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An experimental study of norethandrolone (NED)-induced intrahepatic cholestasis
was made. NED was infused via a portal vein catheter into rat liver in vivo, and meas-
urements were made of bile flow. Liver specimens were taken at intervals for light
microscopy and for transmission and scanning electron microscopy. Bile-canalicular-
rich membrane fractions were prepared. The effects of NED were also examined in
isolated hepatocytes in suspension culture. NED infusion induced total cholestasis by
3 hours. Canalicular alterations commonly associated with cholestasis were found in
in vivo infused liver and in isolated hepatocytes. Pericanalicular microfilament changes
were also noted in both, with loss of filament structure and replacement by a granular
zone. In isolated canalicular membrane fractions prepared from NED-treated ani-
mals, the normal investment of pericanalicular filaments was no longer present. Loss
of the bile canalicular ruthenium red surface coat was also noted. In view of the identi-
cal findings in isolated hepatocytes and in in vivo liver, obstruction and mechanical
factors can be excluded as possible causes. The results raise the possibility that the
mechanism of NED-induced cholestasis may be related to disaggregation and/or
detachment of microfilaments from the canalicular membranes. (Am J Pathol 93:729-
744, 1978)

THE ADMINISTRATION of certain clinically used drugs such as
the 17-alkyl-substituted steroids can result in intrahepatic cholestasis.1 2
The mechanism of this type of drug-induced cholestasis is not known.
Hvpofunction of the cvtochrome P450-dependent microsomal biotrans-
formation system causing impairment of bile acid hydroxylation and
resulting in altered micelle formation has been proposed 3'4 but does not
directly explain the possible reduction in bile-acid-independent bile flow 5

or the functional 6 and morphologic 7 alterations of bile canalicular mem-
branes observed in this form of intrahepatic cholestasis. There is increas-
ing evidence that the bile canalicular membranes are specialized for bile
secretion -12 and that enzymatic and structural changes in the canalicular
membranes could be primary in certain forms of intrahepatic choles-
tasis.1316

Norethandrolone (NED, 17a-ethyl-19-nortestosterone), one of the 17a-
alkylated anabolic steroids, causes impairment of hepatic sulfobro-
mophthalein (BSP) clearance and of maximal bilirubin excretion in pa-
tients receiving the drug 17,18 and in healthy human volunteers.' 20 Similar
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changes in biliary excretion of bilirubin or of exogenous dyes and a
reduction of bile flow following administration of NED can be produced
in certain species of laboratory animals,21~providing a useful experimen-
tal model of intrahepatic cholestasis. Electron microscopic studies of the
NED-induced cholestatic liver in humans 19,2o,26 and in the rat 2*,' re-
vealed dilatation of bile canaliculi with decrease or loss of microvilli and
no significant alterations of other liver cell organelles, suggesting that
NED might primarily affect the bile canaliculi. These findings are consis-
tent with the bilirubin and exogenous dye transport studies 21-23 that point
to a problem in biliary excretion. In the present study, the cholestatic
effects ofNED were studied in rat liver in vivo and in liver cells in vitro.

Materials and Methods
Two experimental models were used as follows:

lsobtd Lim Cob
Isolated hepatocytes were prepared from Wistar strain rat liver and maintained in

Ham's FIO medium containing heat-inactivated horse serum according to the method
described previously." The norethandrolone (NED) (a generous gift of G.D. Searle & Co.,
Chicago) used in this study was shown to be chromatographically pure. NED dissolved in
propylene glycol (PG) (J.T. Baker Chemical Co., NJ) was added to 150 ml of the
suspension culture medium containing approximately 1.5 g (wet weight) of liver cells at
the final concentration of 65 ,g of NED per milliliter and 1.5% PG. In the controls, only
PG was added to the culture medium at the same concentration. Samples for light and
electron microscopy were obtained from each group at 1, 3, and 6 hours cultivation after
addition of NED plus PG or PG alone. Five NED-treated and five control cultures were
examined.

