grow (ar- 
rows) out of the collecting duct antagen. (c) Within 24 hr of 
culture a single-layered, polarized and differentiated collecting 
duct epithelium (E) is formed 

the apical perfusion medium was phosphate-buffered saline 
(PBS) with an osmotic pressure of 290 mosm. Measurements 
were performed with a Knauer half-micro osmometer (Heidel- 
berg Eppelheim, FRG). 

OSMOTIC GRADIENT PERFUSION 

To produce an apico-basal gradient, the apical side of the epithe- 
lia (n = 24) was perfused with PBS diluted to an osmotic pressure 
of 75 mosm by adding sterile H20. The basal perfusion medium 
remained unaltered PBS (290 mosm). 

APPLICATIONS OF TRACERS 

As volume markers, horseradish peroxidase (HRP, 5 mg/ml) or 
native ferritin (NF, 10 mg/ml) were added to the apical perfusion 
medium. Isotonic as well as gradient perfusions were carried out. 

MEMBRANE MARKERS 

Functioning as adsorptive membrane marker either cationized 
ferritin (CF, 10 mg/ml) or the specific collecting duct GPcDI anti- 
body (Minuth et al., 1984) with IgG-coupled gold (Janssen, Bel- 
gium) were applied. Isotonic and osmotic gradient perfusion en- 
sued. 

L I G H T  AND ELECTRON MICROSCOPY 

The epithelia were fixed by simultaneous apical and basal perfu- 
sion of 3% buffered glutaraldehyde for l0 rain. The cells were 
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removed from the chamber assembly, postfixed in I% Os04, 
dehydrated using increasing concentrations of ethanol, and fi- 
nally embedded in a flat rubber chamber in Epon 812. Ultrathin 
sections strongly perpendicular to the surface of the epithelia 
were cut and examined with a Philips 301 electron microscope. 
All chemicals were obtained from Sigma, Munich, FRG. 

Results 

In the first set of experiments cultured collecting 
duct epithelia were perfused under isotonic condi- 
tions with 290 mosm PBS both on the luminal and 
basal side for 10 rain. Light- and electron micros- 
copy showed columnar shape of the cells (Fig. 
3a,b). Narrow and sharply outlined intercellular 
spaces separated neighboring cells (Fig. 3b). In con- 
trast, perfusion of the epithelia under an osmotic 
gradient of 75 mosm PBS at the luminal and 290 
mosm PBS at the basal side revealed consistent 
changes, in morphology (Fig. 3c,d). Compared to 
controls (Fig. 3a,b), these epithelia became flat- 
tened to about half their original height. At the light- 
microscopical level dilated intercellular spaces 
were visible (Fig. 3c). In electron-microscopical 
cross sections the area of each intercellular space 
was approximately equal to one-quarter of the re- 
lated cell profile (Fig. 3d). The tight junctions of 
gradient-treated epithelia displayed the same intact 
shape as seen in epithelia under isotonic perfusion. 
However, at the apical cell side, protruding pro- 
cesses of neighboring plasma membrane into the ap- 
ical medium often were noticed (Fig. 9a). Com- 
pared to control epithelia, the vacuoles in the apical 
cytoplasm appeared to be swollen and increased in 
number after osmotic gradient exposure. 

To gain further insight into the membrane pro- 
cesses involved in these morphological alterations, 
experiments were carried out in the presence of vol- 
ume markers in the apical perfusion medium. Vol- 
ume tracers were horseradish peroxidase (HRP; 
Fig. 4; Graham & Karnovsky, 1966) and native fer- 
ritin (NF; Farquhar, 1981). These markers are 
known to be internalized into the cells by fluid- 
phase pinocytosis (Steinman et al., 1983). On col- 
lecting duct epithelia perfused under isotonic condi- 
tions, HRP was found to be attached to the apical 
plasma membrane, while NF could only be detected 
close to some microvilli. Only very few cells con- 
tained labeled vesicles. However, the number of 
cells containing labeled vesicles increased, when an 
osmotic gradient was set up across the perfused epi- 
thelium (Fig. 4). Almost every cell showed several 
vesicles labeled with HRP in the apical ceil pole. 
Roughly estimated, NF could be seen less fre- 
quently than HRP. However, neither HRP nor NF 
could be detected within the intercellular spaces 
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Fig. 2. Schematic illustration of the perfusion chamber. The cul- 
ture d epithelium (E) mounted on the plastic cylinder seals off an 
apical (AC) from a basal chamber (BC). Both chambers are per- 
fused separately through inserted cannulae 

and at the basal aspect of the epithelium under any 
perfusion conditions. 

