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S u m m a r y .  The evaluation of the intracellular signal train and its 
regulatory function in controlling transepithelial transport with 
electrophysiological methods often requires intracellular mea- 
surements with microelectrodes. However, multiple impale- 
ments in epithelial cells are hampered by the small size of the 
cells. In an attempt to avoid these problems we fused cells of an 
established cell line, Madin Darby canine kidney cells, originally 
derived from dog kidney, to "giant"  cells by applying a modified 
polyethylene glycol method. During trypsin-induced detachment 
from the ground of the petri dish, individual cells grown in a 
monolayer incorporate volume and mainly lose basolateral 
plasma membrane by extrusion. By isovolumetric cell-to-cell fu- 
sion, spherical "giant"  cells are formed within 2 hr. During this 
process a major part of the individual cell plasma membranes is 
internalized. Over three weeks following cell plasma membrane 
fusion degradation of single cell nuclei and cell nuclear fusion 
occurs. We conclude that this experimental approach opens the 
possibility to investigate ion transport of epithelia in culture by 
somatic cell genetic techniques. 

K e y  W o r d s  Cell membrane fusion �9 cell nuclei fusion �9 cell 
culture �9 MDCK cells �9 lectins �9 acridine orange 

Introduction 

In the past the application of electrophysiological 
techniques has led to an enormous progress in the 
understanding of kidney function and kidney dis- 
ease [4, 7, 8, 37]. In the last ten years renal physiol- 
ogists focused their investigations on studying renal 
transport at the cellular level, for example, elucidat- 
ing the intracellular signal train and its regulatory 
function in transepithelial transport. Intracellular 
impalements with microelectrodes, microinjec- 
tions, patch clamp or cell culture techniques were 
used increasingly to characterize transmembrane 
ion transport. However, the application of ion-se- 
lective microelectrodes and intracellular impale- 

ments with more than one microelectrode were still 
hampered by the small size of renal epithelial cells. 
To overcome this problem we have fused single re- 
nal cells from the frog to giant cells [6, 22]. In these 
giant cells stable measurements with several micro- 
electrodes were feasible over long periods [34]. Re- 
cently, cells from the proximal convoluted tubule of 
Necturus kidney have been fused successfully with 
this fusion method [3]. So far, the fused cells of frog 
kidney have served as a model to study aldosterone 
action [23] and acid-base transport at the cellular 
level [6, 34]. 

In the present paper we will describe a method 
to fuse single cultured cells to giant cells. We have 
chosen epithelial cells from the dog kidney (Madin 
Darby canine kidney cells, MDCK) [18]. This cell 
line is well examined by physiologists and cell biolo- 
gists [5, 10, 20, 24, 25, 27, 30, 33]. A major advan- 
tage of culture cells over native tissue is that cloned 
cells grow under well-controlled conditions and can 
be harvested in large amounts. In Materials and 
Methods we present detailed instructions on how to 
fuse single cells obtained from cell culture to giant 
cells. In Results we discuss the fate of single cell 
membranes and single cell nuclei during trypsina- 
tion and fusion. We also present evidence based on 
electron microscopy that plasma membrane is inter- 
nalized in the process of cell-to-cell fusion. Finally, 
in the Discussion some future aspects of epithelial 
fusion are addressed. 

Materials and Methods 

METHOD OF CELL FUSION 

For cell-to-cell fusion we have chosen the polyethylene glycol 
(PEG) method [16, 26, 35]. Another frequently used fusion 
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Fig. 1. Technical aspects of cell-to-cell fusion 
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method is the electric field-induced fusion technique [38]. The 
crucial point of the PEG method is the application of an osmotic 
stress to initiate membrane fusion. We hope that the laboratory 
instructions described in this chapter in detail lead also to suc- 
cessful fusions with other cell types. All steps of the fusion 
method are summarized in a schematic drawing (Fig. 1). 