In Vo Inused Livr
Female Wistar strain rats (High Oak Ranch, Toronto) weighing from 250 to 320 g were

used throughout the study. All were maintained on a standard diet (Rockland mouse and
rat diet) and tap water. The NED solution was prepared as follows: NED was dissolved in
PG at the concentration of 40 mg/ml and was then added to phosphate-buffered saline
(pH 7.4) containing 10% bovine serum albumin (Sigma Chemical Co., St. Louis) at a
concentration of 1.2 mg of NED per milliliter. The solution was completely clear. The
animals were anesthetized by intraperitoneal injection of sodium pentobarbital (Veteri-
narv Nembutal, Abbott) in a dose of 30 mg/kg of the rat body weight, and the common
bile duct was cannulated with a polyethylene tubing (PE 50) for bile collection throughout
the experiment. The rate of basal bile flow was determined by weighing the hourly bile
collected in a preweighed tube. Two to three hours after cannulation of the bile duct, the
liver was infused via a mesenteric vein catheter (PE 10) with the NED solution described
above. The infusion was continued at a constant rate of 39Mug of NED/min/100 g of body
weight for up to 3 hours using a Harvard infusion pump. In the controls, the liver was
infused with the same solution without NED at the infusion rate equivalent to that in the
NED-infused groups. Liver tissue samples were taken from each group for light, transmis-
sion, and scanning electron microscopy at 2 or 3 hours after the beginning of portal
infusion. Ten NED-treated and ten control infused rat livers were examined.



Vol. 93, No. 3 NED-INDUCED INTRAHEPATIC CHOLESTASIS 731
December 1978

Procedures for Llit,TNI Scunn Eler M OPY

In cultured hepatocytes, an aliquot of the suspension cultures containing separated
hepatocytes was fixed for 15 minutes with an equal volume of 2.5% glutaraldehyde
(Electron Microscopy Sciences, Fort Washington, Pa) buffered with 0.1 M cacodylate
buffer (pH 7.4) and was then centrifuged to form a pellet, as described elsewhere." The
pellet obtained was cut into small blocks and was further fixed in 1.25% buffered glutaral-
dehyde for 45 minutes at 0 C. In the in vio experimnent, liver tissue was fixed for electron
microscopy by a perfusion technique I using fixative composed of 4% formaldehyde freshly
prepared from paraformaldehyde (Fisher Scientific Co., New Jersey) and 1.25% glutaral-
dehyde in 0.1 M cacodylate buffer (pH 7.4). The well-perfused areas were cut into small
blocks and were further fixed in the same fixative for 15 minutes at 0 C. After being rinsed
with the buffer, the small tissue blocks were postfixed with 2% osmic acid in 0.1 M
cacodylate buffer (7.4) for 2 hours at 0 C and were processed in the usual manner for
routine electron microscopic preparations. Other samples were also subjected to the
ruthenium red (RR) stain and the uranyl acetate en bloc stain (UA) technique, as described
previously.4' After dehydration, the tissue blocks were embedded in an Epon-Araldite
mixture. Ultrathin sections, stained with lead citrate, were examined in a Philips 300
electron microscope with 60 kV acceleration voltage. One-micron sections were stained
with toluidine blue and were used for light microscopic observation. Liver samples for
light microscopy were fixed in 10% formalin, processed routinely, and stained with
hematoxylin and eosin.

Bile-canaliculus-rich fractions (BC fractions) of liver cell plasma membranes were
isolated from NED-infused livers and from control livers by the method described below
and were processed for electron microscopy according to the UA and the RR staining
procedures."
For scanning electron microscopy, the well-fixed portions of liver tissue subjected to the

perfusion fixation technique were cut into strips (approximately 1 X 1 X 3 cu mm). After
osmification, the tissue pieces were dehydrated with a graded series of ethanol. The tissue
was then frozen under liquid nitrogen and fractured using a precooled razor blade. The
fractured pieces were transferred to fresh absolute ethanol, and the ethanol-infiltrated
tissues were dried with a Sorvall critical point drying apparatus using CO2 according to the
method described by Humphreys et al.'" The dried tissue pieces were mounted on an
aluminium stud and were coated with gold using an Edwards vacuum coating unit. The
specimens were observed in a Cambridge Stereoscan electron microscope with a 20 kV
acceleration voltage.

