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Desialylated glycoprotein is rapidly cleared from
plasma by a receptor-mediated endocytic mechanism
located on hepatocytes. We studied the hepatic acinar
distribution of this asialoglycoprotein transport system
with the ligand '*°I-asialoorosomucoid using rat liver
perfused in either antegrade or retrograde direction in
combination with quantitative light microscopic auto-
radiography. Grain distribution along the acinus ap-
peared dependent on the perfusion direction. A rather
shallow zone 1 to zone 3 gradient was observed if livers
were perfused in the normal direction. However, a sta-
tistically significantly steeper zone 3 to zone 1 gradient
was detected in retrograde perfusions. Kinetic analysis
of perfusate clearance profiles yielded a hepatic clear-
ance of 21.6 * 1.3 ml per min in antegradely perfused
liver. Hepatic extraction was calculated to be 60.1 £
7.4%. Biliary secretion of radioactivity amounted to
1.89 *+ 0.18% of the dose within 1 hr after injection and
consisted of intact material (1.39 * 0.25%) and radio-
active low-molecular-weight degradation products
(0.52 * 0.08%), of which more than 90% could be ac-
counted for by '*°I". Apart from a minor difference
regarding biliary secretion of an unidentified glycopep-
tide (less than 0.1% of the injected dose), transport data
for the retrogradely perfused livers were identical to
those obtained with livers perfused in antegrade direc-
tion, emphasizing the functional equivalence of both
groups of livers. The autoradiographic data indicate that
zone 3 hepatocytes take up '*’I-asialoorosomucoid more
avidly than zone 1 cells. The kinetic and biochemical
data indicate that further processing in the hepatocytes
is virtually similar in the two zones. The functional
significance of this higher uptake in zone 3 is presently
unknown. A possible role in the mechanism of removal
of senescent plasma proteins is discussed.
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The involvement of a galactose-specific receptor on
the rat hepatocyte plasma membrane in the endocytic
removal of plasma asialoglycoproteins (ASGPs) 1s now
well established [reviewed in Refs. (1-4)]. The hepatic
uptake of ASGPs begins with binding of ligand to cell
surface receptors and internalization via a coated pit-
coated vesicle pathway (5). Shortly thereafter, ligand
appears in smooth-membraned tubules and vesicles be-
low the sinusoidal domain of the plasma membrane.
After a series of vesicle fusions, ligand and receptor
segregate, whereupon ligand is generally transported to
lysosomes and receptor escapes immediate degradation
by a recycling mechanism leading to reinsertion into the
plasma membrane (6). A quantitatively minor number of
vesicles escape from fusion with lysosomes and they
discharge their contents at the canalicular membrane (7,
8). Elegant studies at the ultrastructural level elucidated
the intracellular localization and internalization pathway
of ligand and receptor (9-11). Surprisingly little, how-
ever, is known about the localization of the ASGP trans-
port system in the different zones of the liver (12).

Sinusoidal blood flows from the terminal portal venule
toward the terminal hepatic venule, causing different
microenvironments around periportal (zone 1) and peri-
venous (zone 3) hepatocytes. A zonal heterogeneity 1s
observed not only in ultrastructure, but also in metabolic
(13, 14) and transport functions (15-17). In sinusoidal
blood, a zone 1 to zone 3 concentration gradient of
substances taken up efficiently by hepatocytes has been
reported (16-18). Provided that hepatocytes along the
acinus have equal transport characteristics, a similar
concentration gradient would be anticipated inside the
cells. Previously, St. Hilaire and associates (19) demon-

strated such a gradient for the polypeptide epidermal
growth factor. Presently, it is not clear whether this
gradient is due to the different location of the cells
regarding incoming blood, to intrinsic differences in up-
take rate between the zones or to both. Transport exper-
iments of Groothuis et al. (20) suggested a higher uptake
rate in zone 1 of the ASGP dog intestinal alkaline phos-
phatase (21). These and other authors (20-22), however,
also showed preferential binding of this ASGP to zone 3
hepatocytes in enzyme histochemical studies. Binding to
this hepatocyte subpopulation could be inhibited com-
pletely by pretreatment of the rats with the selective
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zone 3 toxin carbon tetrachloride (20), but hepatic uptake
was not affected by this pretreatment.