CELL GROWTH IN A SUBCONFLUENT MONOLAYER 

About 2 x 106 MDCK cells were seeded in dry coated plastic 
culture flasks (growth area = 75 cm2; Nunc, Wiesbaden, FRG) in 
10 ml Minimum Essential Medium with Earle's salts, nonessen- 
tiell amino-acids and L-glutaminic acid (MEM medium, Bio- 

chrom KG, Berlin, FRG). The MEM medium was supplemented 
with 10% fetal calf serum (Biochrom KG, Berlin, FRG) and 26 
mmol/liter NaHCO3. Cells were grown at 37~ in a 5% CO2 in 
air, humidified atmosphere. Four days later cells were harvested 
by trypsin treatment (see below) and split. 2 x 106 cells were 
again seeded in a culture flask, whereas another 2 • 106 cells 
were plated onto a dry coated plastic petri dish (diameter = 8.5 
cm, Nunc, Wiesbaden, FRG). In the fusion experiments we have 
fused cells from the 68th to 90th passage. We recommend not to 
use cells with a passage number beyond 90, because fusion ex- 
periments with these cells result in smaller and less-vital fused 
cells. For the cell-to-cell fusion we used the cells harvested from 
the plastic petri dish grown to a subconfluent monolayer three 
days later. The cell density in this growth phase was ca. 106 cells/ 
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cm 2. Approximately 5 to 10% of the total area of the petri dish 
were cell-free islands. We want to emphasize that the specific 
growth phase of the single cells is very important for successful 
cell fusion. Fusion of cells from a "young" subconfluent layer, 
perhaps harvested 2 days after plating, results in large fused cells 
with reduced vitality. Fusion of cells from an "old" confluent 
monolayer results in small and also less-vital cells. One reason 
for this reduced vitality may be the prolonged duration of the 
trypsination procedure necessary to disrupt the "old" confluent 
monolayer. 

DISINTEGRATION 
OF THE SUBCONFLUENT MONOLAYER 

Ceils grown in a subconfluent monolayer were isolated by tryp- 
sination. For this purpose we removed the culture medium and 
washed the monolayer with 10 ml of a Ca 2+ free, EDTA-contain- 
ing solution. The EDTA solution was composed of (retool/liter): 
0.67 EDTA, 137 NaC1, 2.7 KCI, 6.5 Na2HPO4, 1.5 KH2PO4, pH 
7.4. With this procedure the junctional complexes are broken 
and cells will lose cell-to-cell contact [20, 28]. Then we added 1 
ml trypsin (40 U/rag, 0.025 g%) in Ca 2+ free, EDTA solution (see 
above) to the subconfluent monolayer. In the Ca z+ free solution 
trypsin can move freely between the cells to the basolateral cell 
membrane surface still attached to the bottom of the petri dish. 
Trypsination was accelerated by increasing the temperature to 
37~ and cell detachment was supported by occasional tapping of 
the petri dish. The duration of the trypsin treatment is an impor- 
tant point in the fusion process. Long duration of trypsin treat- 
ment (e.g., 20 min) increases the fusion capacity of the single 
cells, resulting in large yet less-vital cells. Therefore we limited 
the duration of trypsin treatment. As a major criterion, we 
stopped trypsination when about 75% of the cells in the petri dish 
were isolated. At this stage, small cell-to-cell aggregations be- 
come visible. The cell diameter of a single spherical cell after 
trypsination was 17.4 -+ 2.1/ ,m (M -+ SEM, n = 63), (Fig. 2A). 
Spherical cells with diameters up to 40 tzm could also be de- 
tected. These rather large cells showed only one nucleus and 
therefore seemed to be single and not spontaneously fused cells. 
Trypsination was stopped by adding 10 ml culture medium to the 
trypsin solution. Then we centrifuged the cell suspension (400 x 
g) for 2 rain. The culture medium was decanted and cell-to-cell 
fusion was started by the gentle addition of polyethylene glycol 
to the cell pellet. For our photographic studies (Kodak Ektach- 
rome 50 Professional Film) the cells were suspended in HEPES- 
buffered Ringer's solution and transferred on a thin microscope 
glass coverslip. The Ringer's solution was composed of (retool/ 
liter): 130 NaC1, 5.4 KCI, 1.2 CaC12, 0.8 MgCI2, 10 HEPES, 5.5 
glucose, pH 7.4. We used differential interference contrast mi- 
croscopy (DIC), (inverted microscope, IM 35 (Fa. Zeiss, 
Oberkochen, FRG), objective lens 40/0.65 or 63/1.4, oil). 