MorhoeficProcedurss
Morphometric analysis for quantitative assessment of the bile canalicular dilatation

caused by NED was performed as described below.
In the isolated liver cells, at least 100 paired hepatocytes (normal and/or dilated

canaliculi) were counted by light microscopy from each control and NED-treated culture
in 1-p sections stained with toluidine blue. Three to five blocks from each of 5 controls and
of 5 NED-treated cultures at each stage (1-, 3,-, and 6-hour cultivation) were available for
the estimation. The results were expressed as the percentage of the numbers of dilated bile
canaliculi to the total numbers of paired hepatocytes counted.
From in vivo infused livers, three to four blocks from the centrilobular zone and the

same number of blocks from portal zones from each of 5 controls and of 5 NED-infused
animals were examined by transmission electron microscopy. More than 50 randomlv
selected bile canaliculi were observed from centrilobular and periportal zones from each
animal. The bile canaliculi less than 1 pi in largest diameter and largely filled with
microvillous projections in lumen were rendered "normal," while those more than 1 ji in
diameter and partially or totally devoid of microvilli were "dilated." The numbers of
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dilated bile canaliculi were expressed as the percentage of the total numbers of bile
canaliculi observed.
Three BC fractions were isolated from NED-infused or control livers for the morpho-

metric studv. Three to four blocks from each BC fraction sample were examined by
transmission electron microscopy. More than 50 isolated bile canaliculi were observed
from each BC fraction. The dilated bile canaliculi devoid of pericanalicular microfilaments
except those around the desmosomes and the tight junctions were counted, and the
numbers were expressed as the percentage of the total numbers of the isolated bile
canaliculi observed.

P ati of Cac - iemb Fracios
The isolated BC membrane fractions of rat liver plasma membranes were prepared as

described in detail elsewhere." The liver was perfused via the portal vein with ice cold
phvsiologic saline, pH 7.4, at 15 cm pressure. The liver was removed and placed in 10 ml
ice cold 1 mM sodium bicarbonate, pH 7.5, and was homogenized using a Willems
Polvtron homogenizer at Speed 7 for 5 to 10 seconds. The homogenate was mixed with
bicarbonate to a total volume of 100 ml and was filtered tiwice through four lasers of cotton
gauze (Texpack Ltd., Brantford, Ontario) and then through eight layers. The filtered
homogenate was centrifuged for 5 minutes at 500g followed by 10 minutes at 1000g. The
supernatant was discarded, and the pellet was resuspended and recentrifuged for 10
minutes at 1000g.

Following suspension by gentle homogenization, a volume of sucrose solution (density.
1.26) sufficient to provide a final density of 1.22 was added. Fifteen-milliliter aliquots of
this solution were overlayered with 9 ml of sucrose (density, 1.18) and then with .3 ml of
sucrose (density, 1.16). Following centrifugation for 60 minutes at 66,000g (Ra-) using a
Beckman 30 fixed-angle rotor, the membrane layers were observed at the 1.22-1.18
interface, which represent pure bile canalicular (BC) membranes (a second membrane
fraction at the 1.18-1.16 interface contains predominantly noncanalicular plasma mem-
branes). The BC membrane fraction was washed two more times for 10 minutes using
bicarbonate solution. The resultant pellet was the BC membrane fraction used.

Results
lsoled Lvr Ces

By light microscopy, 20 to 30% of isolated liver cells in each culture
were found to be in pairs, allowing observations of bile canaliculi. In
control specimens incubated up to 6 hours, no obvious lumen was seen in
most of the paired hepatocytes under the light microscope, and the bile
canaliculi of these cells were found to be intact electron microscopically
(Figure 1). Morphometricallv, only 2.8 ± 0.9% (mean ± SE, N=5) of the
paired hepatocytes showed slightly dilated canalicular lumina at 1 hour,
3.2 ± 1.8% (N =5) following 3 hours, and 4.3 ± 2.5% (N =5) following 6
hours of PG administration.