In the immunocytochemical studies of Geuze et al. (9,
10) and in morphological studies of other groups (23-
25), the acinar localization of the ASGP transport proc-
ess was not addressed. We therefore investigated the
localization of uptake of '*’I-ASOR in the various zones
in antegradely and retrogradely perfused rat liver with
quantitative light microscopic autoradiography and stud-
ied the further processing of the ASGP by kinetic and
biochemical analyses of perfusate and bile in these per-
fusions.

MATERIALS AND METHODS

Animals. Male Wistar rats weighing 320 to 360 gm were
from Harlan Sprague-Dawley Industries (Zeist, The Nether-
lands) and housed on woodchip bedding in Perspex cages in a
temperature-controlled room with a 12-hr light/dark cycle.
Animals were allowed free access to pelleted lab chow (Hope
Farms, Woerden, The Netherlands) and water.

Chemicals. The following compounds were from the 1n-
dicated sources: orosomucoid from the Netherlands’ Red Cross,
demineralized bovine serum albumin from Organon Teknika
(Oss, The Netherlands), paraformaldehyde and glutaraldehyde
from BDH (Amsterdam, The Netherlands), monoiodotyrosine
(MIT) and diiodotyrosine (DIT) from Fluka (Buchs, Switzer-
land). All other reagents were from commercial sources de-
scribed in recent reports from this laboratory (26-29).

Preparation of '*’I-Asialoorosomucoid ('*’I-ASOR).
Orosomucoid was nonenzymatically desialylated and radio-
iodinated to a specific activity of 2 to 8 uCi per ug (28, 29).
Incorporation of the radiolabel was ascertained by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and trichloroacetic acid (T'CA) precipitation as de-
scribed (28). '*’I-ASOR was stored at —30°C and used within 2
weeks after preparation. Immediately prior to all experiments,
12’I-ASOR was chromatographed on PD-10 columns. More than
99% of radioactivity in the void volume was precipitable with
TCA at a final concentration of 10%.

Ex Vivo Perfused Rat Liver. The surgical techniques
for antegrade and retrograde perfusions and the design of the
perfused rat liver apparatus used in the studies reported herein
have been described (15, 30). In short, fed male Wistar rats
were anesthetized with pentobarbitone (Nembutal™, 60 mg per
kg 1.p.) and prepared for perfusion by cannulation of the com-
mon bile duct, portal vein and thoracic vena cava. Immediately
after cannulation of the portal vein, in situ single-pass perfusion
was initiated with Krebs bicarbonate buffer warmed to 38°C
and oxygenated with 95% 0.,/5% CO.,. The liver was excised
and transferred to a thermostatically controlled cabinet. Per-
fusion was continued in the recirculating mode in either ante-
grade or retrograde direction with Krebs bicarbonate perfusate
(100 ml), supplemented with 0.15 mM bovine serum albumin
(1.0%) and 2 mM glucose. Flow of perfusate was adjusted to
2.5 to 3.5 ml per min per gm at a hydrostatic pressure of about
10 cm H,0O to ensure sufficient oxygen supply in the absence
of erythrocytes. Temperature was kept at 38°C, and pH was
measured on line and maintained between 7.35 and 7.44 either
by slight adjustments in pCO. or by addition of a concentrated
NaHCO, solution. Bile was collected in pretared polystyrene
tubes and flow was determined gravimetrically assuming a
density of 1 gm per ml.

Clearance and Biliary Excretion Studies. After a 20-
min stabilization period, a tracer dose (80 pmoles) of '*"I-ASOR
was rapidly injected into the mixing chamber of the perfusion
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apparatus, and the recirculating perfusion was continued for 60
min during which bile (10 min) fractions and perfusate were
sampled. Samples were kept on ice; proteolytic products and
protein-associated radioactivity were separated as described
below. For biochemical characterization of radioactive (degra-
dation) products, perfusate samples and pooled 30-min bile
fractions were frozen and stored at —30°C until further analysis.

Analysis of Perfusate and Bile. Samples containing '*’]
were assayed for protein-associated and TCA-soluble radioac-
tivity. TCA was added to a final concentration of 10%. The
precipitate was left to form on ice for 30 min and pelleted in
an MSE Centaur benchtop centrifuge at 15,000 X g-min. The
pellet was extracted with 20% TCA (final concentration) and
after a further 30 min on ice, recentrifuged at 45,000 X g-min.

