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Abstract—Centrifugal elutriation was used to separate isolated rat hepatocytes into five fractions
containing cells of different sizes. These fractions were compared with regard to cell size, morphology
and function. Analyzed by flow cytometry, the small cells were found to be enriched in fraction 1 and
the large cells in fraction 5. Evaluation by light and electron microscopy indicated that the fractions
contained single hepatocytes of normai structure. The cytochrome P-450 content and the 7-ethoxy-
coumarin O-deethylase activity were assessed in hepatocytes from untreated animals, those treated
with phenobarbital, and those treated with phenobarbital plus allylisopropylacetamide. In both untreated
and phenobarbital-treated animals, cytochrome P-450 content and 7-ethoxycoumarin O-deethylase
activity rose significantly from fraction 1 to fraction 5. The P-450 content gradually rose up to 2-fold.
The enzyme activity rose 5-fold, and it increased steeply between fractions 2 and 3. The cytochrome P-
450 content in phenobarbital-plus-allylisopropylacetamide-treated animals was decreased in all fractions

but more extensively in fraction 5 than in fraction 1.

The transport functions and the metabolic activities
of hepatocytes vary depending upon their location
within the hepatic lobule [1]. The centrolobular
region shows by a variety of techniques, including
immunofluorescence [2], an enrichment over the
periportal region in smooth endoplasmic reticulum
[3], cytochrome P-450 content [4, 5], and cytochrome
P-450-dependent enzyme activities [6, 7]. Centrifu-
gal elutriation, a technique which separates cells
largely according to size, produces cells with a better
cell viability than cells separated by other means
[8-10]. This technique allows a structure—function
comparison between hepatocytes of varying cell
sizes. We isolated rat hepatocytes and separated
them into five fractions by centrifugal elutriation in
order to compare these subpopulations of cells by
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morphological and functional criteria. Our findings
indicate that both total cytochrome P-450 content
and 7-ethoxycoumarin O-deethylase activity were
enriched in large hepatocytes as compared with small
hepatocytes.

MATERIALS AND METHODS

Animal preparation and operation procedures.
Nonfasting male Sprague-Dawley rats weighing 300
400 g and fed standard laboratory chow were used
in all experiments. One group of animals received
no treatment. A second group of animals received
sodium phenobarbital daily (Eli Lilly Co., Indian-
apolis, IN, 80 mg/kg/day in 0.9% saline) by i.p.
injection for 4 days. Their hepatocytes were isolated
on the morning of day 5. A third group received
phenobarbital for 4 days and on the morning of day
5 a single subcutaneous injection of allylisopro-
pylacetamide (AIA) (Hoffmann-La Roche, Nutley,
NJ 400mg/kg, as a 20 mg/ml solution in normal
saline). Their hepatocytes were isolated 2 hr later.
The hepatocytes were isolated according to the two-
step in situ perfusion procedure of Seglen [11]. Fol-
lowing nembutal (45mg/kg, i.p.) anesthesia, the
abdomen was opened through a midline incision and
the portal anatomy was exposed. The portal vein was
cannulated with a 14 gauge polypropylene catheter,
immediately flushed with 1 ml of heparinized Krebs-
Henseleit buffer, and the catheter was secured in
place. The anterior thoracic rib cage was excised, a
PE 100 polyethylene tubing (Clay Adams Division,
Becton Dickinson & Co., Parsippany, NJ) was
inserted into the intrathoracic portion of the inferior
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vena cava above the diaphram, and the right renal
vein was ligated. The time interval between the
interruption of the portal circulation and the onset
of artificial perfusion was less than 1 min.

Perfusion apparatus, medium and experimental
conditions. The operative procedure and the artificial
perfusion. which took approximately 25 min. were
performed in a constant temperature (37°) room.
The medium was recirculated through the liver by
a Harvard peristatic pump (model 1203, Harvard
Apparatus. Millis, MA) to and from a receptacle
that was suffused with 5% CO, and 95% O, flowing
at 31/min. The perfusate flow rate was maintained
at 25 ml/min.

The perfusion medium consisted of two Krebs—
Henseleit solutions. The perfusion was begun in situ
with 250 ml of calcium-free Krebs—Henseleit buffer
(pH 7.4, 37°. 295 mOsmoles) with SmM glucose.
Then the perfusate was replaced by magnesium-free
Krebs—Henseleit buffer containing 2.5 mM calcium,
5mM glucose, and 0.05% collagenase (Sigma
Chemical Co., St. Louis, MO). After perfusion with
400 ml of this medium, the digested liver tissue was
removed. weighed. and gently teased apart with a
Teflon probe into cold (4°) carbogenated Krebs-
Henseleit buffer. The tissue suspension was collected
in 50 m! polyethylene conical tubes (Corning Labora-
tory Supplies, Corning, NY) and placed on ice.