In the NED-treated specimens, round spaces were recognized between
some paired hepatocytes 1 hour after administration of NED. Electron
microscopy revealed that these spaces between cells correspond to dilated
bile canalicular lumina (Figure 2). After 1 hour of NED treatment, 63.2 ±
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3.8% (N=5) of the paired hepatocytes showed remarkable canalicular
dilatation. There was wide dilatation with loss microvilli in 67.4 ± 3.0%
(N=5) of the bile canaliculi at 3 hours and in 66.5 ± 1.9% (N=5) at 6
hours after administration of NED. Hence, the bile canalicular dilatation
caused by NED in isolated liver cells was statistically significant (P <
0.001) compared with the controls. The smooth endoplasmic reticulum
appeared increased in many liver cells. Autophagic vacuoles were occa-
sionally increased in the pericanalicular region. The other liver cell organ-
elles were unchanged. Bleb-like cytoplasmic protrusions were observed
over the surface of many liver cells. The pericanalicular microfilamentous
network detected around normal bile canaliculi by the UA en block stain
(Figure 3) appeared nonfilamentous and granular around the dilated bile
canaliculi induced by NED (Figure 4). In the RR-stained control prepara-
tions, the tight junctions sealing the bile canaliculi in paired hepatocytes
and the canalicular membranes consistently stained positively with RR
(Figure 1). The RR-positive surface coat was absent from all the dilated
bile canalicular membranes of NED-treated liver cells observed (Figure
2).

in Vv hiused Live
The livers of the controls showed no significant alterations by light and

electron microscopy. By light microscopy, livers of the NED-treated
group also appeared normal in the hematoxylin-and-eosin-stained sec-
tions except for canalicular dilatation and some vacuolization in the
hepatocytes of the centrilobular zone. Bile ducts and ductules were also
unchanged. Electron microscopically, marked bile canalicular ectasia ac-
companied by reduction or complete loss of canalicular microvilli was
noted in the NED-infused livers (Figure 5). Normal bile canaliculi were
also occasionally seen near the dilated canaliculi (Figure 5). In the NED-
treated group, morphometric analyses showed 73.8 ± 2.8% (mean ± SE,
N=5) of the bile canaliculi observed in the centrilobular zone were dilated
with partial or total loss of microvilli, and 30.6 ± 1.9% (N=5) canaliculi
were similarly affected in the periportal zone. In the controls, only 1.2 ±
0.4% (N=5) canaliculi in the periportal zone were slightly dilated with
reduction of microvilli. Diverticula formed from the dilated canaliculi
appeared irregularly deformed. Although most of the widened canalicular
lumina appeared empty, a few contained fine fibrillar or vesicular mate-
rial. The junctional complexes remained intact. Autophagic vacuoles in-
cluding electron-dense amorphous or fibrillar materials as well as smooth-
surfaced small vesicles were occasionally notable around the dilated bile
and canaliculi. Proliferation or redistribution of the smooth endoplasmic
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reticulum was inconsistently found. Mitochondria and other liver cell
organelles appeared normal. Cvtoplasmic protrusions of various sizes were
noted on the sinusoidal liver cell plasma membranes, with concomitant
decrease of normal surface microvilli over the protrusions (Figure 6).
These protrusions were pinched off from the liver plasma membranes,
forming round ball-like structures in the space of Disse and in the sinu-
soids. They were occasionally seen in gaps between sinusoidal endothelial
lining cells.