Radioactivity in pellet and combined supernatants was counted
as described (28).

Processing of Internalized Protein. Frozen bile sam-
ples were quickly thawed and diluted 2-fold with 1 mM potas-
sium phosphate, 150 mM NaCl (pH 7.42), containing 0.1 mM
phenylmethylsulfonyl fluoride. Insoluble material was removed
by centrifugation at 100,000 X g-min in a microfuge. Clear
supernatant was applied to a Sephadex (G-25 fine column (45 x
0.90 cm) and eluted with 0.2 M acetic acid at a flow rate of 17
ml per hr; fractions of 3 ml were collected in tubes containing
1 ml of 1 M NaOH to prevent evaporative losses of '*’I,. The
same protocol was utilized to analyze perfusate samples taken
at 30 and 60 min after injection. In a separate run, the column
was calibrated with a reference mixture containing unlabeled
KI, MIT, DIT and ASOR; detection was as described (31), and
the average recovery amounted to 100.5%. Bile samples were
also analyzed by SDS-PAGE (32), with a 30:0.8 weight ratio of
acrylamide to bisacrylamide. A 20-ul aliquot of bile was diluted
with an equal volume of electrophoresis buffer (32) and subse-
quently denatured with S-mercaptoethanol for 5 min at 100°C.
Samples were electrophoresed at 25 mA for 2 hr in the running
gel. Gels were cut into 3-mm slices, and radioactivity in the
slices was counted. To investigate whether the protein excreted
into bile was unchanged ASOR, a pooled 60-min bile sample
was made up to a final volume of 1 ml with phosphate-buffered
saline and chromatographed on a PD-10 column with the same
buffer. Radioactivity eluting at the void volume was pooled.
More than 98% of this material could be precipitated with
TCA. This was used for reinjection in a (second) isolated
perfused liver. Reinjection studies were performed on the same
day as the first experiment from which bile was i1solated.

Quantitative Light Microscopic Autoradiography.
Perfusate (100 ml) was recirculated through the liver in either
antegrade or retrograde direction. At both 3 and 9 min after
injection of 80 pmoles (15 uCi) '*’I-ASOR, intrahepatic distri-
bution was assessed. At these timepoints, flow of perfusate was
diverted and a 2-min wash (single pass) with ice-cold 20 mM
sodium phosphate, 150 mM NaCl (pH 7.40) was started via an
auxilliary input line. Livers were perfusion fixed (single pass)
with the aforementioned buffer (0°C) containing 0.8% para-
formaldehyde and 2.5% glutaraldehyde during a 4-min period.
Immediately thereafter, portions of the major lobes were re-
moved and cut into smaller blocks that were immersion fixed
overnight with 2.5% glutaraldehyde in 20 mM sodium phos-
phate, 150 mM NaCl (pH 7.40). After dehydration and embed-
ding, paraffin sections of 8 um were mounted on coverslips and
coated with Kodak N'TB-3 nuclear emulsion. Following 3 to 6
wk exposure, slides were developed in Kodak D19 developer
and stained with Grunwald Giemsa. Distribution of grains was
quantitated using a Zeiss binocular light microscope at X1,000
magnification, containing a calibrated reticule delineating 400
erid squares in one ocular. Each grid square encompassed an
area of 25 um®. Only those grains that were located on hepa-



Vol. 8, No. 6, 1988

‘tocytes were counted. At each timepoint (3 and 9 min) 20 acini
of duplicate livers were counted for both perfusion directions;
the total number of acini assayed thus amounted to 80. The
total number of grains counted for each perfusion direction was
not significantly different.

Data Analysis. Half-life of liver uptake, t,, was calcu-
lated from the initial slope of the semi-log perfusate concentra-
tion vs. time plot; uptake rate constant, k = In(2)/t..; liver
clearance, Cl = 100 X k; extraction, E = Cl/flow. Biliary
excretion vs. time plots were not corrected for intrahepatic and
cannula transit time.

Grain distribution was calculated as follows: each acinus was
divided into five parts. In each part the number of cross-
sections in the grid coincident with a grain on a cell (A) and
the number of cross-sections without a grain but on a cell (B)
were counted. The percentage of grains in part 1 is then given
by:

Ai/(A1 + Bi)

: 1100
Y An/(An + Bn)
n=1|

Statistical comparisons were made with Student’s t test after
checking equality of variances with an F test (33), p < 0.05 was
selected as the minimal level of statistical significance.