In the third experimental approach, markers 
were used that bind to the apical plasma membrane. 
Perfusion experiments were carried out with the an- 
tibody against GPcDI, a glycoprotein specific of col- 
lecting duct cells (Minuth et al., 1984). This anti- 
body was applied to the apical side of the epithelium 
and visualized by IgG coupled with gold (Fig. 5a). 
The apical cell membrane of the epithelium reacted 
with the antibody in the tbrm of irregular clusters, 
as revealed by the distribution of gold particles. Up 
to 100 gold grains were counted per cell profile. 
Under isotonic perfusion conditions, only a small 
degree of internalization of the antigen-antibody 
complex was observed. The exposure of labeled 
GPcDI-antibody epithelia to an apico-basal osmotic 
gradient resulted in the internalization of apical 
plasma membrane (Fig. 5a). Anti-GPcDI-gold com- 
plexes were detected in coated pits, coated vesicles 
(Fig. 5b) and in the cytoplasm (Fig. 6). The gold 
complexes were also found to be exocytosed at the 
basal aspect of the epithelium (Fig. 5c). In epithelia 
not exposed to an osmotic gradient, transcytosis of 
the GPcDI-antibody gold complexes was not ob- 
served. 

CF has been widely used as a probe for study- 
ing membrane cycling (Farquhar, 1983; Steinman et 
al., 1983). It was applied to the cultured collecting 
duct cells (Figs. 7, 8, 9) in order to confirm the 
results obtained by using the specific GPcDI anti- 
body label (Fig. 5). After CF had bound to the apical 
plasma membrane (Fig. 7a), it was widely endocy- 
tosed Figs. 7b, 8a,b, 9b) when the epithelia were 
exposed to an osmotic gradient. The endocytic pits 
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Fig. 3. (a-d) Light- and electron microscopy of (a, b) isotonical/y peffused and (e, d) osmotic gradient exposed collecting duct 
epithelium (E), 10 rain each. (a) The collecting duct cells reveal a columnar shape with a basally located nucleus. (b) The epithelium 
rests on a basement membrane. (BM). The tight junctions (arrows) separate the sharply outlined intercellular spaces (asterisk) from the 
luminal side. The apical cytoplasm contains few endosomes (Ed). (c) After osmotic gradient exposure for 10 rain, the epithelium (E) 
appears lower down to half of the original height. The intercellular spaces and endosomes are dilated. (d) After gradient perfusion of 
the epithelial cells for 10 rain, the cytoplasm contains numerous endosomes (Ed). Above the dilated intercellular spaces (asterisk) the 
tight junctions (arrows) seem to be well preserved. Ca) -980• (b) -7220x; (c) -980x;  (d) -7220• 

and  ves i c l e s  c o n t a i n i n g  C F  w e r e  o b v i o u s l y  not  
c o a t e d  (Fig.  8a,  b).  In  the  ap ica l  c y t o p l a s m  smal l  
l a b e l e d  v e s i c l e s  w e r e  e i t h e r  fus ing  wi th  o r  s epa ra t -  
ing f rom v a c u o l e s  (Fig.  9b,e).  T h e  g r a d i e n t  influ- 

e n c e d  the  l o c a l i z a t i o n  o f  v a c u o l e s .  As  c o m p a r e d  to 
con t ro l s ,  r e l a t i v e l y  m o r e  l abe l ed  ves i c l e s  c lose  to 
the  b a s o l a t e r a l  cel l  m e m b r a n e  were  no t i ced  af ter  
o s m o t i c  g r a d i e n t  e x p o s u r e  (Figs .  7b ,  8c,  9d) .  C F  
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Fig. 4. Collecting duct epithelium in vivo labeled with the fluid 
phase marker HRP and exposed to an osmotic gradient for 10 
rain. There is a discontinuous label at the apical plasma mem- 
brane (arrowheads). Several vesicles in the cytoplasm contain 
HRP reaction product (arrows). -17,000x 

could often be detected in the dilated intercellular 
spaces (Figs. 7b,c, 8c) and exocytosed  at the basal 
aspect  (Fig. 8d,e) after  gradient exposure~ Vesicles 
containing CF  were  perceived close to the baso- 
lateral p lasma membrane  (Figs. 8c, 9b). Exocytot ic  
pits were seen at the lateral p lasma membrane  area 
and at the basal  surface of the cells facing towards 
the basement  membrane  (Fig. 8d,e). CF was not 
seen in the narrow intercellular spaces of  epithelia 
(Fig. 7a) perfused under isotonic conditions. A shift 
of  CF into the Golgi complex was not observed  
(Fig. 9c), 

