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Keratin 8 (K8)-deficient adult mice develop a severe
disease of the gastrointestinal tract characterized
mainly by colorectal hyperplasia and inflammation.
Given that hepatocytes contain K8/K18 heteropoly-
mers only, this animal model was used to assess the
contribution of these simple epithelium keratins to
hepatocyte structural and functional integrity. Ho-
mozygous mutant (HMZ), heterozygous, and wild-
type (WT) mice were examined for hepatocyte struc-
tural and metabolic features and their survival to
partial hepatectomy. Except for the presence of few
necrotic foci, no other tissular or celiular alterations
were observed in nonhepatectomized HMZ mouse liv-
ers; glycogen and lipid peroxidation levels were es-
sentially normal, but a small reduction in bile flow
was observed. In response to a single pentobarbital
injection, HMZ mice had longer sleeping times than
heterozygous and WT mice. After a two-thirds partial
hepatectomy under pentobarbital anesthesia, allHMZ
mice died within a few hours, whereas those anesthe-
tized with ether survived for 1 to 2 days. One hour
after hepatectomy after pentobarbital anesthesia,
many hepatocytes contained erythrocytes and large
vacuoles in the cytoplasm, which suggests damage at
the plasma membrane level in response to a sudden
increase in portal blood flow. In line with these find-
ings, an uptake of trypan blue by HMZ but not WT
mouse hepatocytes was observed during a 10 ml/
minute perfusion via the portal vein with a dye-sup-
plemented buffer. Subsequent cellular dispersion led
to viable WI mouse hepatocytes but largely nonviable
HMZ mouse hepatocytes. Better viability was obtained
at lower perfusion rates. Partially hepatectomized
heterozygous mice developed liver steatosis, a condi-
tion that was not associated with a change in K8
content but perhaps linked to the presence of the neo
gene. Transgenic HMZ mouse rescue experiments
with a full-length K8 gene confirmed that the pheno-
typic alterations observed in partially hepatectomized
HMZ mice were caused by the disruption of the K8

gene. Taken together, these findings demonstrate that
simple epithelium keratins are essential for the main-
tenance of hepatocyte structural and functional integ-
rity. (AmjPatbol 1997, 151:1673-1683)

Keratins are the intermediate filament (IF) proteins of
epithelial cells and consist of a multigene family of at least
20 acidic (type 1) or neutral-basic (type 11) peptides.1`4
Keratin IFs are obligate heteropolymers assembled from
dimers containing one polypeptide of each type.3'- Var-
ious keratin pairs are expressed differentially depending
on the type of epithelium and its state of differentiation.
For example, the K5/K14 pair is present in keratinocytes
of the basal layer of stratified epithelia, whereas the ter-
minally differentiated keratinocytes contain the K1/K1O
pair.' 25 In the case of simple epithelia, most cells con-
tain the K8/K18 pair while some express, in addition, K7,
K19, and/or K20.1'3 A number of studies have clearly
demonstrated that point mutations in the Kl, K5, K10, or
K14 gene dramatically perturb the structural integrity of
keratinocytes.4 6 Most important, these observations
provide a molecular explanation for several skin dis-
eases, such as hereditary skin-blistering disorders.3-5 In
contrast, the observations accumulated on the role of
simple epithelium keratins from work performed on vari-
ous nonkeratinizing tissues, including the liver, are incon-
clusive. For instance, simple epithelium keratins may pro-
vide mechanical strength to epithelial cells but may also
be involved in signal transduction, autophagy, and pro-
grammed cell death.7 10
The liver is a multicellular organ in which parenchymal

cells (hepatocytes) exert diverse metabolic function(s),
and nonparenchymal epithelial cells (eg, biliary epithelial
cells) mainly serve specialized and structural purpos-
es.11,12 The IFs of hepatocytes are formed by K8/K18
heteropolymers only, whereas biliary epithelial cells con-
tain, in addition, K7 and K19,9,13 the latter being a rep-
resentative of those found in epidermal stem cells.14 We
have proposed recently that this selective pattern of ker-
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atin gene expression in hepatocytes versus biliary epithe-
lial cells is functionally significant.9
A reliable approach to examining protein function in

vivo is the analysis of cells or tissues that are homozygous
for loss-of-function mutations as provided by targeted
gene mutations introduced into the germ line of mice.15
Recent work using this approach has shown that a K8
targeted mutation in which a neomycin (neo) gene was
introduced into the first exon causes lethality in C57BL/6
mouse embryos with an incomplete penetrance of
94%, 16 whereas K8 gene disruption in FVB/N mice leads
to colorectal hyperplasia accompanied by a pronounced
inflammation of the lamina propria and submucosa after 9
weeks of age.17 Since K18 is unable to form homopoly-
mers, the hepatocytes of K8-deficient FVB/N mice lack
K8/K18 IFs, and these mice therefore provide a unique
animal model to assess the contribution of simple epithe-
lium keratin IFs to hepatocyte structural and functional
integrity.