RESULTS

Kinetics and Extent of ASOR Uptake. Rat livers
were perfused in the recirculating mode with a nonsatur-
ating dose of 80 pmoles of '*’I-ASOR in antegrade or
retrograde direction. Clearance curves of '*’I-ASOR are
plotted in Figure 1. More than 98% was removed from
perfusate within 15 min, irrespective of the perfusion
direction. A semi-log plot of the perfusate concentration
of precipitable radioactivity vs. time, as shown in the
insets, reveals a straight line from which the hepatic
uptake rate constants were calculated. Extraction effi-
ciency of the uptake process was the same in both ante-
gradely and retrogradely perfused livers. Kinetic param-
eters are given in Table 1. The data in Table 1 on bile
and perfusate flow, portal vein pressure and liver weight
show no statistically significant difference between an-
tegrade and retrograde perfusion and indicate a similar
viability in these groups of livers. Because livers were
perfused in the absence of exogenously added bile salt,
basal bile flow is somewhat low and approaches bile salt

independent flow.

TABLE 1. Characteristics of perfused liver and '*’I-ASOR

transport
Antegrade Retrograde

Portal vein pressure (cm H,0) 10.6 = 0.8 11.0 £ 0.9
Liver wt/body wt (%) 3.80 £ 0.27 3.80 = 0.50
Bile flow/liver wt (ul/min/gm) 0.84 = 0.16 0.69 + 0.13
Perfusion flow/liver wt (ml/min/ 2.74 = 0.19 2.49 + 0.13

gm)
Hepatic uptake rate constant 0.204 = 0.028 0.211 = 0.039

(per min)
Half-life in perfusate (min) 3.41 = 0.51 3.33 * 0.57
Perfusate flow (ml/min) 33.7:x 1.3 32:2:k:4.2
Clearance (ml/min) 21::6:x 1413 20123 =3
Extraction efficiency (%) 60.1 = 7.4 65.9 £ 7.5

T b e e
Data are means + S.D. of four experiments.
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Fic. 1. Kinetics of '*’I-ASOR transport in antegradely (a) and
retrogradely (b) perfused liver at 37°C. At the indicated times after
injection of '*’I-ASOR, aliquots of perfusate (circles) were removed and
precipitated with TCA. Radioactivity secreted into bile was determined
in sequential 10-min fractions and plotted at the midcollection point
(squares). Semi-log plots of precipitable radioactivity in perfusate dur-
ing the first 15 min of perfusion are depicted in the insets. Open symbols
— acid-soluble radioactivity; closed symbols = protein-associated radio-
activity. Points = means = S.D. of four or more experiments.

Secretion of Radioactive Degradation Products
in Perfusate. TCA-soluble radioactivity appeared 1n
perfusate 15 min postinjection in both antegradely and
retrogradely perfused livers and release was sigmoidal as
demonstrated in Figure 1. At 60 min after injection,
about 65% of the injected dose was recovered in the
perfusate as TCA-soluble radioactivity; this was 1n-
creased to 87% after 2 hr of perfusion (not shown).
Because it was reported previously that degradation
products formed after addition of “"I-ASOR (34) or =
asialofetuin (35) to isolated perfused rat livers do not
accumulate in the liver tissue, an estimate of the rate of

hydrolysis of ASOR can be made from the appearance ot
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TCA-soluble radioactivity (mainly '*’I") in perfusate. A
semi-log plot of this secretion rate vs. time yields a
biphasic pattern (not shown) consisting of a rising and a
descending component. Maximal rate of secretion was
achieved between 20 and 30 min postinjection and
amounted to 2.5 to 3% per min. No statistically signifi-
cant difference was detected between the curves of an-
tegrade and retrograde perfusion.

Transport into Bile. Because bile contains several
plasma-derived proteins (36), kinetics of secretion of
radioactivity into bile were investigated. Sequentially
collected bile samples were assayed for TCA-precipitable
and -soluble radioactivity; these data are plotted in Fig-
ure 1. Within 1 hr, 1.89 + 0.18% was secreted into bile
in antegrade perfusions, consisting of 1.39 + 0.25% pro-
tein-associated and 0.51 + 0.08% TCA-soluble radioac-
tivity. In retrogradely perfused livers, total biliary output
was 1.58 £ 0.33%, composed of 1.28 + 0.35% precipitable
and 0.30 = 0.08% TCA-soluble radioactivity, which was
not significantly different from antegrade perfusion. Se-
cretion rate of TCA-precipitable material was maximal
20 to 30 min after injection 1n normal perfusions and 30
to 40 min after injection in retrograde perfusion.

