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Catalase-Negative Peroxisomes: Transient
Appearance in Rat Hepatocytes during Liver
Regeneration after Partial Hepatectomy
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ofMedicine, Bronx, New York

Using light microscopy enzyme cytochemistry to
localize catalase activity inperoxisomes, apopu-
lation ofperoxisome-negative hepatocytes was
detected in livers ofrats during liver regeneration
induced by two-thirds partial hepatectomy. How-
ever, examination by electron microscopy re-
vealed that this population of hepatocytes con-
tainedperoxisomes with a delimiting membrane
and a nucleoid, but no cytochemicaly demon-
strable catalase activity within their matrix. Re-
generating livers 6, 18, 24, 36, 48 and 72 hours,
and I week after partial hepatectomy showed
hepatocytes without catalase activity. However,
their numbers varied, with the most numerous
appearing at 24 hours afterpartial hepatectomy.
Mitosis of catalase-negative hepatocytes were
seen along with mitosis ofhepatocytes containing
the normal complement of catalase-positive per-
oxisomes. The catalase-negative hepatocytes did
not show evidence of apoptosis or necrotic cell
death. Lysosomal acidphosphatase activity and
bile canalicular ATPase activity were present in
hepatocytes with catalase-negativeperoxisomes.
Another population of hepatocytes with a smaUl
number of catalase-positive peroxisomes ap-
peared and were more numerous at 36 hours
after partial hepatectomy; ultrastructuraly,
these hepatocytes contained both catalase-
negative peroxisomes, which appeared to un-
dergo dissolution, and catalase-positive peroxi-
somes, which were smaUer in size. After complete
restoration ofthe liver, aU hepatocytes displayed
essentially uniform numbers ofcatalase-positive
peroxisomes. These studies indicated that during
liver regeneration there is a transient loss ofcata-
lase in peroxisomes ofsome hepatocytes. These
ceUs proliferate and with time acquire new

catalase-positive peroxisomes. The observations
are discussed in relation to peroxisome biogen-
esis, hepatocelular carcinogenesis, and oxida-
tive stress during liver regeneration. (Am J
Pathol 1995, 146:673-687)

Several chemical-induced hepatocarcinogenesis
animal models designed to investigate cellular origins
of hepatomas employ partial hepatectomy (PH) as a
proliferative stimulus.1-4 PH procedures have also
been used in studies of a number of biological pro-
cesses during liver regeneration (growth control, re-
ceptor function, gene expression, biogenesis of or-
ganelles, etc.; see reviews5-7). After two-thirds PH,
the liver returns to normal mass and cell number by
a compensatory hyperplasia of the remaining lobes
through extensive proliferation of differentiated hepa-
tocytes. Under certain conditions, stem cell, oval cell,
and bile ductule cell compartments proliferate and
expand to restore liver mass. A stem cell lineage path-
way has been invoked not only to explain the origin of
precursor cells in liver regeneration8-11 but also to
explain the development of hepatomas in rats admin-
istered chemical carcinogens.12-16 Hepatocytes lo-
cated in different zones of the hepatic lobule (ie, pe-
riportal versus pericentral) display biochemical,
morphological, enzymatic, and functional heteroge-
neities. A stem cell pathway has also been consid-
ered to account for zonal hepatocyte heterogeneity
by the proliferation of stem cell-derived hepatocytes
and their migration along the hepatic plate, with the
establishment of functional heterogeneity depending
on their maturation state and zonal location within the
hepatic plate.17,18 However, recent studies using ret-
roviral vectors to analyze cell lineage pathways in re-
generating livers demonstrated proliferation of new
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hepatocytes from mature hepatocytes to replace liver
mass, challenging the idea that hepatocytes are de-
rived from periportal stem cells.19'20

In our experiments on livers from rats subjected to
the Solt-Farber hepatocarcinogenesis protocol,3 we
included parallel studies on control rats in which only
two-thirds PH was performed (ie, no exposure to di-
ethynitrosamine or 2-acetylaminofluorene). Liver sec-
tions from rats 6 to 168 hours after PH revealed hep-
atocyte heterogeneity within the hepatic lobule based
on the expression of catalase activity, a marker en-
zyme for peroxisomes.21 23 In rat liver, peroxisomes
are uniformly distributed in all hepatocytes within the
hepatic cord. Hepatocyte peroxisomes appear as
spherical structures with an average diameter of 0.6
p, are delimited by a single membrane, and have a
finely granular matrix and a characteristic nucleoid.
The peroxisome matrix contains oxidases, which pro-
duce H202, and catalase, which decomposes H202,
as well as enzymes for 3-oxidation of long-chain fatty
acids, cholesterol metabolism, plasminogen biosyn-
thesis, and bile acid synthesis; the peroxisome core
is composed of urate oxidase.24 Human genetic dis-
eases, of which Zellweger's cerebrohepatorenal syn-
drome is the most characterized, have shown loss or
impairment of hepatocyte peroxisomal function.25