APPLICATION OF AN OSMOTIC STRESS 

Two ml of the polyethylene glycol solution (50% wt/vol PEG, Mr 
4000, in MEM culture medium without calf serum, pH 7.8, 37~ 
was added slowly to the cell pellet and the cells were gently 
suspended. In the PEG suspension cell shrink and close plasma 
membrane contact between adjacent cell occurs [15]. Large cell 
aggregations with up to several hundred single cells can be de- 
tected during PEG treatment (Fig. 2B). From these grape-like 
plaques the fused cells will be formed later. After 4 rain the PEG 

suspension was centrifuged (400 x g, for another 4 rain). Then 
the cells were resuspended in culture medium with 10% fetal calf 
serum. The grape-like plaques do not disappear during this re- 
swelling procedure (Fig. 2C). The cells remain in close contact to 
each other after removal of PEG [15]. The process of cell swell- 
ing initiates plasma membrane fusion in these plaques by estab- 
lishing small cytoplasmic connections. 

PLASMA MEMBRANE FUSION OF M D C K  CELLS 

The cell aggregations were kept incubated over a range of 30 to 
120 min after PEG treatment in plastic petri dishes (37~ 5% 
CO2, pH 7.4). During this time period membrane fusion occurs, 
single cell borders disappear (Fig. 2D), and round-shaped spheri- 
cal cells are formed (Fig. 2E). We found approximately 100 "gi- 
ant" cells with diameters between 60-80/,m per petri dish. After 
complete plasma membrane fusion the cells were transferred 
onto a thin microscope coverslip pretreated with poly-L-lysin 
(0.1 mg/ml (Serva, Heidelberg, FRG)). Then the fused cells were 
ready for electrophysiological studies using differential interfer- 
ence contrast microscopy. To demonstrate that the cytoplasmic 
compartment in the fused cells was homogeneous, we used intra- 
cellular iontophoretic injections of the fluorescence dye Lucifer 
yellow (100 mmol/liter in H20 (Fluka, Neu Ulm, FRG); Fig. 2F) 
[32]. Some specific physiological properties of the fused MDCK 
cells will be presented in the subsequent paper [21]. 

During trypsination, i.e., when the cell shape changes from 
flat to spherical, an alteration of cell volume-to-surface ratio is 
expected. Furthermore, proposing isovolumetric cell-to-cell fu- 
sion, there must be loss and/or degradation of plasma mem- 
brane. In a fused cell many single-cell nuclei must exist shortly 
after fusion. To further investigate the fate of the individual 
plasma membranes and cell nuclei in the fused cells we marked 
single-cell membranes with fluorescence-labeled lectins and 
stained single-cell nuclei with the fluorescent dye acridine 
orange. 

Results 

FATE OF INDIVIDUAL PLASMA MEMBRANES AND 

CELL NUCLEI  DURING TRYPSINATION AND 

CELL-TO-CELL FUSION 

Alteration of the Volume-to-Surface Ratio 
during Trypsination 

T o  a d d r e s s  th is  i s s u e  w e  o b s e r v e d  s ix  a d j a c e n t  ce l l s  
d u r i n g  t r y p s i n a t i o n  u s i n g  d i f f e r e n t i a l  i n t e r f e r e n c e  
c o n t r a s t  m i c r o s c o p y  (Fig .  3). I n  F ig .  3A a s u b c o n -  
f luen t  m o n o l a y e r  w i t h  a c e l l - f r e e  i s l and  (X)  is 

