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SUMMARY

Parenchymal cells, isolated from untreated (control) and phenobarbital- or 3-methyl-
cholanthrene-treated rats, were separated into six subpopulations by Percoll discontin-
uous density gradient centrifugation. Short-term centnifugation in the medium provided
well-preserved, viable cells in reasonably high yield, and the density distribution patterns

of the cells were unimodal. The activity of 5’-nucleotidase (EC 3.1.3.5), a plasma mem-
brane enzyme, was generally high in low-density hepatocytes, while glycogen contents
were higher in high-density hepatocytes. Electron microscopy of the subpopulations
revealed that low- and high-density cells had the characteristics of centnilobular and

penilobular cells of the liver, respectively. With respect to the hepatocytes isolated from
phenobarbital-treated rats, the cellular cytochrome P-450 content was high in the low-
density fraction and low in the high-density fraction with a clear gradation according to
density. 7-Ethoxycoumarin deethylase activity was higher and glutathione depletion by
bromobenzene metabolism was more pronounced in low-density cells than in high-density
cells. The contents of cytochrome P-450 (total) and the deethylase activities were a little
higher in medium-density hepatocytes isolated from 3-methylcholanthrene-treated rats;

therefore, the distribution patterns of the monooxygenase activity presented by the assay
of subpopulations from phenobarbital- and 3-methylcholanthrene-treated rats were mark-

edly different. The reduction of cellular glutathione by bromobenzene was less significant
in hepatocytes from 3-methylcholanthrene-treated rats than that in hepatocytes from
phenobarbital-treated rats. The proportion of the subpopulation was shifted to a lighter
density range by treatment with phenobarbital and slightly by that with 3-methylchol-
anthrene.

INTRODUCTION

The biochemical and morphological heterogeneity of
hepatic parenchymal cells within the lobules has been
explored by many investigators. Novikoff (1) surveyed,
by cytochemical staining, the quantitative differences in
enzymes and cell components between pericentral and

periportal regions. In recent years, much attention has
been focused upon the localization of cytochrome P-450
in the liver lobule in relation to zonal necrosis due to
toxic metabolites formed by monooxygenase-linked func-
tions (2, 3). Centnilobular necrosis caused by bromoben-
zene, for example, was interpreted as being due to the
active intermediate produced by cytochrome P-450,
which is enriched in centrilobular cells. Therefore, cell
damage is enhanced by simultaneous administration of
PB’ to rats (4). Microspectrophotometnc search of a
section of rat liver has indicated that the concentration

The abbreviations used are: PB, phenobarbital; 3-MC, 3-methyl-

cholanthrene; ER, endoplasmic reticulum; BSA, bovine serum albumin;

Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid.

of cytochrome P-450 is relatively higher in the pericentral
region than in the periportal region, and that the concen-
tration gradation across the lobule is markedly intensified
by pretreatment of the animals with PB (5). Immunohis-
tochemical studies proved that the concentration of cy-
tochrome P-450 induced by PB is higher in the pericen-
tral regions than in the periportal regions of the liver
lobule, while that induced by 3-MC is more uniformly

distributed (6).
Another approach to the study of zonal localization of

enzymes in hepatocytes was introduced by Drochmans
et al. (7), who separated rat liver cells into subpopulations
according to density differences and proposed that low-
and high-density hepatocytes could arise from the peri-
central and periportal regions, respectively. Distinct pro-
hferation of smooth-surfaced ER in low-density hepato-

cytes isolated from PB-treated rats has also been noted
(8).

These lines of evidence seem to suggest that the het-

erogeneity and lobular distribution of hepatocytes can be
correlated with the density of the cells. In this study, to
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236 TONDA ET AL.

investigate further the significance of cellular heteroge-
neity on drug metabolism and drug interactions, isolated
rat hepatocytes were separated into six subpopulations

by a Percoll (9) discontinuous gradient and characterized
in terms of cytochrome P-450 content, 7-ethoxycoumarin
deethylase activity, and the extent of GSH depletion
upon incubation with bnomobenzene. Particular atten-
tion was paid to the effects of PB and 3-MC on the

biochemical features of hepatocytes. Results from assays
of two enzymes and electron micrographs of hepatocyte
subpopulations are also presented.

EXPERIMENTAL PROCEDURES

Materials. BSA was purchased from Povit Productin
N.y. (Amsterdam, Holland), collagenase from Boehrin-
ger GmbH (Mannheim, Federal Republic of Germany),
7-ethoxycoumarin from Sigma Chemical Company (St.
Louis, Mo.), and GIBCO amino acid mixture (without L-

glutamine) from Grand Island Biochemical Company

(Grand Island, N. Y.). 7-Hydroxycoumanin and resorufin
were obtained from Tokyo Kasei Company, Ltd. (Tokyo,

Japan), and 3-MC and 7-ethoxynesonufin from Wako
Pure Chemical Inc. (Tokyo). Sodium PB was obtained
from Merck AG (Darmstadt, Federal Republic of Ger-
many), and Percoll from Pharmacia Fine Chemicals Ab

(Uppsala, Sweden). Resorufin was purified with a silica
gel column using benzene/acetone (3: 1 ) as the solvent.
All other chemicals were reagent-grade.

Animals. Hepatocytes were obtained from 10- to 11-
week-old male Wistar rats, weighing 300-330 g, which
had been given laboratory chow and water ad libitum.