In the UA-stained preparations of the control livers, the micro-
filamentous network surrounding the bile canaliculi was visualized. Mli-
crofilaments also extended into the cores of canalicular microvilli and were
attached to the canalicular membranes. In the NED-infused liver prepara-
tions, these pericanalicular microfilaments were rarelv found around di-
lated bile canaliculi, and the pericanalicular ectoplasm appeared thick-
ened, electron-dense, and granular. Subplasmalemmal microfilaments
appeared condensed at the bases of the protrusions noted on the sinusoi-
dal liver cell surfaces in animals that received NED. Inside the protru-
sions, the microfilamentous structures were scanty, but electron-dense,
granular substances were prominent. By scanning electron microscopy,
the bile canaliculi were seen as a chicken-wire-like anastomosing network
on the fractured surfaces of the control livers. The bile canalicular chan-
nels were straight and almost uniform in their diameter. The canalicular
lumens were filled with regular microvillous projections as seen on trans-
mission electron microscopy (Figure 7). In the NED-infused liver prepara-
tions, a large part of the bile canalicular system was irregularly dilated,
especially in the centrilobular zone, compared with the controls (Figure
8). Canalicular microvilli were lost in the canalicular wall except for those
at the marginal ridges, where shortened microvilli were found. In the
sinusoids, there was a large number of ball-like structures which origi-
nated from the sinusoidal liver cell surface as shown by transmission
electron microscopy. In the RR-stained preparations of isolated bile cana-
liculi (BC fractions) obtained from the NED-infused livers, approximately
50% of the isolated bile canaliculi counted were dilated and devoid of
microvilli (Figure 9). No microfilaments were recognized around the
canalicular membranes, indicating that thev were dissociated from the
membranes, except for those attached to the tight junctions and desmo-
somes. On the other hand, the microfilamentous network was normally
attached to the bile canaliculi isolated from the control livers (Figure 10).
No dilated bile canaliculi devoid of pericanalicular microfilaments were
detected in the control BC fractions.
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Bile flow was significantly affected bv the portal infusion of NED
compared with controls, as summarized in Text-figure 1. Two and three
hours after the beginning of the portal infusion of NED, bile flow (Al/hr/
100 g body weight) was significantly reduced by 51.86 ± 6.02% (mean of
reduction percentages from 19 determinations [N= 19] ± SE) or by 72.40
± 10.30% (N=7), respectively (P < 0.001), compared with that observed
in the preinfusion period. In the controls, bile flow rate was not signifi-
cantly reduced during the portal infusion without NED (P < 0.001 [N=
10]) and was even increased at 3 hours (P < 0.01 [N=5]).

Dscussion
The results of this study suggest that the subcellular lesion in the

intrahepatic cholestasis produced by NED may be located in the cana-
licular membrane and its associated microfilaments. Knowledge of cell
membranes suggests that certain actin filaments are closely associated
with plasma membranes, and a wide variety of contractile functions have
been ascribed to these filaments in various nonmuscle cells.32" There is
also substantial evidence that certain hepatocellular pericanalicular mi-
crofilaments contain actin.15'",3'9 It has been speculated that in the liver
they provide a motive force for the movement of materials within the
hepatocytes." We have suggested that the contractile force exerted by
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pericanalicular filaments might facilitate bile flow in the canalicular sys-
tem of the liver."'-" Support for this hypothesis was found in experiments
using cytochalasin B (CB), an agent which alters actin filament structure
and function in many cell types.' In the liver, CB produced intra-
hepatic cholestasis which correlated with structural changes in peri-
canalicular microfilaments.47
With NED, the earliest changes observed are canalicular ectasia, loss of

microvilli, and loss of identifiable microfilaments with their replacement
by a granular zone presumed to be derived from altered microfilaments.
The finding of almost identical canalicular structural changes in isolated
hepatocytes in vitro excludes the possibility that obstruction or strictly
mechanical factors are involved. The observation that isolated bile cana-
liculi prepared from animals pretreated with NED are devoid of their
normal investment of pericanalicular microfilaments suggests that the
attachment of the filaments to the canalicular membrane is weakened by
the NED treatment or that the ifiaments are dissociated and become
detached in vitro by NED prior to the membrane isolation procedure. The
loss of RR staining over the canalicular membranes of both isolated
hepatocytes and in vivo liver is of interest in view of proposed trans-
membrane linkages between cytoskeletal elements (microfilaments and
microtubules) and surface components."M Altered microfilament function
is also suggested by the cytoplasmic protrusions noted on the sinusoidal
border of the hepatocytes. The process of formation of this type of
protrusion has been termed "zeiosis" and is explained by Godman et al 4

on the basis of focal displacement or disruption of subplasmalemmal
microfilaments associated with the plasma cell membranes and tonic
contraction of nonperturbed microfilaments attached to the plasma mem-
brane, producing herniation of cytoplasmic contents through the weak-
ened segment of the cell membrane.

