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Summary. An increase m microfilaments in phalloidin- 
treated hepatocytes of  Wistar rats was identified three- 
dimensionally with myosin subfragment I ($1) on replica 
membranes, using the quick-freezing and deep-etching 
method. Almost all of  the reticular microfilaments 
around the bile canaliculi and beneath the lateral cell 
membranes were decorated on their surfaces by SI at- 
tachment. Some showed periodic structures. However, 
thinner filaments with diameters of  4-7 nm were not 
decorated by S 1. Bundled intermediate filaments around 
the bile canalicular microfilaments and intermediate fila- 
ments localized among cell organelles had smooth sur- 
faces without S1 decoration. The microfilaments decor- 
ated by S 1 were attached directly to bundled intermedi- 
ate filaments. The quick-freezing and deep-etching meth- 
od is useful in analysing cytoskeletal pathology and can 
be applied to histochemical fields. 
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Introduction 

The cytoskeleton of  hepatocytes plays an important  role 
in the pathogenesis of  some liver diseases, especially cho- 
lestasis and alcoholic liver diseases. Denk et al. (1981) 
postulated a "cytoskeleton disease" following study of  
Mallory bodies in liver tissues. 

Several methods have been developed electron micro- 
scopically (French et al. 1982), histochemically (Ishik- 
awa et al. 1969) and immunohistochemically (Osborn 
et al. 1982) in order to examine the cytoskeleton in hepa- 
tocytes. As it consists of three-dimensional structures 
of  filaments, we needed to observe the ultrastructure 
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three-dimensionally. The quick-freezing and deep-etch- 
ing method is one of  the newer techniques in electron 
microscopy (Heuser and Kirschner 1980), by which we 
can examine stereographic cytoskeletons of  unmodified 
fresh cells and tissues at high resolution. We have already 
reported the pathological changes of  hepatocyte cytoske- 
letons in phalloidin-treated intrahepatic cholestasis 
(Naramoto 1988 a, b) and extrahepatic obstruction (Nar- 
amoto et al. 1988). 

It is known that bile canalicular microfilaments in- 
crease significantly in phalloidin-treated rat livers and 
induce cholestasis (Gabbiani et al. 1975). In the present 
study, we tried to identify these filaments three-dimen- 
sionally using myosin subfragment 1 (SI) on the replica 
membranes and to clarify the interactions of  actin fila- 
ments with other filaments. $1 corresponds to the two 
head structures of  the myosin molecule, and has ATPase 
activity and specific binding ability to actin filaments. 

Materials and methods 

Five maie Wistar rats weighing 10(~200 g were given 500 pg/kg 
body weight of phalloidin intraperitoneally (Sigma, St. Louis, 
USA) once a day for a week (Gabbiani 1975). The control livers 
consisted of rive untreated rats. They were perfused with 2% (w/v) 
paraformaldehyde in 0.1 M phosphate buffer (PB), pli 7.4, for 
5 min from the portal veins under Nembutal anaesthesia. Liver 
tissue were cut into small pieces (2 x 2 x 4 mm) with razor blades 
and washed in PB for 20-30 min in order to remove the soluble 
proteins in hepatocytes. These specimens were incubated in 0.1 M 
PB containing S1 (1 mg/ml) for 30 min, washed in PB and postfixed 
with 0.25% glutaraldehyde in PB for 30 min. Then they were im- 
mersed in 10 % methanol and quickly frozen in isopentane-propane 
mixture (about -190 ~ C) cooled in liquid nitrogen. The frozen 
surfaces were fractured in liquid nitrogen by a scalpel, deeply 
etched in a freeze-fracture machine, EIKO FD-3S, with a turbo 
molecular pump (-95 ~ C, 2-6x10 -7 Torr) for 10 15 rein and 
rotary shadowed with platinum and carbon. After being taken out 
of the machine, the replica specimens were coated with 2% collo- 
dion in amylacetate and the liver tissues were dissolved in house- 
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hold bleach (sodium hypochlorite). The replica membranes were 
put on grids, immersed in amylacetate solution to dissolve the 
collodion films and observed in Hitachi HS-9 electron microscope. 

For conventional ultrathin sections, the liver tissues were pre- 
fixed with 2.5% glutaraldehyde and postfixed with :1.5% osmium 
tetroxide. They were routinety dehydrated in a graded series of 
ethanol and embedded in Quetol 812. Ultrathin sections were cut 
with diamond knives. They were doubly stained with uranyl acetate 
and lead citrate and then observed in Hitachi HS-9 electron micro- 
scope. 