Preparation of isolated hepatocytes. All glassware
was siliconized. The tissue suspension was initially
filtered through a coarse nylon mesh. The resulting
suspension was then centrifuged (International Clini-
cal Centrifuge model CL, International Equipment
Co., Needham. MA) at 70g for 1 min, the super-
natant fraction was removed by aspiration, and the
cells were resuspended in cold carbogenated buffer.
This procedure was repeated three times and then
the cells were allowed to sediment at 1 g for 15 min.
Following sedimentation, the cell suspension was
filtered through a 100 micron mesh and then a 62
micron nylon mesh (Tetko Inc. Monterey Park. CA).
Following filtration, the cell suspension was assessed
under an inverted microscope (Zeiss JCM 405) for
the presence of nonparenchymal cells and the num-
ber of single hepatocytes. Viability was assessed by
trypan blue exclusion in a hemocytometer and by
the release of lactate dehydrogenase (LDH activity
media/ LDH activity sonicated cells) [12, 13].

Preparation of hepatocytes for centrifugal elutri-
ation. Prior to elutriation, the cells were suspended
in Krebs—Henseleit buffer with SmM glucose that
had been equilibrated with carbogen. Cell number
was estimated by a Coulter Particle Size Distribution
Plotter. model B (Coulter Electronics, Inc. Haileah,
FL). Elutriation was performed according to Wanson
and coworkers {8-10]. The J-21-B centrifuge and the
JE-6 elutriator rotor were from Beckman Instru-
ments, Inc. (Palo Alto, CA). The elutriation process
was carried out at 4°. The cell suspension, containing
5-10 x 107 cells in 15 ml, was slowly injected into the
mixing chamber. The cells were introduced into the
separation chamber at a flow rate of 15ml/min,
while the rotor was spinning at 840 rpm (100 g). The
elutriated fraction harvested at this loading flow rate
was analyzed separately as it contained largely cellu-
lar debris and nonviable hepatocytes. The cells con-
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centrated in the rotor chamber were then submitted
to a counterflow of increasing flow rates from 20, 25,
30, 35 and 45 ml/min corresponding to the elutriated
fractions 1 to 5. The hepatocytes in the five elutriated
fractions were concentrated by centrifugation at
1000 rpm for 3 min. The supernatant fraction was
aspirated, and the cells were resuspended in cold
carbogenated Krebs—Henseleit buffer. Viability was
again assessed by trypan blue exclusion and by the
release of lactate dehydrogenase. The fractions were
briefly assessed by inverted microscopy for cell size
distribution and quantitated by a Coulter counter.
Resuspended fractions, as well as nonfractionated
cells, were prepared for light and electron micro-
scopy. flow cytometry. and intracellular enzyme
assay.

Preparation for light and electron microscopy.
Centrifuged pellets of isolated hepatocytes were
fixed in a mixture of 1.5% paraformaldehyde and
0.25% glutaraldehyde in 0.1 M cacodylate buffer
(pH 7.4) for I hr, rinsed in 0.15 M cacodylate buffer.
postfixed in 2% osmium tetroxide in 0.15M
cacodylate buffer (pH 7.4) for 30 min, dehydrated in
ethanol, and embedded in Epon. One micron thick
sections stained with toluidine blue were examined
by light microscopy. Thin sections were cut on a
Reichart ultracut ultramicrotome, stained double
with uranyl acetate and lead citrate. and examined
in a Zeiss EM-10 transmission electron microscope.
In untreated and phenobarbital-treated animals.
ultrastructural morphometry was carried out to
determine mitochondrial volume. Fifteen micro-
graphs of mononuclear hepatocytes were taken ran-
domly at a magnification of 4000 from blocks con-
taining cells from fraction 1 and fraction 5. The
photomicrographs were then enlarged to a mag-
nification of 12,000. Mitochondrial volume (frac-
tional volume of hepatocyte cytoplasm occupied by
mitochondria) was estimated by point counting using
a double period square lattice test screen and a
mathematical formula as described by Weibel [14].

