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1. A mathematical model was constructed to define the dynamics of incorporation of
radioactivity into urea carbon and the guanidine carbon of arginine in plasma albumin
after the rapid intraportal-venous administration of Na2"4CO3 in the isolated perfused
rat liver. 2. The model was formulated in terms ofcompartmental analysis and additional
experiments were designed to provide further information on subsystem dynamics and to
discriminate between alternative model structures. 3. Evidence for the rapid time-constants
of labelling of intracellular arginine was provided by precursor-product analysis of pre-
cursor [14C]carbonate and product ['4C]urea in the perfusate. 4. Compartmental analysis
of the dynamics of newly synthesized urea was based on the fate of exogenous [13C]urea,
endogenous ['4C]urea and the accumulation of L12C]urea in perfusate water, confirming
the early completion of urea carbon labelling, the absence of continuing synthesis of
labelled urea, and the presence of a small intrahepatic urea-delay pool. 5. Analysis of the
perfusate dynamics of endogenously synthesized and exogenously administered
[6-'4C]arginine indicated that although the capacity for extrahepatic formation of [14C]-
urea exists, little or no arginine formed within the intrahepatic urea cycle was transported
out of the liver. However, the presence of a rapidly turning-over intrahepatic arginine
pool was confirmed. 6. On the basis of these subsystem analyses it was possible to offer
feasible estimations for the parameters of the mathematical model. However, it was not
possible to simulate the form and magnitude of the dynamics of newly synthesized
labelled urea and albumin which were simultaneously observed after administration of
IW4C]carbonate on the basis of a preliminary model which postulated that both products
were derived from a single hepatic pool of [6-"4C]arginine. On the other hand, these ob-
served dynamics could be satisfied by a two-compartment arginine model, which also
provided an explanation for discrepancies observed between albumin synthesis measured
radioisotopically and immunologically. This was based on a relative overestimation of
I(4C]urea specific radioactivity resulting from the rapid dynamics of [(4Cicarbonate and
the ("4C]urea subsystem relative to the labelled albumin subsystem. The effects of arginine
compartmentalization could be minimized in the model by minor slowing of the rate of
[14Cjcarbonate turnover or by constant infusion of ([4C]carbonate, both of which per-
mitted valid determination of albumin-synthesis rates.

The use of mathematical models in the analysis of
metabolic systems has concentrated traditionally on

attempting to fit experimental test data to some speci-
fied model not necessarily corresponding to physio-
logical features, with a good statistical fit being con-

sidered adequate (Berman, 1963). Useful results
have been obtained in this way even if these have been
of somewhat restricted applicability. The attention
that metabolic processes are now receiving from sys-

tems scientists means that the procedures for formu-
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lating and identifying models are being applied on the
basis of accepted physiological phenomena as well as

simple observational data. This approach leads to
models which describe more accurately physiological
structure and behaviour as well as being more useful
for predictive purposes. These considerations separate
the identification and estimation ofparameters which
are described here from much previous work where
model parameters were required simply to yield a

good fit between model and test responses for some
class of inputs.
The principles of mathematical modelling have

been applied to the ["'C]carbonate method for the
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measurement of the synthesis rate of liver-produced
proteins (McFarlane, 1963; Reeve et al., 1963). How-
ever, only partial validation of the postulated model
was obtained in vivo. Failure to achieve true pulse-
labelling of urea and protein after a single intra-
venous injection of [14C]carbonate led to the concept
of 'continuing synthesis' (Jones et al., 1968). In con-
trast, measurements of synthesis made in the isolated
perfused liver, in which the [14C]carbonate can be
administered directly into the portal vein, might avoid
this shortcoming. The isolated perfused liver provides
an ideal system in which to test this hypothesis, since
it is possible to present to the liver relatively undiluted
[14C]carbonate (of high specific radioactivity) over a
short time-interval, thereby achieving early maximal
labelling of intrahepatic [6-'4C]arginine, plasma
albumin and urea, whereas non-incorporated [14C]-
carbonate is rapidly diluted in a relatively large pool
of plasma bicarbonate which is in equilibrium with
rapidly exchangeable volatile CO2.

In the course of investigation of these aspects of
[14C]carbonate dynamics, which was aimed at pro-
viding a model of intrahepatic [6-14C]arginine
metabolism, it became necessary to measure the
specific radioactivity of 14C-labelled albumin and
14C-labelled urea at frequent and equally spaced
intervals over a prolonged time-course after pulse
administration of ['4C]carbonate into the portal vein
of the perfused liver. By using a perfusate in which
the plasma component was obtained from a different
species it was possible simultaneously to quantify the
net synthesis ofrat albumin by a method independent
of tracer dynamics (Mancini et al., 1965). The dis-
crepancies observed in the rates of synthesis deter-
mined by these two methods, when considered to-
gether with the dynamics of appearance of radio-
actively labelled albumin and urea after pulse-label-
ling with [14C]carbonate, led us to suggest certain
modifications to current concepts of hepatic arginine
metabolism. A mathematical model was formulated
in terms of compartmental analysis, and further
experiments were designed to facilitate discrimination
between alternative model structures. From the tests
carried out, data were obtained which are incompat-
ible with the concept of a single precursor pool of
labelled guanidine carbon destined for both albumin
and urea synthesis. The model proposed provides
evidence that the influence of subcompartments of
intrahepatic arginine is apparent only in the context
of the very rapid radioisotope dynamics of the iso-
lated perfused rat liver, after a pulse input of [14C]-
carbonate.

Materials and Methods

Isolated liver perfusions

For each experimental situation two perfusions

were carried out. In addition two types of perfusion
fluid were used. (1) Bovine erythrocytes, thricewashed
in 0.9% (w/v) NaCl containing urea (AnalaR, 30mg/
lOOml), were suspended to a packed cell volume (v/v)
of 28-32% in Krebs-Ringer bicarbonate solution
(Krebs & Henseleit, 1932) containing bovine serum
albumin (Armour, Eastbourne, Sussex, U.K.;
3g/lOOml), urea (30mg/lOOml) and L-amino acids in
the following concentrations (mM: asparagine 0.027,
threonine 0.252, serine 0.532, glutamine 0.368,
proline 0.325, alanine 0.409, glycine 0.294, valine
0.188, methionine 0.045, isoleucine 0.131, leucine
0.152, tyrosine 0.089, phenylalanine 0.076, lysine
monohydrochloride 0.346, histidine monohydro-
chloride 0.073, arginine monohydrochloride 0.175,
tryptophan 0.069, cysteine monohydrochloride 0.061)
which approximated to the normal plasma concen-
trations observed by Fisher & Kerly (1964) and
Scharff & Wool (1964). This perfusate was supple-
mented with insulin and cortisol as described by John
& Miller (1969) and heparin (heparin sodium salt;
Evans Medical, Liverpool, U.K.; lOOmg/lOOml).
(2) Rat erythrocytes obtained from fresh rat blood
drawn by cardiac puncture were washed three
times in heparinized 0.9% (w/v) NaCl to remove
plasma and buffy coat and resuspended in freshly
drawn heparinized rabbit plasma to provide a
packed cell volume (v/v) of 28-32%. The plasma
was obtained from normally fed rabbits.
Male Sprague-Dawley rats (300-400g body wt.)

