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A B S T R A C T Rapid dissociation of organic anions
from plasma albumin maximizes the presentation of
free ligand to the cell surface and thus favors its ef-
ficient hepatic extraction. Even assuming these opti-
mal conditions, however, taurocholate and rose bengal
have hepatic extraction fractions that are higher than
can be accounted for by spontaneous dissociation of
their albumin-ligand complexes. In this study we de-
veloped a transport model that attributes this behavior
to sites on the hepatocyte plasma membrane that bind
the albumin-ligand complexes, promoting the trans-
port of ligand into the hepatocyte. Fitting this model
to rose bengal removal rates measured over a wide
range of albumin concentrations yields estimates of
the number of cell surface sites and their affinity for
albumin. These estimates are in good agreement with
those reported by Weisiger, Gollan, and Ockner for
the binding of ligand-free albumin to isolated hepa-
tocytes. We conclude that both experiments measure
the same phenomenon and, accordingly, that the bind-
ing of albumin to the cell surface is the functional
equivalent of albumin-mediated transport.

INTRODUCTION

The liver removes a diverse group of organic anions
from the circulation with remarkable efficiency, de-
spite extensive binding of these solutes to albumin.
Proceeding from the assumption that the binding re-
action in extracellular fluid is fast enough to be con-
sidered at equilibrium, we have argued (1, 2) that the
removal of free ligand is much faster than can be ac-
counted for by spontaneous dissociation of the albu-
min-ligand complex and, accordingly, that there must
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be an intrahepatic mechanism for removing the al-
bumin-bound form of the ligand. Weisiger et al. (3)
have made a similar proposal based on a different ap-
proach to analyzing the kinetics of organic anion re-
moval. Because albumin diffuses readily to the cell
surface, a plausible, though unverified, postulate is that
albumin-ligand complexes interact with the cell sur-
face, presenting additional ligand to the transport site.
Because albumin itself is not removed in this process,
however, free ligand must be the form that ultimately
engages the transport carrier. The chemistry and ge-
ometry of these interactions are unknown, but it is
clear that if the phenomenon is to confer any physi-
ologic advantage, ligand liberated from albumin on
the cell surface must engage the transport system with-
out mixing with the pool of free ligand present in ex-
tracellular fluid.

Although direct evidence for this idea has not ap-
peared, two observations suggest that there are only
a limited number of sites on the cell surface available
to mediate the transport of albumin-bound complexes.
First, when the ligand extraction fraction is measured
in the presence of increasing concentrations of albu-
min, the removal process displays competitive inhi-
bition, even though the concentration of bound ligand
is unchanged (2). Second, ligand-free albumin binds
reversibly to isolated rat hepatocytes. The equilibrium
constant for this reaction (25 gM albumin) has been
reported by Weisiger et al. (3), as well as the number
of sites per cell (107).
The rationale for designing the present experiments

is as follows. If binding of albumin-ligand complexes
to the cell surface mediates ligand removal, it should
be possible to predict the number of cell surface sites
and their affinity for albumin from measurements of
ligand extraction carried out over a wide range of al-
bumin concentrations. If the model that leads to these
predictions is realistic, these estimates should be similar

1764 J. Clin. Invest. © The American Society for Clinical Investigation, Inc. * 0021-9738/83/11/1764/08 $1.00
Volume 72 November 1983 1764-1771



to those reported by Weisiger. Thus, our estimates,
which depend on the capacity of the putative binding
mechanism to enhance ligand removal by functionally
intact liver, are to be compared with those obtained
by Weisiger from the association of ligand-free albumin
with isolated hepatocytes. The new data show that both
the number of sites and their affinity for albumin are
similar to those reported by Weisiger-a result that
supports the kinetic model we have assumed and sug-
gests that the association of ligand-free albumin with
isolated liver cells is the same process that mediates
the removal of albumin-bound ligand by the liver
lobule.

