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Hepatocytes in the proximal (zone 1)
and distal (zone 3) regions of the liver
acinus are selectively stained by perfu-
sion of the isolated rat liver with 0.2--20
pM acridine orange (AQ). After 10-60 min
of anterograde perfusion, AO fluores-
cence is visible in zone 1 cells, whereas
retrograde perfusion stains cells of zone
3. In this paper, we describe a technique
to isolate a mixed population of fluores-
cent and nonfluorescent hepatocytes
(cells from all acinar zones, which do not
loose the zone specific AO labeling) and
to separate these cells according to their
zonal origin by fluorescence activated
cell sorting. The zonal populations ob-

tained were either fluorescent or non-
fluorescent (purity >95%). Separated cell
fractions differed in their enzyme content
(5’ nucleotidase, succinate-dehydrogen-
ase, B-glucuronidase). An unidentified
AQO metabolite, which is not found in bile
after retrograde perfusion (not formed in
zone 3 cells), is also absent after retro-
grade perfusion in sorted fluorescent
cells (zone 3 cells), indicating zonal purity
of sorted cells.

Key terms: Heterogeneity of hepato-
cytes, fluorescence staining, rat liver,
acridine orange

The microcirculatory unit of the liver, the liver
acinus (20) consists of hepatocytes, which are function-
ally and biochemically heterogeneous (number and size
of cell organelles, enzyme content, biliary transport,
mitotic rate, toxin sensitivity; for reviews, see 12,15).
This heterogeneity results from the fact that cells
within the acinus are not equally exposed to nutrients,
oxygen, and other compounds: Blood supply originates
from the portal triads containing the hepatic artery
and portal venous branches (center of zone 1) and blood
drainage is through the central vein (center of zone 3).
The intermediate cells of zone 2 seem to adapt accord-
ing to nutrient and oxygen supply either to zone 1 or to
zone 3 cells (Fig. 1).

Some previous methods to isolate hepatocytes origi-
nating from different acinar zones relied on the zone-
specific damage of liver cells by toxins (10,19) or mod-
ifications in zonal specific cell density by application of
phenobarbital prior to cell isolation (27,29). Other
methods use various centrifugation methods (1,5,7,23—
25,28) and affinity chromatography with lectins (21)
but have revealed preparations of variable purity.
Identification of obtained cell fractions relying on zonal
enzyme distribution remained unsatisfactory in that
no distinct enzymatic heterogeneity was observed.

In a previous paper, Gumucio et al. (13) reported that
several fluorescent compounds accumulate in zone 1 or
zone 3 after anterograde or retrograde perfusion, re-
spectively, and that cells can be isolated without redis-
tribution of fluorescence. In this study we use acridine
orange [3,6-bis(dimethylacridine)] (AO) for selective
zonal staining, collagenase perfusion for cell isolation,
and fluorescence-activated cell sorting on a Becton
Dickinson FACS-III for separation of fluorescent and
nonfluorescent cells. The method described is different
from previous techniques in that it avoids zone specific
toxic cell damage and provides simultaneously zone 1
and zone 3 cell populations of high purity, which allows
study of intrinsic functional heterogeneity of liver cells
of acinar zones 1 and 3, the yield of the cell preparation
being limited by the speed of fluorescence-activated
cell sorting.

MATERIALS AND METHODS
Male unfasted 150-200 g rats (strain Louvain; ob-
tained from Institut fiir Versuchstierzucht, Himberg,
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Fic. 1. A: Schematic drawing of liver architecture. This idealized
scheme shows three portal fields (triangular, hatched areas) and one
central vein. The portal fields contain terminal branches of the hepa-
tic artery, the portal vein, and the bile duct (portal triads). The liver
parenchyma (area between portal fields and central vein) receives
mixed blood supply from the hepatic artery and the portal vein. Blood
flows through the liver sinusoids as indicated by the arrows and is
drained by the central vein. Thus the central vein, as the center of a
liver “lobule,” receives blood from three portal fields. Conversely,
each portal field, as the center of a liver “acinus,” provides blood
supply to three central veins; only the one common to three acini is