Fractionation of Radioactivity Recovered from
Perfusate and Bile. Protein-associated radioactivity
and radioactive degradation products in bile and perfus-
ate were characterized using Sephadex G-25 chromatog-
raphy. Elution profiles are plotted in Figure 2. Pooled
30-min bile fractions contained two peaks of radioactiv-
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Fi1G. 2. Characterization of radioactivity in perfusate (solid lines)
and bile (dashed lines) by gel filtration analysis on a Sephadex G-25
fine column (0.9 x 45 cm) in 0.2 M acetic acid. (a) Elution profiles of
bile collected between 0 and 30 min and perfusate sampled at 30 min.
(c) Bile collected between 30 and 60 min and perfusate sampled at 60
min. (b and d) Corresponding data on material obtained from retro-

gradely perfused livers. Arrows in (a) = elution positions of unlabeled
references: ASOR (1), I" (2), MIT (3) and DIT (4).
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ity (dashed lines) corresponding with '*’I-ASOR and
I, In normal perfusions, however, an extra
(glyco)peptide eluting at 35 ml is apparent from Figure
2a. This unidentified peak contained 9.2% of the radio-
activity applied on the column, which corresponds with
0.08% of the injected dose. Perfusate samples drawn at
30 and 60 min postinjection contained four radioactive
species (Fig. 2, a to d, solid lines). Three components
retained by the column were identified as '*°I", ['"**I]MIT
and ['*’I]DIT. The fourth component coeluted with un-
labeled ASOR. The amounts of ['*’I]MIT and ['*’I|DIT
secreted into perfusate were very low compared with the
main metabolite '*’I". At 30 min postinjection, 91.2% of
TCA-soluble radioactivity was '*’I", 8.32% was ['*°]]
MIT, whereas ['*’I|DIT made up the remaining 0.45%.
Corresponding figures for retrogradely perfused livers
were: 89.7% *°’I7, 9.51% [**’I]MIT and 0.65% ['*’I]DIT.
At the end of the experimental period, ['*’I|MIT and
['*’I]DIT were quantitatively removed by the liver and
deiodinated; no significant amounts of these compounds

could be recovered at 60 min in both groups (Fig. 2, ¢
and d).

Characterization of Labeled Protein Recovered
in Bile. Although a substantial amount, 73.5 to 81.0%,
of radioactivity secreted into bile was T CA precipitable,
this does not necessarily indicate that it is intact '*’I-
ASOR. To characterize further the protein secreted into
bile, bile fractions were analyzed by SDS-PAGE under
reducing conditions. After counting radioactivity in 3-
mm gel slices, more than 90% of the protein-associated
radioactivity was recovered in the region of the 40 kD
marker (ASOR).

To study whether the secreted protein was unchanged
ASOR, we 1solated this protein from bile and reinjected
it into a second liver perfusion. The bile-derived radio-
activity was cleared by this second liver with a half-life
of 3.6 min 1n antegradely perfused liver and 3.4 min in a
retrograde perfusion. These kinetic parameters are the
same as those of the initially injected '*’I-ASOR
(Table 1).

Quantitative Light Microscopic Autoradiogra-
phy. At 3 or 9 min following injection of "*’I-ASOR,
approximately 45 and 93% of the dose, respectively, was
cleared from the perfusate. At these early timepoints,
formation of (radioactive) degradation products is essen-
tially negligible (Fig. 1), and the low-temperature wash
and perfusion fixation protocol inhibit all intracellular
endocytic events including degradation (37). Thus, radio-
activity in the liver 1s only associated with ASOR. Lo-
calization of the injected '*’I-ASOR within the liver was
visualized by light microscopic autoradiography and is
shown in Figure 3. At 3 min postinjection, autoradi-
ographic grains were almost exclusively colocalized with
hepatocytes. Although 1t 1s difficult at the light micro-
scopic level to document uptake by hepatocytes only,
colocalization of grains with endothelial cells and Kupf-
fer cells yields a very different pattern (38). Localization
of silver grains was not uniform along the acinus. A
gradient was observed descending from zone 1 to zone 3
cells upon perfusion in the normal direction (Fig. 3a).
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F1G. 3. Light microscopic autoradiographs of rat liver 3 min after injection of 80 pmoles (15 xCi) '*’I-ASOR, during antegrade (a) or retrograde
(b) perfusion. Silver grains are found predominantly overlying hepatocytes. PV = portal venule; CV = central venule; bar = 28.5 um. X 350.