METHODS
Hepatic perfusion. 26 rat livers (Sprague-Dawley fe-

males, liver weight 8 g) were perfused in situ with oxy-
genated Krebs-Ringer bicarbonate buffer containing glucose
(270 mg/dl), trace amounts of 3'I-labeled rose bengal (Mal-
linckrodt Corp., St. Louis, MO), and various concentrations
of bovine albumin (97% globulin free, Sigma Chemical Co.,
St. Louis, MO). The concentration of rose bengal in afferent
perfusate was constant in any particular experiment, but in
each rat we measured its hepatic extraction at each of two
albumin concentrations. Alternate livers were perfused with
the lower albumin concentration first. The paired observa-
tions yielded 52 sets of data for analysis. 7 of the 26 rats are
the subject of an earlier report (2), in which the perfusion
procedure is described in detail. In these earlier experiments
the concentration of rose bengal was varied between
5 X 10-i and 5 X 10-8 M to verify that in this range the
hepatic extraction fraction of rose bengal is independent of
its concentration. In the remaining 19 experiments the con-
centration of rose bengal was 10- M.
The perfusions were carried out in the nonrecirculating

mode, at a fixed flow of 32 ml min-'. This flow rate (ap-
proximately four times normal) was selected to ensure ad-
equate oxygen delivery in the absence of erythrocytes. The
extraction fraction of rose bengal was determined from the
mean concentration of radioactivity in eight samples of he-
patic venous effluent collected over 16 min, following an
initial interval of 4 min required to establish the steady state.
Perfusate containing dissolved albumin was clarified by fil-
tration, but the albumin itself was not further purified. Pro-
tein concentrations were measured spectrophotometrically
from the absorbance at 280 nm or by the method of Bradford
(4). Labeled rose bengal contained <2% free iodine as sup-
plied by the manufacturer. It was not refined further or
diluted with carrier. An automated crystal detector was used
to measure the gamma emission of '31I.

Protein binding. The free fraction of rose bengal in per-
fusate was determined spectrophotometrically from the
spectral shift associated with the binding of this dye to al-
bumin. The details of this procedure and the binding kinetics
have been reported previously (2). Briefly, we determined
the absorbance peak and the corresponding extinction coef-
ficient for the bound and free forms of the dye. The free
fraction at any particular albumin concentration was then
determined from the absorbance at each of these wave-
lengths (550 and 565 nm).

Kinetic modeling. The kinetic model is based on as-
sumptions outlined here. The governing equations are de-
rived in the Appendix.

We assume that only free ligand can engage the carrier
for hepatic uptake and that the efflux and excretion steps are
independent of ligand binding to perfusate albumin. The
model superimposes on this conventional formulation a uni-
form distribution of sites on the cell surface that reversibly
bind perfusate albumin whether or not the albumin carries
one or more ligand molecules. Each cell surface site has the
property that if it binds an albumin-ligand complex, the
ligand it contains is subject to transport. Uptake occurring
by this pathway is governed by the same transport rate con-
stant that governs removal of free ligand directly from ex-
tracellular fluid. The total rate of ligand removal is thus
proportional to the mass of ligand that is free in extracellular
fluid plus the mass that is bound to the cell surface as al-
bumin-ligand complexes. This formulation, while undoubt-
edly oversimplified, is mathematically tractable and it avoids
ad hoc assumptions that would otherwise be required to
model the way in which surface-bound complexes present
their ligand to the transport carrier. The reaction of ligand
with albumin is assumed to be fast compared with the uptake
process and compared with convection and diffusion in ex-
tracellular fluid. Rose bengal binding is thus assumed to be
effectively at equilibrium. The binding of albumin to the
cell surface is at equilibrium by definition because in the
steady state there is no net removal of protein from extra-
cellular fluid and because the cell surface sites are assumed
to have the same affinity for albumin-ligand complexes as
they do for the free protein.
Assuming that the kinetic performance of the whole liver

can be satisfactorily approximated by a single equivalent
sinusoid, the solution to the governing differential equation
is

-F In (1 - E) = vK[a + (1 - a)X]/[l- (1 - a)X]
X = St/(St + K, + P), (1)

in which E is the steady-state extraction fraction of rose
bengal, a is its free fraction, F is perfusate flow, and P is the
albumin concentration in extracellular fluid. The unknown
parameters, S, and K,, are, respectively, the moles of cell
surface sites per unit of extracellular volume and the equi-
librium constant for the reaction between albumin and these
sites. The remaining parameter, vK, incorporates the first
order rate constants for uptake, efflux, and excretion as well
as the vascular volume, v.
Data analysis. The parameters vK, S, and K, were de-

termined by fitting the 52 data pairs [-F In (1 - E), P] to
Eq. 1.' The fitting regime uses a nonlinear, iterative, deriv-
ative-free algorithm to minimize the squared residuals (5).
Initial estimates of vK, St, and K, required by this procedure
were obtained by solving Eq. 1 with three representative
data pairs. The fitting regime converged in three or four
iterations to the same parameter estimates for several different
choices of the starting values. The calculations were carried
out in double-precision arithmetic on the Amdahl mainframe
at the University of Missouri Computer Center. Goodness of
fit is reported as the coefficient of determination.