Using light microscopy enzyme cytochemistry to
detect catalase in peroxisomes26 and methyl-green
pyronin to detect nuclear and chromosomal DNA and
nucleolar and ribosomal RNA,27 we found three
populations of hepatocytes differing in peroxisome
numbers in 4- to 168-hour regenerating rat liver. One
population was without peroxisomes (Px-neg), one
contained a small number of peroxisomes (Px-neg/
pos), and one had the normal number of peroxisomes
(Px-pos). All three populations exhibited mitotic ac-
tivity and were present at all times after PH but not in
the same numbers. The Px-pos hepatocytes were the
most numerous at each time after surgery. Px-neg
hepatocytes were most abundant at 24 hours,
whereas Px-neg/pos were most abundant at 36 hours
of PH. The Px-neg and Px-neg/pos hepatocytes were
distributed randomly throughout the hepatic lobule,
although they were more frequently encountered near
the portal triad. Electron microscopy revealed that the
Px-neg hepatocytes possessed organelles with char-
acteristic morphological features of peroxisomes;
however, they did not demonstrate cytochemically
the matrix enzyme, catalase. The Px-neg/pos hepa-
tocytes showed two different populations of peroxi-
somes, one catalase negative (cat-neg), which ap-
peared to undergo dissolution, and the other catalase
positive (cat-pos), which were smaller than the cat-
neg ones and appeared to be newly formed peroxi-

somes. Several investigators have employed a rat re-
generating liver system to study peroxisomal
biogenesis.28-31 However, no in situ studies have
been reported on the appearance of cat-neg hepa-
tocytes during liver regeneration.

The absence of catalase activity in peroxisomes is
transient because after 2 weeks, all hepatocytes
show catalase activity within peroxisomes. The func-
tional consequences for the liver, which contains pro-
liferating populations of hepatocytes with either no or
deficient levels of catalase, an enzyme that protects
cells against H202 damage to DNA and membranes,
remain to be established. These findings may have
implications for establishing hepatocyte heterogene-
ity of the hepatic plate, development of hepatomas by
chemical carcinogens, and peroxisome biogenesis.
Parts of this study have been published in abstract
form.32

Materials and Methods
Animals and Treatment

Young male Fisher 344 rats (Charles River Laborato-
ries, Bloomington, MA) weighing 120 to 130 g were
used in all experiments. The rats were maintained in
a central animal care facility with a 12-hour light/dark
cycle for at least 1 week and were fed standard labo-
ratory chow ad libitum. Forty-two rats were subjected
to two-thirds PH33 under ether anesthesia. Rats were
sacrificed at the following times after PH: 4, 6, 18, 24,
36, 48, and 72 hours; and one week. Six rats were
studied at each time point, except for 4 and 6 hours,
in which three were studied. Sham-operated rats
served as controls. All procedures were performed
between 9 a.m. and 11 a.m., because circadian
cycles are thought to cause changes in liver cell or-
ganelle distribution.34 The animal care facilities are
under the supervision of veterinarians who follow fed-
eral guidelines and all procedures were approved by
the Albert Einstein College of Medicine Animal Care
Committee.

Tissue Preparation and Sectioning
In all experiments, slices of liver (2 to 3 mm thick) were
taken from the right lobe. Livers were prepared as
follows for either immunocytochemical and enzyme
cytochemical light microscopic studies or enzyme cy-
tochemical ultrastructural studies: 1) unfixed slices
were frozen unfixed immediately in liquid nitrogen and
stored at -70 C; 2) fixation by immersion or perfusion
in either cold 4% paraformaldehyde in 0.1 mol/L
phosphate buffer, pH 7.4, 7.5% sucrose or a cold 4%
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paraformaldehyde-2.5% glutaraldehyde mixture35 in
0.1 mol/L cacodylate buffer, pH 7.4, 5% sucrose for
a total fixation of 3 hours with continuous shaking in
a Dubnoff metabolic shaking incubator Precision Sci-
entific Co., Chicago, IL; and 3) post-fixation with 1%
osmium tetraoxide for 1 hour after aldehyde mixture
fixative. After the initial fixation, the slices were cryo-
protected by infusion with increasing concentrations
of cold sucrose (7.5%, 1 hour; 10%, 1 hour; 75%, 18
hours) before sectioning at 10 to 25 p with a Sartorius
freezing microtome (Leitz Co., Rockleigh, NJ); the
sections were collected into 7.5% sucrose. Unfixed
frozen sections were cut at 8 to 10 p with a cryostat
(Lab-Tek Instruments Co., Fanwood, NJ) and fixed in
cold acetone for 15 minutes before light microscopic
immunocytochemistry was performed. For electron
microscope studies, aldehyde-fixed sections were
embedded in Epon after ethanol and propylene oxide
dehydration. Ultrathin sections 50 to 80 nm thick were
stained with lead citrate and examined with a Philips
300 electron microscope (Philips, Mahwah, NJ)
equipped with a goniometer stage.