were lightly anaesthetized with ether. The bile duct
was cannulated (PlO nylon cannula; Portex, Hythe,
Kent, U.K.) and the portal vein exposed and can-
nulated. Intrahepatic rat blood was flushed out in situ
with 20-30ml ofwarmed oxygenated perfusate, which
was then discarded and the liver was transferred to a
recycling system maintained under constant flow of
humidified 02+CO2 (95:5). The initial volume of the
perfusate was 250ml, and before the injection of
radioisotopes a sample of 2.5ml was withdrawn from
the reservoir for a baseline plasma urea determination.
Thereafter the exact timing, thevolumes of all samples
removed and the packed cell volumes of all samples
were recorded. Blood flow ranged from 7.5 to 10.Oml/
min throughout perfusion.

Radioisotope administration

All radioisotopes were injected 30-45min after the
start of perfusion via a three-way tap directly into the
portal vein over a period of 20-30s. Na214CO3
(>SOmCi/mmol; The Radiochemical Centre, Amer-
sham, Bucks., U.K.) was diluted with 0.9% NaCl to a
concentration of 200,pCi in 3ml and stored in sealed
ampoules under N2. [13C]Urea was prepared in the
Biophysics Department of the National Institute for
Medical Research, London N.W.7, U.K., from
Ba'3CO3 (Nuclear Equipment Chemical Corp.,
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Farmingdale, N.Y., U.S.A.). CO2 was liberated by
adding 4M-H3PO4 to the Ba'3C03 under vacuum and
then converted into ['3C]urea by high-temperature
reaction with NH3 (Calvin et al., 1949). The [13C]-
urea used in these experiments had an enrichment of
61.5 atoms % excess of 13C, and a purity of96% based
on gasometric recovery of CO2 after treatment with
urease. About 18mg was dissolved in 2ml of 0.9%
NaCl immediately before injection. [6-14C]Arginine
(25-4OmCi/mmol; The Radiochemical Centre) was
diluted in 0.9% NaCl and 5,uCi in 2ml was injected
into the portal vein.

Urea carbon determinations

Plasma urea concentration was measured by an
automated diacetyl monoxime method on a Tech-
nicon AutoAnalyzer II (Skeggs, 1957). The remaining
plasma (about 2.0ml) was deproteinized by addition
of 6.5ml of water, 0.5ml of 10% (w/v) sodium tung-
state and 0.5ml of 0.335M-H2SO4 and then centri-
fuged. The clear supernatant was decanted through
cotton-wool into a round-bottom flask and evapor-
ated to dryness. The sediment was redissolved in
0.5ml of 0.31 M-sodium pyrophosphate-0.12M-ortho-
phosphoric acid buffer (pH7.0) and transferred quan-
titatively with C02-free water into a reaction vessel.
Urea carbon was liberated by reaction with urease
(urea amidohydrolase, EC 3.5.1.5) at room tempera-
ture and quantified in a high-vacuum line at constant
volume as described previously (Tavill et al., 1968).
14C02 was then transferred to trapper (2-phenethyl-
amine-methanol) and scintillator {0.5% 2,5 diphenyl-
oxazole, 0.005% 1,4-bis-(5-phenyloxazol-2-yl)ben-
zene [Nuclear Enterprises (G.B.) Ltd., Sighthill,
Edinburgh, U.K.] in anhydrous toluene, sulphur-free
(AnalaR)} for radioactive counting in a Philips
liquid-scintillation spectrometer with correction for
quenching by the external-standard channels-ratio
method.
When urea carbon enrichments were required the

CO2 was transferred from the high-vacuum line to one
limb of a Rittenberg tube which was cooled in liquid
N2 to -196°C. This was fed into the spectrometer
inlet system of a Nier-type (60'C) mass spectrometer,
which measured the ion intensities of the CO2 at mle
44 and 45. The atoms % excess of '3C in the sample
was calculated from the ratio of the ion intensities
(R) at mle 44:45 by using the formula:

atoms % of 13C =00a ~~R+1
The atoms %excess of 13C in the sample was obtained
by subtracting the 13C abundance of natural CO2
(from a solid-CO2 source) from this measurement. The
specific radioactivity of the same sample of CO2 was
obtained by condensation on to 2-phenethylamine-
methanol and counting as described above.
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Albumin guanidine carbon determination
Stable albumin was measured after HCl-ethanol

extraction and assayed by the biuret method against
known albumin standards (Fernandez et al., 1966).
The remaining plasma (Sml) was treated with an
equal volume of 10% (w/v) trichloroacetic acid,
centrifuged at lOOOg for 15min and the supernatant
discarded. The precipitate was washed with approxi-
mately twice its volume of 5% (w/v) trichloroacetic
acid, centrifuged and the supernatant again discarded.
Ethanol (approximately three times the volume ofthe
original plasma) was added, mixed thoroughly and the
suspension centrifuged. The supernatant was dialysed
overnight against running tap water, concentrated to
approx. 5ml, and the protein concentration deter-
mined by biuret reaction (Korner & Debro, 1956).
Protein was hydrolysed with 6M-HCI for 20h at
1 10°C. The acid hydrolysates were concentrated,
neutralized and made to react sequentially with acti-
vated arginase (L-arginine amidinohydrolase, EC
3.5.3.1) and the urease as described previously (Tavill
et al., 1968). Liberated CO2 was measured and
counted for radioactivity as described for urea carbon.

Measurement of specific radioactivity of circulating
precursor Na214CO3

Samples (20ml) of blood were withdrawn from the
reservoir of the perfusion and Sml was pipetted
immediately into the centre bulb of a pre-cooled
reaction vessel and frozen to -30°C in a mixture of
solid C02-acetone. After evacuation the free and
combined CO2 was liberated by addition of 1.Oml of
4M-citric acid-tungstic acid [2ml of 10% (w/v)
sodium tungstate+lOml of 0.038M-H2SO4+10mI of
water] from the side arm of the reaction flask. The
labelled CO2 was measured and counted for radio-
activity as described above.