One group (PB-treated) of rats was treated with sodium
PB (80 mg/ml) in 0.9% NaCl solution injected i.p. for 3

days at a dosage of 80 mg/kg, and hepatocytes were
isolated 24 hr after the last injection. Another group (3-
MC-treated) was administered a suspension of 3-MC in
sesame oil (40 mg/nil) i.p. for 3 days at a dosage of 40
mg/kg, and hepatocytes were obtained 48 hr after the

last injection.
Isolation ofhepatocytes. Isolated rat hepatocytes were

prepared by a collagenase perfusion method as described
previously (10), and the isolation was conducted daily at
10:30 a.m. to 11:00 a.m. The hepatocytes were washed by
centnifugation at 300 rpm at 4#{176}first with Buffer A con-
taming 2% BSA and then with Buffer B containing 1%
BSA. The viability of the hepatocytes was monitored by
trypan blue exclusion and the lactic acid dehydrogenase
latency test (1 1), which showed that the viability of the
cells was 98-99% for the control and the PB-treated rats
but 96-98% for the 3-MC-tneated rats. The liver wet
weight and yield of isolated hepatocytes are shown in
Table 1. The liver weight was calculated by weighing the
organs of rats of the same age and body weight, which
were treated like those used for the isolation of hepato-
cytes. The freshly isolated cells obtained are referred to
as “initial cells” in this text to distinguish them from the
subpopulations separated by a Percoll density gradient,

which is described below.
Buffers. Buffer A: Krebs-Henseleit buffer, containing

3.0 g of Hepes and benzylpenicillin (200 lU/nil) in 1000
ml (11). Buffer B: Krebs-Henseleit buffer containing 3.0

g of Hepes, 1.8 g of D-glucose, amino acid mixture

TABLE 1

Yield of hepatocytes isolated from control, PB-treated, and

3-MC-treated rats

Values are means ± standard error of the mean.

Control
(n = 13)

PB-treated
(n = 13)

3-MC-treated
(n = 11)

Liver wet wt/body wt

(%) 4.47 ± 0.09 5.22 ± 0.12 5.22 ± 0.14

No. of hepatocytes

(XlO)/g ofliver 5.97 ± 0.23 3.89 ± 0.14 4.44 ± 0.12

(GIBCO), and benzylpenicillin (200 IU/ml) in 1000 ml.
Buffer C: 8.0 g of NaC1, 0.4 g of KC1, 0.2 g of MgSO4.
7H2O, 0.05 g of Na2HPO4, 0.06 g of KH2PO4, 2.19 g of

NaHCO:t, and 3.0 g of Hepes in 100 ml. After supplemen-
tation of the materials specified in the text, the pH of

each buffer was adjusted to 7.4, except that of Buffer C,
and 02/CO2 (95%:5%) gas was bubbled through the so-
lution. The pH of Buffer C was adjusted to about 6.4 in

order to have the pH of the buffered Percoll mixture (see
below) equal 7.4.

Percoll density gradient. Nine volumes of Percoll and
one volume of Buffer C were mixed (buffered Percoll).
The solution was combined with Buffer B, containing 1%
BSA in the various ratios shown in Table 2, and 02/C02
(95%:5%) gas was bubbled through the mixture. A discon-
tinuous gradient was prepared by successively layering
2-nd portions of the Percoll solutions of different densi-
ties given in Table 2 in a Beckman cellulose nitrate tube
(16 x 102 mm). The densities of the series of the solution

were determined at 4#{176}with a digital precision density
meter, DMA 02C (Anton Paar, Graz, Austria), using
distilled water and ethylene glycol as the reference.

Fractionation of isolated hepatocytes. The initial cell
suspension of 2.5 ml (10’ cells/ml) was layered on top of
the discontinuous Percoll gradient and centrifuged for 20
mm at 2500 rpm. Six tubes were prepared for each nun.
Prior to fractionation, nonsedimenting cells, mainly dam-
aged hepatocytes, in a layer on top of the gradient
medium were discarded. The hepatocytes retained in
each layer (F-i to F-6) were transferred to 20-mi centni-
fuge tubes by aspiration; the six corresponding fractions
were then combined. Pencoll was removed by washing

the cells twice with 6 ml of Buffer B containing 1% BSA
by centnifugation (5 mm at 800 rpm) and decantation.
The pellet was suspended in 4 ml of the same buffer.

TABLE 2

hep atocyte subpopulations

Buffered Percoll l� BSA in Buffer Density’
D

�;;� 9�, g/ml

F-i 50 50 1.070

F-2 65 35 1.087

F-3 70 30 1.093

F-4 75 25 1.099

F-S 80 20 1.105

F-6 85 15 1.110

(S At 4#{176}.
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MONOOXYGENASE ACTIVITIES IN RAT HEPATOCYTE SUBPOPULATIONS 237

Centrifugation, fractionation, and washing were per-
formed at 4#{176}.

Cell size analysis. Isolated hepatocytes were sus-
pended (5-10 x i05 cells/mi) in Buffer B, containing 1%
BSA, and placed in a pair of Bunker chambers. Eight
photographs were taken of randomly selected sections of

each chamber with x20 magnification. The diameters of
about 100 hepatocytes in the prints (final magnification,
x200) were measured with a micrometer with reference
to a standard-scale (0.01-mm division) photograph, which
had been taken simultaneously and processed in the
same way.