Flow cytometric analysis. Flow cytometric analysis
using narrow forward angle light scatter as an indi-
cation of relative cell size [15] was performed both
on freshly isolated rat hepatocytes and on sub-
populations of hepatocytes prepared by centrifugal
elutriation. All samples were suspended in carbo-
genated Krebs—-Henseleit buffer at a concentration
of 1-3 x 10°cell/m]. Immediately prior to analysis,
samples were filtered through a 100 micron nylon
mesh to remove aggregates and debris. Flow cyto-
metry was carried out using an Ortho Cytofluorograf
SOH (Ortho Diagnostic Systems, Westwood., MA).
equipped with a model 2150 data processing system.
A detailed description of the cvtofluorografic tech-
nique has been published [16]. In brief. a SW argon
laser (488 nm) was used for the generation of light
scatter signals. Scattered light was collected over a
narrow angle forward of the beam. Histograms ot cell
number versus forward light scatter were developed
over an intensity range of 0-1000 channels for a
computer gated population that further excluded
hepatocyte doublets. red blood cells. and small
debris. The light scatter histogram produced by
untreated freshly isolated hepatocytes was arbitrarily
divided into four regions as follows:
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Region Channel No. Relative cell size
1 1-86 small
2 87-179
3 180-316
4 317-1000 large

The channel selections producing these regions were
preset for comparative analysis of all subsequent
experiments. The mean intensity light scatter pro-
duced by cells falling within each region was cal-
culated and expressed as mean channel number.
Because the cytofluorograf utilized was not equipped
with a volume sensing device, the mean channel
number of forward light scatter for each region was
used as an indicator of relative cell size. Five to ten
thousand cells from each sample were analyzed, and
the percentage of cells falling in each of the preset
regions was recorded on the light scatter histogram.
Fixed calf thymocyte nuclei were used for instrument
standardization. Prior to each analysis, polystyrene
beads (5, 10 and 20 micron size) were measured, and
their mean channel number was determined. The
mean channel number plotted against bead size in
microns was linear over the size range analyzed.

Fluorescein diacetate (FDA) staining. In vitro,
hepatocytes of untreated animals were incubated
in carbogenated Krebs-Henseleit buffer containing
1 x 1075 M FDA for 5min at 37°. These cells were
then washed with fresh buffer and viewed with a
fluorescence microscope (Leitz Ortholux model,
West Germany) equipped with an HB-200 mercury
arc illumination, a 490 nm interference type exci-
tation filter, a numerical aperture 1.2-1.4 dark field
condenser, and a 530 nm barrier filter.

In vivo, livers of untreated rats were perfused with
a carbogenated Krebs-Henseleit buffer containing
1x10M FDA. Immediately following the
perfusion, the liver was excised, and random pieces
of tissue from four lobes were frozen in liquid nitro-
gen. Cryostat sections were prepared, sealed with
a cover slip, and refrigerated prior to viewing by
fluorescence microscopy. In additional experiments
in vivo, some rat livers were initially perfused in situ
with the carbogenated FDA buffer, following which
the hepatocytes were immediately isolated, elutri-
ated, and prepared for fluorescence measurement by
flow cytometry. In control experiments, the auto-
fluorescence of hepatocytes or liver sections, respect-
ively, was examined.

Assays. Cellular protein was determined by a
modification [17] of the method of Lowry et al. [18].
with bovine serum albumin as a standard. Cyto-
chrome P-450 was determined on the 10,000 g super-
natant fraction of the sonicated cell suspension, and
the cytochrome P-450 content was quantitated by
the method of Omura and Sato [19]. 7-Ethoxy-
coumarin O-deethylase activity was determined on
the 10,000 g supernatant fraction of the sonicated
cell suspensions, and quantitated by the method of
Ullrich and Weber [20] using the extraction pro-
cedure for the product 7-hydroxycoumarin (umbel-
liferone) described by Creaven et al. [21].

Analysis of data. Student’s r-test of differences
between two sample means was used to assess the
significance between parameters [22]. and statistical
indices were expressed as mean = S.E.M.
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RESULTS

Yield, viability and recovery. The total yield of
isolated hepatocytes following collagenase digestion
was 3.1 0.3 x 108 cells (N =39) and
1.8 + 0.2 107 cells/g of liver. The percentage of try-
pan blue exclusion by the cells was tested before and
after elutriation; 90.4 = 0.7% (N = 38) of the cells
excluded the dye prior to elutriation. Non-viable
cells were removed by the elutriation process during
chamber loading. The percentage of cells excluding
the dye increased from fraction 1 (93%) to fraction
5 (98%). The percentage of lactate dehydrogenase
released was 17.0 x2.8%, 11.4*2.2% and
4.3 =2.1% in freshly prepared cell suspensions and
elutriated fractions 1 and 5 respectively. Thus, the
percent release of lactate dehydrogenase directly
correlated with the percent trypan blue exclusion, a
finding observed by others, inasmuch as 93% trypan
blue exclusion approximated 15% LDH release [23].
The recovery of hepatocytes following elutriation
was calculated for each experiment and was
89.5+3.3% (N = 21).