Measurement of specific radioactivity of precursor
[6-'4C]arginine andproduct [14C]urea
Blood withdrawn from the perfusion was immedi-

ately centrifuged at lOOOg and about 4.0ml ofplasma
was deproteinized as described above. One-halfofthe
protein-free supernatant was used for determination
of the [14C]urea specific radioactivity as described
above, and the other half was retained for measure-
ment of [6-'4C]arginine specific radioactivity. This
was carried out by incubation of the supernatant at
pH9.0 overnight with 2-3mg ofarginase. The specific
radioactivity of [14C]urea derived from this reaction
was measured by further incubation of the super-
natant with urease at pH7.0 as described above.

Quantitative radial immunodiffusion
Newly synthesized rat albumin was measured by

single radial immunodiffusion (Mancini et al., 1965)
against a monospecific anti-(rat albumin) serum.
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Duplicate standards of immunologically pure rat
albumin were run on each plate together with the
plasma samples, and albumin concentrations were
read off the standard curve on which (diameter)2
was plotted against mg of protein.

Calculations

(1) Urea-synthesis rate. The urea pool was calcu-
lated as the product ofplasma urea concentration and
total perfusate volume. Allowance was made for
samples removed during the course of perfusion by
adding the total urea in each sample to the subsequent
urea pool. The total urea pool was plotted against
time and synthesis rate calculated from the regression
line thus obtained.

(2) Albumin-synthesis rate by radial immuno-
diffusion. The total albumin pool was calculated from
the product of concentration and perfusate plasma
volume. Albumin removed during sampling was
calculated as for urea removals, and was included in
the total pool. A graph of total albumin against time
allowed the best-fitting straight line to be drawn, and
from this line the synthesis rate was measured.

(3) Total 14C incorporated into urea. Total radio-
activity is the product ofthe urea carbon pool at each
time-point and the urea carbon specific radioactivity
of the sample removed at that time. Allowance was
made for [14C]urea radioactivity removed, in the same
manner as for stable urea, by using specific radio-
activity and stable urea concentration to calculate the
[14C]urea removed. Time of complete labelling and
total 14C incorporated into urea were obtained by
plotting cumulative radioactivity against time.

(4) Total [&4"C]arginine incorporated into albumin.
The time-course ofalbumin specific radioactivity was
plotted to ascertain the peak of specific radioactivity
of the arginine guanidine carbon of albumin. Total
[6-14C]arginine radioactivity incorporated into albu-
min was calculated as the sum of the total radio-
active pool at the point of maximal labelling and the
cumulative radioactivity removed in early samples.

(5) Synthesis rate ofalbumin by the W14C]carbonate
method. The common precursor-product relation
implies that the specific radioactivities oftwo products
ofacommon radioactive precursor are equal. In other
words the ratios of radioactivity to newly synthesized
mass are equal, i.e.

R, Rs
M4u Ml,

zs = mg of arginine guanidine carbon/mg
of albumin,

Zu = mg of carbon/mg of urea,
rg(n) = specificradioactivity ofalbumin guani-

dine carbon in the nth sample
(d.p.m./mg),

rg = peak specific radioactivity of albumin
guanidine carbon (d.p.m./mg),

ru(n) = specific radioactivity of urea carbon in
the nth sample (d.p.m./mg),

r u = peak specific radioactivity of urea
carbon (d.p.m./mg),

A,(n) = mass of albumin removed in the nth
sample (mg),

Ap = mass of albumin in perfusate at peak
specific radioactivity (mg),

U,(n) = mass ofurea removed in the nth sample
(mg),

Up= mass of urea in perfusate at peak
specific radioactivity (mg),

Ut = rate of urea synthesis (mg/h),
At = rate of albumin synthesis (mg/h),
m = the number ofsamples removed before

peak specific radioactivity is
reached,

Rs = z3 L1Ass(n)r.(n)+AAr']
m

Ru=ZuL Us(n)ru(n)+ Upru]
Mu = zu Ut

Mg = Rg R -
Ru

Now

AMS
Zg

zg [ >.As(n)rg(n)+A,r'2]
z3

from (1)

(2)

zu Ut

-Le As(n>rs(n)+Axr L Us(n)ru(n)+ Urj-1

(1)

where Mu = rate of urea carbon synthesis (mg/h),
Ru= total radioactivity as [14C]urea

(d.p.m.),
Mg = rate of synthesis of arginine guanidine

carbon in albumin (mg/h),
Rg = total radioactivity as [6-'4C]arginine

in albumin (d.p.m.),

x
u

[-7 U.(n)r.(n)+ Upr'u]n-1

(3)

Experimental and Results

1. Dynamics of incorporation of Na214CO3 into
['4C]urea (Fig. 1)

Two perfusions were performed by using the bovine
erythrocyte-bovine albumin-supplemented perfu-
sate. A period of 45min was allowed for stabilization
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of the system before the injection of 200,uCi of
Na2"4CO3 into the portal vein. Thereafter samples of
20ml were withdrawn from the portal vein inflow
cannula at approx. 10min intervals for the first 1 h and
at 30min intervals for the subsequent 3-4h. The
specific radioactivity of the total H"4CO3, 14C03 and
14CO2 was compared with that of [14C]urea in the
same sample over the time-course of the two experi-
ments. The carbonate specific radioactivity was
maximal at 10min and fell to less than 5% of this
value by 60min. The die-away curve of carbonate
specific radioactivity passed through the peak of
[I4C]urea specific radioactivity, which was reached
between 30 and 40min and thereafter declined at a
linear rate with time.

II. Comparison of [12C]-, [13C]- and ["4C]-urea
dynamics (Fig. 2)

Two perfusions using the heterologous bovine
system were carried out. The amino acid supplementa-
tion was increased tenfold on the concentrations
quoted in the Materials and Methods section in
order to generate higher rates of urea synthesis. The
Na214CO3 (200,uCi) and [13C]urea (18.2mg and
17.7mg in the two experiments) were injected
simultaneously into the portal vein, and blood samples
(20ml) withdrawn from the mixing reservoir at short
intervals over a period of 150-180min. Plasma was
analysed for total urea concentration, [14C]urea
specific radioactivity and ['3C]urea enrichment as
described in the Materials and Methods section. In
both experiments the pool ofunlabelledurea increased
linearly with time over 120min. The specific radio-

activity of endogenous [14C]urea reached its maxi-
mum at 30min, whereas the exogenous [13C]urea
enrichment increased over the period 10-20min and
then declined together with the ['4C]urea.
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Fig. 1. Time-course ofspecific radioactivity ofdissolved and
combined CO2 and urea carbon after the administration of
200pCiofNa2"4CO3 into theportal vein ofthe isolatedper-

fused rat liver

Results oftwo experiments are given: o, *, acid-releasable
CO2 specific radioactivity (d.p.m./mg of carbon); 1, *,
urea specific radioactivity (d.p.m./mg of carbon). Time-
course is given in minutes after the addition of radioiso-
tope.
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Fig. 2. Two experiments (a and b) to compare the dynamics ofexogenous [13C]urea (@), endogenous ['4C]urea (0) and endo-

genous ['2Cjurea (A)