Incubation of hepatocytes with bromobenzene. In a
round-bottom flask, 15 �.tl of bromobenzene (18.9 mg/mi)
in dimethyl sulfoxide (12) were mixed thoroughly with
Buffer B, supplemented with 1% BSA, and portions of
the cell suspension were added to bring the volume to 3.0
ml (1-5 x i0�’ cells/tube). For the control experiment, 15

ui of dimethyl sulfoxide were used instead of bromoben-
zene. The flask was incubated at 37#{176}with shaking, and
at time zero and 15 mm, a 0.8-mi sample of the incubation
mixture was transferred to the test tube with 0.7 ml of
13% tnichloroacetic acid. After centnifugation for 20 mm

at 2500 rpm, a portion of the supernatant was used for
the determination of GSH as described previously (13).

Assay of enzymes and cytochrome P-450. Isolated
hepatocytes were disrupted by freezing and thawing the
cell suspension three times, and portions were subjected
to analyses of 5’-nucleotidase (EC 3.1.3.5), glutamate
pyruvate transaminase (EC 2.6.1.2), and cytochrome P-
450 (total). 5’-Nucieotidase was assayed as described by
Genlach and Hiby (14) using 0.1-0.2 ml of disrupted cells.

The activity was expressed as the amount of inorganic
phosphorus liberated from 5’-AMP per minute. Gluta-
mate pyruvate transaminase activity was measured col-
orimetnically by the method of Bergmeyer and Bennt
(15) with 50 jil of the disrupted cells (5 x i0� cells) per
milliliter of reaction mixture. The glutamate pyruvate
transaminase level was defined according to Karmen
(16). The cytochrome P-450 (total) content was deter-
mined according to Omura and Sato (17) at 25#{176}with a
Shimadzu UV-300 spectrophotometer.

7-Ethoxycoumarin deethylase activity determination.
Portions of disrupted cells (0.05-0.3 ml) were added to
the incubation medium containing 100 �.tg of ethoxycou-
mann and an NADPH-generating system in 50 mM Tnis
buffer (pH 7.4) with 150 mi�vi KC1 and 10 mi�i MgC12 (final
volume 1.5 ml). After incubation for 4 mm at 37#{176}with
shaking, the reaction was terminated by heating, and the
7-hydroxycoumarin formed was extracted with ethyl
ether. The fluorescence of the extract at alkaline pH was
determined at 455 nm with excitation of 370 nm (18).
Blank values were obtained by the same procedure ex-
cept that 7-ethoxycoumarin was omitted from the reac-

tion mixture.
7-Ethoxyresorufin deethylase activity determination.

The deethylase activity was assayed according to the

method of Pohi and Fouts (19) with 150 � of disrupted
cells (1.5 x io� cells) in 1.25 ml of incubation mixture.
The reaction was initiated by adding NADPH and an

NADPH-generating system 4 mm after preincubation,
and incubation was performed for 4 mm at 37#{176}.

Determination of glycogen. A 0. 1-mI portion of the
hepatocyte suspension was transferred to a test tube with

1.5 ml of ice-cold 0.4 N penchlonic acid and centrifuged
for 20 mm at 2500 rpm. Glycogen was purified from the

supernatant fraction and determined by the method of
Handel (20), which is based on specific precipitation of a
small amount of glycogen and colonimetnic assay with
anthrone. A calibration curve was constructed with 10-50
;.tg of glycogen per test tube.

Transmission electron microscopy. A suspension of
isolated hepatocytes was fixed for 30 mm at 4#{176}with an
equal volume of 0.1 M phosphate buffer (pH 7.4) contain-
ing 3% glutaraldehyde and postfixed with 2% osmium
tetnoxide in 0.25 M sucrose-0.1 M phosphate buffer (pH
7.4) for 30 mm. The fixed cells were dehydrated with
graded ethanol, immersed in n-butyl glycidyl ether, em-
bedded in epoxide resin (Epok 812), and cut with a
Reichert ultramicrotome OmU4. The specimens were

stained with lead citrate and analyzed by JEM-100 CX
electron microscopy at 80 kV. Prior to the electron mi-
croscopy, subpopulations were surveyed by light micros-
copy (x400), which revealed that the major cells were
round and uninuclear. The features of the cells appeared
uniform except for those in Fraction 1 (F-i), which was
contaminated by dead cells. Fatty droplets were fre-
quently seen in the lower-density hepatocytes from PB-
and 3-MC-treated rats. About 10 electron micnographs
were randomly prepared from each section with low
(x 1600) and high (x8300) magnifications (original mag-
nification).

RESULTS

Cell distribution. The distribution of hepatocyte sub-
populations separated by discontinuous gradients ob-

tamed from control (n = 1 1), PB-treated (n = 1 1), and 3-
MC-treated (n = 12) rats are shown in Fig. 1. (n repre-

sents the number of rats in each group; as seen in Fig. i,
the number of hepatocytes obtained in F-6, particularly
for PB-treated rats, was often too low to be usable for
the analyses in this study.) As shown in Fig. 1, the highest

number of hepatocytes from control rats was in Fraction
4 (F-4) followed by those in F-5 and then F-3. On the
other hand, the hepatocytes isolated from PB-treated
rats were retained in a lower-density fraction, the number
being highest in F-3 followed by that in F-4. The distni-
bution pattern of the cells from 3-MC-treated rats was
similar to that of the control. The pattern was not altered
by further centnifugation for 40 mm at 3000 rpm. The
viability of the hepatocyte subpopuiation was 98-99%
according to the lactic acid dehydrogenase latency test
(ii), except for F-i, in which the viability for the control
and the PB-treated groups averaged 97% but was 95-97%
for the 3-MC-pretreated group. Recoveries of cells after
fractionation and washing were 87 ± 4%, 93 ± 5%, and 79