Light and electron microscopy. The untreated
hepatocytes were round in shape and studded on
their surface with short microvilli. Some cells were
relatively electron dense (dark cells) and containing
well-preserved organelles distributed throughout the
cytoplasm in the usual manner. These dark cells were
more numerous in fractions 1 and 2. Other cells were
of low electron density (light cells) and contained
mitochondria of a high density that were enriched
in the perinuclear region. The smooth endoplasmic
reticulum was moderate in amount and was more
conspicious in the cellular periphery of these light
cells. In both light and dark cells, the rough endo-
plasmic reticulum was present in moderate amounts.
The Golgi complexes, lysosomes and perioxisomes
appeared morphologically intact. Glycogen particles
were deposited in small amounts in the dark hepa-
tocytes, but were virtually absent in light hepato-
cytes. A comparison of the number of double
nucleated hepatocytes in the elutriated fractions
showed a significant increase in double nuclei in
fraction 5 (7.7 +1.4%) relative to fraction 1
(4.3 £1.4%). Fractions 1 through 5 showed pure
hepatocytes, and there were only occasional double
hepatocytes (Fig. 1, A and B). The morphology
of the hepatocytes from the phenobarbital-treated
animals was similar to that of hepatocytes from
untreated animals except that the smooth endo-
plasmic reticulum was noticeably increased in
amount and occasionally formed aggregates which
displaced other organelles. The morphology of the
hepatocytes from phenobarbital-plus-AIA-treated
animals did not differ from the hepatocytes from
phenobarbital-treated animals. In untreated and
phenobarbital-treated animals, the morphometric
measurement of mitochondrial volume indicated that
the small cells (fraction 1) had significantly
(P < 0.001) larger mitochondrial volume than the
large cells (fraction 5). In untreated animals, the
percentage volume of cytoplasm occupied by mito-
chondria was 25.9 = 0.6%, N = 15.in fraction 1, and
23.0 £ 0.4% in fraction 5. In phenobarbital-treated
animals, the percentage volumes were 24.4 = 0.6%
and 19.0 = 0.4% in fractions 1 and 5 respectively.
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(B)

Fig. 1. Transmission electron micrographs (low magnification) of isolated hepatocytes in fraction 1 (A)
and fraction 5 (B) from control rats. Magnification: x3100 respectively.
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Fig. 2. Cell number distribution in elutriated hepatocyte
fractions 1 (enriched in small cells) and 5 (enriched in large
cells) from phenobarbital-treated rats as analyzed by flow
cytometry. The bars [diagonal, large cells (Region 4); open,
intermediate cells (Regions 2 + 3); and closed, small cells
(Region 1)], represent the mean percentage of the total
cells counted (N = 5000-10,000) in each fraction for five
experiments. An asterisk (*) indicates P < 0.01, comparing
the difference between the percentage of large cells in
fractions 1 and 5 and the percentage of small cells in
fractions 1 and 5 respectively.

Elutriation and flow cytometry. Isolated hepa-
tocytes from untreated, phenobarbital-treated, and
phenobarbital-plus-AIA-treated animals were sep-
arated into five fractions by centrifugal elutriation.
To assess whether phenobarbital or phenobarbital-
plus-AIA treatment was associated with a shift of
cells into different elutriated fractions, we compared
the number of cells in each elutriated fraction from
these two experimental groups with the number of
cells in elutriated fractions from untreated animals.
The number of cells in each elutriated fraction was
similar for the three groups. However, following
phenobarbital treatment, the size of cells, not the
number, increased significantly (P < 0.01) for both
small and large cells. The hepatocyte size (mean
channel number) was48.2 = 1.5(N = 5) for the small
cells (fraction 1) in untreated animals and 58.2 = 2.1
for the small cells in phenobarbital-treated animals.
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For the large cells (fraction 5), the hepatocyte size
was 724.6 = 40.0 in the untreated animals and
847 + 42.2 in phenobarbital-treated animals. This
increase in cell size was equivalent in all sub-
populations of elutriated hepatocytes, and it was
similar in degree to that observed in freshly prepared
hepatocytes of phenobarbital-treated animals (not
shown). The distribution in the number of elutriated
hepatocytes from phenobarbital-treated animals for
fractions 1 and 5 is depicted in Fig. 2. The small cells
were significantly (P < 0.01) enriched in fraction 1,
and the large cells were enriched in fraction 5. Similar
findings were observed for elutriated hepatocytes
from untreated animals.