In this study, we examined the structural integrity of
hepatocytes of homozygous (HMZ) and heterozygous
(HTZ) K8 mutant and wild type (WT) FVB/N mice, using
both light and electron microscopy in situ. We also as-
sessed the metabolic activities of the hepatocytes in
terms of glycogen content, lipid peroxidation, bile pro-
duction, and response to pentobarbital treatment. In par-
allel experiments, the three groups of mice were sub-
jected to partial hepatectomy (PH) and to in situ trypan
blue perfusion. In control experiments, the response to
PH was assessed in neomycin-resistant (neoR) and K8-
rescued HMZ (HMZ-R) transgenic mice. The results dem-
onstrate that the hepatocytes of K8-deficient FVB/N mice
manifest increased fragility, particularly under stress con-
ditions.

Materials and Methods

Reagents
Sodium pentobarbital was purchased from MTC Pharma-
ceuticals (Cambridge, Canada) and diethyl ether from
Fisher Scientific (Ottawa, Canada). Lactate-Ringer solu-
tion was obtained from Abbott (Montreal, Canada). Mi-
crotubing for cannulation of the common bile duct
(#6417-76) was purchased from Cole-Parmer (Montreal,
Canada). Products for gel electrophoresis were obtained
from Bio-Rad (Mississauga, Canada). All other chemicals
were obtained from Sigma (Mississauga, Canada). The
antibodies were the following: TROMA-1 and TROMA-2
rat monoclonal antibodies against mouse K8 and K18,
respectively (gift from Dr. R. Kemler, Freiburg, Germany)
and horseradish peroxydase-conjugated goat anti-rat Ig
and Texas Red-tagged goat anti-rat IgG antibody (pur-
chased from BIO/CAN, Mississauga, Canada).

Animals

K8-Knockout Mice

Details on the establishment of the K8-deficient FVB/N
mouse line have been reported previously.17 The geno-

type of each mouse was determined by polymerase
chain reaction analysis of tail DNA using previously de-
scribed primers.17 The experiments were performed on
8- and 20-week-old WT, HTZ, and HMZ mice.

HMZ-R Mice

A 16-kb fragment from the mouse K8 gene, also
named EndoAl a,'18 was injected into oocytes from FVB/N
mice by standard procedures. A detailed characteriza-
tion of these mice will be submitted for publication else-
where. Briefly, a K8R4 mouse line carrying approximately
20 copies of the K8 rescue transgene was chosen for
additional mating with the K8-knockout mice. The K8R4
mouse line expressed the K8 rescue transgene in a tis-
sue-specific manner, although sometimes in a mosaic
manner (cf. Results). The mRNA level was approximately
20-fold that of the endogenous K8 (Baribault, unpub-
lished observations). The K8 rescue transgene was dis-
tinguished from the endogenous K8 gene by a Xbal site
polymorphism.17'18 K8R4 transgenic mice were appar-
ently normal. The K8 rescue transgene was introduced
into the K8 null background by additional mating of K8R4
heterozygous mice to the HMZ mice. The resulting mice
carrying the K8 rescue transgene, ie, HMZ-R mice, were
apparently normal, suggesting that the presence of the
16-kb K8 gene fragment and the resulting mosaic ex-
pression were sufficient to rescue HMZ mice from devel-
oping colorectal hyperplasia and from female sterility
(Baribault, unpublished observations).

NeoR Mice

These mice were a gift from Dr. T. Doetschman19 (Uni-
versity of Cincinnati, OH). Briefly, the neoR mouse line
was generated by standard DNA microinjection of the
pMCneopA cassette into mouse oocytes. This mouse line
is used routinely to generate neoR embryonic fibroblast
feeder layers for embryonic stem cell tissue culture. The
integration site of the neoR gene is not known but is most
likely different from the site of insertion into the K8 gene.
The colony is maintained by regular sib-mating of ho-
mozygotes.
The animals had access to water and food ad libitum.

All of the animal interventions were made in accordance
with institutional guidelines.