RESULTS

The data from 52 experiments in 26 rats appear in Fig.
1 as a plot of -F In (1 - E) against P spanning a range

l The free fraction, a, is a function (derived in the Ap-
pendix) of K,, St, and P as well as the independently mea-
sured parameters that govern the binding of rose bengal to
albumin.
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of free fractions from a = 0.001 to a = 0.539. The
fitted curve depicts the best representation of this data
by Eq. 1. The coefficient of determination, i.e., the
fraction of the total variation in -F In (1 - E) attrib-
utable to the model, is 0.89. The parameter estimates
appear in Table I together with their standard devia-
tions and the comparable estimates taken from Wei-
siger's study of albumin binding to isolated rat hepa-
tocytes (3). N in this table denotes the number of al-
bumin sites per liver cell computed from

N = AStv(l + y)/R, (2)

where A is Avogadro's number, v(l + y) is the extra-
cellular volume per milliliter of liver volume (0.155)
(6), and R is the number of liver cells per milliliter of
liver volume (169 X 106) (7).

Representative binding data for the association be-
tween rose bengal and albumin appear in Fig. 2. Av-
erage values and their ranges from three such studies
are for the equilibrium constant, KL, 6.5 X 105 (5.8
X 105 - 7.8 X 105) M-1 and for the number of binding
sites, n, 9.5 (6.9-12.3). The correlation coefficient for
the linear regression is 0.99 (0.98-0.99). The binding
data span a range of free fractions, a = 0.17-0.67.

Bile production, 02 consumption, perfusate pres-
sure, the concentration of potassium, and the pH of
perfusate, as well as hepatic morphology, as judged by
light microscopy, have been reported previously for
this preparation (2, 8). All of these indices of functional
integrity were stable and within the normal range
throughout the 40 min required to complete the pres-
ent experiments.

Interpretation. The assumption that bound and
free rose bengal are effectively at equilibrium with
each other despite continuous removal of the latter
ensures that a in Eq. 1 is assigned the largest value
consistent with the binding data in Fig. 2. Accordingly,
the model assigns the largest possible flux rate to the
uptake of free ligand directly from extracellular fluid.
Earlier reports in this series have already shown that
under these circumstances the removal rates of tau-
rocholate (1) and rose bengal (2) are two to six times
faster than can be accounted for by simple spontaneous
dissociation. This is the basis for the suggestion that
some additional mechanism must operate to make li-
gand available for transport into the cell. Others have
reached similar conclusions for oleic acid (3), brom-
sulfophthalein (9), and iopanoic acid (10). The trans-
port data that support this conclusion, though com-
pelling, do not in themselves address the questions of
how or where the unexpected removal of bound ligand
occurs. One suggestion (1) is that binding of an al-
bumin-ligand complex to the cell surface leads to a

transient conformational change in the albumin mol-
ecule releasing its ligand at a location that ensures its
ultimate transport. The observation by Weisiger et al.
(3) that ligand-free albumin binds to the surface of
isolated hepatocytes is consistent with this idea, but
does not address the question of whether binding of
albumin to the cell surface is related to ligand trans-
port. The thrust of the present experiments is to illu-
minate the missing link in this argument by predicting
the binding kinetics at the cell surface from measure-
ments of ligand clearance. Because the model predicts
values for the number of cell surface sites and their
affinity for albumin that are strikingly similar to Wei-
siger's, we conclude that our experiments and his de-
scribe the same phenomenon, and that the transport
model we have assumed is physiologically plausible.
An important corollary implicit in this conclusion is