Functional characteristics of elutriated hepatocytes
from untreated and phenobarbital-treated rats. In
studies with untreated animals, the cytochrome P-
450 content was found to have increased from frac-
tion 1 to fraction 5 by a factor of two
[98.7 + 7.6 umoles/mg protein (fraction 1) and
180.6 = 72.3 (fraction 5), N = 5]. For phenobarbital-
treated animals, the cytochrome P-450 content in
elutriated hepatocytes is shown in Fig. 3. For these
animals, the total cytochrome P-450 content also
increased from fraction 1 to fraction 5 by a factor
of two [109.7 = 14.9] (fraction 1) and 248.7 = 67.8
(fraction 5), N = 4]. 7-Ethoxycoumarin O-deethyl-
ase activity (Fig. 1B) increased from fraction 1 to
fraction 5 by a factor of five [0.086 = 0.023 (fraction
1) and 0.415 = 0.063 (fraction 5), N = 3]. In contrast
to the gradual increase in the cytochrome P-450
content, the activity of 7-ethoxycoumarin O-deethyl-
ase increased abruptly from fraction 2 to fraction 3.

Effect of AIA treatment on cytochrome P-450 con-
tent. After AIA treatment, the total cytochrome P-
450 content of the hepatocytes was decreased mark-
edly in all elutriated fractions. The relative change
in cytochrome P-450 content was 32, 36, 15, 13 and
18% of control in fractions 1 through 5, respectively
(Fig. 4), and reveals that the total cytochrome P-
450 content had decreased proportionately more in
fractions 3 through 5 as compared to fractions 1 and
2. The cytochrome P-450 content was decreased
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Fig. 3. Cytochrome P-450 content and 7-ethoxycoumarin (J-deethylase (7-ECD) activity in elutriated

hepatocyte fractions from phenobarbital-treated rats. The bars (open, 7-ECD activity; closed, cyto-

chrome P-450 content) represent the mean of three to five experiments for each measure. Fraction 1 is

enriched in small cells, whereas fraction 5 is enriched in large cells. An asterisk (*) indicates P < 0.01,
comparing the difference between each respective fraction and fraction 1.
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Fig. 4. Effect of allylisopropylacetamide (AIA) on the cytochrome P-450 content (% of control) in

elutriated hepatocyte fractions from phenobarbital (Pb) treated rats. The bars represent the mean

(N =2-5) cytochrome P-450 content in Pb (control group) and Pb-plus-AIA (experimental group)
treated animals. Fraction 1 is enriched in small cells and fraction 5 is enriched in large cells.

significantly (P < 0.05) in fraction 5 (17.8 = 4.2%)
as compared with fraction 1 (31.7 = 3.2%, N = 4).

Fluorescein diacetate staining. In an attempt to
provide evidence for the anatomic origin of the elutri-
ated hepatocytes, we examined the uptake of FDA
according to the protocol of Gumucio et al. [24]. In
experiments in vitro, after 5 min of incubation with
1 x 107*M FDA, all hepatocytes stained equally
with the dye. Thus, no preferential uptake of FDA
by any hepatocyte subpopulation could be demon-
strated. Following perfusion in sifu of buffer con-
taining 1 X 10 M FDA, we also could not discern
any difference in the lobular distribution of the
fluorescent stain within the four lobes. Hepatocytes
were isolated following in situ FDA perfusion, and
elutriated. and their fluorescence was measured by
flow cytometry; again, small hepatocytes showed no
increase in fluorescence over that in the large cells.

DISCUSSION

Several methods separate hepatocytes into frac-
tions containing cells which differ in size and/or
density [4.8,25-27]. Recently, centrifugal elutri-
ation has been employed to separate different cell
types. but this technique has been used to sort
parenchymal liver cells into subpopulations in only
a few studies. We selected centrifugal elutriation
to separate hepatocytes of different sizes for three
reasons: (1) because it allows substitution of a soluble
physiologic medium for density colloidal matrices,
(2) because it is associated with enhanced cell
viability as compared to nonelutriated cells, and (3)
because it provides a higher cell yield sufficient for
cell incubation and culture studies. Excellent struc-
tural preservation of the separated hepatocyte popu-
lations was shown by Wanson and coworkers [8-10]

utilizing this technique. We extended these obser-
vations, and at the same time determined some meta-
bolic characteristics of these separated hepatocytes.

The functional performance of the hepatocyte sub-
populations of our study suggest that the pheno-
barbital-inducible forms of cytochrome P-450 pre-
dominant in the large hepatocytes. This finding is in
agreement with studies in which hepatocytes have
been separated into different subpopulations by den-
sity gradient [4] and sedimentation velocity [27]. A
recent report on elutriation data indicates similar
observations [28]. In the density gradient studies, a
1.5- to 2.0-fold difference in cytochrome P-450 level
was found between large and small cells in both
untreated [4] and phenobarbital-treated animals
[4. 29]. The induction of specific isoenzymes may not
be reflected in the measurement of total cytochrome
P-450 content [30]. Thus, the increment in total
cytochrome P-450 content may only be 2-fold fol-
lowing phenobarbital treatment, but certain iso-
enzymes may be induced to a much larger extent
[30,31]. and the synthesis of some may even be
reduced [32].