Austria) were anesthetized with 20 mg thiopental per
100 g body weight, and the liver was perfused at 37°C
in a nonrecirculating perfusion system at a rate of 3
ml - min~! - liver~! with Krebs-Henseleit buffer as de-

shown. Inset: Liver parenchymal cells form flat plates, having con-
tact to sinusoidal blood on both sides. According to the direction of
blood flow from the center of a liver acinus to the center of a lobule,
parenchymal cells are allocated to zones 1-3 of the liver acinus. Bile
flows around liver cells in the reverse direction to blood flow, and bile
is drained into the bile ducts of the portal fields. B: Fluorescence
micrograph of a rat liver lobulus section. After anterograde perfusion
with 2 uM AOQ, cells in zone 1 around the portal triad (PT) are fluo-
rescent, whereas cells of zone 3 around the hepatic venule (HV) re-
main unstained. Bar = 100 pm.

scribed elsewhere (9), either through the portal vein
(anterograde) or through the vena cava inferior (retro-
grade). AO fluorescence in the effluent perfusate and
bile was measured on an Aminco (American Instru-



774

ment Comp., Silver Springs, MA) fluorescence spectro-
photometer (excitation 493 nm, emission 575 nm).

Fluorescence labeling of different acinar zones was
achieved by perfusion for 20 min with Krebs-Henseleit
buffer containing 2 pM AQ. Perfusion was either made
anterograde to label cells of zone 1 or retrograde to
label cells of zone 3. To localize AO within the acinus,
after different times of perfusion, the tissue was frozen
in liquid nitrogen, and 8—12 pm cryostat sections were
cut and examined under the fluorescence microscope.
Similarly, small pieces of liver were examined after
5-10 min of collagenase perfusion.

Cells were isolated according to Ingebretsen et al.
(14), with several modifications: After 20 min perfusion
with AO, the perfusion medium was switched to a
Ca?* -free Hanks I buffer. Perfusion was continued in
the same direction for 10 min in the open perfusion
system, then perfusion was switched to a recirculating
system containing Hanks II buffer supplemented with
2.5 mM CaCl,; and 0.05% collagenase Type I (Sigma,
St. Louis, MO) (80 ml). Perfusion was finished after
10-15 min, when the liver became soft, and fluid ap-
peared on the surface. Then, the liver was immersed
into precooled, supplemented Hanks II medium and all
the following procedures were performed at 4°C to
avoid redistribution of AO. The liver capsula was
opened. Cells were carefully separated with a spatula
and transferred into a modified Krebs/bicarbonate/
Hepes medium (modified Krebs buffer; see below). Af-
ter shaking of the suspension (approximately 200 ml)
for 3 min at 4°C, aggregates were removed by filtrating
twice through a 60 pm nylon mesh (PA-60/33; ICI,
Mellingtree, England). Cells were centrifuged (40g, 3
min) and washed twice with the modified Krebs buffer.
Finally, cells were suspended in phosphate-buffered
Leibowitz 15 cell culture medium (L. 15) to a final con-
centration of 2—3 x 108 cells/ml.

Modified Krebs buffer contained (mM) 107.7 NaCl, 5
KCl, 1.2 MgSO, 1.19 KH,PO,, 0.13 CaCl,, 25
NaHCO3, 10 Hepes, 10 glucose, and 0.5—1% bovine se-
rum albumin, fraction V (BSA; Sigma). Before addition
of BSA, the buffer was preequilibrated with 95% O,
and 5% CO., and the pH was titrated to 7.4 at 4°C.

To separate intact hepatocytes from partially dam-
aged cells (cells showing a granular cytoplasm or pro-
trusions of the plasma membrane, although excluding
trypan blue) and nonviable cells (cells that incorporate
trypan blue), hepatocytes were loaded on a self-forming
Percoll gradient according to Gumucio et al. (11). This
method was modified as follows. The gradient solution
was prepared from a stock solution of 2.5 M sucrose, 50
mM Hepes, and 1% BSA. One part of this stock solution
was diluted 1:10 with distilled water (solution A), and
for solution B one part of the stock solution was mixed
with nine parts of Percoll (v/v). Solution A (~100 ml)
was mixed with solution B (~120 ml) in order to obtain
an osmolarity of about 300, np*® = 1.3550 and titrated
to pH 7.4 with 0.1 N HCl.

Centrifugation was carried out in a Beckman Ti 50
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fixed-angle rotor at 15,500 rpm for 20 min. Intact he-
patocytes were isolated at a density of 1.12-1.14,
whereas damaged cells were floating on the top of the
gradient. Intact hepatocytes were collected, washed
once with modified Krebs buffer, resuspended in L 15
medium, counted, and assessed for viability, which was
greater than 90% by trypan blue exclusion.