Enzyme Cytochemistry

Freely floating paraformaldehyde-glutaraldehyde
fixed liver sections were incubated for the following
enzymes: 1) catalase activity using an incubating
medium containing 3,3'diaminobenzidine tetra-
hydrochloride (DAB-HCI) as substrate at pH 9.7 to
demonstrate peroxisomes and microperoxisomes26
and at pH 7.4 to demonstrate peroxidase;36 incuba-
tion time was 15 to 30 minutes at 37 C; 2) acid
phosphatase activity using an incubating medium
containing cytidine monophosphate, sodium salt, as
substrate at pH 5.0 to demonstrate lysosomes and
other acid phosphatase structures;37 incubation time
was 20 to 40 minutes at 37 C; 3) adenosine triphos-
phatase (ATPase) activity using an incubating me-
dium containing adenosine triphosphate, sodium
salt, as substrate at pH 7.4 to visualize bile canal-
iculi;38 incubation time 25 to 40 minutes at 37 C. Co-
localizations of peroxisomes and ATPase were also
performed on aldehyde-fixed liver sections. Sections
were also stained for nucleic acids (DNA and RNA)
using the methyl-green procedure of Lillie27; this pro-
cedure reveals nuclei, nucleoli, chromosomes, ribo-
somes, and cytoplasmic basophilic clumps (which
correspond to the endoplasmic reticulum) as well as
overall liver histology and for the presence of cyto-
plasmic lipid spheres using Oil Red 0 (0.5% Oil Red
O in 60% triethylphosphate for 10 minutes, room tem-
perature).

Immunocytochemistry

Paraformaldehyde-fixed frozen sections were
exposed to polyclonal rabbit anti-rat glutathione-
S-transferase, Yp isoform (GST-Yp) (Upstate
Biotechnology, Lake Placid, NY) diluted 1:50 with
phosphate-buffered saline (PBS), rinsed in PBS and
subsequently exposed to goat anti-rabbit IgG-
peroxidase, diluted 1:50 with PBS for 1 hour at room
temperature, rinsed in PBS and then incubated in
DAB medium at ph 7.6 for 10 to 20 minutes at room
temperature to reveal sites of peroxidase activity.36
Sections exposed to anti-cytokeratin 19 (Amersham,
UK) diluted 1:10 with PBS were treated as above ex-
cept second antibody exposure consisted of a goat
anti-mouse polyvalent IgG-peroxidase diluted 1:100
for 2 hours at room temperature. Exposure time for
both antibodies was 18 to 24 hours at 4 C. Before
antibody exposure, liver sections were treated with
0.3% hydrogen peroxide in methanol to block endo-
genous peroxidase and with nonspecific goat anti-
serum. Controls included omitting the exposure to
specific antisera and exposing to nonspecific anti-
sera with subsequent steps identical to those used for
the specific antisera. Sections were counterstained
with hematoxylin for light microscopic studies. In situ
nuclear DNA fragmentation, a morphological indica-
tor of apoptosis, was detected using the Oncor
Apotag-peroxidase kit (Oncor, Gaithersburg, MD).