In addition to the total P-450 content. we also
studied the metabolism of 7-ethoxycoumarin which
is catalyzed by an O-deethylase activity partly attri-
buted to by a phenobarbital-inducible cytochrome
P-450 isoenzyme [33-36]. Our study indicates that
the distribution of the 7-ethoxycoumarin O-deethyi-
ase activity between small and large cells paralleled,
in general, that of the total cytochrome P-450
content. This finding is in agreement with a study in
which hepatocytes have been separated into different
subpopulations by density gradient [36]. This finding
also corresponds with a recent report indicating that
7-ethoxycoumarin O-deethylase activity shows a
heterogeneous distribution within the hepatic lobule
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[6]. In contrast to that report, which indicates a 2-
fold concentration gradient between periportal and
centrolobular regions, our results suggest a 5-fold
concentration gradient in the activity of this enzyme
between smail cells and large cells. Results of
immunocytochemical investigations have suggested
that a gradual increase in the cytochrome P-450
content occurs between the periportal and the cen-
trolobular regions [2]. Our findings of the dis-
tribution of the total cytochrome P-450 content in
elutriated hepatocytes (Fig. 1B) support this obser-
vation in the intact liver. However, the abrupt
increase in the activity of 7-ethoxycoumarin O-
deethylase between fractions 2 and 3 suggests that a
distinct change in the content of cytochrome P-450
isoenzymes may occur between large and small cells.
In fact, this distinct difference in function may be
underestimated because of the overlap in cell size
within the fractions, and thus the differences may be
more pronounced than our data would indicate.

It is presumed that the small cells are of periportal
origin and the large cells of centrolobular origin.
However, results of morphometric studies from the
intact liver provide conflicting observations on cell
size differences between centrolobular and peri-
portal regions [7,37,38]. Studies from the intact
liver do suggest morphometric evidence of an
increased size of mitochondria in periportal cells
when compared with centrolobular cells [7]. In
addition, morphometric evidence from isolated sub-
populations of hepatocytes suggests that small cells
contain larger mitochondria than large cells [25, 27].
Our observations obtained by electron microscopy
of differences in size of mitochondria between hepa-
tocyte subpopulations is in accord with this mor-
phometric evidence. and they provide additional sup-
port to the presumed anatomic origin of the small
and large cells. Nevertheless, like other studies, the
present investigation does not allow a definite assign-
ment of the separated hepatocytes to specific lobular
regions. Neither did the in vitro nor the in vivo
studies with FDA demonstrate a selective uptake of
this dye by a particular subpopulation of hepatocytes.
These findings are at variance with data recently
reported [24].

Our finding of a larger decrease in total cyto-
chrome P-450 content in fraction 5 as compared
to that in fraction 1 following AIA administration
supports the greater cytochrome P-450 content level
in the large over the small cells. Drug-mediated
decrease in cytochrome P-450 level has been studied
extensively inrats treated with AIA, an agent causing
a dose-dependent destruction of hepatic cytochrome
P-450 content that is most pronounced for the pheno-
barbital-inducible isoenzyme(s) of cytochrome P-450
[39-41]. The destructive process involves covalent
binding of an activated metabolite of AIA to the
heme moiety [39. 42, 43]. Our observations by light
and electron microscopy demonstrate the absence of
cellular necrosis, and our histologic findings were
indistinguishable from those in the phenobarbital-
treated animals. Because of sample loss, the 7-
ethoxycoumarin O-deethylase activities in the AIA
experiments could not be determined.

It has been reported that phenobarbital pre-
treatment influences the density of isolated hepa-
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tocytes [25,27]. and such a change in density might
conceivably influence the separation of hepatocytes
into subpopulations. However, following centrifugal
elutriation, we did not detect any shift in hepatocyte
number from one fraction to another following pre-
treatment with phenobarbital when compared with
elutriated hepatocytes from untreated animals. Cur-
rent evidence implies that cell separation by means
of centrifugal elutriation is almost exclusively by cell
size if the density difference between cells is less than
0.05 g/cm?* (personal communication. D. M. Griffith.
Beckman Instruments, Palo Alto, CA). Therefore,
the reported changes in hepatocyte density following
pretreatment with phenobarbital are not of the order
to influence cell separation by centrifugal elutriation.