the inference that the sites on the cell surface display
a similar affinity for albumin whether or not it carries
a ligand destined for hepatic uptake. This feature of
the model accounts for two observations that are oth-
erwise hard to explain. First, ligands with diverse
structures, different binding affinities, and distinct up-
take mechanisms (e.g., fatty acids, bile acids, rose ben-
gal) all participate in an apparently similar mechanism.
This in turn suggests that the reaction at the cell surface
is not ligand specific-an economical evolutionary de-
velopment that could provide for the disposal of many
different albumin-ligand complexes by a single kind of
cell surface site. Second, the inference that the affinity
of albumin for the cell surface is independent of the
ligand concentration accounts for the otherwise par-
adoxical finding that ligand clearance is strongly in-
hibited by increasing concentrations of albumin. Ac-
cording to the present model this effect is attributable
to competition between ligand-free albumin and ligand-
albumin complexes for a limited number of sites on
the plasma membrane. The basis for this conclusion
can be appreciated from Fig. 1. For example, a change
in the bound fraction of rose bengal from 0.988 to 0.999
is associated with a reduction in the extraction fraction
from 0.35 to 0.20. Because the concentration of rose
bengal in afferent perfusate is the same in each case,
and because in each case it is virtually totally bound
to albumin, the change in the extraction fraction cannot
be attributed to a change in the equilibrium distribution
of free dye in extracellular fluid. It is readily accounted
for, however, by competition between ligand-free al-
bumin and albumin-ligand complexes for the same sites
on the cell surface.2

2 To explain our data it would presumably be sufficient to
stipulate that only albumin-ligand complexes occupy the cell
surface sites, because the effect of increasing the albumin
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FIGURE 1 The fit of 52 data pairs to Eq. 1. C
as dependent variable = 0.89.

The sharp reduction in the rose bengal extraction
fraction associated with increasing concentrations of
albumin may seem at first glance to imply that a live
rat with a plasma albumin concentration substantially
higher than we have used would have only a trivial
capacity to remove this dye. It should be recalled, how-
ever, that the data in Fig. 1 were obtained with a
perfusate flow much greater than normal hepatic
plasma flow. When the fitted parameters in Table I
are used to calculate the extraction fraction that would
have been observed with a hepatic plasma flow of 0.7
ml min-' g-' and a plasma albumin concentration of
570 utM (4 g/dl), the value of E predicted by Eq. 1
is 0.33, similar to that reported for intact rats (11). We
don't know whether rat albumin displays the same
binding parameters for rose bengal that we have de-
termined for bovine albumin or whether the two kinds
of albumin display similar affinities for the cell surface.
The calculation, nevertheless, serves to emphasize a
qualitative conclusion we have suggested previously
(2), namely, that the phenomenon is not species spe-
cific with respect to albumin.

DISCUSSION

The interpretation discussed above proceeds from the
finding that a simple mathematical model yields pa-
rameter estimates similar to those obtained indepen-

loefficient of determination using -F In (1 - E)

dently by an entirely different experimental approach,
as well as from the good agreement between the form
of the present data and the model equation. The first
of these criteria is robust, but the latter is a weak basis
for physiologic conclusions. It is important therefore
to consider several simplifications in the model, which
though mathematically convenient, may be questioned
on physiologic grounds.
The model ignores the fact that perfused livers secrete

newly synthesized albumin and perhaps other proteins
that may bind rose bengal. It has proved impractical
to identify these proteins and, in any event, their source
and distribution within the liver lobule is unknown.
To examine the possible effect of these uncertainties
on the fitted parameters, we have measured the total
protein concentration in both afferent and efferent per-
fusate in each rat. The fitting procedure was carried
out twice, once by setting P in Eq. 1 equal to the
afferent albumin concentration (Fig. 1) and a second

TABLE I
Association between Albumin and Cell Surface

Albumin-ligand Ligand-free
complexes albumin

(perfused liver) (isolated hepatocytes)

N 10.4±1.9 X 106 10±3 X 106.
K, (ELM) 53±13 25±7°
vK (ml min' g-') 7.9±0.5

N, sites per cell; K,, equilibrium constant; vK, intrinsic ligand clearance,
mean values±SD.
e Taken from reference 3.
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concentration is to reduce the average number of ligand
molecules per complex. In view of Weisiger's observations,
however, our model stipulates that ligand-free albumin also
binds to the cell surface.
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aX = 0.67
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n =9.35
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FICURE 2 Representative binding data for the association of rose bengal with bovine albumin.
K (= KL in the Appendix), equilibrium constant. n, number of binding sites per protein molecule.
a, free fraction of rose bengal.