1526

This gradient was reversed if livers were perfused from
zone 3 to zone 1 cells in the retrograde direction (Kig.
3b). At 9 min after injection of '“’I-ASOR, when uptake
was practically complete, qualitatively similar grain dis-
tributions were observed when compared to the distri-
butions obtained at 3 min after injection (not shown).
Qualitative evaluation of these grain density distribu-
tions suggested a steeper gradient in grain density in the
retrogradely perfused livers than in livers perfused in the
normal direction.

Grains were counted in order to make a statistical
evaluation of the grain densities in the different parts of
the acinus. To calculate the grain distribution, we nor-
malized the data, taking the number of grains in one
acinus as 100%. This approach is more accurate than
calculating the absolute number of counted grains, be-
cause a correction is made for the variety i1n tissue
architecture per acinus (e.g. the length of the acinus and
the space occupied by sinusoids). The data are shown 1n
Figure 4. To test whether the zone 3 to zone 1 gradients
were steeper than the zone 1 to 3 gradients, the mirror
images of the zone 3 to zone 1 gradients were constructed
with a perpendicular line through the midpoint of the
acinus as the mirror axis (Fig. 4, dashed curves). The
data of corresponding points in the curves from ante-
grade and retrograde perfusions were compared. Statis-
tical comparison of these data pairs at a given relative
acinar distance unambiguously demonstrated that the
zone 3 to zone 1 gradient was significantly steeper than
the zone 1 to zone 3 gradient at both timepoints.

DISCUSSION

In this study, we investigated whether transport and
processing of ASOR is heterogeneously distributed over
the hepatocytes of the acinus. This issue was addressed
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by quantitative autoradiography after injection of '*’I-
ASOR in rat liver, perfused in antegrade or retrograde
direction, in combination with kinetic and biochemical
experiments. The results of the quantitative autoradi-
ography (Fig. 4) show a gradient decreasing from zone 1
to zone 3 after administration of ASOR in an antegrade
perfusion and a much steeper and reversed gradient in a
retrograde perfusion. These results indicate a higher
uptake activity in zone 3 cells compared to zone 1 cells.
This is concluded from the following considerations: if
all cells had the same uptake activity, the concentration
gradient in the cells along the acinus should be parallel
to the concentration gradient in the sinusoids, as was
originally proposed by Goresky et al. (18). In addition,
the tissue gradient in retrograde perfusion should then
be the exact mirror image of the one obtained after
antegrade perfusion, as was previously found for rhoda-
mine B (39).

The steeper gradient in retrograde perfusion compared
to antegrade perfusion can be readily explained when the
cells in zone 3 have a higher uptake activity than the
cells in zone 1. A simplified model as shown in Figure 5,
a and b, can illustrate this observation. The figure shows
that if the uptake activity in zone 3, defined as the
fraction of the amount in perfusate extracted by this
zone, 1s for instance 1.67 times higher than in zone 1,
the tissue gradient of the retrograde perfusion is much
steeper than one obtained during antegrade perfusion.
This steepness is expressed as the zone 1 to zone 3 ratio
in antegrade perfusion and the zone 3 to zone 1 ratio 1n
retrograde perfusion. The same figure also shows that,
despite these differences in uptake activity in the zones
of the acinus, the extraction ratio and thus the clearance
are the same in antegrade and retrograde perfusion. This
is independent of the magnitude of the uptake activity