We utilized flow cytometry to assess cell size and
number distribution for these hepatocyte sub-
populations {44]. Our results are in accord with
results of experiments in which other cell sizing tech-
niques were employed to measure hepatocyte size
differences in untreated and phenobarbital-treated
animals [24, 26, 27. 45]. At the time of these studies,
our Ortho-flow cytometry did not have the capability
for giving cell measurements as either volume or
diameter, and there is no formula available for con-
version of the data into these parameters. In cyto-
fluorographic analysis, the light scatter intensity.
as measured from the forward narrow angle direc-
tion, connotes whole cell size, whereas the light
scatter intensity, as measured at larger angles, con-
tains information about internal structure of the cell
[46-48]. Inasmuch as we utilized the forward narrow
angle direction in our cell sizing analysis, the effect
on the hepatocyte of phenobarbital pretreatment
which we would most likely measure would be whole
cell size, and not an effect that phenobarbital pre-
treatment might have on the internal structure of the
cell. The major application of flow cytometry has
been to measure cellular DNA content for estimating
cell cycle distribution and ploidy {49, 50]. The func-
tional significance of ploidy remains unclear. The
cell size appears directly related to the cell ploidy in
all mammalian tissue [51]. The degree of ploidy may
be an important determinant of the heterogeneity of
cell size distribution in normal rat parenchymal liver
cells [52]. A recent study, employing centrifugal
elutriation, indicated that synthesis of albumin in rat
hepatocytes seems to be related to the degree of
ploidy [53]. Other studies implied that hepatocytes
which differ in size do not appear to have differences
in function except when they are very large or very
small {52]. We did not systematically evaluate ploidy,
but our finding of a significantly increased number
of double nucleated hepatocytes in fraction 5 as
compared with fraction 1 would support the obser-
vation that cell size is determined by cell ploidy.

In conclusion, our in vitro investigation established
quantitative differences in metabolic function and
structure for cells of different sizes. Additional
investigations will be needed for a more complete
understanding of the functional importance of the in
vitro metabolic heterogeneity in hepatocyte sub-
populations described in this report.

Acknowledgemenis—We thank Dr. Michael Oldstone for
providing access to an elutriator in his laboratory (Scripps



1470

Research Foundation), Dr. Francis Chisari for advice on
and use of the fluorescene microscope in his laboratory,
Dr. Eric Johnson for helpful discussion and Mrs. Sharon
Young for excellent technical assistance. In addition, the
authors thank Mrs. Sally Sampaga and Ms. Marsha Miller
for their help in preparing the manuscript.

10.
11.
12
13.

14.
15.

16.

17.
18.

19.
20.

21.

. D. Bernaert,

.J. C. Wanson,

REFERENCES

. J. J. Gumucio and D. L. Miller. Gastroenterology 80.

393 (1981).

. J. Baron, J. A. Redick and F. P. Guengerich, J. biol.

Chem. 256, 5931 (1981).

. A. V. Loud. J. Cell Biol. 37, 27 (1968).
. P. E. Gooding, J. Chayen, B. Sawyer and T. F. Slater,

Chem. Biol. Interact. 20, 299 (1978).

. J. J. Gumucio, L. J. DeMason, D. L. Miller, S. O.

Krezoski and M. Keener, Am. J. Physiol. 234, C102
(1978).

. L. W. Wattenberg and J. L. Leong. J. Histochem.

Cytochem. 10, 412 (1962).

.S. Ji, J. J. Lemasters and R. G. Thurman, Molec.

Pharmac. 19, 513 (1981).

J. C. Wanson, R. Mosselmans, F.
DePaermentier and P. Drochmans, Biol. Cell. 34, 159
(1979).

D. Bernaert, W. Penasse, R.
Mosselmans and P. Bannasch, Cancer Res. 40, 459
(1980).

J. C. Wanson, D. Bernaert and C. May, in Progress in
Liver Diseases (Eds. H. Popper and F. Schaffner). p.
1. Grune & Stratton, New York (1979).

P. O. Seglen, Meth. Cell Biol. 13, 29 (1976).

M. N. Berry and D. S. Friend. J. Cell Biol. 43, 506
(1969).

D. M. Bissell, L. E. Hammaker and U. A. Meyer, J.
Cell Biol. 59, 722 (1973).

E. R. Weibel, Int. Rev. Cytol. 26, 235 (1969).

C. G. Fathman, M. Small, L. A. Herzenberg and 1. L.
Weissman, Cell. Immun. 15, 109 (1975).

B. S. Super, in Flow Cytometry and Sorting (Eds. M.
R. Melamed, P. E. Mullaney and M. L. Mendelsohn),
p. 639. John Wiley, New York (1979).

A. Bensadoun and E. Weinstein, Analyt. Biochem. 70,
241 (1976).

O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J.
Randall, J. biol. Chem. 193, 265 (1951).