time by assuming that all of the efferent protein was
albumin, using this determination as an alternative
value for P. The efferent protein concentration is on
the average 24% higher than the afferent level when
the latter is 1.5 uM. This difference diminishes rapidly,
however, as the afferent albumin concentration in-
creases, becoming imperceptible as the latter ap-
proaches 10 IAM. The fit of the revised data is not visually
different from that in Fig. 1 and yields the same coef-
ficient of determination. The revised estimates of vK,
N, and St differ from those in Table I by 14, 7, and
10%, respectively. We suggest, therefore, that resolving
the uncertainty imposed by the secretion of small
amounts of endogenous protein would be unlikely to
alter our conclusions.
A second simplification implicit in Eq. 1 is the as-

sumption that the uptake of ligand liberated from al-
bumin at the cell surface is governed by the same rate
constant that determines the uptake of free ligand di-
rectly from extracellular fluid. There is no a priori rea-

TABLE II
Alternative Estimates Based on a Four-Parameter Fit

N 5.4±7.0 X 106
K, (AM) 52±66
vKf (ml min-' g-') 7.9±0.6
vKb (ml min-' g-1) 15±6

Kinetic parameters in Table I revised on the assumption that vKf
# vK,b, the intrinsic clearances of free and bound ligand, respectively.
Data represent mean values±SD.

son why this should be so. On the contrary, it is easy
to imagine that ligand liberated from special sites on
the cell surface might enjoy a transport advantage over
that engaging the transport mechanism directly from
the Disse space. Unfortunately this possibility cannot
be evaluated confidently with the data at hand. An
equation analogous to Eq. 1 can easily be constructed
to include two uptake rate constants instead of one,
and in principle one can fit the data to the resulting
four-parameter system. In practice, however, the so-

lution to this more difficult estimation problem is char-
acterized by slow convergence of the fitting regime
and large standard deviations of the parameter esti-
mates. The actual values obtained appear in Table II,

where vKf and vKb incorporate the uptake constant for
free ligand in extracellular fluid and that for ligand
bound on the cell surface, respectively. The values in
Table II though similar to those in Table I are deter-
mined with much less confidence. Accordingly, there
is no basis for concluding that the apparent difference
between vKf and vKb is physiologically meaningful, or
that the revised estimates of N and K, are closer to the
true values than those obtained from the three-param-
eter fit (Table I).
Another approach to this problem that may appear

theoretically attractive but fails in practice is to de-
termine the transport parameter in Eq. 1 directly from
experiments conducted with protein-free perfusate.
The model equation in this case reduces to

-F ln (1 - E) = vKf.
The remaining parameters, vKb, N, and Ks, might then
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be determined unambiguously from the data in Fig. 1.
As pointed out above, however, protein-free perfusate
is not a technically feasible objective.

In view of these difficulties the relative magnitudes
of vKf and vKb remain uncertain pending more defin-
itive experiments. Meanwhile, it is important to em-
phasize that the good agreement between our estimates
of N and Ks and Weisiger's and between our data and
Eq. 1 are only consistent with, rather than compelling
evidence for, the assumption that vKf and vKb
are equal.

As a third consideration it may be noted that Eq. 1
contains only one perfusate flow, in effect representing
the whole liver as a single equivalent sinusoid. In fact,
however, there are many sinusoids with an unknown
distribution of flows. To examine this problem we have
incorporated several arbitrary flow distributions into
Eq. 1 and fitted the data to the resulting integral equa-
tions. The mathematical details of this procedure appear
in the Appendix. We have examined the effect of two
Gaussian flow distributions with coefficients of variation
equal to 0.15 and 0.35, as well as the effect of two
gamma distributions with third central moments (mea-
sures of skewness) equal to 1.45 and 2.58. The revised
estimates of vK, N, and K, resulting from these cal-
culations differ from those in Table I by at most 8, 20,
and 17%, respectively. Because the flow distributions
we have selected represent wider dispersions than do
typical hepatic indicator dilution curves (8, 12), we are
confident that no important variations in vK, N, or Ks
have been missed by modeling the liver as a single
equivalent sinusoid.