The stable ["3C]urea (I 8.2mg and 17.7mg) and radioactive Na214CO3 (200,uCi) were administered at zero time into the portal
vein of the isolated perfused liver.
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Fig. 3. Two experiments to detect the possible release of endogenously synthesized [6-14CJarginine by the isolated perfused
rat liver

(a) Comparison ofthe specific radioactivities (d.p.m./mg) of urea carbon after incubation ofmixed perfusate with urease (o)
or with arginase followed by urease (0). (b) Comparison of specific radioactivities (d.p.m./mg) of urea carbon after incuba-
tion of perfusate with urease or with arginase followed by urease. o, Mixed perfusate, urease alone; A, hepatic-venous out-
flow perfusate, urease alone; 0, mixed perfusate, arginase plus urease; A, hepatic-venous outflow, arginase plus urease.
Precursor Na214CO3 (200pCi) was administered at zero time into the portal vein of the liver.
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Fig. 4. Dynamics of urea carbon specific radioactivity
(d.p.m./mg) after the administration of [6-14Clarginine
(ScCi) into the portal-vein inlet at zero time in two exper i-

ments

Expt. 1, in the presence of liver: A, incubation ofperfusate
with arginase and urease; A, incubation with urease alone.
Expt. 2, in the absence of liver: 0, incubation of perfusate
with arginase and urease; 0, incubation with urease alone.

IIJ. Detection of extrahepatic formation of labelled
urea (Fig. 3)

Two perfusions were carried out by using the
heterologous bovine perfusate. Sampling was con-
tinued for 120-210min and the protein-free plasma
supematants were incubated either sequentially with
arginase and urease or with urease alone. In addition,
in the second perfusion, samples were obtained from
the hepatic venous outflow directly from the liver at
30 and 60min after administration of the Na214CO3.
Until about 50min the specific radioactivity of the
urea carbon exceeded the specific radioactivity of the
mixed arginine guanidine carbon and urea carbon.
Thereafter the differences were minimal. The specific
radioactivity of hepatic-venous outflow urea was
greater than that of mixed perfusate urea at 30min
but the difference had disappeared by 60min after
administration of precursor ("4C]carbonate. As with
the mixed perfusate the specific radioactivity of urea
was higher after the single incubation than that after
the sequential incubation with arginase and urease.

IV. Metabolism ofadministered [6-14C]arginine(Fig. 4)

Two perfusions were carried out in which the pre-
cursor was guanidine-14C-labelled arginine. Both
experiments were supplemented with amino acids in a
tenfold higher concentration than that given in the
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Fig. 5. Simultaneously observed dynamics of '4C-labelled
arginine guanidine carbon in albumin and [14Clurea after
the rapid injection of Na214CO3 (200.gCi) into the portal

vein of the isolatedperfused liver (Expt. 1)

The liver was perfused with rabbit plasma and washed rat
erythrocytes, and samples were withdrawn from the mixing
reservoir at 20min intervals for measurement of specific
radioactivity, urea carbon concentration and rat albumin
concentration by radial immunodiffusion. *, Cumulative
urea pool (mg) (a); A, cumulative rat albumin pool
(mg) (a); 0, cumulative [14C]urea radioactivity (d.p.m.)
(b); 0, [14C]urea specific radioactivity (d.p.m./mg of
carbon) (c); ----, corrected [14C]urea specific radio-
activity (d.p.m./mg ofcarbon) (c); 0, specific radioactivity
of arginine guanidine carbon in albumin (d.p.m./mg of
carbon) (c). Time-course is shown in minutes after the
administration of Na2"4CO3.

Materials and Methods section. The labelled arginine
(5juCi) in 0.5ml of 0.9% NaCl was administered over

20s into the portal-vein inlet tube, and blood samples
(20ml) were withdrawn at frequent intervals over the
first 1 h, with a final sample at 210min. Incubation of
deproteinized plasma supernatant was carried out
either with arginase followed by urease or with urease

alone in order to measure the specific radioactivity of
urea derived from circulating arginine and that of
endogenously synthesized urea respectively. Both per-

fusions were carried out on the same day by using the
bovine heterologous perfusate which was constituted
from a common pool of erythrocytes. The liver was
omitted from the circuit of the second experiment,
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thereby providing a control system for the detection
of circulating arginase activity. With the liver in-
cluded, the [(4C]urea specific radioactivity after the
sequential incubation rose during the first 20min and
then fell rapidly over the next 120min. The specific
radioactivity ofendogenously synthesized urea rose to
a plateau at 60-80min and remained almost constant
thereafter. In the absence of the liver the maximum
specific radioactivity after the sequential incubation
was observed 10min earlier, at the first sampling time.
The rate of fall was similar, but the final value was
lower than with the liver in the system. Endogenously
synthesized urea was detected very early, at 10min,
and thereafter its specific radioactivity rose very
gradually. Between 120 and 210min the values were
just below those observed with the sequential incuba-
tion.

V. Dynamics ofureaandalbumin labelling after admini-
stration of [14C]carbonate and comparison ofsynthetic
rates measured by radioisotopic and immunological
methods (Fig. 5)

Two perfusions were carried out by using 250ml of
the fresh rat erythrocyte-rabbit plasma perfusate. The
donor liver was flushed out in situ, transferred in isola-
tion to the perfusion cabinet, and the blood volume
restored to 250ml with 0.9% NaCI. In the second
experiment a greater volume of blood was used in the
flushing procedure and in consequence the packed cell
volume, plasma albumin and urea concentrations
were somewhat lower than in the first experiment.
Samples (15ml) were withdrawn at zero time and at
20min intervals thereafter for 300min, and centri-
fuged immediately. Samples (3.0ml) were used for
['2C]urea and L14C]urea measurements, the remainder
being used for the determination of albumin concen-
tration, assay of rat albumin by the radial-immuno-
diffusion method and the specific radioactivity of
guanidine carbon of arginine in purified albumin.

(i) Dynamics ofappearance of ('4C]urea. Maximal
(14C]urea specific radioactivity was reached very
rapidly. In Expt. (1) the first sample taken at 20min
yielded the highest specific radioactivity. In Expt. (2)
the peak was between 20 and 40min after injection of
radioactive isotope. Thereafter [14C]urea specific
radioactivity fell linearly throughout the course of the
experiment. However, when correction was made for
the continuing synthesis of unlabelled urea into a
pool of (14C]urea which was falling as a result of
sampling, the linear rate offall ofspecific radioactivity
was decreased (Fig. 5). When allowance was made for
radioactively labelled urea removed in sampling, a
cumulative plot of ['4C]urea radioactivity could be
drawn. This confirmed the completion of urea label-
ling between 30 and 40min in Expt. (1), whereas in
Expt. (2) a small but continuing rise in total (14C]urea
was noted.
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Table 1. Data used for the calculation of the albumin-
synthesis rate in the isolatedperfused rat liver

In both experiments Na214CO3 (200,uCi) was administered
as a single pulse into the portal vein 45min after the start
of perfusion with a heterologous perfusate of washed rat
erythrocytes and fresh heparinized rabbit plasma.