s h o w n .  W e  e s t i m a t e d  t h e  ce l l  m e m b r a n e  s u r f a c e  o f  
a s ing le  ce l l  in t h e  s u b c o n f l u e n t  m o n o l a y e r  f r o m  the  
v i s i b l e  s u r f a c e  o f  t h e  s ix  ce l l s  s h o w n  in F ig .  3B. F o r  
o u r  c a l c u l a t i o n s  w e  n e g l e c t e d  l u m i n a l  m i c r o v i l l i  a n d  
b a s o l a t e r a l  m e m b r a n e  e n f o l d i n g s  a c c o r d i n g  to  t he  
o b s e r v a t i o n  t h a t  o n  m i c r o s c o p e  c o v e r s l i p s  h a r d l y  
a n y  fo ld s  a r e  v i s i b l e  in M D C K  ce l l s  6 d a y s  a f t e r  
p l a t i ng  {14]. N e v e r t h e l e s s ,  t h e r e  m a y  b e  still  s o m e  
p l a s m a  m e m b r a n e  e n f o l d i n g s  in t h e  l u m i n a l  and  
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Fig. 2. Fusion of MDCK cells. The bars indicate a length of 50 p.m. (A) Spherical cells after trypsination. (B) Cell aggregation in 
polyethylene glycol (PEG). Cells are extremely dehydrated and cell borders hardly visible (arrows). (C) Cell aggregation in medium 
immediately after removal of PEG. Ceils are rehydrated and clearly visible. (D) Cell aggregation in medium 30 min after PEG 
treatment. Single-cell borders disappear and the uniform outer plasma membrane starts to develop (open arrows). Two single cells are 
marked with solid arrows. (E) Fused spherical cell 120 min after PEG treatment (X). Single cells are marked with solid arrows and 
small fused cells with open arrows. (F) The same fused cell a few seconds after injection of the fluorescence dye Lucifer yellow 
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Fig. 3. Trypsination of a subconfluent monolayer of MDCK cells. The bars indicate a length of 50/xm. Numbers 1-6 correspond to the 
same cells (B-F). (A) Subconfluent monolayer with a cell-free island (X). (B) Edge of the monolayer close to the cell-free island. From 
the cells 1-6, cell surface was determined (see text). The solid arrow indicates membrane fibers. (C) Cells 2 min after application of 
trypsin. Gaps appear between cells. Fiber network of cell material covers the glass surface (arrows). (D) 4 min trypsin. Strings (arrows) 
directly connect trypsinated cells; upper focus level. (E) 10 rain trypsin. The glass surface is covered with a fiber network (solid 
arrows). Additionally, small vesicles appear (open arrows). (F )25  min trypsin. A large number of individual fibers (solid arrows) has 
been transformed into vesicles (open arrows) 
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basolateral membrane and thus we will rather un- 
derestimate the correct total cell membrane sur- 
face. Furthermore, for the calculation of the cell 
membrane surface the height of the cells can be 
neglected. High resolution interference contrast mi- 
croscopy allows optical sectioning of the cells (DIC, 
objective 63/1.4, oil (Fa. Zeiss, Oberkochen, FRG)) 
[31] and thus determination of cell height. In the 
subconfluent monolayer cell height was smaller 
than 1 /zm. In confluent monolayers, 6 days after 
plating, cells grown on similar supports have 
thicknesses of 3-5/~m in the cell center and 0.2 tzm 
in the cell periphery [14]. Based on the cells dis- 
played in Fig. 3 we calculate a cell membrane sur- 
face of a single cell in the subconfluent monolayer 
of approximately 1800/~m 2. The cell volume of a 
single cell was calculated to be 900/~m 3, assuming a 
cell height of 1 ~zm. This value is rather an overesti- 
mation of the true cell volume of single cells in a 
subconfluent monolayer. After trypsination the 
cells become spherical and cell surface and cell vol- 
ume can be calculated easily from the radius of the 
cells. The mean radius of six spherical cells (Fig. 
3F) was 9.2/~m and thus surface was 1070/~m 2 and 
cell volume was 3260 /~m 3. These values indicate 
that during trypsination more than 40% of single cell 
membrane surface disappear and that cells must 
dramatically incorporate volume during detachment 
from the ground of the culture dish. The question 
arises whether plasma membrane is either extruded 
or internalized. It will be shown later that in cells 
with fluorescence-labeled cell membranes the 
marker was found only in the plasma membrane of 
the trypsinized spherical cells but not in the cyto- 
plasmic compartment. Thus an internalization of 
plasma membrane during trypsination seems un- 
likely. 

Figure 3C-F shows the time course of trypsina- 
tion using high resolution interference contrast mi- 
croscopy. Cells were grown on microscope cover- 
slips and were trypsinized at room temperature with 
the same procedure as described in Materials and 
Methods. Prior to trypsin treatment cells are still 
flat (Fig. 3A; low magnification) and cell borders are 
hardly visible (Fig. 3B; high magnification). Fo- 
cused at the solid glass surface one can notice cell 
structures protruding into the cell-free space (Fig. 
3B; solid arrow). Two minutes after application of 
trypsin (Fig. 3C) gaps can be disclosed between 
cells, while cells become spherical. This process 
starts first in cells close to the cell-free islands (Fig. 
3C; right part). 

However, while changing shape the cells are 
still connected to each other with many cobweb-like 
strings (Fig. 3D; solid arrows). Fig. 3D shows the 
same cells 4 rain after addition of trypsin, now fo- 
cused at a higher level. The solid arrows indicate 

direct cell-to-cell connections, which often swing 
freely without any contact to the glass surface. 10 
min after initiation of trypsin treatment cells have 
reached a spherical shape while the cell-free space 
is now covered with a fiber network of nonidentified 
cell material (Fig. 3E; solid arrows, focused on the 
glass surface). Additionally, some small vesicles be- 
come visible (open arrows). Over the following min- 
utes, an increasing number of strings turns into ves- 
icles, as shown in Fig. 3F (25 min after trypsin 
application). The formation of strings, fibers and 
vesicles indicates that at least part of the cell sur- 
face is externalized during the process of trypsina- 
tion. 