Finally, it is important to consider the kinetic im-
plications of and the justification for assuming that the
binding of rose bengal to albumin and the binding of
albumin to the cell surface are effectively at equilibrium
everywhere along the sinusoid. The kinetic implication
in each case is to ensure that the removal of ligand is
limited jointly by the rate of perfusate flow and the
transport rate constants, not by the velocity of the bind-
ing reactions. The equilibrium assumption seems phys-
iologically plausible in view of the survival value of
efficient ligand removal and it has the advantage of
greatly simplifying the mathematics, but it cannot be
certified in quantitative terms, because the individual
association and dissociation rate constants are unknown.
The following indirect evidence may be noted, however.
The binding of small organic anions to albumin is re-
ported to be diffusion limited with association rate con-
stants in the range 107_1010 M- s-' (13, 14). If similar
values hold for rose bengal it is easy to show from the
measured equilibrium constant that the time for spon-
taneous dissociation of the bound complex cannot be
a material det.erminant of the observed removal rate

over the range of protein/ligand ratios covered by the
data in Fig. 1. The reason for this conclusion is that
the time for the bound and free forms of rose bengal
to achieve 99.5% of their equilibrium distribution under
these circumstances is at least 10 times faster than the
convective transit time or the time characteristic for
net transport from the Disse space (2). It is worth noting,
moreover, that for any given concentration of rose ben-
gal, the equilibrium assumption becomes more con-
servative as the albumin concentration increases. For
albumin concentrations > 10 MM, for example, the as-
sumption of a diffusion limited "on" rate predicts that
the time to reach 99.5% of the equilibrium distribution
is shorter than the transport time by a factor of at least
100. The reason for this is that as the equilibrium con-
centration of free ligand diminishes, less time is required
for this amount to dissociate. The importance of this
to interpreting Fig. 1 is that the estimates of K, and St
are dominated by the data obtained at the higher al-
bumin concentrations.

Revising the model to include the possibility of slow
(i.e., nonequilibrium) binding reactions poses a difficult
problem in nonlinear differential equations for which
an explicit analytical solution in closed form does not
exist. A numerical solution to this problem will be pub-
lished separately. It may be noted here, however, that
the transport data in Fig. 1 do not in themselves contain
sufficient information to distinguish between the model
we have assumed and an alternative formulation in
which the rate-limiting transport step is the spontaneous
dissociation of albumin-ligand complexes. The present
argument thus depends not on the shape of the kinetic
curve in Fig. 1 but on the similarity of the fitted pa-
rameters derived from it to those obtained directly by
a completely different experimental approach that does
not depend on ad hoc model assumptions.
Summary. Rose bengal has a hepatic extraction

fraction that is unexpectedly high in view of its ex-
tensive binding to albumin. Increasing concentrations
of albumin inhibit this process under circumstances
where the reduced extraction cannot be attributed to
changes in the equilibrium binding of this dye in ex-
tracellular fluid. These findings can be accounted for
by a distributed transport model that features binding
of the albumin-ligand complex to the cell surface fol-
lowed by dissociation of the complex and presentation
of the liberated ligand to the uptake carrier. The num-
ber of cell surface sites and their affinity for albumin
predicted by this model are similar to those deter-
mined directly from the binding of ligand-free albu-
min to isolated hepatocytes. We suggest on this basis
that the binding of albumin to the cell surface is func-
tionally equivalent to the process that makes bound
ligand available for hepatic uptake.
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APPENDIX

Model for one sinusoid. Consider a single sinusoid of
volume, v, perfused at flow rate, F. We define the location
variable, x, as cumulative vascular volume such that x runs
from zero at the portal inlet to v at the hepatic venous outlet.
The binding of ligand to albumin is defined by the equilib-
rium

P + L (la)p

and the conservation equations

+ Lp =nP, (2a)

L + Lp =L, (3a)

in which P denotes ligand-free binding sites, L denotes free
ligand, Lp is ligand bound to albumin, P, is total albumin,
and L, is total ligand. KL (M-') is the equilibrium binding
constant and n is the number of binding sites. In writing
Eqs. la through 3a we ignore distinctions between albumin
in extracellular fluid and albumin on the cell surface because
both forms are assumed to bind the ligand with the same
affinity. The analogous relations that govern the association
of albumin with the cell surface are

P+S6 Sp (4a)

P + Sp = P, (5a)

S + s = S,. (6a)

Here P is the albumin concentration in extracellular fluid,
SP denotes albumin bound to the cell surface, S denotes un-
occupied cell surface sites, and S, denotes total sites. Again
we ignore distinctions between albumin that carries the li-
gand and that which is ligand-free, because sites on the he-
patocyte are assumed to bind both forms with the same af-
finity.
The uptake of ligand from a small volume of sinusoid,

Ax, consists of two terms: the uptake of free ligand directly
from the Disse space and the uptake of free ligand from the
cell surface. In each case we define the uptake flux as the
mass of extravascular solute times an uptake rate constant,
ki. If a is the free fraction of ligand, the total uptake flux
is