In this suspension, the percentage of fluorescent
cells was analyzed with the fluorescence microscope
{Leitz, Wetzlar, BRD) equipped with an I 2/3 filter
block (band-pass filter 450—490; reflexion short-pass
filter 520; long-pass filter 515) (Leitz Nr. 513604). In
accordance with Gumucio et al. (13), cells showing
bright green cytoplasmic fluorescence as well as green
fluorescence of the nucleus were considered as “fluo-
rescent,” whereas cells showing no or weak cytoplasmic
fluorescence were considered as “nonfluorescent.”

For cell sorting, a FACS-III cell sorter (Becton Dick-
inson; Sunnyvale, CA) was used. The suspension ob-
tained from the Percoll gradient was diluted in L 15
medium (1:1; v/v) and filtered once through the 60 pm
nylon mesh. The presence of Percoll reduced sedimen-
tation of cells. To avoid dye redistribution during sort-
ing, the bulk of the cell suspension (~15 ml) was kept
on ice, and 1 ml aliquots were added to the sample
reservoir. Phosphate-buffered saline was used as the
diluting transport vehicle (sheath fluid). Cells were
sorted according to green fluorescence intensity (exci-
tation 488 nm and emission >525 nm, linear gain). The
fluorescence light was collected through a LP 515 glass
and LP >520 multilayer optical filter. Technical data
of separation were: 70 pm nozzle tip, 14 psi sheath
fluid pressure, 17 psi sample pressure, excitation with
a 5 W argon laser at a 300 mW laser output (Spectra
Physics Series 2000; Mountain View, CA); 1,000-2,000
cells per sec were sorted. The data were processed in a
Nuclear Data ND 100 multichannel analyzer. Data
were stored in an Industrial Micro System 5,000 SX
Computer (IMS International, Carson City, NV). Cus-
tomer-written software acquired histogram data from
the cytometer and was used to store and print. Sorted
cells were collected in Eppendorf vials containing cold
modified Krebs/Hepes buffer, pooled, washed once in
cold modified Krebs-Hepes buffer, and used for further
determinations.

For cell enzyme determinations, sorted cells were ho-
mogenized by sonication (Sonifier cell disruptor, Bran-
son Sonic Power Co., Heusenstamm, FRG) in 250 mM
sucrose, 10 mM Hepes/KOH, pH 7.4. 5'-Nucleotidase
was determined according to Sigma Technical Bulletin
No. 675; glucose-6-phosphatase according to de Duve et
al. (4), with liberated inorganic phosphate being mea-
sured according to Fiske and Subbarow (8); succinate-
dehydrogenase according to Earl and Korner (6); and
B-glucuronidase according to Sigma Technical Bulle-
tin, No. 325, with phenolphthalein-glucuronic acid as
substrate. Protein was determinated according to
Bradford (3), with BSA as standard.

Thin-layer chromatography (TLC) of AO and its con-
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jugates in single bile drops collected from the perfused
liver and in cell homogenates (10 1) was carried out on
G 1500/LLS 254 thin-layer plates (Schleicher & Schiill,
Dassel, FRG). Plates were developed at room temper-
ature in the solvent system n-propanol/HCOOH (70/30
v/v). AO and its various biotransformation products
were visualized by ultraviolet (UV) illumination, and
photographs were taken on Polaroid (type 107) films.
The presence of glucuronide and sulfate conjugation
products in bile was studied by incubation with B-glu-
curonidase and arylsulfatase for 2-24 hr at pH 6.8 and
7.4 at 37°C, respectively (2).

AO was obtained from Kodak-Eastman (Rochester,
NY). BSA fraction V enzyme substrates, and collage-
nase (Sigma Type I) were purchased from Sigma. Per-
coll was obtained from Pharmacia (Uppsala, Sweden)
and thiopental from Sanabo (Vienna, Austria). All
other chemicals were purchased from Merck (Darm-
stadt, FRG) and were of analytical grade. Leibowitz L
15 cell culture medium was obtained from Gibco Bio-
Cult Ltd. (Paisley, England).