Results

Light Microscopic Studies

From 4 hours to 1 week after PH, we found hepato-
cytes that did not demonstrate catalase activity in
structures known to contain this enzyme, namely per-
oxisomes. We also found hepatocytes with fewer cat-
pos peroxisomes than normal. The proportion of
hepatocytes without cat-pos hepatocytes varied, de-
pending on the time after PH. Figure la illustrates the
presence of several hepatocytes from a section of
24-hour regenerating rat liver that do not demonstrate
peroxisomes when light microscopic cytochemistry is
used to detect catalase activity. In this figure, most of
the hepatocytes have the normal complement of cat-
pos hepatocytes; however, several hepatocytes are
found with a complete absence of cat-pos hepato-
cytes (cat-neg), and a few hepatocytes are found with
both cat-neg peroxisomes and a small number of cat-
pos peroxisomes (cat-neg/pos hepatocytes). The
three populations of hepatocytes were also seen in
different stages of mitosis, indicating that all the
hepatocytes regardless of their catalase activity were
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Figure 1. Rat liver section incubatedfor catalase activity and stained with methyl-green pryronin: (a) 24 hours after PH. Several cat-neg hepatocytes (arrows) are distributed midzonal in the liver acinus. Mitosis of a cat-neg hepatocyte (arrowhead) and a cat-pos hepatocyte (douible crossed
arrow) are ev'ident; both are in the same stage of niitosis. Hepatocytes uwithftuw cat-pos peroxisomnes are also present (sinigle crossed arrous) . 600X
(b) 36 houxrs after PH. Doublets of cat-neg hepatoc~ytes (arrous) arc- evident in the vicinity of a central vein (*). Oile of hepatocytes oJ a doublet
conltaints a fetw, cat-pos hepatocytes (arrow'headc. 600X.

proliferating. Figure la also shows chromosomes in
cat-neg and cat-pos hepatocytes, both of which ap-
pear in the same stage of mitosis (ie, telophase).

Some of the cat-neg hepatocytes appear rounder
than the surrounding cat-pos hepatocytes; these
hepatocytes may be about to enter the mitotic cycle.
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In this small region of a liver section seven cat-neg,
two cat-neg/pos, and -200 cat-pos hepatocytes are
evident. However, in other areas of the same liver sec-
tion occupied by -200 cat-pos hepatocytes none to
few cat-neg hepatocytes were found. The cat-neg
and cat-neg/pos hepatocytes were distributed ran-
domly throughout the hepatic lobule either singly (Fig-
ure la), in doublets (Figure lb), or in groups of four
or more hepatocytes; however, many more were en-
countered near portal triad regions. In a liver section
from another rat after 24 hours incubated for both
catalase and ATPase activities, we observed four
contiguous hepatocytes without peroxisomes (Figure
2a), one of which is in mitosis. Hepatocytes that con-
tain a few cat-pos peroxisomes increase after 36
hours PH when compared with other times after PH.
Figure 2b illustrates several hepatocytes with a few
cat-pos peroxisomes, one of which is in the same
stage of mitosis as a hepatocyte with many more
peroxisomes. Several hepatocytes with less than the
normal peroxisome distribution can be found clus-
tered near portal triad regions. Figure 2c shows one
cat-neg hepatocyte and a cluster of several cat-neg/
pos hepatocytes close to a portal triad area in a rat
liver 36 hours after PH. By 1 week after PH, very few
hepatocytes are seen without peroxisomes. Because
of the absence of the brown-black reaction product
resulting from incubating sections with the diamino-
benzidine method, pH 9.7, to detect catalase activity,
cat-neg hepatocytes and cat-neg/pos hepatocytes
were clearly distinguished from the surrounding cat-
pos hepatocytes. Thus far, we have not seen cat-neg
or cat-neg/pos hepatocytes in liver sections from
sham-operated rats. The cat-neg and cat-neg/pos
hepatocytes are integrated within the hepatic cords
because we have demonstrated ATPase-positive bile
canaliculi between adjacent catalase-negative hepa-
tocytes (Figure 2a), adjacent cat-neg/pos hepato-
cytes (Figure 2c) and between cat-neg and cat-neg/
pos hepatocytes (Figure 2a); both of these
populations of hepatocytes form bile canaliculi with
cat-pos hepatocytes (Figure 2, a and d). Some cat-
neg and cat-neg/pos hepatocytes also showed less
pyronin staining within the cytoplasm (Figure 1). We
also determined the presence of acid phosphatase
activity, a lysosomal enzyme, and found acid
phosphatase-positive lysosomes present in both cat-
neg and cat-neg/pos hepatocytes with a similar dis-
tribution and profiles seen in cat-pos hepatocytes
(not illustrated). Immunolocalization of GST-Yp and
cytokeratin-19, both bile ductule cell antigens, were
limited to bile ductule cells at times after PH. Nuclear
chromatin fragmentation and/or cytoplasmic apop-
totic bodies, morphological criteria for apoptosis, was

not detected in hepatocytes during liver regeneration.
We also did not find any morphological changes that
were associated with necrosis, such as formation of
autophagic vacuoles.