There are many postulated mechanisms for intrahepatic cholestasis (for
a review, see Reference 50). Bile acids are of particular importance in
some forms,'1 but it is unlikely that they are important with NED since
the canalicular lesions are unlike those found with cholestatic bile acid
infusions. Na+,K+ATPase may be important in other forms of cholestasis;
these are of special interest since functional alterations can occur without
electron microscopic alterations in canaliculi in this type of cholestasis."2
"Pump failure" resulting from primary alterations in canalicular micro-
villi with loss of local osmotic gradients necessary for bile flow 8 is another
mechanism and could be of importance. However, the findings with NED
are so similar to those found with cytochalasin B 15.54 that it is possible that
both drugs may act in a similar way. The abnormality seems to be located
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either in the microfilaments themselves or in the attachment sites in the
membrane." Attachment of actin filaments to membranes is implicit in all
considerations of filament-mediated membrane movement since a point
of insertion is necessary for the contractile filaments to exert a force. If, as
we have suggested, the pericanalicular filaments are concerned not only
with the structural integrity of the canaliculus but also functionally with
maintaining tone and facilitating bile flow in the canalicular system, their
altered structure and function could provide a satisfactory explanation for
the decrease of flow, dilatation of the canaliculi, and cholestasis observed
with NED. Detachment of microfilaments from the BC membrane would
result in loss of mechanical cytoskeletal support for this membrane, while
loss of contractile function would result in flaccid unsupported canaliculi.
Such effects in the widespread canalicular capillary network would not be
expected to promote the flow of bile and could explain the reduction and
eventual cessation of bile flow as canaliculi became hyperdistended. The
loss of the ruthenium red surface coat may itself be contributory to the
reduction in bile flow also, since surface glycoproteins also play an impor-
tant role in cellular secretory processes.","
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Fgu 1-Isolated hepatocytes from control group following 3 hours of incubation, showing continu-
ous borders of two liver cells. Note the ruthenium-red-positive surface coat (RRSC), which appears
as a black deposit on the sinusoidal and canalicular membrane surfaces. Note also that the
ultrastructural cytology of these cells is normal. (Ruthenium red, x 13,300) Fe 2-Isolated
hepatocytes from NED-treated group following 3 hours of incubation, showing contiguous borders of
two liver cells. There is marked canalicular dilation and loss of microvilli. The RRSC is lost from the
canalicular membrane but is still noted over the lateral and sinusoidal plasma membranes. Note also
the widened granular-appearing ectoplasmic zone around the canaliculus. This is "morphologic
cholestasis in vitro." The remainder of the cellular organelles appear normal. (Ruthenium red, x
13,300)
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Fi 3-Edge of bile canaliculus from normal control isolated hepatocytes. Many microvllli project into the canalicua
lumen which is situated on the right. Note the abundance of microfilaments in the cores of microvilli and In the
perkcanalicular organelle-free ectoplasmic zone of the hepatocyte. (Uranyl acetate, en bloc stain, x 56,000) FWr4-Edge of dilated bile canaliculus from NED-treated isolated hepatocytes. Microvilli are absent The ectoplasmic zone
is widened and filled with small granules, presumably derived from microfilaments. Filaments cannot be identified.
(Compared with Figure 3.) (Uranyl acetate, en bloc stain, x 56,000) Fe 5-In vivo rat liver following 3 hours of
NED infusion. Three markedly dilated and one normal bile canaliculus are shown. The dilated canalicul are nearly
devoid of microvilli except for those near the terminal ridges. One diverticulum is shown. The remainder of the
uitrastructure of these cells is normal. (Lead citrate, x 6300)
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Figure 6-In vivo rat liver following 3 hours of NED infusion. Note the cytoplasmic protrusion which
herniates between the Kupffer cells. Microvilli are absent over the protrusion. (Lead citrate, x
10,000) Figure 7-In vivo rat liver following 3 hours of infusion in control animal. The bile
canalicular network Is well shown. Microvilli fill the bile canalicular lumina. Scanning electron
micrograph. (x 9750) Figure 8-In vivo rat liver following 3 hours of infusion with NED. The bile
canalicular network is dilated and microvilli are reduced. Scanning electron micrograph. (x 9750)
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Fur 9-4solated bile canaliculus from in vivo NED-infused rat liver. Note the absence of micro-
filaments around the entire perimeter of the canaliculus. The only filaments are those in association
with portions of the junctional complex. Note also the loss of microvilli and the RRSC. (Ruthenium red,
x 67,500) Fr -lsolated bile canaliculus from in vivo infused control rat liver. Note the intact
canalicular structure with microvilli, RRSC, and pericanalicular network of microfilaments. (Compare
with Figure 9.) (Ruthenium red, x 67,500)
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