Due to the fact that growing cells are attached 
to the solid support with their basolateral plasma 
membranes, it is likely that the membrane lost dur- 
ing the process of trypsination is mainly of basola- 
teral origin. Thus a significant amount of specifi- 
cally basolateral transport proteins (e.g., ion pumps 
and ion channels) could have disappeared during 
trypsination. However, due to the lack of differenti- 
ation of MDCK cells when grown on glass or plastic 
[14, 29], we can assume that there are still basola- 
teral transport proteins remaining in the plasma 
membrane of the spherical cell, even though 40% of 
the total membrane is eliminated. 

Alteration of the Volume-to-Surface Ratio 
during Cell-to-Cell Fusion 

When a spherical fused cell is viewed under the 
microscope with a high resolution objective lens 
(63/1.4, oil) [31], the depth of field is shallow. Thus 
it is possible to cut the cytoplasmic compartment in 
thin optical slices and to estimate the number of 
nuclei in fused cells. Each single nucleus originates 
from an individual cell. Then the number of single 
cells fused to form a "giant" cell can be deter- 
mined. We also calculated the volume of a single 
cell and the volume of the fused cell from their re- 
spective radii. The sum of the single cell volumes 
was in the range of the cell volume of an individual 
fused cell. Theoretically, 20 individual cells with a 
mean single cell radius of 8.7/zm and a single cell 
volume of 2,483 #m 3 will fuse to a giant cell with a 
volume of 49,654 ~m 3, proposing an isovolumetric 
fusion process. Experimenally, we counted 20 sin- 
gle-cell nuclei in a fused cell with a radius of 23/~m 
and a cell volume of 50,965 /~m 3. Therefore, we 
assume isovolumetric cell-to-cell fusion. Based on 
this assumption, about 40 single cells are necessary 
to form one giant cell with a diameter of 60 /zm, 
thereby losing 70% of the plasma membrane sur- 
face. 

In order to study the fate of the plasma mem- 
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brahe in more detail, we marked the plasma mem- 
branes of single cells with fluorescence labels before 
fusion. After trypsin treatment the single cells were 
either exposed to FITC-labeled or to Rhodamine- 
labeled peanut lectins (both peanut lectins were pur- 
chased from Medac, Hamburg, FRG; incubation of 
the cells in 100 /~g/ml peanut lectin in HEPES 
Ringer for 30 min, room temperature) [13, 17]. Fig- 
ure 4A shows a mixture of cells with either one of 
the two labels using DIC microscopy. The same 
cells are shown in Fig. 4B, now in a double expo- 
sure to two different excitation wave-lengths (FITC 
label visible at 450 to 490 nm and Rhodamine label 
visible at 510-560 nm) in the fluorescence micro- 
scope. In Fig. 4A and B Rhodamine-labeled cells 
are visible (solid arrows) as well as FITC-labeled 
cells (open arrows). In an incompletely fused cell, 
about 30 min after PEG treatment, cell membranes 
of single cells are still visible (Fig. 4C-E). 120 rain 
after initiation of cell-to-cell fusion plasma mem- 
branes of individual ceils become increasingly dis- 
rupted (Fig. 4E). Since Rhodamine-labeled (red) 
membranes and FITC-labeled (green) membranes 
mix, the two wavelengths add and a yellowish color 
will stain the cytoplasmic compartment. In a com- 
pletely fused cell 2 hr after PEG treatment (Fig. 4F) 
single-cell membranes are no longer visible. In this 
giant cell both markers are dispersed all over in the 
cytoplasmic compartment. These observations indi- 
cate that a major portion of single-cell membrane is 
internalized during cell membrane fusion. Surpris- 
ingly, the membrane markers cannot be detected in 
the plasma membrane of the giant cell. An explana- 
tion may be that a major portion of peanut-labeled 
glycoproteins is internalized during the process of 
fusion and thus not detectable in the plasma mem- 
brane of the fused cell. However, binding sites for 
peanut lectins must exist because cells fused from 
unlabeled single cells can be successfully .labeled 
with peanut lectins two hours after fusion (unpub- 
lished observation, our laboratory). Electron mi- 
croscopy reveals that there are indeed single-cell 
membrane markers visible in the plasma membrane 
of the fused cells two hours after PEG treatment 
(see below). We assume that a major portion of gly- 
coproteins disappears from the fused plasma mem- 
brane, possibly by metabolic turnover, and that the 
fraction of peanut lectins bound to glycoproteins 
remaining in the plasma membrane is too small to be 
detected by fluorescence microscopy. 