± 3% (mean ± standard error of the mean) for control,
PB-treated, and 3-MC-treated rats, respectively. Certain
cells could be lost during the separation procedures, and
lower recovery of hepatocytes from 3-MC-treated rats
may be due to removal of damaged cells remaining in the
top layer of the gradient medium. As mentioned above,

the viability of the initial cells from the 3-MC group was
lower than those from other groups.
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FIG. 2. Size distribution histograms of initial cells isolated from

control (n = 4), PB-treated (n = 4), and 3-MC-treated (n = 3) rats

Li, mean diameter (micrometers) ± standard error of the mean.
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FIG. 3. Cytochrome P.450 (total) content ofhepatocyte subpopula-

tions isolated from control (n = 11), PB-treated (ii = 11), and 3-MC-

treated (n = 12) rats

Cytochrome P450 concentrations were determined after disruption

of the cells by freezing and thawing. See explanation in Fig. 1 on the

number of F-6 samples.
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FIG. 1 . Numbers of hepatocytes in subpopulations

Hepatocytes were isolated from control (n = 1 1), PB-treated (n =

1 1), and 3-MC-treated (n = 12) rats and fractionated into subpopula-

tions (F-i to F-6), as described in the text, using a Percoll density

gradient. The numbers in parentheses for F-fl indicate the number of

samples obtained in sufficient quantity for use in this determination.

Values are mean ± standard error of the mean.

Cell size. The histogram of initial cells from control
(n = 4), PB-treated (n = 4) and 3-MC-treated (n = 3)

rats are shown in Fig. 2. The diameters of major cells in
the control were close to 20 tim, while those of major cells
from PB- and 3-MC-treated groups were close to 25 �tm,

although they were classified in the range of 20-25 �tm.
Generally, the mean diameter of low-density cells was
larger than that of high-density cells; for example, in F-2
they were 21.5 ± 0.4, 26.4 ± 0.3, and 23.9 ± 0.5 ,.tm, and
in F-5, 20.8 ± 0.3, 24.1 ± 0.8, and 22.8 ± 0.1 ,im for
hepatocytes from control, PB-treated, and 3-MC-treated
rats, respectively. (F-3 was found to be slightly larger
than F-2 in the 3-MC experiment.) As given in Table 1,
the yield of hepatocytes (cell number per gram of liver)

from PB- and 3-MC-treated rats was 25-35% lower than
that from the control. Note also that the mean diameters
of the cells from the treated group were 15-20% larger

than those from the untreated group (Fig. 2).
Cytochrome P.450 content ofhepatocytes. Cytochrome

P-450 (total) concentrations in freshly isolated hepato-

cytes (initial cells) were 0.24 ± 0.01, 0.94 ± 0.05, and 0.78
± 0.03 nmole/106 cells for control (n = 11), PB-treated
(n = ii), and 3-MC-treated (n = 12) rats, respectively.

As shown in Fig. 3, Fractions 3 and 4 (F-3 and F-4) from
the control rats retained a relatively high amount of
cytochrome P-450. Although the contents were approxi-
mateiy 3-fold higher, a similar distribution pattern was
obtained for the hepatocytes from 3-MC-treated rats.
The pattern was markedly different when the subpopu-
lations from PB-treated rats were compared: F-2 con-
tamed the highest amount of cytochrome P-450 and F-6
the lowest. No definite statement can be made concern-

ing F-i, because of the presence of a small percentage of
contamination by damaged cells in both control and
treated groups. The number of hepatocytes in F-6, par-
ticularly those from PB-treated rats, was in some cases
too low to allow their use in the analyses conducted in
this study.

7-Ethoxycoumarin and 7-ethoxyresorufin deethylase

activities. The metabolism of 7-ethoxycoumarin was
markedly enhanced both by PB and 3-MC treatments

(Fig. 4), averaging 8- and 12-fold, respectively. The dee-
thyiase activity and content of cytochrome P-450 (total)
in subpopulations appear to be closely correlated. Similar

patterns were obtained with the hepatocyte subpopula-
tions from 3-MC-treated rats (n = 4) when deethyiase
activity was assayed using 7-ethoxyresorufin (21), a more
specific substrate for cytochrome P-448 (Fig. 5). Inter-
fractional variation of deethylase activities was approxi-
mateiy 2-fold in the subpopulations of 3-MC-treated rats,
and this is comparable to the intercellular deethylase
activities of ethoxyresorufin by individual cells isolated
from 3-MC-treated rats (22).

Depletion of glutathione by bromobenzene. Bromo-
benzene is metabolized by the monooxygenase system to
its active intermediate, which reacts with cellular GSH.

Therefore, the drug-metabolizing activity of hepatocytes
can also be estimated by measuring the GSH content of
the cells. Table 3 shows the percentage of remaining

GSH in hepatocyte subpopulations after 15 mm of incu-
bation in the presence of 0.6 nmi bromobenzene. The
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Fic. 5. Cytochrome P.450 (total) content and 7-ethoxyresorufin
deethylase activities in hepatocyte subpopulations isolated from 3-

MC-treated rats (n = 4)

Values are means ± standard error of the mean.