Results 

In the control rats, bile canaliculi had multiple microvilli 
on the conventional ultrathin sections (Fig. 1, inset). 
However, the microfilamentous layers were difficult to 
identify. The quick-freezing and deep-etching method 
showed small amounts of  the microfilamentous network 
around the bile canaliculi (Fig. 1). Microfilaments were 
also seen in cross-fractured microvilli. 

In the conventional ultrathin sections of  phalloidin- 
treated livers, abundant  filamentous structures were ob- 
served around the dilated bile canaliculi (Fig. 2a) and 
beneath the lateral cell borders (Fig. 2b). By the quick- 
freezing and deep-etching method, the three-dimensional 
architecture of  the increased microfilamentous network 
could be visualized clearly around the bile canaliculi 
(Fig. 2c) and at the cell border (Fig. 2d). The microfila- 
ments branched out one after another, and were directly 
attached to the cytoplasmic sides of  cell membranes 
(Fig. 2c) or vesicular membranous structures (Fig. 2d). 

Fig. 1. Replica electron micrograph of control hepatocytes around 
a bile canaliculus (BC). Small amounts of microfilaments (M/r) 
are localized around the canaliculus. Microfilaments are also seen 
in cross-fractured microvilli (arrowheads). M, Mitochondria; ER, 
rough surfaced endoplasmic reticulum, x 22000. lnset: Conven- 
tionat ultrathin section. Microfilaments are rarely identified. 
x 11000 

The microfilaments were 7-10 nm in diameter (Fig. 2c, 
d) and attached directly to other filaments. 

In Sl-decorated specimens, almost alt of  the bile can- 
alicular microfilaments were ruggedly decorated on their 
surfaces with S1 and the thicknesses of  the filaments 
ranged from t 5 to 20 nm (Figs. 3, 4 a, b). Periodic struc- 
tures were observed in some areas (Fig. 3). Some thinner 
filaments with diameters of  4-7 nm were not decorated 
by $1 (Figs. 3, 4a, inset). These thinner filaments were 
connected directly to actin filaments on both ends as 
cross-linking filaments. Microfilaments beneath the lat- 
eral cell membranes and in interdigitating portions were 
also decorated by $1 (Fig. 4b). However, straight bun- 
dles of  intermediate filaments with diameters of  10- 
15 nm around the increased microfilaments had smooth 
surfaces without $1 decoration. The Sl-decorated micro- 
filaments showed end-to-side attachments to the non- 
decorated intermediate filaments (Fig. 4b, arrowheads). 
However, intermediate filaments localized among cell or- 
ganelles were not decorated by $1 (Fig. 4c), and micro- 
filaments were rarely observed in these areas. 

Discussion 

I t i s  well known that actin filaments of  normal hepato- 
cytes are mainly localized around bile canaliculi and 
under the cell membranes. Polygonal patterns of  actin 
filament distribution in hepatocytes have been shown 
by the anti-actin antibody method (Farrow et al. 1971) 
or the N-(7-dimethyl amino-4-methyl coumrinyl) malei- 
roide (DACM) - heavy meromyosin (HMM) method 
(Namihisa et al. 1980) combined with fluorescent mi- 
croscopy. These actin filaments are decorated specifi- 
cally with HMM,  which is a subunit of  myosin and 
forms arrowhead-like structures (Ishikawa et al. 1969). 

Phalloidin is one of  the toxic substances produced 
by the mushroom Amanita phalIoides (Gabbiani et al. 
1975). It is generally accepted that phalloidin treatment 
induces an increase of  microfilaments in hepatocytes, 
by facilitating the polymerization of  globular actin to 
filamentous actin. In the phalloidin-treated rat livers, 
actin proteins were shown around the dilated bile canali- 
cuti by immunofluorescence studies (Ohta et al. 1988). 
We have �9 the three-dimensional architecture of  
the increased microfilaments in phalloidin-treated hepa- 
tocytes by the quick-freezing and deep-etching method 
(Naramoto 1988a, b). In the present study, most of bile 
canalicular microfilaments were identified as actin fila- 
ments on replica memb‡ by $1 decoration. The $1 
is a part  of  H M M  and has an ability to bind with actin 
filaments. The Sl can penetrate the cytoplasm more easi- 
ly than HMM,  because of  its lower molecular weight. 