1 b

0 0.2

0.4 06 0.8 104y

- RELATIVE DISTANCE ALONG THE ACINUS -

FiG. 4. Distribution of autoradiographic grains after injection of '*’I-ASOR at 3 (a) or 9 min (b) in normal (closed symbols) and retrograde
perfusions (open symbols). The hepatic acinus was divided into five equally spaced sections, and grain distribution was assessed as described 1n
“Materials and Methods.” Points = means + S.E. of 20 acini from two livers. Asterisks = statistical differences between the elements of
corresponding data pairs (p < 0.001). PV = portal venule; CV = central venule. The mirror image of the zone 3 to zone 1 gradient is given by

the dashed profile, half the acinus length being the mirror axis.
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Fi1G. 5. Simplified model to simulate the tissue gradient and the
extraction ratio (E) in antegrade (A, C, D) and retrograde (B) perfu-
sions. (A and B) The extraction fractions of zones 1, 2 and 3 are
arbitrarily set at 0.3, 0.4 and 0.5, respectively. The amount in tissue 1s
indicated by the hatched areas, and the tissue gradient is expressed as
amount in zone 1/amount in zone 3 in antegrade perfusion, and as
amount in zone 3/amount in zone 1 in retrograde perfusion. The
extraction ratio of the whole liver is 0.79 in both perfusions. (C) At low
hepatic extraction ratio, a higher extraction fraction in zone 3 results
in a tissue gradient increasing from zone 1 to zone 3 in antegrade
perfusion. (D) The tissue distribution can be homogeneous, despite a
different extraction fraction in the three zones.

and the number of sequential compartments (not shown).
This was confirmed with computer simulation (40). (In
Appendix I the consequences of these considerations are
worked out 1n more detail.) Thus, the similarity of the
initial phases of the plasma disappearance curves are
fully compatible with the observed gradients and should
be regarded as another indication of similar viability of
the livers perfused in normal and retrograde direction.
From Figure 4 it can be calculated that in antegrade
perfusion about 60% of the dose 1s taken up and proc-
essed in zone 1 cells, whereas in retrograde perfusion this
amounts to only 15%. Consequently, zonal differences in
secretion and/or metabolic rates should in principle lead
to differences in rate of metabolism and excretion. Our
data on degradation and secretion, however, do not show
significant differences between antegrade and retrograde
perfusion. Only two slight differences were found. First,
the maximal biliary excretion rate is reached in the 20-
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to 30-min interval in normal perfusions and in the 30-
to 40-min interval in the retrograde perfusions. This can
be explained at least in part by the longer bile cannula
used in retrograde perfusions, leading to an approxi-
mately 4-min longer lag-time in the biliary secretion
curve compared to antegrade perfusions. Second, the
appearance of the small (glyco)peptide peak in gel filtra-
tion (Fig. 2). This fraction contained only 0.08% of the
injected dose and is therefore of minor importance. Ac-
cordingly, we conclude that all cells in the acinus have
the same metabolic and excretion rate for '*’I-ASOR and
1its metabolites.

T'’he quantitative data on the higher uptake rate of
ASOR in zone 3 are in line with the histochemical results
obtained with the ASGP dog intestinal alkaline phos-
phatase (20, 22): this protein showed higher binding to
zone 3 cells. The conclusions based on the enzyme his-
tochemical methods used 1in those studies, however, rely
on the assumption that no enzyme activity is lost due to
binding to zone 1 cells. A zone 1 to zone 3 gradient was
also observed for epidermal growth factor (41, 42), but
no data on this polypeptide are available from retrograde
perfusions. In autoradiographic studies with other
plasma-borne proteins like insulin (43), immunoglobulin
A (44) and apoprotein B (45), no acinar gradient was
reported.

Several mechanisms may underlie the observed het-
erogenelty 1n uptake rate of ASOR, such as differences
1n sinusoidal anatomy or intrinsic cellular differences. It
1s not very likely that zonal differences in fenestrae
diameter (46) lead to a higher uptake rate in zone 1,
because the Stokes radius of a 40 kD glycoprotein is
about 7.5 nm (47-49), being less than 5% of the average
fenestrae diameter (46). In addition, there are indications
that the 30% higher porosity of the sinusoidal lining in
zone 3 1n comparison with zone 1 (50) has no influence
on the uptake rate in the zones (39). However, the greater
tortuosity and higher surface to volume ratio of the
sinusoids 1n the periportal area (51) should have favored
the uptake rate in zone 1, and the intrinsic difference in
endocytic activity might even be underscored. Intrinsic
differences between the cells regarding the number of
receptors could well be the reason for the differences in