TABLE 3

(1 n = 3.
b ,� 2.
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0 50 5 $00 5 tO $5

Deethylose activity ( nmol 1mm I lOcelIs)

Fic. 4. 7-Ethoxycoumarin deethylase activities in hepatocyte sub-

populations

The hepatocytes were isolated from control (n = 5), PB-treated (n

= 4), and 3-MC-treated (n = 5) rats. Values are means ± standard error

of the mean. See explanation in Fig. 1 on the number of F-6 samples.

GSH levels of the initial cells were 45 ± 13 (n = 4), 60

± 4 (n = 6), and 70 ± 4 (n = 6) nmoles/106 cells for the
control, PB-treated, and 3-MC-treated rats, respectively.
Not much change was found in the control experiment
after incubation with bromobenzene. However, GSH
levels in the hepatocytes prepared from PB- and 3-MC-
treated rats were markedly influenced by incubation with

bromobenzene. The level was reduced approximately
50% on the average in PB-treated rats, and the extent of
reduction was correlated to the cytochrome P-450 con-
tent. In cells from 3-MC-treated rats, the GSH reduction
was approximately 20%. After 15 mm of incubation, in

the presence or absence of bromobenzene, the viability

of those from control and PB-treated rats remained at
97-99% and at 95-98% for 3-MC-treated rats. As stated
above, the hepatocytes in F-i showed somewhat lower
values.

Glycogen content. The glycogen concentration within
the liver lobule is reported to be generally higher in the
pericentral region than in other regions (1, 23). With
regard to the hepatocytes from control rats, F-5 and F-6
were apparently rich in glycogen, while F-i to F-4 had

similar lower glycogen concentrations (Fig. 6). Distinct

gradation of the glycogen content from F-2 and F-6 was
found with the hepatocytes isolated from PB- and 3-MC-

treated rats. The glycogen levels of initial cells isolated
from control, PB-treated, and 3-MC-treated rats were 97
±20(n=13),120±22(n=12),andl7O±29(n=9)
�g/106 cells, respectively.

Enzyme activities. The activities of 5’-nucleotidase
and glutamate pyruvate transaminase in hepatocyte sub-

populations are shown in Fig. 7. Generally, 5’-nucleotid-
ase was present in higher amounts in low- rather than

high-density hepatocytes. In contrast, the activities of
glutamate pyruvate transaminase were lower in the low-
density cells than in high-density cells, although the

fluctuations were appreciably large. 5’-Nucleotidase is
defined as a marker enzyme of plasma membrane (24).

Distinct gradation of glutamate pyruvate transaminase

activity within the liver lobule was histochemically dem-
onstrated by Shank et al. (25), although the feeding and
ages of the rats were different from those in this study.

Electron microscopy. The F-i and F-2 hepatocytes in
the control experiment were clear and resembled each
other, they were characterized by a relative abundance
of smooth ER and few glycogen particles. Fatty droplets

Cellular glutathione 15 mm after incubation ofhepatocytes in the presence of 0.6 m�v bromobenzene

Values are means ± standard error of the mean. The GSH levels 15 mm after incubation of hepatocytes in the absence of bromobenzene were

essentially unchanged: the average remaining ratios were 98 ± 1%, 100 ± 1%, and 100 ± 1%, respectively, for control, PB, and 3-MC groups. The
percentage of GSH remaining 15 mm after incubation with bromobenzene is shown in parentheses (the 0-time value was taken as 100%).

Fraction Control (n = 4) PB-treated (n = 6) 3-MC-treated (n - 6)

0 15 miii 0 15 mm0 15 mm

nmoles/Kt cells nmoles/W cells nmoles/W cells

F-i 41 ± 3 38 ± 4 (92) 54 ± 3 25 ± 2 (46) 62 ± 5 49 ± 4 (79)

F-2 62±6 60±6 (96) 71±4 32±2 (46) 80±2 66±2 (83)

F-3 53±6 51±6 (95) 62±6 32±2 (50) 78±6 60±5 (78)

F-4 47±2 44±2 (94) 66±5 35±3 (54) 84±4 65±3 (77)

F-5 52 ± 1 50 ± 2 (96) 68 ± 12 48 ± 10(68) 85 ± 4 69 ± 3 (82)

F-6 61 ± 6� 58 ± 5” (96) lOS” 91b � io�i ± 9 96 ± 11 (91)
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FIG. 8. Transmission electron micrographs (lou magnification) of

isolated hepatocytes from control rats in F-2 and F-4

A, Isolated hepatocytes in Fraction 2; B, isolated hepatocytes in

Fraction 4 (x3,600).

similar to those of controls, except that free nibosomes
and rough ER were notable in F-i to F-3.

To display more clearly the details of cell structure,
electron micrographs of hepatocytes obtained from con-
trol rats (F-2 to F-5) are presented at higher magnffica-
tion (Fig. 9). Although the definition of the iobuiar zone
is arbitrary, the profiles oflower- and higher-density cells

presented similar characteristics of centniobular and per-
ilobular cells in the liver tissues, respectively.