Expt. 1 Expt. 2

Plasma albumin concentra- (mg/ml)
tion

10-3 x Cumulative arginine (d.p.m.)
guanidine carbon radio-
activity in albumin

l0-5 x Cumulative radio- (d.p.m.)
activity in urea carbon

Urea-synthesis rate from (mg/h)
cumulative ['2C]urea pool

Albumin-synthesis rate from (mg/h)
['4C]carbonate

Albumin-synthesis rate by (mg/h)
immunodiffusion

b 24.7

72.06

1 110.4

18.0

46.46

86.61

6.53 5.45

2.01 1.40

7.53 10.06

(ii) Dynamics of appearance of (6-'4C]arginine-
labelledalbumin. Labelled albumin at very low specific
radioactivity was detectable at 20min. Thereafter
specific radioactivity rose, reaching a peak between
120 and 160min in Expt. (1). In Expt. (2) the relative
delay in urea andalbumin labellingwas similar. There-
after little or no decline was observed in albumin
specific radioactivity up to 5h.

(iii) Synthesis ofstable urea. Since all samples with-
drawn from the perfusion were left at room tempera-
ture before centrifuging it was assumed that complete
distribution oflabelled and unlabelled urea in erythro-
cyte and plasma water had occurred. Serial measure-
ments of plasma urea concentration showed a linear
increase for 4-5 h. Rates ofsynthesis determined from
the cumulative (12C]urea pool were similar in the two
experiments (Table 1).

(iv) Synthesis ofstable albumin. After a short delay
rat albumin appeared in the perfusate circulation
and accumulated at a linear rate for 4-5h (Table 1).
The rates ofsynthesis determined from the cumulative
pool of rat albumin were 7.53mg/h (Expt. 1) and
10.06mg/h (Expt. 2). The concentration of total
perfusate albumin was 24.7mg/mil and 18.0mg/ml in
the two experiments.

(v) Synthesis rate of albumin determined by the
['4C]carbonate method. Substitution of the urea-

synthesis rate, cumulative [14C]urea radioactivity
and cumulative (6-'4C]arginine radioactivity in
albumin into the final synthesis eqn. (2) yielded
synthesis rates for albumin of2.01 mg/h and 1.40mg/h
respectively (Table 1). As Fig. 5 and Table 1 show,
the maximum specific radioactivity of urea carbon
was 70-fold higher than that reached by [6-14C]-
arginine in albumin in both experiments.

VI. Mathematical modelling ofexperimental data

Model construction (Fig. 6). The postulated model
of CO2 fixation has at its centre the separation of
intracellular arginine into two principal compart-
ments (2 and 3). At the outset this was based on the
subcellular separation of the two processes of ureo-
genesis and protein synthesis; the former proceeds by
a series of enzymic reactions in mitochondria and
cytosol, arginine itself being synthesized one step
before urea formation, whereas exported protein is
synthesized on the rough endoplasmic reticulum
from pre-formed arginyl-tRNA.

Since in the experimental tests the tracer material
was injected directly into the liver via the portal vein,
a liver CO2 compartment (0) is included. During the
first minute after injection ['4C]carbonate (of high
specific radioactivity) is available to the liver for in-
corporation into arginine. That which is not incor-
porated during this time passes into the circulation
of the perfusing medium [represented by the per-
fusate CO2 compartment (1), from which subsequent
transfer into the liver occurs, although much (about
99 %) is discharged into the non-recycling atmosphere
of C02+02 (5:95) and is lost to the system]. It is
assumed that the pathway into arginine from the
liver CO2 compartment exists for not more than 1 min
after injection, since this is the approximate time for
complete injection of the [14C]carbonate solution
and replacement of the liver blood volume. For com-
parison with previous studies in which a constant
infusion of (14C]carbonate was used, this is delivered
into the perfusate (compartment 1) and so compart-
ment (0) does not exist (Fig. 6b).
The pathway of urea synthesis from arginine

(compartment 2) contains a delay compartment (4),
which is postulated to account for the finite time
required for attainment of maximum enrichment in
the perfusate urea compartment (6) in the experi-
ments in which ['3C]urea was injected into the portal
vein. In contrast, the albumin pathway from arginine
(compartment 3) is influenced by a pure delay, r,
which represents the translation time of an albumin
molecule. This is then subjected to a compartmental
delay (5) caused by intrahepatic albumin on the secre-
tory pathway to the circulating plasma albumin
(compartment 7). Finally a catabolic compartment (8)
is included to take into account the role of the liver in
albumin degradation (Cohen & Gordon, 1958).
However, it cannot be assumed that this compartment
is totally discriminatory in its catabolic role. Other
liver-produced proteins which have become labelled,
or unlabelled tissue or plasma protein, may be de-
graded and may release arginine for reutilization via
compartments (2) and (3). Although no information
is available it is assumed that arginine can be recycled
to an equal extent by these two pathways.
Model analysis. Except for the urea compartment,
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m(t)

Fig. 6. Multicompartment modelfor the dynamics ofalbumin and urea labelling (a) after pulse injection ofNa214CO3 into the
portal vein ofthe isolatedperfused rat liver, and (b) during a constant infusion ofNa214CO3 into the mixing reservoir ofthe iso-

latedperfusedrat liver

it is assumed that the masses of unlabelled guanidine
arginine carbon in each compartment remain con-
stant during the experimental tests. There is, for
example, a very small change in the unlabelled carbon
in the albumin compartment (represented by net
synthesis), but any error introduced is less than 1 %.
The increase in mass of unlabelled carbon in the urea
compartment (6) is measured during the tests and the
information used in the appropriate equation.