Eqs. Ia, 2a, and 3a lead to

Lp L,-L 1-a
KL = = (IOa)PL [nP - (L, - L)IL [(nP,/L,) - (1 - a)]L,a a

which for the special case where the ratio, nP,/L,, is much
larger than 1, reduces to

a l/(nP,KL + 1). (lla)
This approximation frees a from dependence on ligand con-
centration and greatly simplifies the calculations. In our ex-
periments the lowest molar ratio of albumin to rose bengal
in perfusate is 100 and n is -9, so that the largest error
encountered in using Eq. Ila is of the order of 1/900.
From Eqs. 4a, 5a, and 6a we have

X = Sp/Pt = St/(S, + K, + P)

Pt = P(K, + P + St)/(K, + P),

(12a)

(13a)

which together with 9a and 11a suffice to express 7a in the
desired terms. Note that K, has molar units and is thus de-
fined in a sense that is the inverse of that for KL.
The differential equation for net solute removal can now

be developed by incorporating the uptake flux and the anal-
ogous terms for efflux and excretion into the conservation
equations. In the steady state the net flow of ligand into and
out of the system must be zero. Accordingly,
Fu(x) + k2z(x)OAx

= yk1u(x)[a + (1 - a)X]/[l - (1 - a)X]Ax + Fu(x + Ax) (14a)

a = (P + Ks)/[nPKL(P + K, + S,) + P + Kj1 (15a)

X = S,/(P + S, + K,) (16a)

Oz(x)(k2 + k3) = u(x)yk,[a + (1 - a)X]/[1- (1 - a)X], (17a)
where z(x) is the concentration of ligand inside liver cells,
0 is the ratio of cell volume to sinusoidal volume and the
rate constants, k2 and k3, govern efflux and removal, respec-
tively.
The desired differential equation comes from dividing

equation 14a by Ax, taking the limit as Ax 0, and using
17a to eliminate Oz(x). This procedure yields

ak,yL,(x)Ax + (1 - a)(Sp/P,)klyL,(x)Ax, (7a)

in which -y is the ratio of the Disse volume to the sinusoidal
volume. The product (1 - a)(Sp/P,) is the fraction of ligand
bound to albumin times the fraction of albumin bound to
the cell surface and is thus the fraction of ligand bound on
the surface. To cast 7a in terms of measurable quantities, as
well as the unknown parameters of interest, Ks and S, we
proceed as follows.

Let u be the concentration of total ligand in extracellular
fluid. The mass of ligand on the cell surface per unit of
extracellular volume is then

L- u = Lp(Sp/Pt) = (Lt - L)(SP/P,). (8a)

Using the definitions a = L/L, and X = Sp/P, equation 8a
may be recast as

L, = u/[I - (1 - a)X]. (9a)

du
-F- = Ku[a + (1- a)X]/[1-(1- a)X]

dx

K = ykik3/(k2 + k3),

(18a)

(19a)

which is to be solved using the definitions 15a and 16a. The
solution is

-F In (1 - E) = vK[a + (1 - a)X]/[1 - (1 - a)X] (20a)
E = 1 - u(v)/u(O) (21a)

K = Jo = average value of yk,k3/(k2 + k3). (22a)
v

The definition of K as an integral reflects our treatment of
the space ratio, y, and the transport rate constants as un-
specified functions of x and thus frees the model from stip-
ulations that the sinusoidal dimensions or the transport ca-
pacities for uptake, efflux, or excretion be uniform along the
length of the sinusoid.
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Model for many sinusoids. Eq. 18a can be written for
a sinusoid with flow f as

duf-f-~ = Kuif[a + (1 - a)X]/[1 - (1 - a)XI, (23a)
dx

in which uf(x) is the concentration of ligand in the sinusoidal
lumen. If T(f) denotes the probability density function of
flows, the extraction fraction for a whole liver is given by

E = 1- [fuf(v)4(f)/Fu(O)]df. (24a)

in which F is perfusate flow rate and u(0) is the inlet con-
centration common to all sinusoids. Eqs. 23a and 24a can be
combined to yield

-F In (1 - E) =-F ln [f () exp -{vK[a + (1 -a)A/

f[I - (1 - a)X]}df] (25a)

The data in Fig. 1 were fitted to this equation for specified
choices of I(f) using numerical integration to evaluate the
integral (Simpson's composite rule, 10 breakpoints over the
interval [0, 2F]).
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