Quantitative Studies

Cat-neg and cat-neg/pos hepatocytes were found at
all time points studied after PH and ranged in size
between 21.0 and 37.5 p (26.7 ± 6.1, mean ± SD).
Figure 3 illustrates the number of cat-neg and cat-
neg/pos hepatocytes observed per 5000 hepato-
cytes during liver regeneration. Both cat-neg and cat-
neg/pos hepatocytes were found as early as 4 hours
after PH. It is evident that there is an inverse relation-
ship between the two populations of hepatocytes.
The cat-neg hepatocytes were most numerous 24
hours after PH (23.0 ± 3.1 per 5000 hepatocytes),
whereas the cat-neg/pos hepatocytes peaked at 36
hours (13.3 ± 3.3/5000 hepatocytes). With time both
cat-neg and cat-neg/pos hepatocytes decreased in
number. The cat-neg hepatocytes were the most nu-
merous until 36 hours after PH compared with the cat-
neg/pos hepatocytes (ratio of 2.27:1.00 at 18 hours,
2.30:1.00 at 24 hours, and 1.17:1.00 at 36 hours),
whereas the cat-neg/pos hepatocytes became more
numerous after 36 hours when compared with the cat-
neg hepatocytes (ratio of 1.29:1.00 at 48 hours, 1.36:
1.00 at 72 hours and 1.71:1.00 at 1 week). However,
after 2 weeks after PH, neither cat-neg nor cat-neg/
pos hepatocyte populations were evident. The ap-
pearance of increased cat-neg/pos hepatocytes after
the decrease in cat-neg hepatocytes may indicate
that cat-neg/pos hepatocytes are derived from the
cat-neg hepatocytes, which then develop into hepa-
tocytes with normal numbers of peroxisomes.

Electron Microscopic Observations

Light microscopic studies indicated that hepatocytes
without peroxisomes appeared during liver regenera-
tion. To further substantiate this finding, we examined
at the ultrastructural level hepatocytes during regen-
eration that were incubated for catalase and peroxi-
dase activities. We found that hepatocytes that did
not show catalase activity after incubation with the
diaminobenzidine pH 9.7 method by light microscopy
contained peroxisomes with characteristic morpho-
logical features, namely a delimiting membrane and
a crystalline nucleoid, but did not contain the enzyme
catalase in the matrix of the peroxisomes. Figure 4
shows the appearance of peroxisomes after incuba-
tion for catalase activity in hepatocytes 24 hours after
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Figure 2. Rat liver sections: (a) 24 hours after PH, stainedfor catalase activity, ATPase activity, and methyl-green pryonin. Arrows indicate four
contiguous cat-neg hepatocytes, one of which is in mitosis; note ATPase-positive bile canaliculi between them and hepatocytes with normal comple-
ment ofperoxisomes. Arrowhead shows ATPase-positive bile canaliculus between a cat-neg hepatocyte and a cat-neg/pos hepatocyte. 600x. (b) 36
hours after PH, stained for catalase activity and methy-green pyronin. Hepatocytes with fewer cat-pos peroxisomes (arrows) than normal hepato-
cytes are seen near the portal triad region ( *). One of the cat-neg/pos hepatocytes (arrowhead) is in the same stage of mitosis as a hepatocyte with
the normal complement ofperoxisomes. 600X. (c) 36 hours after PH, stainedfor catalase activity, ATPase activity, and methyl-green pyronin. Sev-
eral hepatocytes with fewer peroxisomes (arrows) than normallyfound in hepatocytes are evident near the portal triad (*). A hepatocyte without
peroxisomes (arrowhead) is evident. Note ATPase-positive bile canaliculi between hepatocytes with normal numbers of hepatocytes and with hepa-
tocytes u'ith none orfewperoxisomes. 600X. (d) 24 hours after PH, stainedfor catalase activity and ATPase activity. ATPase-positive bile canaliculi
(arrows) are present between cat-neg hepatoyctes and cat-pos hepatocytes. 600x.
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Figure 3. The numbers of cat-neg hepatocytes (open bars) and cat-
neg/pos hepatocytes (slashed bars) per 5000 hepatocytes was deter-
mined in liver sections 6, 18, 24, 36, 48, 72, and 168 hours after PH.
Values are the mean + SD for six rats (except 6-hour values, which
are for three rats).