DISCUSSION

The isolated hepatocyte system is an experimental
model which retains in vivo biochemically and structur-
ally organized functions and has been successfully uti-
lized for the study of drug and general metabolism.
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FIG. 6. (‘ontent ofglycogen in hepatocyte .subpopulations

The values for glycogen were obtained from control (n = 11), PB-

treated (n = 1 1), and 3-MC-treated (n = 12) rat hepatocyte subpopu-

lations. Values are means ± standard error of the mean. See explanation

in Fig. I on the number of F-ti samples.

were frequently seen, but free nibosomes were few. Vast
cytoplasmic areas and small or rodlike mitochondnia were
also noted. On the other hand, large, compact glycogen

areas, prominent rough ER, and free ribosomes were
found in higher-density hepatocytes (F-4 to F-6). Rep-
resentative micnognaphs of hepatocytes retained in Frac-
tion 2 (F-2) and Fraction 4 (F-4), from control rats, are
shown in Fig. 8.

Survey of approximately 200 micnographs revealed
that the effect of PB and 3-MC pretreatment of rats on

the features of hepatocytes was notable, particularly in
F-i, F-2, and F-3, although the gross features of the
hepatocytes retained in the same density fraction resem-
bled each other irrespective of whether they were from
control on treated rats. With respect to the hepatocytes
from PB-treated rats, proliferation of smooth ER in F-i
to F-3 and reduced rough ER were appreciable. The
features of the hepatocytes from 3-MC-treated rats were

Control PB-treated 3-MC-treated

F-I ___1-� � I-f � I-I

F-2 1.1 � 1� �

F-3 �H L ‘-i I�
F-4 ________H -‘-4 L -i-�

F-5 _____H -�-‘l- H

F-6 _______H _________H [ H

0 100 2000 00 200 0 00 200

G P T (U/min/lO6ceIls)

F-I ___________I-� ___________5-f 1-I

F-2 ________H ________H ____________H

F-3 H -I-I HI

F-4 ________H �H __________H-I

F-5 -II �IJ _________1-I

F-6 �ij �I* ________H
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5’ - Nucleotidase Cnmol 1mm /lO6cells)

FIG. 7. Activities of glutamate pyruvate transaminase (GPT) and

5’-nucleotidase in hepatocyte subpopulations isolated from control

(n = 7), PB-treated (n = 4), and 3-MC-treated (n = 5) rats

Values are means ± standard error of the mean. The asterisk

indicates mean value, n = 2.
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FIG. 9. Transmission micrographs (high magnification) of isolated hepatocyte subpopulations in F-2 to F-5

F-2, Isolated hepatocytes in Fraction 2; F-3, isolated hepatocytes in Fraction 3; F-4, isolated hepatocytes in Fraction 4; F-5, isolated hepatocvtes

in Fraction 5 (x22,000). N, nucleus; SER, smooth ER; RER, rough ER; Glv, glycogen; Mt, mitochondrion; Mb, microbody. Free ribosomes are

indicated by an arrow.

Progress in this field is due to the recent exploration of
isolation techniques to provide well-preserved viable cells
in high yield (26, 27). However, as the available isolated
hepatocytes are a mixture of heterogeneous parenchymal

cells originating from different regions in the liver lobule,
separation of specific regional cells should facilitate the
study of hepatic metabolism. Attempts to accomplish
this have been reported by several authors (7, 8). Treat-
ment of animals with a drug such as PB, which enhances
the heterogeneity of hepatocytes, appears to be useful for
classifying the subpopuiations by physical means such as
density gradient centrifugation (8, 28).

In this study, we separated isolated rat hepatocytes
into six subpopulations using Pencoli discontinuous den-
sity gradient centnifugation and examined the biochemi-
cal functions by comparing the hepatocytes obtained
from the control rats with those from PB-treated or 3-
MC-treated rats. Percoll was chosen because it does not
penetrate the cell membrane and can easily be removed
with an ordinary washing procedure (9). Rapid isolation,
inclusion of BSA in buffers supplemented with O2/CO2
(95%:5%) gas, and short-term centrifugation in Percoll
density media provided viable cells in reasonably high
yield. Since most of the damaged cells as well as nonpar-
enchymal cells were retained in the upper layer of the

Percoll density gradient, intact parenchymal cells were
separated into subpopulations with unimodal fractiona-
tion patterns as reported by Seglen (29). The major cells
were retained in the density media of around 1.09 to 1.10
g/ml; however, the cell density could be influenced by

isolation techniques, density gradient media, animal age,
medication to the animals, or fasting.

With respect to monooxygenase-linked functions, the
profiles in the subpopulations obtained from PB- and 3-
MC-tneated rats differed markedly from those of control
rats. After pretreatment of the rats with PB, the cellular
cytochrome P-450 concentrations increased 4-fold on the
average, and were reciprocally related to cell density. 7-
Ethoxycoumarin deethylase activities and the extent of

GSH depletion by bromobenzene metabolism were cor-
related with the cytochrome P-450 concentrations. The
profiles of deethylase activities in the hepatocytes from
3-MC-tneated rats differed from those of PB-treated rats,
probably due to the different modes of induction of
cytochnome P-448 by 3-MC (21, 30), which catalyzes
deethylation more efficiently than does cytochrome P-
450. The extent of GSH depletion by bromobenzene was
less in the hepatocytes from 3-MC-tneated rats than in

those from PB-treated rats. This is consistent with the
finding that pretreatment of rats with 3-MC results in
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conversion of bromobenzene to its 2,3-epoxide, which is
less toxic than the 3,4-epoxide predominantly formed in
PB-treated rats (31, 32).

Histochemical and morphometric studies have proved
that 5’-nucleotidase activity is higher in the centnilobular
cells whereas glycogen is rich in penilobuiar cells (1, 23).