Bile Flow Measurement

The common bile duct was cannulated with microtubing
while the animals were under urethane anesthesia (1.1
g/kg of body weight, intraperitoneally). Body temperature
was maintained by a heat lamp. Bile was collected on ice
in preweighed tubes in 10 minutes aliquots for a 60-
minute period and was stored at -20°C until use. Bile
flow was measured gravimetrically, assuming a density of
1 g/ml.2021
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Partial Hepatectomy
The mice were subjected to PH22 under anesthesia via a
sodium pentobarbital (54 mg/kg of body weight) intraper-
itoneal injection or an exposure to ether. Careful asepsis
was maintained throughout all operations. Through a me-
dian-line incision posteriorly from the xiphoid process of
the sternum, the large median lobe with the left lateral
lobe were ligated and then excised. The portion removed
corresponded to two-thirds of the total liver, leaving the
right lateral lobe and the small caudate lobe. In some
experiments, one-third PH was performed by removing
the median lobe only. Before and after the surgery, the
mice received 0.3 ml of lactate-Ringer solution subcuta-
neously. The ambient temperature was maintained at
250C with a thermostated pad placed under the animals
during the surgical procedure and under the cages dur-
ing the period after the hepatectomy. The livers from all
genotypes were examined before PH and during the next
3 days after the PH. Mice that were alive at day 3 after the
PH were killed at day 12 to monitor the overall structural
and metabolic status of their livers.

Liver Perfusion and Hepatocyte Isolation

The liver was perfused according to a modified version of
the two-step method with collagenase originally devel-
oped for rats.23'24 The mouse was anesthetized with
ether and the abdominal cavity was opened to cannulate
the vena portalis and to section the vena cava.24 The liver
was first perfused at 370C with a Ca++-free N-2-hydroxy-
ethyl piperazine-N'-2-ethanesulfonic acid buffer23 and
thereafter with the same buffer containing 0.025% colla-
genase and 5 mmol/L Ca+. In both cases, the buffer
was supplemented with 0.4% trypan blue to assess the
capacity of the hepatocytes to exclude the dye under
perfusion at a flow rate of 5 or 10 ml/minute. The liver
tissue was processed as described below except that the
morphological features were examined on sections coun-
terstained with 1% Eosin Y only. Under light microscopy,
a trypan blue-positive hepatocyte had a typically blue
nucleus and a pink cytoplasm. In parallel experiments,
the two-step perfusion was conducted in the absence of
trypan blue and the hepatocytes were dispersed, as
described before.23 The yield of isolated hepatocytes
was determined with an hemacytometer, and their viabil-
ity evaluated with the standard trypan blue exclusion
assay.24

Morphological Analyses
Histology

Liver tissue slices were fixed in 10% (v/v) neutral for-
malin, embedded in paraffin, and stained with hematox-
ylin and eosin (H&E). 20,21

Fluorescence Microscopy

Small pieces of liver were embedded in OCT, frozen in
liquid nitrogen, and then processed for cryostat section-

ing.25 Frozen sections were laid out on slides, air-dried,
and fixed in 100% acetone at -20°C for 10 minutes.
Sections were then incubated overnight at 40C with rat
monoclonal antibodies directed against K8 (TROMA-1)
and K18 (TROMA-2)17'18 and followed by the second
reaction involving a 60-minute incubation at room tem-
perature with a Texas Red-labeled anti-rat immunoglob-
ulin antibody. Lipids were detected by Nile Red staining.
A stock solution of Nile Red (500 mg/ml) in acetone was
prepared and stored chilled in the dark. A fresh staining
solution of Nile Red was made by the addition of 10 ml of
the stock solution to 1 ml of 75% glycerol, followed by
vortexing.21 A drop of stain was added to the tissue
sections and the preparations were covered with glass
coverslips. The sections were examined after 5 minutes.
Fluorescence microscopy was performed with a Bio-Rad
MRC-600 confocal laser scanning microscope equipped
with a krypton-argon laser beam using the excitation lines
488 and 514 nm. Confocal images were obtained using a
high numerical aperture (1.3 NA, 40X) oil immersion ob-
jective and appropriate zoom factors. After contrast en-
hancement, images were printed with a UR5100 video-
printer.25 In the case of HMZ-R mouse liver, the
percentage of K8/K1 8-positive hepatocytes was esti-
mated by counting the number of pixels in positive versus
whole areas in three fields (200 cells per field) taken at
random on five tissue slides from different lobes.