Fate of Cell Nuclei after Plasma 
Membrane Fusion 

Fused cells attach immediately to a poly-L-lysine 
coated microscope glass coverslip. They remain ap- 

proximately spherical over several hours. 24 hours 
after plating cells have changed their shape from 
spherical to flat. To further investigate the fate of 
the fused multinucleated cells, the cell nuclei of flat 
cells were stained with the fluorescent dye acridine 
orange (I00 ~g/ml in HEPES solution). Flat cells on 
a coverslip were exposed for 1 min to the acridine 
orange solution at different times after PEG treat- 
ment (in days: 1, 7, 10, 21). Then the cells were 
washed with the normal Ringer's solution and pho- 
tographed. We wanted to observe cell nuclear fu- 
sion in an individual fused cell. Unfortunately, cell 
growth and cell division are inhibited by this fluo- 
rescent dye. Thus we were not able to observe nu- 
clear fusion and finally cell division of an individual 
multinucleated homokaryon over several days or 
weeks. The inhibitory action can be explained by 
the fact that acridine orange is a potent inhibitor of 
protein kinase C [11]. This plasma membrane-asso- 
ciated enzyme plays, indeed, a major role in cell 
growth and mitosis [2]. Therefore, in an unpaired 
study we observed changes in shape and number of 
cell nuclei in multinucleated homokaryons grown 
on several coverslips over a time course of weeks 
after fusion. Single cells (one nucleus) and a large 
number of small fused cells (more than one nucleus) 
stick to the glass coverslip 24 hours after fusion 
(Fig. 5A). The diameter of a single cell nucleus in a 
cell of a subconfluent monlayer is 17.7 -+ 1.5 ktm 
(mean +- SEM, n = 33). Usually we found on a single 
coverslip (diameter 25 ram) 1 day after PEG treat- 
ment about 10 multinucleated homokaryons with 
more than 20 nuclei (Fig. 5B). The nuclei in the 
giant cells are more or less round shaped and ini- 
tially similar in size as compared to the nuclei of 
single cells. 21 days after cell membrane fusion 
there are still giant cells detectable but cells are not 
polynucleated anymore (Fig. 5E). They have only 
one rather large nucleus with a diameter of about 44 
/.tm (i.e., two- to threefold the normal nucleus). 
Cells with such large nuclei cannot be detected 
three weeks after single (nonfused) cells were 
plated. Intermittent observations at different times 
after fusion reveal (Fig. 5C and D) that the number 
of nuclei decreases continuously whereas the size 
of the remaining nuclei increases. Furthermore, 
about a week after fusion the outlines of the nuclei 
become irregular and configurations of nuclear fu- 
sion occur frequently. From these observations we 
conclude that with a lag period of about one week 
after plasma membrane fusion cell nuclei are either 
degradated or fused to each other. Cell nuclear fu- 
sion was already performed experimentally in 1965 
and heterokaryons of mammalian cells from differ- 
ent species were formed [12]. In the present study 
we have fused single cells to large homokaryons~ in 
order to study the process of fusion and to establish 
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Fig. 4 

Fig. 5 
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a biological model in which extensive intracellular 
manipulations should be feasible. 

ELECTRON MICROSCOPY 

OF POLYNUCLEATED HOMOKARYONS 

Again, plasma membranes of two patches of indi- 
vidual single cells obtained from MDCK mono- 
layers were labeled with two different lectins and 
fused. Then we looked for the labels by electron 
microscopy. 

Method of Plasma Membrane Labeling 

A cell supension of MDCK cells was split into two groups. One 
set was incubated for 30 min at 4~ in PBS containing 16.2 mg/ml 
concanavalin A covalently coupled to colloidal gold (Con A- 
gold, Polysciences, Warrinton, PA). The other set was labeled 
with 450 ixg/ml of succinylated Con A conjugated to ferritin (suc- 
cinyl Con A-ferritin, Polysciences). In a parallel series of experi- 
ments, two sets of MDCK cells were labeled with 830 /xg/ml 
peanut lectin coupled to horseradish peroxidase (PNA-HRP, 
Biomaker, Rehovot, Israel) and succinyl Con A-ferritin, respec- 
tively. 