PH. Catalase activity is not present in the matrix of the
peroxisomes, although the characteristic core is evi-
dent. The matrix appears less dense when compared
with the cat-pos peroxisomes present in the adjacent
hepatocyte. The overall density of hepatocytes with a

normal complement of cat-pos peroxisomes is
greater than that of hepatocytes with cat-neg peroxi-
somes. Figure 4 also demonstrates the presence of a
bile canaliculus and desmosomes between both
hepatocytes. The cat-neg peroxisomes appeared
smaller than the cat-pos peroxisomes (Figures 4 and
5). The crystalline cores were seen free in the
cytoplasm (Figure 5). Clusters of smaller core-free
peroxisomes were also seen (Figure 5). No other
organelle showed catalase activity, including mito-
chondria; differences in the density of mitochondria
were seen occasionally in cat-neg hepatocytes. Lipid
spheres were found in all hepatocytes, and did not
appear to correlate with the catalase activity of hepa-
tocytes. At 24 hours after PH, as well as at later times,
hepatocytes containing both cat-neg and cat-pos
hepatocytes are seen. Figure 6, a and b illustrates
both cat-neg and cat-pos peroxisomes in the same

hepatocyte after 24 and 36 hours, respectively. Figure
6a shows a hepatocyte in which most of the peroxi-
somes lack catalase activity, whereas in Figure 6b
most of the peroxisomes show catalase activity.
These figures also illustrate that most peroxisomes
are close to cisternae of endoplasmic reticulum. As
liver regeneration proceeds, the cat-neg and cat-neg/
pos hepatocytes develop new cat-pos peroxisomes.
Figure 7 illustrates a hepatocyte in which many new

cat-pos peroxisomes have developed; they vary in
size but are smaller and more spherical than peroxi-

somes from normal hepatocytes. This figure also re-
veals one cat-neg core-containing peroxisome and
several isolated nucleoids. Cat-neg/pos and cat-neg
hepatocytes are not only contiguous with each other
but are also contiguous with hepatocytes containing
normal peroxisomes and have bile canaliculi formed
between the hepatocytes (Figure 8). Figure 8 also
shows one hepatocyte in which essentially all peroxi-
somes have catalase activity, while the other has no
catalase activity in any of the peroxisomes. However,
the cat-pos peroxisomes differ in size and shape from
those cat-pos peroxisomes in the surrounding hepa-
tocytes. Figures 4, 5, 7, and 8 also show that there are
no morphological changes associated with apoptosis
or necrosis.

Discussion
As early as 4 hours after PH, a population of hepa-
tocytes lacking catalase activity in peroxisomes ap-
peared during the regeneration of the liver. The pro-
portion of these hepatocytes continued to increase in
number peaking at 24 hours, after which it declined,
becoming undetectable by 2 weeks. In parallel, an-
other population of hepatocytes that contained few
cat-pos peroxisomes appeared and peaked at 36
hours. This population also declined and became un-
detectable after 2 weeks. The temporal appearance
of both populations suggests that the 36-hour peak-
ing hepatocytes may represent a later stage of the
24-hour peaking hepatocytes. Cat-pos peroxisomes
may continue to increase in number and size in these
partially cat-pos hepatocytes until the peroxisomes
become indistinguishable from those found in normal
hepatocytes. An alternate explanation is that early in
regeneration two different populations of cat-neg
hepatocytes, one in which there is complete absence
of catalase in peroxisomes and another in which there
is a relative absence of cat-neg peroxisomes, appear
with each population forming new peroxisomes until
the normal complement of peroxisomes is reached.
However, ultrastructural studies do not support this
latter interpretation. Hepatocytes are seen either to-
tally without cat-pos peroxisomes, with various num-
bers of cat-neg and positive peroxisomes, or with
various sizes of cat-pos, although smaller and uni-
formly spherical peroxisomes. Moreover, it appears
that there is a dissolution and replacement of the cat-
neg peroxisomes by newly-formed peroxisomes.
Within the same hepatocyte we have detected
nucleoid-containing cat-neg peroxisomes that have
less dense matrix, have shrunken in size, have ex-
truded the core, and show breaks in the delimiting
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Figure 4. Liver section incubatedfor catalase activity. (a) Several cat-neg peroxisomes (arrows) are evident in a hepatocyte contiguous with a hep-
atocyte containing cat-pos peroxisomes (P). Cat-neg peroxisomes contain typical crystalline-like nucleoids; the delimiting membrane ofsome of the
cat-neg peroxisomes appears incomplete. The density of the peroxisome matrix varies but appears generally less dense than matrix ofperoxisomes
in hepatocytes with normal complement ofperoxisomes not incubated for catalase. The overall density of the cat-neg hepatocyte is less than the
hepatocytes with cat-pos peroxisomes. Note the presence of a bile canaliculus (BC) between the hepatocytes. Nucleus (N) and endoplasmic reticu-
lum (ER) are labeled. 9100x. (b) Nucleiod-containing cat-neg peroxisomes (arrous) are seen u'ith smaller matrices. Smooth-surface cisternae lie
close to the peroxisomes. 1 5, OOx.

membrane along with cat-pos peroxisomes that vary
in size but are uniform in shape. The newly formed
peroxisomes that appear in the cat-neg hepatocytes
are smaller and more spherical than the peroxisomes
of normal hepatocytes.