High Resolution Light Microscopy (HRLM) and
Electron Microscopy (EM)

Small pieces of liver were fixed overnight at 40C in
universal fixative (1% glutaraldehyde, 4% paraformalde-
hyde in sodium phosphate buffer, pH 7.2).26 The tissue
blocks were then postfixed in 1% OS04 in Sorensen's
buffer, dehydrated in a graded ethanol series, and em-
bedded in Araldite. Representative sections 0.5 to 1.0
mm thick were cut for HRLM, stained with toluidine blue,
and examined with a Nikon Optiphot-2 light microscope.
Ultrathin sections were also cut, stained with uranyl ace-
tate and lead citrate, and examined with a Jeol 1200CX
electron microscope.

Biochemical Measurements
The glycogen content in the liver was determined by
colorimetric measurement of an anthrone color reaction
at 660 nm.27 Lipid peroxydation was evaluated by the
thiobarbituric acid-reactive substances assay.28 The
level of thiobarbituric acid-reactive substances was cal-
culated by the difference between optical density 535
and 520 nm.

Western Blotting
Total proteins were obtained by homogenizing the liver
tissue in buffer consisting of 96 mmol/L NaCI, 8 mmol/L
KH2PO4, 5.6 mmol/L Na2PO4*2 H20, 1.5 mmol/L KCI, 10
mmol/L ethylenediaminetetraacetic acid, 0.1 mmol/L DL-
dithiothreitol, pH 6.8, containing protease inhibitors (1
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mmol/L phenylmethylsulfonyl fluoride, 5 mmol/L ethyl-
enediaminetetraacetic acid, 1 mmol/L pepstatin, 1
mmol/L leupeptin, 0.3 mmol/L aprotinin) and phos-
phatase inhibitors (2 mmol/L NaF, 2 mmol/L Na3NO4, 20
mmol/L Na2MoO4*2 H20).19 25 Total proteins (30 gg) sol-
ubilized in sodium dodecyl sulfate were fractionated by
polyacrylamide gel electrophoresis according to Lae-
mmli.29'30 The proteins were then electrophoretically
transferred onto nitrocellulose sheets31 and the blots
were incubated with the rat anti-mouse K8 (TROMA-1) or
K18 (TROMA-2) antibodies. The second antibody was a
horseradish peroxydase-conjugated goat anti-rat Ig, and
the detection involved the ECL Western blotting detection
system (Amersham, Montreal, Canada), as described
before. 25,32

Results
Unless otherwise stated, all of the data reported here are
derived from experiments performed on 20-week-old
mice. This age was chosen on the basis of previous
findings showing that the overall phenotype appears pre-
dominantly after 9 weeks of age in the FVB/N mouse
background.17

Liver Structural and Functional Features

The overall assessment of the histological features after
H&E staining revealed no alteration in the WT and HTZ
mouse livers (Figure 1, a and d) but did reveal some
lipofuscin inclusions and necrotic foci in HMZ mouse
livers (Figure 1g). As previously reported and as ex-
pected, K18 containing IFs were present in WT and HTZ
mouse livers (Figure 1, b and e), whereas they were
found only in the bile duct structures in HMZ mouse livers
(Figure 1h).
To determine the relationship between K8 deficiency

and hepatocyte structural integrity, the livers of WT, HTZ,
and HMZ mice were examined at the EM level. Essentially
all of the typical ultrastructural features observed in WT
mouse liver, such as cytoplasmic organelle shape and
distribution and presence of cell-cell junctions (Figure
1 c), remained unperturbed in HTZ and HMZ mouse livers
(Figure 1, f and i). Therefore, the lack of keratin IFs is not
deleterious to the overall ultrastructure of hepatocytes
under nonstress conditions.
To assess the overall metabolic status of the liver, we

first determined the level of glycogen in the livers of WT,
HTZ, and HMZ mice (Table 1). Overall, the results indi-
cate that there is no major difference in the glycogen level
among the various groups.

Liver damage is often linked to lipid peroxidation,33
and it was therefore of interest to assess this parameter in
WT, HTZ, and HMZ mouse livers. As shown in Table 1,
there was no difference among the three groups, which
shows that the appearance of lipofuscin inclusions and
necrotic foci in HMZ mouse liver cannot be explained by
alterations in liver oxidative status.
We next examined the capacity of the hepatocytes to

produce bile, a major liver function that requires the

contribution of cytoplasmic membranous compartments,
cytoskeletal elements, and specialized cell surface mem-
brane domains.3435 As shown in Table 1, a 20% reduc-
tion in bile flow was observed with HMZ mice when
compared with the WT group, which suggests a keratin
involvement in this hepatocyte metabolic activity.
The liver is the major detoxifying organ, and we as-

sessed this metabolic feature by administrating a single
anesthetic dose of pentobarbital to WT, HTZ, and HMZ
mice and by determining the time required for them to
awaken (Table 1). Whereas both WT and HTZ mice
awoke after approximately 100 minutes, HMZ mice did
not awake before 170 minutes. This suggests that the
loss of keratin IFs might affect the elimination of xenobi-
otic agents.