Discussion 

Based upon the observat ions  that membrane  cy- 
cling is related to water  reabsorpt ion (Ding et at., 
1985; Hays  et al., 1987), we studied endo- and exo- 
cytotic p rocesses  in cultured renal collecting duct 
epithelium. As an osmotic  gradient has been proven 
to be important  for  ADH-regula ted  endocytosis  on 
toad bladder  (Masur,  Cooper  & Rubin, 1984) and 
for ul trastructural  alteration on perfused collecting 
duct tubules (Ganote et al., 1968), the influence of 

Fig. 5. (a-c) Collecting duct epithelium cultured for 5 days was 
incubated with GPcoI antibody and gold label followed by expos- 
ing to 75 mosm PBS at the luminal side for 10 rain. (a) The GPcDI 
antibody reacts with the apical plasma membrane and the label is 
internalized in coated pits (arrows). (b) Labeled vesicles (arrows) 
are seen in the apical cytoplasm. (c) The label is exocytosed at 
the basal aspect of the epithelium. BM, basement membrane. (a) 
-82,900X ; (b) -82,500x ; (c) -60,100x 

an apico-basal  osmot ic  gradient across the epithe- 
lium was first tested with respect  to its morphology.  

After  10-min exposure  to an apico (75 mosm 
PBS)-basal  (290 m o s m  PBS) osmotic gradient, the 
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Fig. 6. Collecting~duct cells incubated with GPcDI antibody and 
gold label. After exposing to an osmotic gradient for 10 rain, gold 
grains were discovered away from vesicles (arrow). M, mito- 
chondria, x60,000• 

cultured epithelium flattened to about half of its 
original height (Fig. 3). Compared to controls, the 
cytoplasm of epithelia exposed to a gradient con- 
tained more and larger endosomes, and the intercel- 
lular spaces were dilated (Fig. 3d). Thus, the dilata- 
tion of the endosomal vesicle compartments and 
the dilation of the intercellular spaces, which was 
observed on perfused collecting duct cells however 
in presence of ADH (Strange & Spring, 1987), may 
be caused by a transfer of fluid out of the cytoplasm. 
Further, a decrease in cell thickness was seen after 
5 to 10 min during the initial hypotonic perfusion os 
collecting duct tubules in absence of ADH (Ganote 
et al., 1968). Shrinkage in cell height was stated 
otherwise on cells of the renal cortical thick ascend- 
ing limb (Hebert, 1986) and of the collecting duct 
(Grantham et al., 1969) applying an apico-basal os- 
motic gradient only without hormone. 

To elucidate these morphological changes on 
cultured collecting duct cells, tracers with different 
physiological and biochemical properties were ap- 

Fig. 7. (a-c) Cultured collecting duct epithelium was labeled with 
cationized ferritin. The label is seen at the apical plasma mem- 
brane (arrowheads). (a) Isotonic perfusion for 10 min. In the 
cytoplasmatic vesicles (arrows) and in the narrow intercellular 
spaces cationized ferritin could not be detected. (b) Perfusion 
under an apico-basal osmotic gradient for 10 min. Numerous 
vesicles (arrows) contain CF. (c) In the dilated intercellular 
spaces, CF is exocytosed. Section out of (b) as marked. (a) 
~4600• ; (b) ~ 13,100• ; (c) -45 ,000x 
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plied. Membrane bindings markers were the specific 
GPcDI antibody (Minuth et al., 1984) and cationized 
ferritin (CF; Beauwens et al., 1986). Volume mark- 
ers were native ferritin (NF) and horseradish perox- 
idase (HRP; Farquhar, 1981; Steinman et al., 1983). 
All tracers were internalized into the epithelial cells 
to a small degree under isotonic perfusion. How- 
ever, exposure of the cells to an apico-basal os- 
motic gradient enhanced endocytosis of all sub- 
stances. Roughly estimated, there was a lesser 
uptake of volume markers than of membrane bind- 
ing markers. This is in line with findings on choroid 
plexus (van Deurs et al., 1981), kidney proximal tu- 
bular cells (Christensen, Carone & Rennke, 1981; 
Goligorsky & Hruska, t986), and distal tubular cells 
(Madsen, Harris & Tisher, 1982). Furthermore, CF 
as a.membrane binding tracer was internalized to a 
relatively higher degree than the gold-labeled GPcDI 
antibody. Only the GPcDI antibody was always 
found to be endocytosed in coated pits (Fig. 5a,b). 
This could favor a model of a receptor-mediated 
uptake (Goldstein, Anderson & Brown, 1979). 
Thus, different internalization routes for the GPcDI 
antibody and CF were observed, the CF never be- 
ing present in coated vesicles (Fig. 8a,b). 