RESULTS

Localization of AQO in the Liver Acinus, Its
Biliary Metabolism, and Labeling of Hepatocytes

In preliminary experiments, the isolated rat liver
was perfused with solutions containing 0.2-20 uM AO
for 10-60 min. This dye is effectively cleared from the
perfusate, accumulates in the liver, and is concentrated
in bile. With 2 uM AO concentration in the perfusion
liquid, uptake of AO into the liver is complete, and,
after 60 min, uptake is still above 98%. Enrichment in
bile depends on AO concentration in the perfusate. At
an AQO concentration of 2 uM in the perfusion liquid,
fluorescence in bile exceeds AO concentration in the
perfusate 200-fold, whereas at 20 pM AO biliary fluo-
rescence is 40-fold enriched. Bile flow was not affected
during 60 min of perfusion. AO is rapidly biotrans-
formed in the liver, and biotransformation products are
seen in bile already after 5 min of anterograde or ret-
rograde perfusion (shown in Fig. 2). A glucuronidation
product in bile is seen after antero- and retrograde per-
fusion. Sulfated products were not identified. During
retrograde perfusion a chemically unidentified metab-
olite is absent from bile and does not appear even after
40 min. This metabolite is apparently produced only by
cells from zone 1, and during retrograde perfusion
these cells are not reached by the AO due to complete
uptake in zone 3.

Complete uptake of AO in early segments of the si-
nusoids is also documented by fluorescence microscopy
(Fig. 1). After 30 min perfusion with 2 pM AO, a flu-
orescent zone extends to approximately one-third of the
sinusoid length, and centroacinar or centrolobular
(zone 1 or 3) staining is seen after antero- and retro-
grade perfusion, respectively. With increasing concen-
trations, AO fluorescence extends further downstream
of the sinusoids, a phenomenon also seen with other

75

compounds that are effectively cleared from the blood
stream (16). Therefore, 30 min of perfusion and 2 pM of
AO were used in standard protocol. Continuing the per-
fusion with Ca2?"-free Hanks buffer for 10 min results
in an insignificant release into the effluent perfusate
(3% of fluorescence accounted for) of the dye. Also, af-
ter subsequent perfusion with collagenase for 10 min,
the zonal staining with AO remains unchanged. There-
fore, reversing the perfusion direction after dye loading
appeared unnecessary. In accordance with the extent of
cell labeling seen from frozen sections, 20—-30% of iso-
lated cells exhibited intensive fluorescence.

After isolation and Percoll gradient centrifugation,
the final cell viability is >90%. To assess whether dye
release from labeled cells and uptake into unlabeled
cells occurs during cell preparation, unlabeled cells
were mixed with fluorescent cells labeled in vitro with
2 uM AO for 5 min at 25°C. After gradient centrifuga-
tion, the same percentage of fluorescent cells was re-
covered. No difference in the equilibrium density (1.12—
1.14) of cells isolated by anterograde or retrograde
perfusion was observed.

Cell Separation by Flow Cytometry

Analysis of isolated cells by FACS III cytometry
showed bright fluorescence of 20—30% of total cells as
already observed by fluorescence microscopy. As seen
on the respective dot plot (fluorescence intensity vs.
forward-angle light scatter), some cells exhibit an in-
termediate fluorescence between extensive labeling
and background (autofluorescence). These cells with
low AO most likely originate from intermediate re-
gions of the acinus (zone 2) downstream of the in-
tensely labeled cells (Fig. 3). To exclude cells with low
AO fluorescence and a high background fluorescence,
appropriate windows were set to obtain subpopulations
with >95% either fluorescent or nonfluorescent cells
as calculated by fluorescence microscopy. Obviously,
higher purities were obtained at lower sorting rate
(<2,000 cells/sec). Cell viability after sorting decreased
to 60—-80%, perhaps due to a relatively high sensitivity
of these epithelial cells to mechanical or irradiation
damage, whereas recovery was >80%.

To identify sorted cells, enzyme activities, whose dif-
ferent acinar localisation had been previously deter-
mined, mainly by histochemical techniques (15,18,22),
were measured. Hepatocytes from zone 1 exhibit
higher activities of succinate-dehydrogenase and B-
glucuronidase, whereas 5'-nucleotidase is slightly en-
riched in cells from zone 3. No difference in glucose-
6-phosphatase was seen (Table 1).