Mouse Survival after Partial Hepatectomy
PH is a classical means for inducing liver regeneration.36
This dramatic insult triggers a rapid proliferation of the
hepatocytes, whereas the remnant tissue must be able to
maintain its capacity to perform metabolic activities and
to resist a sudden increase in blood flow; failure results in
death of the animal. In a first set of experiments, mice
were anesthetized with pentobarbital and subjected to
two-thirds PH. As expected (Table 2), most of the WT and
HTZ mice recovered from the operation, which the sur-
vival between the two groups was comparable. However,
none of the HMZ mice survived (Table 2), death occurred
within the first hours after PH. Of the eight mice studied,
four died at 1 hour, three died at 3 hours, and one died at
6 hours.

Because the sleeping time of HMZ mice anesthetized
with pentobarbital was much longer than that of WT mice
(Table 1), the differential survival after PH among mice of
the three genotypes could be due to a differential capac-
ity of the mixed-function oxydase system and conjugation
reaction to metabolize and conjugate the drug.37 To test
this possibility, the next set of two-thirds PHs was per-
formed on mice anesthetized with ether, an agent that is
not eliminated through the liver.38 Although none of the
seven HMZ mice were able to survive the 3-day period
after PH (Table 2), four stayed alive for 1 to 2 days,
suggesting that part of the response to PH was depen-
dent on the ability of the hepatocytes to metabolize the
anesthetic agent. HTZ and WT mice were not affected by
the type of anesthetic, ie, both groups survived very well
(Table 2).

Observations made on the emergence of the colorec-
tal phenotype indicated that alteration of gut structure
occurred progressively and increased with age.17 Thus,
it was of interest to determine the PH-induced response
in younger mice. At 8 weeks of age, four of eight HMZ
mice anesthetized with pentobarbital survived the oper-
ation, and the death of the other four mice was delayed to
19 to 26 hours (data not shown). Together with the data
on the 20-week-old mice, the present findings indicate
that the capacity of HMZ mice to survive after PH de-
creased with age.
To better define the range for the survival capacity

after PH, HMZ mice were subjected to one-third PH. Eight
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Figure 1. H&E staining (a, d, and g), immunofluorescence microscopy of K18 (b, e and h), and electron microscopy (C, f, and i) of liver tissue from WT (a, b,
and C), HTZ (d, e, and f), and HMZ (g, h, and i) mice. The arrow points to hepatocyte necrosis (g). Note also the presence of K18 in biliary epithelial cells (white
arrowheads ) of HMZ mice (h). Hepatocytes from the three genotypes show no alteration of the various organelles. All genotypes exhibit junctional complexes
at the basolateral membrane (eg, small arrowheads in i). Magnification, X400 (a, d, and g) and X6500 (c, f, and i). Scale bar, 10 tim (b, e, and h).
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Table 1. Metabolic Status of the Mouse Livers

Parameters WT HTZ HMZ

Glycogen 2.3 ± 0.5 1.6 ± 0.6* 2.0 ± 0.7
(g/10 g of liver)

Lipid peroxidation 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.003
(TBARS)

Bile flow 1.67 ± 0.29 n.d. 1.22 ± 0.19t
(,ul/minute/g
of liver)

Sleeping time 106.3 ± 6.5 100.5 ± 5.4 171.5 ± 15.7*
(minute)5

The number of mice is 6 to 9.
Abbreviations: §, 90 mg/kg-pentobarbital anesthesia; n.d., not done;

TBARS, thiobarbituric acid-reactive substances.
*, P < 0.06; t, P < 0.0001; -, P < 0.016.

of nine mice were alive at day 3 after the HP. A second
one-third PH performed 3 days after the first PH did not
affect survival.