Since in all other respects the tests provided a true
tracer situation, radioactivity balance equations can
be written for the labelled material in each compart-
ment.
Liver C02 compartment (0):
dao
dtQ

= m(t)-ko1aoQo- [ko2aOQo

Vol. 150

(ts 1.0min)
(t> 1.0min)

Perfusate CO2 compartment (1):

dal
.Qi = kolaoQo-kl2a1Q1

Arginine compartment (2):

da2
d---Q2= 0.01 kl2a1Ql+k82a8Q8+ k32a3 Q3

-k23a2Q2-k24a2Q2+[kO2coQO (t< 1.Omin)
(t> 1.Omin)

Arginine compartment (3):

dt-Q3= k23a2Q2-k32a3Q3+k83a8Q8-k35a3Q3
dt

Urea-delay compartment (4):

da4
.Q= k24a2Q2-k46a4Q4
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Albumin-delay compartment (5):

de5 .Q5 = k35a3(t-T)Q3-k57a5Q5dt-

Urea compartment (6):

d[a6*Q6] =k46a4Q4
dt

Plasma-albumin compartment (7):

da7
Q7= k57a5Q5-k78a7Q7

dt

Albumin-catabolism compartment (8):

da8
*Q8= k78 a7Q7-k83 a8Q8-k82 a8 Q8

Where a = specific radioactivity ofmaterial in the
relevant compartment (d.p.m./mg of
C),

Q = mass of unlabelled guanidine carbon
in relevant compartment (mg),

k = rate constant (min-'),
mh(t) = rate of administration of injected

material (d.p.m./min),
t = time (min).

Subscripts refer to the compartments as defined in
Fig. 6. Double subscripts indicate radioactive-
material transfer from the first specified compartment
to the second.

Experimental test simulation. Digital computer
simulation was carried out by using the simulation
language MIMIC. The parameter estimates can be
classified into three categories: (1) those based on
experimental measurements or evaluated by sub-
systems analysis, (2) those approximated to accept-
able physiological data, and (3) those postulated
which on testing proved themselves compatible with
the dynamics and magnitudes of the observed specific
radioactivities.

Estimates of rate constants. Information about
many of the rate constants is not well defined, but
since a number of experimental tests are available
which effectively decompose the system into a number
of small subsystems most of the rate constants can be
reliably estimated.

(i) Carbonate subsystem (section I, Fig. 1). This
was tested by injection of [14C]carbonate into com-
partment (0) followed by measurement ofthe appear-
ance and disappearance of the labelled material in the
perfusate CO2 compartment (1). ko2 exists only for the
first minute. By experimental design aimost all the
labelled material is transferred from the liver CO2
compartment (0) to the perfusate within 1.0-1.5min,
so that a suitable value of koL could be chosen. This
then enabled an estimate to bemade for k12, assuming

a I % efficiency ofthe incorporation oflabelled carbon
into arginine (McFarlane, 1963).

(ii) Urea subsystem (sections I, II, V; Figs. 1, 2
and 5). The overall urea pathway was simulated
from the point of injection of [(4C]carbonate in com-
partment (0) to the appearance of [14C]urea in
compartment (6). It was also tested by injection of a
known mass of [13C]urea into the urea-delay com-
partment (4) and measurement ofthe atoms % excess
of 13C in the perfusate compartment (6). By utilizing
the data on the synthesis of unlabelled urea the value
of k46 could be estimated and inserted in the overall
pathway.

Fig. 6 shows that in addition to the direct pathway,
other pathways exist via arginine (3). However, it was
argued that these would have comparatively little
effect on the observed perfusate urea specific radio-
activity. For example, the process of albumin cata-
bolism in the isolated liver is so slow that it would not
have any appreciable effect on urea synthesis over the
test period. Therefore the arginine-recycling pathways
were decoupled, and simulation of the direct pathway
was carried out, enabling k24 to be estimated.
Subsequent estimation of the parameters of the argi-
nine-return pathway led to errors in urea specific
radioactivity as a result of decoupling which did not
exceed 1 %.

(iii) Albumin subsystem (section V, Fig. 5). The
specific radioactivity of the guanidine carbon of
arginine in albumin (compartment 7) was measured
during the time-course after the injection of ['4C]-
carbonate. The delays in the albumin pathway were
adjusted so that the peak albumin specific radio-
activity occurred at between 120 and 160min after
injection. To obtain the experimentally observed
values it was necessary to assume that k23 >k32 by a
factor of between 1.2 and 1.5:1 to account for net
transfer of arginine from its site of synthesis
(compartment 2) to a form (activated and tRNA-
bound) at its site of utilization (compartment 3).
k35 and k57 were chosen from the observed 20min
time-lag before the first significant appearance of
labelled albumin in the perfusate, which agrees
with the data of Morgan & Peters (1971). About one-
half this time is assumed to be the pure delay effect
owing to the finite translation time of the protein.
This enabled the synthetic pathway to be simulated.
On the catabolic pathway the assumption of a time-
constant of several days for k78 is compatible with the
minimal fall-off of albumin specific radioactivity
during the test period once the peak had been
attained. A time-constant was adopted for k82 and
k83 on the basis of an intracellular catabolic compart-
ment (8) in close proximity to the precursor arginine
pools.

(iv) Arginine precursor subsystem. It was necessary
to substitute parameter estimates of Q2 and Q3 and
k23, k32 which would both satisfy the requirement for
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maintaining equalization of specific radioactivities
in compartments (2) and (3) within the time-course of
a constant-infusion experiment and also be com-
patible with the magnitudes of the observed specific
radioactivities in the product compartments (6) and
(7) in the single-pulse experiments described here.

Estimates ofcompartment magnitudes. Apart from
the omission ofcompartment (0) and the substitution
of mh(t) of 8.8 x 108d.p.m./min over a 0.5min period
for a value of 1.1 x 106d.p.m./min throughout the
whole time-course, the parameter estimates for the
pulse injection and those for a constant infusion were
identical.
Qo and Q, are based on CO2 extractable with strong

acid from blood equilibrated at a partial pressure
of 40mmHg (_ 5% concentration, v/v), namely
25mmol/litre in 4.0 and 250ml respectively; Q2 plus
Q% approximates to the hepatic intracellular arginine
concentration observed by Mayer & Shafrir (1972);
Q4 is obtained from the urea in total liver water
assuming that it exists at the same concentration as in
plasma; Qs is based on a feasible value of 5mg for
total hepatic intracellular albumin (A. G. Morton &
A. S. Tavill, unpublished work); Q6 is based on the
increase in the circulating urea pool from 68mg to
101 mg of urea over a 300min period (see section V,
iii); Q7 represents the mass of circulating albumin,
5.0g. This changes by about 1% over 300min and is
therefore assumed to be constant for the purposes of
simulation.
Q8 and k83, k82 were considered together. The

catabolism compartment (8) is derived both from
albumin and other liver and plasma proteins. In
theory arginine derived from degradation will be
available for reutilization by both precursor com-
partments, 2 and 3. The values of Q8 and k83, k82
were chosen by reciprocal adjustments of the frac-
tional rate of turnover and the pool size to satisfy the
final simulation ofthe dynamics and magnitude ofthe
urea and albumin specific radioactivities (category iii
above).