The two different labeled cell populations were then 
washed two times with PBS containing Ca 2+ and Mg 2+ and com- 
bined for cell fusion with PEG. After fusion and addition of fresh 
culture medium the lectin-labeled cells were incubated in suspen- 
sion for 2 hr at 37~ Thereafter the cell suspensions were centri- 
fuged and fixed with 1% glutaraldehyde buffered with sodium- 
cacodylate (pH 7.4) at 4~ for 1 hr, washed with cacody- 
late-buffer, incubated with 3,3-diaminobenzidine [9], postfixed in 
1% OsO4 containing 1.5% K4Fe(CN)6 [36]; and 1% tannic acid in 
cacodylate-buffer, dehydrated in graded series of acetone, and 
embedded in araldite (Durcupan ACM, Fluka, Switzerland). 
Staining of ultratbin sections of all preparations was performed 
with bismut subnitrate [1] in order to achieve optimum contrast 
for the ferritin label. 
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Identification of Lectin Binding Sites 

At the electron microscopic level of investigation 
the fused cells are characterized by the appearance 
of vacuoles of varying size and large numbers of 
transsection profiles of auto- and heterophagic vac- 
uoles and "lipid-like droplets" (Fig. 6a). In addi- 
tion, clusters of membranes can be detected in all 
parts of the fused cell. Typical is the occurrence of 
stack-like membrane clusters in the regions close to 
the surrounding plasma membrane (Fig. 6a). In both 
series of experiments using either Con A-gold and 
succinyl Con A-ferritin or PNA-HRP and succinyl 
Con A-ferritin both labels can be recovered at the 
surrounding plasma membrane in close vicinity 
(Fig. 6b and c). Furthermore, ferritin, HRP or gold 
coupled lectins are recovered intracellularly (Fig. 
6e and f ) .  Although their locations vary, most of the 
markers are found within heterophagic vacuoles 
and at membranes of endocytic vesicles, at internal- 
ized membrane clusters and within lysosomal struc- 
tures. The co-localization of gold- and ferritin-la- 
beled lectins as well as of HRP- and ferritin-labeled 
lectins at the surrounding plasma membrane and in 
auto- and heterophagic vacuoles of fused MDCK 
cells proves the event of cell fusion. The drastically 
enhanced vacuolization found in fused cells must be 
considered as a consequence of enhanced internal- 
ization of plasma membrane portions during the fu- 
sion process. Furthermore, this process seems to be 
accompanied by an enhanced turnover of cellular 
compounds illustrated by the high frequency of 
auto- and heterophagic vacuoles (Fig. 6a and c) as 
well as by the large numbers of coated pits (Fig. 6b). 
Electron-dense markers not associated with mem- 
brane structures but located within membrane-de- 
marcated vacuoles result from lysosomal degrada- 

Fig. 4. Single and fused cells marked by fluorescence-labeled peanut lectins. The length of the bars indicates 50 ixm. (A) Single cells 
marked with either FITC (open arrows) or Rhodamine (solid arrows) labeled peanut lectins using interference contrast microscopy. (B) 
The same ceils as shown at left but double exposed to two different excitation wave-lengths: 450-490 nm, FITC-label visible (green), 
open arrows; 510-560 nm, Rhodamine-label visible (red), solid arrows. (C) Cell aggregation of Rhodamine (solid arrows) and FITC 
(open arrows) marked single cells 30 rain after PEG treatment (interference contrast). (D) The same cell aggregation as shown at left but 
double exposed to the two excitation wave-lengths mentioned above. (E) Cell aggregation of FITC or Rhodamine marked cells 60 rain 
after PEG treatment. Single cell borders are still visible (arrows), but plasma membranes are increasingly mixed. Thus, monochromatic 
green and red light results in a yellowish emission of light. (F) Fused cell 120 rain after PEG treatment. No single cell borders are 
detectable. No labels are visible in the plasma membrane of the "giant" cell. Both markers are rather equally dispersed in the 
cytoplasmic compartment of the fused cell. This results in an almost homogeneous yellowish emission of light 