Liver Morphology after Partial Hepatectomy
We inspected the gross morphology of WT mouse livers
at 3 days (Figure 2, a and b) and of HMZ mouse livers at
1 hour after two-thirds PH (Figure 2c). WT livers were light
red, whereas the HMZ livers were dark red. Histological
examination confirmed that the features of the WT mouse
liver at 1 hour after the two-thirds PH (Figure ld) were
essentially identical to those at later times or to those of
nonhepatectomized WT mouse livers (Figure 1a). How-
ever, massive hemorrhage was present in HMZ mouse
livers at 1 hour after the PH (Figure 2f) and at later times
(data not shown).
We performed HRLM and EM analyses on WT and

HMZ liver sections at 1 hour after the PH. The HRLM
images of the WT mouse liver showed the typical sinusoid
and hepatocyte compartments with erythrocytes aligned
in the sinusoids, whereas those of the HMZ mouse liver
revealed the presence of small erythrocyte clumps
among many disrupted hepatocytes (data not shown).
The EM pictures additionally documented these obser-
vations. Although the ultrastructure of WT mouse hepa-
tocytes remained largely unaffected in response to the
PH (compare Figure 3a with Figure lc), erythrocytes and
large vacuoles were observed in the cytoplasm of HMZ
mouse hepatocytes (Figure 3b). Overall, the bile canal-
iculi were undisturbed with the junctional complexes be-
ing present (Figure 3b, insert).

In mice able to survive the 3-day period after the PH,
no differences in growth recovery and tissue organization
of the regenerating livers were observed.

Table 2. Survival after Two-Thirds Partial Hepatectomy

Anesthesia WT HTZ HMZ neoR HMZ-R

Pentobarbital 4/5 5/9 0/8 n.d. n.d.
Ether 6/7 13/18 0/7 4/5 3/5

*, Mice that survived at 3 days after PH/total; n.d. = not determined.

Hepatocyte Viability after in Situ Perfusion

The well established hepatocyte isolation proce-
dure,2324 which involves a washing perfusion of the
liver with a Ca++-free buffer and a second perfusion
with collagenase and Ca", was used as an assay to
test the hepatocyte resistance to mechanical stress. A
washing perfusion at a flow rate of 10 ml/minute for 5
minutes followed by collagenase perfusion at 5 ml/
minute for 6 minutes did not significantly affect WT
mouse hepatocytes (Figure 4a) but massively dam-
aged HMZ mouse hepatocytes (Figure 4b). Many
hepatocytes exhibited necrotic features as shown by
trypan blue staining. The overall damage observed in
HMZ mouse hepatocytes was similar to that seen after
PH (Figure 2f). It should be noted that a comparable
level of damage was already observed after perfusion
with Ca++-free buffer alone. Less damage was ob-
served by reducing the washing flow rate to 5 ml/
minute (data not shown). Under the latter perfusion
condition, the viability of the isolated WT mouse hepa-
tocytes was 92%, whereas that of HMZ mouse hepa-
tocytes was 42% (Table 3). In line with the data ob-
tained after PH, a two-step collagenase perfusion
performed on 8-week-old mice yielded hepatocytes
exhibiting a viability of 66% (data not shown). This loss
of hepatocyte structural integrity in HMZ mice argues
for a role of simple epithelium keratins in sustaining
hepatocyte mechanical strength.

Liver Steatosis after Partial Hepatectomy
The livers of HTZ mouse livers at 3 days after two-thirds
PH were of beige color (Figure 2b). Histological exami-
nation revealed numerous droplets present in the hepa-
tocyte cytoplasm (Figure 2e); these droplets were stained
with Nile Red and hence contained lipids (data not
shown). HMZ mice that survived for 1 to 2 days after PH
under ether anesthesia developed liver steatosis,
whereas none of the surviving WT mice did (Table 4). The
K8 levels were essentially the same in HTZ and WT
mouse livers before or after PH (Figure 2g). Thus, the
accumulation of lipids was not associated with a change
in K8 content.

Given that the generation of the targeted mutation
involved the integration of the neo gene at the K8 locus,
the possible contribution of this new gene to the appear-
ance of liver steatosis was tested. To this end, comple-
mentary experiments were performed with a different
transgenic neoR mouse line carrying a randomly inte-
grated neo gene. The K8/K18 content and IF distribution
in neoR hepatocytes were equivalent to those of WT
mouse hepatocytes (Figure 5 and data not shown). More-
over, only one of five neoR mice died after two-thirds PH
(Table 2), and the animal had developed liver steatosis
(Table 4). By extension, this observation raises the pos-
sibility that the integrated neo gene may contribute to the
accumulation of lipids in HTZ and HMZ mouse hepato-
cytes.
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Figure 2. Analysis of liver tissue from WT and HTZ mice at 3 days after PH and HMZ mice at 1 hour after PH. Note the differences in gross morphology among
WF (a), HTZ (b), and HMZ (C) mouse livers. In the case of WT and HTZ mice, the remaining lobes have regained 75% of the original organ volume. Moreover,
the HTZ mouse livers exhibit steatosis. In the case of HMZ mice, the remaining lobes have turned darker and look swollen (c) when compared with that of the
lobes from WT mice at the same time after PH (not shown). The H&E staining demonstrates major differences at both tissue and cell levels. The histological
features of regenerating WT mouse livers (d) are comparable with those of nonhepatectomized WT mouse livers (Figure la). Regenerating HTZ mouse livers
exhibit many lipid droplets accumulated in hepatocyte cytoplasm (e), which stain with Nile Red (not shown). At 1 hour after PH, prominent HMZ mouse
hepatocyte damage, characterized by vacuolization and hemorrhagic necrosis, is observed. g shows K8 Western blots after sodium dodecyl sulfate-polyacrylamide
gel electrophoresis fractionation of total proteins from WT (1, 4, and 7), HTZ (2, 5, and 8), and HMZ (3 and 6) mouse livers before and after PH. Lanes 1 to
3 show the results obtained at time 0, whereas lanes 4 to 6 and provide data observed at 6 hours and lanes 7 and 8 at 24 hours. Magnification, X400 (d to f).