T. Omura and R. Sato, J. biol. Chem. 2392370 (1964).
V. Ullrich and P. Weber. Hoppe-Seyler's Z. physiol.
Chem. 353, 1171 (1972).

P. J. Creaven, D. V. Parke and R. T. Williams,
Biochem. J. 96, 390 (1965).

. C. G. Snedecor and W. G. Cochran, Statistical

Methods. Towa State University Press, Ames (1967).

. H. Baur, S. Kasperek and E. Pfaff. Hoppe-Sevler's Z.

physiol. Chem. 356, 827 (1975).

. J. J. Gumucio. D. L. Miller, M. D. Krauss and C. C.

Zanolli. Gastroenterology 80, 639 (1981).

25

44.

45.

46.

47.

R. A. WILLSON ¢t al.

. J. C. Wanson, P. Drochmans, C. May, W. Penasse and
A. Popowski, J. Cell Biol. 66, 23 (1975).

. P. Drochmans, J. C. Wanson and R. Mosselmans. J.
Cell Biol. 66, 1 (1975).

. G. D. Sweeney. K. G. Jones and F. Krestynski. J. Lab
clin. Med. 91, 444 (1978).

. I. G. Sumner. R. B. Freedman and A. Lodola. Eur. J.
Biochem. 134, 539 (1983).

. N. H. Stacey and C. D. Klaassen, J. Pharmuac. exp.
Ther. 216, 634 (1981).

. C. B. Pickett, R. L. Jeter, J. Morin and A. Y. H. Lu,
J. biol. Chem. 256, 8815 (1981).

. K. Ohnishi, A. Mishima and K. Okuda, Hepatology 2.
849 (1982).

. C.J. Serabjit-Singh. P. W. Albro. I. G. C. Robertson
and R. M. Philpot. J. biol. Chem. 258. 12827 (1983).

CA. Y. H. LuandS. B. West. Pharmac. Revo. 31. 277
(1980).

4. F. P. Guengerich, J. biol. Chem. 253, 7931 (1978).

. P. Kremers, P. Beaune. T. Cresteil, J. DeGraeve. S.
Columelli, J. P. Leroux and 1. E. Gielen. Eur. J.
Biochem. 118, 599 (1981).

. K. Tonda, T. Hasegawa and M. Hirata. Molec. Phar-
mac. 23, 235 (1983).

. D. L. Schmucker, J. S. Moonev and A. L. Jones. J.
Cell Biol. 78. 319 (1978).

. L. Dubuisson, P. Bioulac, J. Saric and C. Balabaud.
Digestive Dis. Sci. 27, 1003 (1982).

. F. DeMatteis, Biochem. J. 124, 767 (1971).

. M. B. Baird. L. S. Birnbaum, H. V. Samis. H. R.
Massie and J. A. Zimmerman, Biochem. Pharmac. 25.
2415 (1976).

. D. J. Waxman and C. Walsh, J. biol. Chem. 257, 10446
(1982).

. P. R. Ortis DeMontellano, G. S. Yost. B. A. Mico. S.
E. Dinizo, M. A. Correia and H. Kumbara, Archs
Biochem. Biophys. 197, 524 (1979).

.M. A. Correia, G. C. Farrell. S. Olson. J. S. Wong.

R. Schmid. P. R. Ortiz DeMontellano, H. S. Beilan.

K. L.. Kunze and B. A. Mico, J. biol. Chem. 256, 3466

(1981).

R. A. Willson, S. B. Wormsley and U. Muller-

Eberhard, Digestive Dis. Sci. 29, 753 (1984).

G. D. Sweeney. R. E. Garfield. K. G. Jones and A.

N. Latham. J. Lab clin. Med. 91, 432 (1978).

P. F. Mullaney. M. A. Van Dilla. J. R. Coulter and P.

N. Dean. Rev. scient. Instrum. 40, 1029 (1969).

A. Brunsting and P. F. Mullaney. Biophys. /. 14, 439

(1974).

. R. A. Mever and A. Brunsting. Biophys. J. 15,
(1975).

. O.D. Laerum and T. Farsund. Cytomerry 2.1 (1981).

. J. M. Collins, J. hiol. Chem. 253, 5769 (197%).

. C. J. Epstein. Proc. natn. Acad. Sci. U.S.A. 57,327
(1967).

. G. D. Sweenev, F. M. Cole. K. B. Freeman and H. V.
Patel. J. Lab. clin. Med. 94. 718 (1979).

191

53. E. LeRumeur. C. Beaumont. C. Guillouzo. M. Rissel.

M. Bourel and A. Guillouzo. Biochem. biophvs. Res.
Commun. 101, 1038 (1981).