Fig. 5. Fate of single cell nuclei in polynucleated homokaryons. Length of bars indicates 50 tzm. (A) Single cells and small fused cells 
one day after PEG treatment. The cell borders of a single cell are marked by open arrows. The cell nucleus in this single cell and two 
couples of nuclei in two fused cells are marked with solid arrows. (B) A "giant" fused cell one day after PEG treatment. The cell 
borders of the fused cell are marked with open arrows, One cell nucleus in the fused cell is marked with a short solid arrow. Two cell 
nuclei of two single, nonfused MDCK cells are marked with long solid arrows. (C and D) Cell nuclei in fused cells seven days (C) and 10 
days (D) after PEG treatment. (E) One "giant" fused cell 21 days after PEG treatment. Cell borders of this fused cell are marked with 
open arrows. The size of the cell nucleus in the fused cell (X) is clearly increased as compared to single cell nuclei (solid arrows) 
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Fig. 6. Lectin binding to MDCK cells 120 min after fusion by PEG. (a) Low magnification electron micrograph of a fusion aggregate. 
The surrounding plasma membrane is fairly smooth and does not display microvillar structures. Within the cytoplasmic compartment 
numerous vacuoles, auto- and heterophagic structures and internalized membranes, presumably resulting from internalization pro- 
cesses during cell fusion, can be detected. Arrows indicate internalized gold particles (15 nm) covalently coupled to Con A. The ferritin 
label coupled to succinyl Con A cannot be detected at this level of magnification, av: autophagic vacuoles; chr: chromatin; g: gold 
particles; hv: heterophagic vacuoles; irn: internalized membranes; lip: liposomal structures; ly: lysosome; mi: mitochondria; my: 
myelin figures in auto- or heterophagic vacuoles; no: nucleolus;pm: surrounding plasma membrane. (b) Higher magnification of a fused 
cell aggregate labeled with Con A-gold and succinyl Con A-ferritin. The region depicted shows a portion of the surrounding plasma 
membrane, bearing several microvilli. Both labels are marked by arrows. Con A-gold is recovered at the membrane of microvilli as well 
as in coated pits, which indicates an endocytic uptake route. At the same membrane and in close vicinity to Con A-gold, the ferritin 
labeled succinyl Con A can also be easily recognized (small arrows). In the lower right corner endocytosed markers can be seen. f e :  
ferritin particles; g: gold particles; pm:  surrounding plasma membrane. (c) Low magnification electron micrograph of fused MDCK 
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tion. Although no histochemical reaction for acid 
hydrolases has been carried out, it is likely that 
these vacuoles are lysosomes. Quite frequently re- 
gions with a disintegrated nuclear envelope can be 
found. Nucleoli and euchromatin are found freely 
dispersed in the cytoplasmic compartment. These 
findings can be explained by degradation of single- 
cell nuclei in the fused cell. 

The lectin labeling pattern of membranes differs 
with respect to the type of lectins used. The far 
lower labeling density obtained with gold- and ferri- 
tin-coupled Con A as compared to t tRP labeled 
PNA may reflect a larger number of membrane gly- 
coproteins with reactive D-galactose instead of D- 
mannose moieties. The fairly homogeneous distri- 
bution of PNA-HRP along the membranes probably 
is a result of the presence of the ganglioside GN 1 in 
the MDCK plasma membrane, which amounts 5% 
of all gangliosides present in MDCK ceils [19]. 

Discussion 

F U T U R E  ASPECTS OF EPITHELIAL CELL FUSION 

We have developed this fusion technique with the 
goal to produce rather large but still viable polynu- 
cleated homokaryons. We have shown that plasma 
membrane is externalized when a MDCK mono- 
layer is trypsinized and internalized when cells are 
fused. Furthermore, from the fact that the number 
of nuclei in polynucleated cells decreases with time 
while the size of the nuclei increases we derive that 
nuclear fusion occurs with a lag period of several 
days after fusion. The following paper [21] deals 
with aldosterone action in MDCK cells, employing 
cytoplasmic pH and cell membrane conductance 
measurements simultaneously, feasible only in a 
"giant" MDCK cell. We are quite confident that the 
fusion technique described can be applied also to 
other epithelial and nonepithelial established cell 
lines and primary cell cultures. Recently we have 
fused MDCK cells with a primary culture of respira- 
tory epithelium, resulting in polynucleated hetero- 
karyons. With such techniques it should be possible 
in the future to immortalize specific cell functions of 
a primary cell culture by fusing its genetic material 
into an immortal cell as the MDCK cell. Neverthe- 

less, cell growth and cell division of such epithelial 
heterokaryons are the basic prerequisites for fur- 
ther studies that have not yet been tested. 
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