DISCUSSION

The method described in this study takes advantage
of the capability of hepatocytes to remove the fluores-
cent dye AO effectively from the blood stream. There-
fore, labeling of cells of the acinar zones 1 and 3 is
obtained by anterograde and retrograde perfusion,
respectively. Labeled cells retain the dye during cell
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Fic. 2. A: Thin-layer chromatography of bile samples after antero-
grade and retrograde perfusion with 2 uM AQ. Bile samples 1-8 were
collected every 5 min during anterograde and samples I, II, and 1II
after 10, 25, and 40 min of retrograde perfusion. B: Identification of

isolation with collagenase, and fluorescent and non-
fluorescent cells can be separated by fluorescence-ac-
tivated cell sorting. Similar studies have been carried
out using fluorescence diacetate as a marker (17). As
far as dye staining and dye metabolism are concerned,
cell populations obtained by the technique described
appear highly enriched in cells either originating from
zone 1 or zone 3.

In the liver, xenobiotic compounds are metabolized
in the endoplasmatic reticulum by two sequential pro-
cesses. Phase 1 metabolism involves reactions by oxi-
doreductases and hydrolases; phase 2 reactions result
in formation of better water-soluble compounds by gluc-
uronidation and sulfation. Qur studies showed that AO

1 P

«~ AO

b c d e

the AO glucuronide in bile. Left: After anterograde perfusion. Right:
After retrograde perfusion. A,a, bile untreated; B,b, bile incubated at
pH 6.8; C,c, bile incubated at pH 6.8 with B-glucuronidase; D,d, bile
inbuated at pH 7.4; E,e, bile incubated at pH 7.4 with arylsulfatase.

is metabolized and glucuronidated in cells of both aci-
nar zones. However, one metabolite not excreted into
bile after retrograde perfusion is not found in zone 3
cells and confirms the enzymatic and fluorescence cell
identification. This metabolite, which is more hydro-
philic than AO and its glucuronide and so far deter-
mined to be no sulfate conjugate, is thus exclusively
produced in cells of acinar zone 1. This is interesting in
that heterogeneity of metabolizing enzymes with some
preference for zone 3 cells has been reported (26) and
requires further investigations.

Measurements of enzyme markers in the populations
are in good agreement with previous reports on the
zonal distribution (15,22) and AO fluorescence distri-
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fluorescence intensity

forward scatter

Fic. 3. Separation of AO-stained rat hepatocytes on a FACS-III
flow eytometer. Dot plot was obtained after 30 min of anterograde
perfusion with 2 uM AQ. Sorting windows are indicated by the two
lines.

Table 1
Distribution of Marker Enzymes in Zone 1 and
Zone 3 Hepatocytes®

zone 1 zone 3
5'-Nucleotidase 3.33 £ 0.48 6.51 = 0.58**
Succinate dehydrogenase 3.38 = 0.82 2.21 = 0.37*
B-Glucuronidase 1.05 = 0.26 0.57 = 0.17%*
Glucose-6-phosphatase 2.62 = 1.20 2.55 = 0.70

2Activities are given in pmoles - hr™! - mg protein~!, Val-
ues are means = SD. Cells of zones 1 and 3 were obtained by
anterograde and retrograde perfusion, respectively.

Metabolites of AO in the fluorescent cell population were
also analyzed (Fig. 4). In accordance with thin-layer chroma-
tograms of bile, the glucuronide was identified in both cell
populations, whereas an unidentified metabolite was absent
in cells of zone 3 obtained by retrograde perfusion with AQ.

*P < 0.05 (Student’s t test).

*#*P < 0.001 (Student’s t test).

bution. However, because functional heterogeneity is
dynamic depending on adaption of hepatocytes to dif-
ferent metabolic requirements rather than being due to
stable (11) differences in enzyme content in subpopu-
lations, the differences between populations, although
significant, are not as high as might be expected. Fur-
thermore, it should be noted that there is a continuous
gradient for these enzymes rather than a unique local-
ization. This might also be the reason why for glucose-
6-phosphatase no clear zonal distribution was found in
our study.

In conclusion, this study shows that liver perfusion
with AO and isolation of labeled cells by fluorescence-
activated cell sorting allows one to obtain cell popula-
tions from zone 1 and zone 3 of the liver acinus at very
high purity. The duration of cell sorting imposes a limit
on the cell yield, though, so this separation method is
recommended for applications when high cell purity
rather than high cell count is required.

T

Fi16. 4. Thin-layer chromatography of AO metabolites in FACS-
Ii1-sorted hepatocytes. Cells were labeled with 2 pM AO either by 30
min of retrograde (left) or anterograde (right) perfusion and sorted.
The fluorescent subpopulation was homogenized, and 10 ul was used
for chromatography. Note absence of a metabolite (star) in cells after
retrograde perfusion.
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