Some thin filaments without $t decoration were lo- 
calized as cross-linking filaments among the increased 
bile canalicular microfilaments. The undecorated fila- 
ments were 4-7 nm in diameter and thinner than actin 
filaments. It is probable that they are new types of  cytos- 
keletal structures outside the three major  classes of  cy- 
toskeletons (microfilaments, intermediate filaments and 
microtubules; Roberts 1987). Recently six proteins of  
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Fig. 2. a, b. Conventional ultrathin sections of hepatocytes of phalloidin-treated rats. Microfilaments (Mb) increase around bile canaliculi 
(BC) as shown in a and under lateral cell membranes (b). Arrowheads indicate the cell to cell border, x 11000 Inset: High magnification 
of microfilaments, x46000, e, d Replica electron micrographs of hepatocytes without $1 treatment. Three-dimensional architecture 
of the increased microfilamentous network (MF) can be visualized clearly around bile canaliculus (e) and at cell borders (d). Arrowheads 
in e indicate the direct attachment of microfilaments to cytoplasmic sides of the bile canalicular membrane. Mt, Mitochondria; V, 
Vesicular membranous structure, x 16000 

fine filaments have been identified - spasmin, echinone- 
matin,  nematode  MSP,  tektin, giardin and titin (Roberts  
1987). It has been proposed  that  their functions contr ib-  
ute to cell morbil i ty and cytoarchitecture.  However ,  
there are no reports o f  localization o f  these fine filaments 
in hepatocytes.  It has also been reported that  myosin  
proteins are localized in enlarged areas a round  the dilat- 
ed bile canaliculi in the same way as the actin filaments 
are found  in phalloidin-treated rat livers (Ueno et al. 

1988). However ,  it is not  k n o w n  whether  the increased 
myosin  proteins are f i lamentous structures or  not.  One 
possibility is that  the fine filaments identified as cross- 
linkers in this experiment are composed  o f  myosin  or  
other  act in-binding proteins. Funct ional ly,  ac tomyos in  
interaction with the ca lc ium-calmodul in  system is 
needed for peristaltic cont rac t ion  o f  bile canaliculi. 
Therefore,  it will be interesting to clarify the ultastruc- 
tural distr ibution o f  myosin  and how the myosin  pro- 
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Fig. 3. Replica electron micrographs of hepatocytes decorated with S1. Almost all of the bile canalicular microfilaments show periodic 
structures with the decoration of S1 and are attached directly to vesicular structures (IO. Arrowheads indicate thin filaments without 
S1 decoration, x 83000. Right upper inset: High magnification view of undecorated thin filaments (arrows). These filaments with the 
diameters of 4-7 nm are connected directly with actin filaments as cross-linking filaments, x 130000. Left lower inset: Smooth surfaced 
microfilaments without Sl treatment. V, Vesicular membranous structure, x 83000 

teins b ind  wi th  the  act in  f i laments ,  by  us ing the quick-  
freezing and  deep-e tch ing  m e t h o d  c o m b i n e d  with  i m m u -  
noh i s tochemis t ry .  

We also r e p o r t e d  an increase  o f  i n t e rmed ia t e  fila- 
ments  in p h a l l o i d i n - t r e a t e d  ra t  livers ( N a r a m o t o  1988a,  
b). Bund led  in t e rmed ia t e  f i laments  were  seen a r o u n d  the 
increased  mic ro f i l amen t s  and  seemed to be f o r m e d  as  
a p a r t  o f  the  react ive  changes  to  the  cholestasis .  In  this  
s tudy,  we have  d e m o n s t r a t e d  tha t  the  deco ra t ed  mic ro-  
f i laments  are  d i rec t ly  a t t ached  to the  bund l ed  in te rmedi -  

a te  f i laments .  A l t h o u g h  the in te rac t ion  o f  three  m a j o r  
cy toske le ta l  f i laments  p lays  an i m p o r t a n t  role in the 
func t iona l  express ion  o f  the hepa tocy t e  cy toske le ton  
(Dub in  et  al. 1980), thei r  t h ree -d imens iona l  connec t ions  
have  n o t  yet  been  clarif ied.  Ac t in  f i laments  p r o b a b l y  
c o n t r a c t  a t  the  connec t ing  p o i n t  wi th  in t e rmed ia t e  fila- 
men t s  as one  fulcrum.  The  in t e rmed ia t e  f i l ament  bundles  
a r o u n d  bile cana l i cu la r  mic ro f i l amen t s  seem to corre-  
s p o n d  to the pe r i cana l i cu la r  sheath,  r epo r t ed  by  Ka t su -  
m a  et al. (1988). 