NF and HRP (Fig. 4) remained in apically lo- 
cated endosomal vesicles, whereas the GPcDI anti- 
body complex and CF were transcytosed as already 
shown by other models for transcellular transport, 
such as choroid plexus cells (van Deurs et al., 
1981), newborn rat intestine cells (Abrahamson & 
Rodewald, 1980, 1981), altered thyroid cells (Her- 
zog, 1983), MDCK cells (Marlin et al., 1983; Pe- 
sonen & Simons, 1983; yon Bonsdorff et al., 1985) 
and renal proximal tubular cells (Goligorsky & 
Hruska, 1986). Both CF and GPcDl-antibody gold 
grains could be detected in vesicles close to the 
basolateral cell membrane and in the extracellular 
matrix at the basal aspect of the epithelium (Figs. 
5c, 8d, e, 9d). In addition, intracellular gold parti- 
cles could be seen also away from the cell mem- 
brane (Fig. 6), favoring the assumption that degra- 
dation of the GPcDI-antibody complex in part took 
place in a similar way as that shown for epidermal 
growth factors (EGF) and transferrin and other re- 
ceptor molecules (Pastan & Willingham, 1985). 

Different trigger mechanisms of membrane re- 
trieval and transfer have been established. Exo- and 

Fig. 8. (a-c) Transcytosis in cultured collecting duct epithelium 
after exposure to an osmotic gradient for 10 min. (a) CF is at- 
tached to the luminal plasma membrane (arrowheads) and in 
endocytic pits (arrows). (b) By exposure of the epithelium to an 
osmotic gradient, CF is internalized (arrow), and (c-e) exocy- 
tosed at the basolateral and basal aspect of the epithelium (ar- 
rows). BM, basement membrane. (a) ~67,800x; (b) -73 ,600x;  
(c) 83,300x ; (d) -130,000x ; (e) -90,000x 
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endocytosis are initiated or enhanced in thyroid 
cells by ISM (Herzog, 1983) and in toad urinary 
bladder cells by ADH (Gronowicz, Masur & Holtz- 
man, 1980; Ding et al., 1985; Hays et al., 1987). 
Beside these hormonal stimulations the pH gradient 
is known to trigger the shuttle of cell membrane in 
collecting duct cells (Schwartz, Barasch & AI- 
Awqati, 1985). However, to our knowledge, endo-, 
trans-, and exocytosis in cultured collecting duct 
cells induced by an apico-basal osmotic gradient 
have not been described yet. 

The cultured collecting duct cells established 
characteristics of a tight epithelium with apico-basal 
Na+-transport properties (Gross et al., 1986), but 
failed to demonstrate a substantial transport of fluid 
phase markers as indicated by our results with HRP 
and NF. However, osmotic gradient-induced endo- 
and transcytosis was demonstrated. Endocytosis 
was suggested to be involved in the decrease of 
water permeability in other water-transporting epi- 
thelia (Masur et al., 1984; Beauwens et ai., 1986), 
exposed to an apico-basal osmotic gradient. Thus, 
we conclude that the endocytosis observed in the 
cultured collecting duct cells after applying an 
apico-basal osmotic gradient, might have a similar 
function sealing up the epithelium by apically re- 
trieving plasma membrane. 

The skillful technical assistance of Mr. Erich Botz and Ms. 
Christina Hess is gratefully acknowledged. These investiga- 
tions were supported by Deutsche Forschungsgemeinschaft, 
Forschergruppe Niere, Kr 546/5-1. 

Fig, 9. (a-d) Transcytosis in cultured collecting duct epithelium 
after exposure to an osmotic gradient for 10 rain. (a) CF is at- 
tached to the luminal cell surface (arrowheads). The plasma 
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