Although the proportion of the subpopulations was influ-
enced by the treatment of the rats, especially by PB, a
gradation of 5’-nucleotidase and glycogen along with cell

density was commonly detectable in control, PB-treated,
and 3-MC-treated rats. At 10-11 a.m., when isolation of
the hepatocytes was conducted, a considerable gradation

of glycogen contents across the hepatic lobule from the
peniportal to the penicentral region was expected in the

fed rats, since stoned glycogen disappears first from the
pericentral area during the daytime. Proliferation of
lipid-rich smooth ER in the centrilobular cells (7, 8, 23)

can also profoundly influence the density of hepatocytes.
The mean diameter of the lower-density cells, particu-
lanly those from inducer-treated rats, was found to be
larger than that of the higher-density cells. Since cell
hypertrophy by PB administration is confined to the
central region rich in smooth ER (33), the hepatocytes in
this region are expected to be much lighter than those in

other areas. Therefore, regional parenchymal cells are
anticipated to be separable to a fair extent by density

gradient centnifugation, but the separation profile of sub-
populations should be different before and after induc-
tion. Such differences can be investigated directly by
titrating the cells with antibodies to enzymes affected by

the inducers. Electron micrographs of hepatocytes re-
tamed in the same density fraction generally resembled

each other as to their gross features irrespective of
whether they were from control or treated rats. F-2 was
rich in smooth ER whereas F-5 was rich in giycogen
granules with poorly developed smooth ER, although
proliferation of smooth ER and an increased number of
fat globules in low-density cells isolated from PB- and 3-
MC-treated rats were noted. F-3 and F-4 showed patterns
intermediary between those of F-2 and F-5. Thus, the
morphological features of the subpopulations appear to
conform to the hypothesis that low- and high-density

cells correspond, with a high probability, to centrilobular
and perilobular parenchymal cells, respectively (7, 8).
One aspect of the present study is the finding that the
yield of isolated hepatocytes appeared to be influenced
by the treatment of rats with PB and 3-MC. A similar
result was described by Sweeney et al. (34). Argyris (35)
reported that after 3- or 4-day administration of PB to
rats weighing 200-300 g, the number of hepatocytes
decreased as measured by nuclear counts of the cells.
Cellular enlargement accompanied by increasing ploidy
of hepatocytes from PB-treated rats has been noted (36).
These findings might indicate that mitotic arrest took
place during the specific period of medication of adult
rats. However, such a speculation must await closer
investigation of the hepatocyte isolation procedures and
morphometnic analyses of the nat livers as specified
above.

ACKNOWLEDGMENT

REFERENCES

1. Novikoff, A. B. Cell heterogeneity within the hepatic lobule of the rat. J.
Histochem. Cytochem. 7 :240-244 (1959).

2. Brodie, B. B., W. D. Reid, A. K. Cho, G. Sipes, G. Krishna, and J. R. Gillette.
Possible mechanism of liver necrosis caused by aromatic organic compounds.
Proc. Nat!. Acad. Sci. U. S. A. 68:160-164 (1971).

3. Reid, W. D., and G. Krishna. Centrolobular hepatic necrosis related to

covalent binding of metabolites of halogenated aromatic hydrocarbons. Expt.
Mol. Pathol. 18:80-99 (1973).

4. Zimmerman, H. J. Vulnerability of the liver to toxic injury, in Hepatotoxicity.
Appleton-Century-Croft.s, New York, 32-46 (1978).

5. Gooding, P. E., J. Chayen, B. Sawyer, and T. F. Slater. Cytochrome P-450

distribution in rat liver and the effect of sodium phenobarbitone administra-
tion. Chem. Biol. Interact. 20:299-310 (1978).

6. Baron, j., J. A. Redick, and F. P. Guengerich. Immunohistochemical locali-

ration of cytochromes P-450 in rat liver. Life Sci. 23:2627-2632 (1978).

7. Drochmans, P., J.-C. Wanson, and R. Mosselmans. Isolation and subfraction-

ation on Ficoll gradients of adult rat hepatocytes. J. Cell Biol. 66: 1-22 (1975).
8. Wanson, J.-C., P. Drochmans, C. May, W. Penasse, and A. Popowski. Isolation

of centrolobular and periobular hepatocytes after phenobarbital treatment.
J_ Cell Biol. 66:23-41 (1975).

9. Pertoft, H., K. Rubin, L. Kjell#{233}n, T. c. Laurent, and B. Klingeborn. The
viability of cells grown or centrifuged in a new density gradient medium,
Percoll (TM). Exp. Cell Res. 110:449-457 (1977).

10. Koike, M., K. Sugeno, and M. Hirata. Sulfoconjugation and glucuronidation

of salicylamide in isolated rat hepatocytes. J. Pharm. Sci. 70:308-31 1 (1981).
11. H#{246}gberg, J., and A. Kristoferson. A correlation between glutathione levels

and cellular damage in isolated hepatocytes. Eur. J. Biochem. 74:77-82

(1977).

12. Thor, J., and S. Orrenius. The mechanism of bromobenzene-induced cytotox-

icity studied with isolated hepatocytes. Arch. Toxicol. 44:31-43 (1980).
13. Hirata, M., J. H#{246}gberg, J. Thor, and S. Orrenius. Cytochrome P-450-product

complexes produced by amphetamine derivatives: a comparative study with
isolated liver microsomes and hepatocytes. Pharmacol. Toxicol. 41:177-189
(1977).