Restoration of the Phenotype in K8-Deficient
Mice

Rescue experiments were performed using a HMZ-R
mouse line, ie, transgenic HMZ mice carrying a full-length
randomly integrated K8 gene (see Material and Methods
for details). Immunofluorescence analysis revealed that
83 + 1.3% of the HMZ-R mouse hepatocytes were K8/
K18 positive. Despite this incomplete rescue, the K8/K18
content and IF distribution in HMZ-R mouse hepatocytes
were essentially restored to those observed in WT mouse

hepatocytes (Figure 5 and data not shown). Moreover, in
contrast to the lethality observed with HMZ mice after
two-thirds PH, three of five HMZ-R mice survived at 3
days and the other two died at 1 day after the PH (Table

2), thus demonstrating that the reinsertion of K8 into HMZ
mice can restore the survival after PH.

Discussion
The present results demonstrate that simple epithelium
keratins are involved in the maintenance of structural and
functional integrity of K8-deficient FVB/N mouse hepato-
cytes, a conclusion that is based on the hepatocyte fra-
gility observed in response to a two-thirds PH and to a
portal perfusion. Moreover, the differential survival ob-
served after PH performed under pentobarbital versus
ether anesthesia in HMZ mice suggests that death could
also be due in part to the inability of the remnant hepa-
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Figure 3. Electron microscopy of liver tissue from WT (a) and HMZ (b) mice
at 1 hour after PH. In a, BC and S denote the presence of a typical bile
canaliculus and a sinusoid, respectively. In b, E and V denote erythrocytes
and a prominent vacuole in the cytoplasm, respectively. The insert shows the
presence of typical BC and junctional complexes. Magnification, X6500.

tocytes to cope with a toxic stress. The reinsertion of K8
into HMZ mouse hepatocytes can rescue the normal
phenotype. K8-deficient mice provide a new animal
model for studying the underlying role of keratin IFs in the
genesis of chronic liver diseases.
The present data on the ultrastructure of hepatocytes

in K8-deficient mice demonstrate a vital requirement for
simple epithelium keratins that is similar to that of epider-
mal keratins. For example, nonhepatectomized K8-defi-
cient mouse hepatocytes show no sign of gross structural
alterations at the levels of the plasma membrane or the
various organelles. Similar observations have also been
made on transgenic mice that express K14 ectopically in
the liver.7 In the same way, keratinocytes that contain
epidermal keratins carrying point mutations remain ultra-
structurally unaffected.6 However, with both hepatocytes
and keratinocytes, the requirement of keratins for the
maintenance of structural integrity becomes most obvi-
ous under stress conditions.

The massive damage observed in HMZ mouse hepa-
tocytes in response to a two-thirds PH or a portal perfu-
sion suggests that a lack of keratin IFs makes the plasma
membrane more fragile. In both cases, the membrane
seems unable to support an increase in fluid pressure
generated in the sinusoidal space. In the same way, we
have shown recently a single injection of phalloidin to

Figure 4. Histological analysis of WT (a) and HMZ (b) mouse livers after a
two-step perftLision. The livers were first perfused at 10 ml/minute with a
Hepes buffer containing 0.4% trypan blue for 5 minutes and then with the
same buffer suLpplemented with 0.025% collagenase and 5 mmol/L Ca++ for
6 minutes at 5 mUminute. The tissues were cut into 5-mm sections that were
counterstained with 1% eosin Y. Note that the overall cellular damage
observed is somewhat comparable with that seen after PH (Figure 2f). Many
hepatocytes exhibit necrotic features, which include the presence of trypan
blue-stained nuclei (eg, dark nuLclei in empty spaces).

normal rats or mice is sufficient to generate transient
hepatocyte damage that resembles that observed in
HMZ mouse hepatocytes after two-thirds HP, ie, plasma
membrane vacuolization and hemorrhagic necrosis.39
On these grounds, our working hypothesis is that actin
microfilaments and K8/K18 IFs might have a cooperative
function in providing strength to the membrane and that
perturbing one or the other leads to increased membrane
malleability.