Overall simulation. The simulation was finally
carried out by using the following parameter esti-
mates:

Qo= 1.2±0.1mg
Ql = 60.0±3.0mg
Q2 = 0.0108mg
Q3= 0.007mg
Q4= 0.36±0.07mg
Qs = 0.02 ± 0.001mg
Q6= 13.6+0.0213 tmg
Q7= 20.0mg
Q8 = 0.40± 0.01mg

Q2/Q3 =1.54±0.04
r= 10.0±0.8min

koL = 10.0± 1.Omin1
ko2 = 0.40±0.03min-'
k12 = 0.035±0.005min-'

Vol. 150

k23 = 0.08 ± 0.003minI
k32 = 0.058 ± 0.012min-
k24 = 2.0± 0.4min-I
k35 = 0.10± 0.01 min-
k46 = 0.06 ± 0.01 minI
k57 = 0.035 ± 0.003min'
k78 = 0.000035±0.00003min'
k82 =0.001 ±0.0004min'
k83 = 0.001 ±0.0004min'

The limits indicated in the parameter estimates repre-
sent variations which would lead to a 5% change in
the peak specific radioactivity in the response curves.
The listed set ofparameter values enables simulated

results to be obtained which agree reasonably well
with experimental test responses and are compatible
with known mass-transfer rates in the steady state.
The simulated specific radioactivities of the plasma
combined-CO2 in compartment (1) are given in Fig. 7
and show a peak which occurs about 5min before the
first experimental sample (Fig. 1). The chosen para-
meters, although not reproducing the observed decay
curve exactly, suggest that by 60min the precursor
14C02 specific radioactivity has fallen to 5% of its
maximum value. In these circumstances the simu-
lated urea specific-radioactivity curve closely mirrors
both the dynamics and magnitude of the experi-
mental test response (Fig. 1).
The simulated albumin dynamics observed in

association with these parameters show the required
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Fig. 7. Simulated dynamics ofthe specific radioactivities of
dissolved and combined C02 (a,) and urea carbon (a6) after
the rapid injection of Na2"4CO3 (200,uCi) into the portal

vein ofthe isolatedperfused liver

Time-course is shown in min after the injection of radio-
active isotope. The theoretical curves are based on the
model shown in Fig. 6(a).
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Fig. 8. Simulated dynamics of the specific radioactivities (d.p.m./mg) ofguanidine carbon ofprecursor arginine (a2, a3), urea
carbon (a6) and arginine guanidine carbon of albumin (a7) during a constant infusion of Na214CO3 (3#O0Ci/h) into the mixing

reservoir ofthe isolated rat liverpreparation

Time-course is shown in min after the start of the radioactive isotope infusion. The theoretical curves are based on the
model shown in Fig. 6(b).
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Fig. 9. Simulated dynamics of the specific radioactivities

(d.p.m./mg) of guanidine carbon ofprecursor arginine (a2,

a3) and arginine guanidine carbon of albumin (a) after a

single rapid injection ofNa214CO3 (200 pCi) into the portal

vein ofthe isolatedperfused rat liver

Time is shown in min after the administration of radio-

active isotope. The theoretical curves are based on the

model shown in Fig. 6(a).

lag period of 20min and the delay of 120 min before
maximum specific radioactivity is attained (Fig. 9).
No way could be found to satisfy both the relative
delay in the dynamics of urea and albumin and the
difference in the magnitude of their peak specific
radioactivities other than by the insertion of the
second precursor arginine compartment (3). In the

presence of the observed CO2 dynamics the simulated
arginine precursor specific radioactivities in compart-
ments (2) and (3) fail to equilibrate throughout the
period of synthesis and release of labelled urea and
albumin. However, if the same parameters are re-
tained the administration ofprecursor ['4C]carbonate
as a constant infusion permits complete equalization
of the specific radioactivities of a2 and a3 at 200min
(Fig. 8). For practical purposes the ratio between a6
and a7 becomes constant after about 180min, so that
the choice of 240min for the time of sampling in a
constant-infusion experiment would provide valid
relative specific radioactivities of urea and albumin
for substitution in the albumin-synthesis equation.

Discussion

Exploitation of the functional relationship be-
tween the guanidine carbon of arginine and urea
carbon for the calculation of albumin-synthesis rates
in vivo, has yielded results which have been validated
in overall terms against catabolic rates under steady-
state conditions in both animals andman (McFarlane,
1963; Tavill et al., 1968; Wochner et al., 1968;
Kirsch et al., 1968). However, the calculations re-
quired the additional identification of complex meta-
bolic pathways by means of isotopically labelled urea
and albumin and parameter estimations which were
obtained by deconvolution analysis (Jones et al.,
1968, 1970).
In the process of development of the isolated rat

liver perfusion system for the study of albumin syn-
thesis it seemed logical to administer the [14C]
carbonate directly into the portal vein. Since the extra-
vascular fluid pool and the gut and renal compart-
ments have been eliminated one has only to measure
the accumulation of labelled urea and albumin in the
perfusate and allow for quantities removed in samp-
ling. These simplifications have enabled us to examine
the ['4C]carbonate method in terms of metabolic
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subsystems and unit processes of biochemistry.
Having postulated a model on the basis of feasible
parameters and structure it was possible to test the
individual components of the system by designing
specific input-output situations and to examine the
overall system by comparison with an independent
non-isotopic method for measurement of albumin
synthesis.
By using separate or combined inputs of [14C]-

carbonate, ['3C]urea or [6-14C]arginine it was pos-

sible to demonstrate pulse-labelling and a true pre-

cursor-product relationship between 14C02 and
['4C]urea. The presence of a urea-delay pool was

postulated and confirmed by comparing the dynamics
of [13C]urea and endogenous ['4C]urea. Although the
capacity of extrahepatic arginase to hydrolyse sub-
strate quantities of arginine was observed no evidence
was found for substantial leakage of (6-14C]arginine
which had been synthesized within the liver. Although
there were clear indications for continued synthesis
of unlabelled arginine throughout perfusion the
hepatic synthesis of [6-14C]arginine was completed
between 30 and 60min after administration of [14C]-
carbonate. In this way a partial description of the
parameters of the arginine, urea and albumin sub-
system was achieved.