14. Gerlach, U., and W. Hiby. 5’-Nucleotidase, in Methods ofEnzymatic Analysis
(H. U. Bergmeyer, ed), Vol. 2, Ed. 2. Academic Press, New York, 871-875
(1974).

15. Bergmeyer, H. U., and E. Bernt. Colorimetric assay of Reitman and Frankel,
in Methods of Enzymatic Analysis (H. U. Bergmeyer, ed), Vol. 2, Ed. 2.

Academic Press, New York, 760-767 (1974).
16. Karmen, A. A note on the spectrophotometric assay of glutamic-oxalacetic

transaminase in human blood serum. J. Clin. Invest. 34:131-133 (1955).

17. Omura, T., and R. Sato. The carbon monoxide-binding pigment of liver
microsomes. J. Biol. Chem. 239:2379-2385 (1964).

18. Creaven, P. J., D. V. Parke, and R. T. Williams. A spectrofluorimetnc study

of the 7-hydroxylation of coumarin by liver microsomes. Biochem. J.
96:390-398 (1965).

19. Pohl, R. J., and J. R. Fouts. A rapid method for assaying the metabolism of
7-ethoxyresorufin by microsomal subcellular fractions. Anal. Biochem.
107:150-155 (1980).

20. Handel, E. V. Estimation of glycogen in small amounts of tissue. Anal.
Biochem. 11:256-265 (1965).

21. Burk, M. D., and R. T. Mayer. Ethoxyresorufin: direct fluorimetric assay of
a microsomal 0-dealkylation which is preferentially induced by 3-methyl-
cholanthrene. Drug Metab. Dispos. 2:583-588 (1974).

22. Burke, M. D., and H. Hailman. Microfluorimetric analysis of the cytochrome
P-448 associated, ethoxyresorufin O-deethylase activities of individual iso-
lated rat hepatocytes. Biochem. Pharmacol. 27:1539-1544 (1978).

23. Loud, A. V. A quantitative stereological description of the ultrastructure of

normal rat liver parenchymal cells. J. Cell Biol. 37:27-46 (1968).
24. Dorling, P. R., and R. N. Le Page. A rapid high yield method for the

preparation of rat liver cell plasma membranes. Biochim. Biophys. Acta
318:33-44 (1973).

25. Shank, R. E., G. Morrison, C. H. Cheng, I. Karl, and R. Schwartz. Cell

heterogeneity within hepatic lobule. J. Histochem. Cytochem. 7:237-239
(1959).

26. Mold#{233}us,P., J. H#{243}gberg,and S. Orrenius. Isolation and use of liver cells.
Methods in Enzymol. 52:60-71 (1978).

27. Berry, M. N., and D. S. Friend. High-yield preparation of isolated rat liver
parenchymal cells. J. Cell Biol. 43:506-520 (1969).

28. Gumucio, J. J., L. J. DeMason, D. L. Miller, S. 0. Krezoski, and M. Keener.
Induction of cytochrome P-450 in a selective subpopulation of hepatocyt.es.
Am. J. Physiol. 234:C102-C109 (1978).

29. Seglen, P. 0. Separation approaches, for liver and other cell sources, in Cell
Populations (E. Reid, ed). Ellis Horwood Ltd., London, 25-45 (1979).

30. Kuntzman, R., W. Levin, M. Jacobson, and A. H. Conney. Studies on
microsomal hydroxylation and the demonstration of a new carbon monoxide
binding pigment in liver microsomes. Life Sci. Part II Biochem. Gen. Mo!.
Biol. 7:215-224 (1968).

31. Lau, S. S., and V. G. Zannoni. Hepatic microsomal epoxidation of bromoben-
zene to phenols and its toxicological implication. Toxicol. App!. Pharmacol.
50:309-318 (1979).

32. Zampaglione, N., D. J. Jollow, J. R. Mitchell, B. Stripp, M. Hamrick, and J.
R. Gillette. Role of detoxifying enzymes in bromobenzene-induced liver
necrosis. J. Pharmacol. Exp. Ther. 187:218-227 (1973).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


MONOOXYGENASE ACTIVITIES IN RAT HEPATOCYTE SUBPOPULATIONS 243

33. Massey, E. 0., and W. H. Butler. Zonal changes in the rat liver after chronic Pharmacol. Exp. Ther. 164:405-411 (1968).

administration of phenobarbitone: an ultrastructural, morphometric and bio- 36. Sweeney, G. D., F. M. Cole, K. B. Freeman, and H. V. Patel. Heterogeneity
chemical correlation. Chem. Biol. Interact. 24:329-344 (1979). of rat liver parenchymal cells. J. Lab. Clin. Med. 94:718-725 (1979).

34. Sweeney, G. D., K. G. Jones, and F. Krestynski. Effects of phenobarbital and

3-methylcholanthrene pretreatment on size, sedimentation velocity, and _________________________________________________________________
mixed function oxygenase activity of rat hepatocytes. J. Lab. Clin. Med. . . .

91:444-454 (1978). Send reprint requests to: Dr. Masaharu Hirata, Shionogi Research
35. Argyris, T. S. Liver growth associated with the induction of aminopyrine Laboratones, Shionogi & Company, Ltd., Fukushima-ku, Osaka 553,

demethylase activity after phenobarbital treatment in adult male rats. J. Japan.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