Earlier studies have described the biogenesis of
peroxisomes from either the endoplasmic reticulum,
preexisting peroxisomes, or a peroxisomal reticulum
in both normal and regenerating livers.39-4 However,
none of those studies reported on the presence of
hepatocytes with peroxisomes without catalase ac-

tivity distributed within the hepatic acinus. Although
we have not determined the origin of the newly-
formed peroxisomes seen in the cat-neg/pos hepa-
tocytes, the ultrastructural images do not indicate that
they derive from preexisting ones by budding or from
a peroxisomal reticulum. We have observed small
peroxisomes close to either smooth or rough endo-
plasmic reticulum. It appears that the origin of per-
oxisomes in the cat-neg hepatocytes differs from
those hepatocytes with the normal complement of
peroxisomes. Saccharomyces cerevisiae mutants
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Figure 5. Liver section incubatedfor catalase activity: (a) Clusters ofcat-neg peroxisomes arefound without nucleoids (arrows). Isolated nucleoids
are seen adjacent to the cluisters (N). Nucleoid-containing cat-neg peroxisomes are also evident (arrowheads). 10, 70O0x.

were found to contain clusters of unconnected
cat-pos peroxisomes and peroxisomal membrane
ghosts.44 The peroxisomal images in the mutants
were similar to those seen in cat-neg and cat-neg/pos
hepatocytes. Although we did not perform serial sec-
tioning studies on clusters of peroxisomal ghosts or
on newly formed small spherical peroxisomes to de-
termine whether interconnections are present, we did
examine many thin sections of cat-neg hepatocytes.
We cannot state unequivocally that the newly formed
peroxisomes are not part of a reticulum. However, if
they are, they do not form a reticulum resembling that
reported for cat-pos hepatocytes from regenerating
livers.43

Heterogeneity in the peroxisome population of re-
generating liver has been recently reported. "Light"
and "heavy" fractions of peroxisomes were isolated
from regenerating rat livers;30 the "light" fraction con-
tained peroxisomes smaller in size, with a lower con-

tent of catalase and uricase and incorporating new
proteins faster than the "heavy" fraction. The morphol-
ogy of the cat-neg and the newly-formed peroxi-
somes that we observed resembled the "light"
fraction isolated from regenerating livers in some re-
spects but not all. Additional heterogeneity in the per-
oxisome population may exit in liver regeneration. We
do not know in which fraction the peroxisomes that we
observed in the cat-neg and cat-neg/positive hepa-
tocytes will be found. We observed variation in per-
oxisome matrix density; this may reflect loss or dimi-
nution of matrix-associated enzymes. In our studies,
catalase was the only peroxisomal enzyme localized.
Studies are in progress to localize other matrix en-
zymes. Some cat-neg peroxisomes exhibited a clear
matrix, whereas others had a denser matrix but not as
dense as the matrix of peroxisomes from normal
hepatocytes, suggesting differences in the content of
matrix enzymes. Peroxisomal ghosts similar to those
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Figure 6. Liver section incubated for catalase activity. (a) Hepatocytes arefound which contain many cat-neg peroxisomes (arrows) andfew cat-
pos peroxisomes (arrowheads). 8000X. (b) More spherical-shaped cat-pos peroxisomes (arrows) are seen than nucleoid containing cat-neg peroxi-
somes. Some of theperoxisomes are in close proximity to endoplasmic reticulum. 10,OOOX.

seen in patients with Zellweger's syndrome were also
found in some cat-neg hepatocytes; however, they
differed from Zellweger's peroxisomes in that nucle-
oids were encountered near clusters of peroxisomal
ghosts.45 Peroxisomal morphology of other inherited
human diseases has also been studied.46

Even though hepatocytes have basically similar
structural organization, they exhibit structural, func-
tional, enzymatic, and biochemical heterogeneity
depending on their position within the hepatic
acinus.47-51 The earliest in situ studies demonstrating
enzymatic and structural heterogeneity showed
higher levels of ATPase, glucose-6-phosphatase, and
cytochrome oxidase in hepatocytes near the portal
triad along with correlated structural changes in bile
canaliculi, endoplasmic reticulum, and mitochon-
dria.52'53 The factors that have been considered to
regulate the expression of individual hepatocytes
within the different acinus zones have included the
dynamics of the hepatic microcirculatory systems
and/or the composition of the extracellular
matrix.54-5 More recently, a stem cell-derived prolif-