uptake rate, as is also suggested for dog intestinal alka-
line phosphatase (20, 22). This could perhaps be studied
with (immunogold) cytochemistry (9), but this technique
demonstrates antigenically active receptors, which need
not all be functionally active in the endocytic process.
Uptake experiments with isolated hepatocytes, sepa-
rated into fractions enriched in zone 1 or zone 3 cells,
would provide an answer to the question concerning
intrinsic differences. Up to now, the separation tech-
niques available do not result in sufficient purity of the
fractions or rely on the presence of the membrane per-
turbant digitonin during the 1solation procedure (52, 53),
which may disturb cellular transport functions. Perfused
rat liver currently is the best preparation available to
investigate hepatocyte heterogeneity in transport func-
tions (54). In vitro binding of ASOR to membranes
obtained from whole liver homogenates revealed only
one class of binding sites (1). This renders the concept
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of different affinities of the receptor in zone 1 and zone
3 less likely.

The physiological significance of a more avid uptake
process in zone 3 cells remains to be established, the
more so since the role of the receptor awaits character-
ization. In view of recent findings on ceruloplasmin
transport (55, 56), it could be speculated that zone 3
hepatocytes form the terminal branch of a removal sys-
tem for senescent plasma glycoproteins desialylated by
endothelial cells. After being released as ASGP in the
sinusoids/Disse space, they might interact with the
ASGP receptor and subsequently be internalized and
degraded in hepatocytes. A more active internalization
system at the end of the acinus could minimize spillover
of these immunogens in the general circulation.
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APPENDIX 1

This appendix contains an analysis of the interpreta-
tion of observed gradients using a simplified model 1n
which the liver is divided into 3 zones. The uptake
activity of each zone is expressed as the fraction of the
amount in perfusate that is extracted in this zone. Such
model calculations might be very helpful to understand
the impact of acinar heterogeneity in transport functions
on the tissue distribution of a substrate. The following
calculations are based on the assumption of first-order
transport kinetics in all zones.

If zone 3 has a higher uptake activity than zone 1, at
first sight a higher tissue concentration in zone 3 than
in zone 1 would be expected. Figure 5a clearly shows,
however, that when the total hepatic extraction i1s quite
high, 0.79 in our example, the tissue concentration 1n
zone 1 can be higher than in zone 3, despite a higher
uptake activity in zone 3 than in zone 1. This can be
accounted for by the rather high amount of substrate
taken up in zone 1 and zone 2. The sinusoidal concentra-
tion presented in zone 3 is so much lower than in zone 1
(42 and 100 arbitrary units, respectively, in our example)
that the tissue content (as a product of the fraction
extracted and sinusoidal substrate concentration) 1s
lower in zone 3 than in zone 1. A relatively higher amount
in zone 3 can only be achieved when the total hepatic
extraction is quite low. This 1s illustrated in Figure 5c,
where the extraction (E) by the liver 1s only 0.22. Again
(as in Fig. 5a), the uptake activity in zone 3 1s 1.67 times
higher than in zone 1. In this case, the amount taken up
in zone 3 1s higher than in zone 1, and a zone 1 to zone
3 ratio of 0.69 is found. In all such cases, a retrograde
perfusion should show a steeper gradient decreasing from
zone 3 to zone 1 (see Fig. 5b). In addition, it should be
realized that a homogeneous acinar distribution found
for a substrate with a relatively high extraction ratio
implies a higher uptake activity in zone 3 than in zone
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1. This is illustrated in Figure 5d and arises because the
lower sinusoidal concentration in zone 3 than 1n zone 1
(being the driving force for uptake) is compensated for
by the higher uptake activity of zone 3. Again, 1n retro-
grade perfusions a zone 3 to zone 1 gradient is then

found. Finally, this model indicates that a relatively steep
acinar gradient (a proximal zone to distal zone ratio of
5.6 in our example in Fig. 5b) can be the result of a
rather small difference in uptake activity between the
zones (1.67 in our example).

These calculations show that the mere appearance of
a zone 1 to zone 3 tissue gradient in vivo or in antegrade
perfusion does not allow conclusions about the acinar
heterogeneity in transport functions, because the tissue
content is dependent on both uptake activity and local
sinusoidal concentration. Complementary kinetic data
and quantification of the gradients, obtained in both
normal and retrograde perfusions, are necessary to es-
tablish whether an acinar heterogeneity in uptake rate
does exist.
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