Fig. 4a-e. Etectron micrographs of hepatocytes decorated with SI. a Atmost all of the bile canalicular microfilaments are ruggedly 
decorated on their surfaces (MI;). Arro�87 indicate bundled intermediate filaments. BC, Bile canaliculus, x24060. Iriser: Some thin 
filaments (arrowheads) with the diameters of 4-7 nm are hot decorated with S1 and connect directly to actin filaments on both ends 
as cross-linking filaments, x 29000. b Three-dimensional organizations of cytoskeleton under the lateral cell membranes including interdigi- 
tating portions. Almost all of microfilaments (M/~) are decorated with SI, The decorated microfilaments enter into the interdigitating 
portions and are attached directly to the cell membranes (small arrows). Straight bundles of intermediate filaments (large arrows) outside 
the Sl-decorated microfilaments have smooth surfaces without S1 decoration. Arrowheads indicate direct connections between microfila- 
ments (MF) and intermediate filaments (large arrows), x 43000. e Electron micrographs of the cytoplasm near the nucleus. Intermediate 
filaments (arrows) among cetl organelles are hot decorated with $1. Microfilaments are rarely present in these areas. G, Glycogen 
gramfle, x 54000. Inset: Conventional ultrathin sections corresponding to the areas. Arrowheads show intermediate filaments, x 22000 



19 



20 

References 

Denk H, Franke W, Dragosics B, Zeiler I (1981) Demonstration 
of Mallory bodies (alcoholic hyaline) in murine and human 
hepatocytes by immunofluorescence microscopy using anti- 
bodies to cytokeratin polypeptides from hepatocytes. Hepato- 
logy 1 : 9-20 

Dubin M, Maurice M, Feldmann G (1980) Influence of colchicine 
and phalloidin on bile secretion and hepatic ultrastructure in 
the rat. Gastroenterology 79 : 646 654 

Farrow L, Holborow E, Brichton W (197l) Reaction of human 
smooth muscle antibody with liver cells. Nature New Biol 
232:186-187 

French S, Kondo I, Irie T (1982) Morphologic study of intermedi- 
ate filaments in rat hepatocytes. Hepatology 2:29 38 

Gabbiani G, Montesano R, Tuchweber B (1975) Phalloidin-in- 
duced hyperplasia of actin filaments in rat hepatocytes. Lab 
Invest 33 : 562-569 

Heuser H, Kirschner M (1980) Filament organization revealed in 
platinum replicas of freeze-dried cytoskeleton. J Cell Biol 
86:212-234 

Ishikawa H, Bischoff R, Holtzer H (1969) Formation of arrowhead 
complexes with heavy meromyosin in variety of cell types. J 
Cell Biol 43:3121-3128 

Katsuma Y, Marceau N, Ohta M, French S (1988) Cytokeratin 
intermediate filaments of rat hepatocytes : different cytoskeletal 

domains and their three-dimensional structure. Hepatology 
8 : 55%568 

Namihisa T, Tamura K, Saifuku K (1980) Fluorescent staining 
of microfilaments with heavy meromyosin labeled with N-(7- 
dimethylamino-4-methylcoumrinyl) maleimide. J Histochem 
Cytochem 28 : 335-338 

Naramoto A (1988 a) Three dimensional examination on the hepa- 
tocyte cytoskeleton of phalloidin-treated rats by quick-freezing 
and deep-etching replica method. Acta Hepatol Jpn 29 : 365 376 

Naramoto A (1988b) Hepatocyte cytoskeleton of cholestatic liver 
by the quick-freezing and deep-etching replica method. Hepato- 
logy 8 : 1455 

Naramoto A, Nakano M, Itoh N (1988) Three dimensional exami- 
nation on the hepatocyte cytoskeleton of obstructive jaundice 
liver by quick-freezing and deep-etching replica method. Acta 
Hepatol Jpn 29:927-937 

Ohta M, Marceau N, French S (1988) Pathologic changes in the 
cytokeratin pericanalicular sheath in experimental cholestasis 
and alcoholic fatty liver. Lab Invest 59: 60 74 

Osborn M, Weber K (1982) Immunofluorescence and immunocyto- 
chemical procedures with affinity purified antibodies. Tubulin 
containing structures. Med Cell Biol 24:97-132 

Roberts T (1987) Fine (2-5 nm) filaments: new types of cytoskele- 
tal structures. Cell Motil Cytoskel 8:130-142 

Ueno T, Yasuura S, Watanabe S (1988) Immunocytochemical local- 
ization of myosin in rabbit liver cell. J Histochem Cytochem 
36 : 803-806 