erating hepatocyte compartment has been proposed
to explain heterogeneity within the hepatic plate. Cells
from this compartment proliferate near the portal

triad, migrate, or stream along the hepatic cord and
develop different functions depending on their matu-
ration state and their ultimate location within the
acinus.17,18 However, recent studies using in vivo
retroviral-mediated f3-galactosidase gene transfer
have provided evidence that hepatocytes divide
throughout the acinus, refuting the existence of stem
cells in liver and hepatocyte streaming across the aci-
nus.19,20 Our studies demonstrate a different kind of
heterogeneity, although transient, than previously re-
ported. The hepatocytes without catalase in peroxi-
somes proliferate during regeneration along with the
proliferation of hepatocytes with normal levels of cata-
lase; this proliferation also occurs throughout the liver
acinus. It would be of interest to know the relationship
of the hepatocytes we observed without catalase to
the hepatocytes that integrate the f3-galactosidase
gene. Our cat-neg cells were most numerous be-
tween 24 and 36 hours after PH. The integration of
retroviral vectors was most efficient between 24 and
27 hours. Moreover, hepatocytes without catalase or
deficient in catalase are temporarily exposed to in-
creased levels of H202 at the same time that the vector
appears to be most efficiently integrated. At no time
after PH have we observed necrotic or apoptotic
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Figure 7. Liver section incubatedfor catalase activity. A hepatocyte with many newlyformed cat-posperoxisomes is interspersed amongfour hepa-
tocytes with normal complement ofperoxisomes; even though the hepatocyte has many cat-pos peroxisomes, its overall density is lighter than the
other hepatocytes. A cat-neg peroxisome is present (arrow). 380OX .

hepatocytes,58 although excess oxidants have been
shown to cause DNA and other macromolecular dam-
age in cells.59 Cells have DNA repair mechanisms
and inducible enzyme systems (glutathione trans-
ferases (synthetase, reductase, and peroxidase),
superoxide dismutase) in addition to catalase to
protect against the deleterious effects of oxygen
radicals.60 64 We have not determined whether cat-
neg hepatocytes show differences in the localization
of glutathione transferases or superoxide dismutase.

Oxidative stress has been implicated as a caus-
ative agent in a number of diseases, including
tumorigenesis.65 69 It has been suggested that oxi-
dative damage plays a role in the development of liver
tumors in a hepatoma rodent model induced by
peroxisomal proliferators, a non-mutagenic class of
hepatocarcinogens. In this model peroxisomes pro-
liferate, resulting in increases in fatty acid f-oxidation
enzymes and H202 levels. However, catalase levels

do not increase proportionately to sufficiently
degrade H202. The sustained higher levels of H202
oxidatively damage DNA, mediating the formation of
hepatomas.70 In a diethynitrosamine-phenobarbital
hepatoma rat model, oxidative damage to cell foci is
considered to be a determining factor in hepatoma
formation.71 The Solt-Farber rat model of hepatocar-
cinogenesis we use in our experiments employs car-
cinogens and PH to produce preneoplastic foci and
hepatomas.3 Other chemical-induced hepatocarci-
nogenesis rodent animal models also use a combi-
nation of chemical carcinogens and PH to produce
preneoplastic foci and hepatomas.1 2'4 Our findings
have revealed hepatocytes without catalase, which
presumably have increased levels of H202. This may
result in the exposure of DNA and other cellular mac-
romolecules to oxidative damage during a time of liver
regeneration at which DNA replication is maximal.
Although the cat-neg hepatocytes are transiently
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Figure 8. Liver section incubatedfor catalase activity. A hepatocyte with cat-neg peroxisomes (arrows) is contiguous with a hepatocyte with newly
formed cat-pos peroxisomes. Each hepatocyte is also contiguous with hepatocytes with the normal complement ofperoxisomes. Bile canaliculi (BC)
are seen between hepatocytes. 3000X.

present, they divide under conditions of presumed
oxidative stress. Alterations could conceivably
develop in their genomic apparatus affecting their
response to carcinogens. The response of hepato-
cytes with no or reduced levels of catalase to car-
cinogens at a time during regeneration when mitosis
is prevalent may affect how and which hepatic cells
enter the lineage pathways in the development of
hepatomas.72'73 These hepatocytes may also
respond differently to changes in blood flow, growth
factors, oncogenes, and/or extracellular matrix, influ-
encing the functional differentiation of hepatocytes
across the acinus zones. The relationship of our
observations to cell lineage pathways involved in the
development of preneoplastic foci and hepatomas as

well as to the establishment of hepatocyte heteroge-
neity within the hepatic acinus remain to be estab-
lished.
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