Bile formation and secretion depend on a complex
interplay among intrahepatocytic transport, tight junction
permeability, plasma membrane carriers, and bile cana-

Table 3. Hepatocyte Yield and Viability Following a Two-
Step Liver Perftision with Collagenase at 5 ml/
minute

Isolated hepatocytes

Yield (x 107 liver)*
Viability (%)

WT HMZ

8.2 ± 1.8 2.5 ± 0.4t
92 + 1.6 42 ± 3.7t

*, Number of mice is 5; t, p < 0.0001.
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Table 4. Liver Steatosis after Two-Thirds Partial
Hepatectomy

Anesthesia WT HTZ HMZ neoR HMZ-R

Pentobarbital 0/5* 6/9 n.s. n.d.
Ether 0/7 3/18 4/7 1/5

n.d.
2/5

Mice with liver steatosis/total; n.s., no survival; n.d., not
determined.

licular contractility.40 In turn, this dynamic interplay is
linked to the participation of cytoskeletal elements. For
example, the data accumulated on the effect of microtu-
bule-disrupting agents, such as colchicine, indicate that
microtubules are involved in transcellular transport,40
whereas those on the effect of phalloidin, a toxin that
binds to actin microfilaments and impairs depolymeriza-
tion, suggest that actin regulates bile canalicular contrac-
tion.34 The evidence for the involvement of keratins in
the regulation of bile flow is still fragmentary, and the
main reason is that no agents with similar perturbing
activity are available for keratin IFs. Nevertheless, the
present findings with K8-deficient mice, showing a sig-
nificant reduction in bile flow, indicate that keratins IFs
contribute to this cytoskeletal interplay.

The present results indicate that the pentobarbital me-
tabolism is perturbed in HMZ mouse hepatocytes, and at
first sight, the link between keratin IF status and xenobi-

otic biotransformation is not obvious. However, in cul-
tured hepatocytes exposed to phenobarbital and other
xenobiotics, it seems clear that the induction of cyto-
chromes P450 is highly dependent on the integrity of
microtubules and actin microfilaments.41 In light of the
interplay taking place among keratin IFs and these other
cytoskeletal elements, a lack of keratins in HMZ mouse
hepatocytes could well result in perturbed xenobiotic
metabolism.
The phenotype described here for K8-deficient mouse

liver is different from that observed recently in
arg89-->cys K18 transgenic mice,8 and this observation
may provide clues to human pathologies. Whereas in
both K8-deficient mice and arg89->cys K18 transgenic
mice the hepatocytes are more fragile, no disruption in
the colon has been observed in the latter case. This can
be explained by the fact that K19 and K20 are present in
enterocytes, and consequently normal K8/K19 and K8/
K20 simple epithelium keratin IFs extending throughout
the cytoplasm are still intact.8'17 This would then argue for
some functional overlap among the simple epithelium
type keratins present in enterocytes. In the case of
hepatocytes, a K8/K18 IF deficiency induces alterations
at the organ level that differ greatly from those observed
in response to a massive keratin IF perturbation. For
example, in contrast to the low level of inflammation ob-
served in K8-deficient mouse liver, a chronic inflamma-

Figure 5. Immunofluorescence microscopy (a to c) and Western blotting (d) of K8 in neoR (a and d, lane 1), HMZ-R (b and d, lane 2), and WT (c and d, lane
3) mouse livers. Note that the keratin IF distributions in neoR and HMZ-R are comparable with that in WT mouse hepatocytes. In the same way, the content of
K8 in neoR and HMZ-R (considering a 83% rescue) mouse hepatocytes is equlivalent to that in WT mouse hepatocytes. Scale bar, 10 ,im.
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tion was reported in arg89--.cys K18 transgenic mouse
liver.8 In this way, the two types of mice provide comple-
mentary animal models for the genesis of various liver
pathologies. In this regard, a K18 mutation (his1271->eu)
was recently identified in a patient with cryptogenic cir-
rhosis,42 implying that K8 mutations might be also in-
volved in chronic liver diseases of unknown etiology.43'44
If this is the case, perturbations in simple epithelium
keratin differential expression and fibrillar organization
could be instrumental in the pathogenesis of some com-
mon human liver diseases.
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