Perfusion of the isolated rat liver with heterologous
perfusate permitted the simultaneous measurement
of net synthesis of plasma albumin by two indepen-
dent methods. The first non-radioisotopic method
depends on the accurate sequential quantification of
small amounts of newly synthesized and released
homologous albumin within the large pool of pre-

existing heterologous plasma. The second method
necessitates the measurement of both radioisotopic
and non-radioisotopic parameters of urea and
albumin synthesis. The 3-4-fold difference in albu-
min-synthesis rate as determined by the two methods
necessitates further analysis in the light of the data
provided in these experiments as well as those offered
by other workers who have used the [14C]carbonate
method. Although there is considerable evidence that
albumin-synthesis rates determined in vivo in man
and animals by the ["Cicarbonate method under
steady-state metabolic conditions closely mirror
degradation rates measured independently, relatively
few data are available from the perfused rat liver.
Nevertheless, it appears that administration of
Na214CO3 by constant infusion into a homologous
perfusion system yields albumin-synthesis rates that
are comparable with rates separately determined in a
heterologous system by the radial-immunodiffusion
technique (Hoffenberg et al., 1971). These workers'
choice ofa4h time-point forcomparison ofthe specific
radioactivities of [14C]urea and [6-14C]arginine in
labelled albumin was arbitrary but was opportune in
ensuring good agreement. Other workers (Kirsch
et al., 1969, 1973; Kelman et al., 1972) have chosen to
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administer the [14C]carbonate as a single pulse into
the reservoir of the perfusion and to compare the
specific radioactivities of ['4C]urea and [6-14C]-
arginine-labelled albumin 2-3h later. Albumin-
synthesis rates under these circumstances were about
35% of those obtained by the constant-infusion
technique. Rothschild and co-workers have for some
time used a single portal-vein injection of ['4C]-
carbonate to measure the synthesis of albumin by the
perfused rabbit liver (Rothschild et al., 1968, 1969,
1971). They have reported that synthetic rates deter-
mined from 21h perfusion data corresponded reason-
ably well to simultaneous measurements based on
quantitative radial immunodiffusion (Oratz et al.,
1973). An explanation must be provided for the dis-
parity observed in the present studies, the agreement
when ['4C]carbonate is constantly infused (Hoffen-
berg et al., 1971) and the delay in achieving maximum
labelling of albumin which cannot be explained solely
by delay in release (Morgan & Peters, 1971). The
explanation for all three phenomena may lie in the
methodological approach or in current physiological
concepts.

Analysis ofeqn. (3) indicates that a falsely low albu-
min-synthesis rate could result from underestimation
of the numerator (albumin specific radioactivity or
urea-synthetic rate) or overestimation of the denomi-
nator (urea specific radioactivity). Since the method
of albumin extraction yields a protein of at least 95%
purity, it would be difficult to conceive an unlabelled
impurity which could lead to at least a 3-fold under-
estimation of albumin specific radioactivity. Further,
multiple sampling provides a means of ascertaining
the point of achievement of maximum specific radio-
activity. A systematic overestimation of urea specific
radioactivity would also be difficult to explain on
methodological grounds alone. Urea-synthetic rates
are based on stable urea measurements at multiple
time-points, and the results compare well with those
published by Kirsch et al. (1969, 1973) and Kelman
et al. (1972). In contrast, radial immunodiffusion
demonstrated linear continued synthesis of albumin
throughout perfusion at rates similar to or slightly
lower than those observed in vivo (Jeejeebhoy et al.,
1972).
The disparity between the albumin-synthesis rates

measured by the two techniques is therefore more
likely to be based on precursor dynamics than on
systematic errors in measurement. The [14C]carbon-
ate method can be accepted as valid only if arginine
in newly synthesized plasma albumin and urea is
derived exclusively from the same labelled intra-
cellular arginine pool. If there are separate precursor
pools for urea and albumin which are of similar
specific radioactivity, no discrepancy will result even
though the assumption is invalid. If the separate pre-
cursor pools are of different specific radioactivities,
errors will result, the magnitude of which will directly
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reflect the difference between the specific radioactivi-
ties of the two pools. Also inherent in this assumption
is the now justified concept that guanidine-labelled
arginine formed within the liver is not transported to
an extracellular site at which labelled urea but not
albumin can be synthesized.

It was therefore necessary to look for an explana-
tion in terms ofa physiologically feasible model which
should be able to predict the magnitudes and dyna-
mics ofthe test responses after the administration ofa
pulse of [14C]carbonate into the portal vein, and in
addition it should be compatible with the constant-
infusion data produced in other studies. The mathe-
matical model of the isolated perfused liver which
has been produced is capable of simulating such
experimental test data, and is useful in predictive
studies for a wide range of stimuli. Nevertheless, one
of the problems that arises even with a comparatively
simplified system such as this is the inaccessibility
of a number of system variables. For example, no
separate measurement of the specific radioactivities
in arginine compartments (2) and (3) can be made.
This means that in terms of achieving the observed
urea and albumin specific-radioactivity responses,
the model is insensitive to variation in the mass of
unlabelled carbon in most of the compartments.
Those to which it is sensitive, Q6 and Q7, can be
measured with an error of less than 5 %Y.

In terms of achieving the desired peak magnitude
of albumin specific radioactivity, the values chosen
for k23, k32, k35, k57 and r are critical. For example,
an increase in r from 10 to 15min results in a 30%
decrease in the peak value. In contrast, removal of
compartment (3) or an increase in k23 and k32 con-
siderably decreases the time delay in achieving maxi-
mum values for a7 and produces an increase in the
maximum albumin specific radioactivity relative to
that of urea such that a higher rate of albumin syn-
thesis would be calculated by substituting for a6 and
a7 in eqn. (3).
An example of the structural insight which this

isolated perfused liver study provides can be seen by
the postulated compartmentalization of arginine. It is
not possible to simulate the observed albumin specific
radioactivities after a pulse input of (14C]carbonate
into the portal vein if a single operational arginine
compartment is assumed. It appears that the dyna-
mics of the precursor carbonate and urea systems are
so rapid in comparison with the dynamics of the
albumin system that the peak urea specific radioacti-
vity is achieved without equilibration of the specific
radioactivities of the arginine pools. In the test re-
sponses obtained experimentally in which the
["C]carbonate specific radioactivity in compart-
ment (1) falls to 5% of its peak value within 60min,
the arginine dynamics are sufficiently significant to
prevent equilibration of a2 and a3 even after 240min.
However, ifa simulation is carried out in which carbo-

nate dynamics are delayed by decreasing the value of
k12 to 0.015min'I there is retention of 10% of the
maximum carbonate specific radioactivity in com-
partment (1) after 120min, so that arginine specific
radioactivities in compartments (2) and (3) become
similar and constitute a single operational precursor
pool.

It may be that the failure to achieve a true pulse
input of [14C]carbonate in human studies in vivo
(Jones et al., 1968) lessened the effects of the arginine
dynamics and enabled valid rates of synthesis to be
achieved (Tavill et al., 1968; Jeejeebhoy et al., 1972).
The model which was simulated in response to a
constant infusion of [14C]carbonate demonstrates
effective equilibration of arginine specific radio-
activities within 180min. If calculations of albumin-
synthesis rates in the perfused rat liver are based on
infusion studies with data confined to times between
3 and 5h then substantially higher rates of albumin
synthesis may be measured than when the radioiso-
tope is delivered as a single pulse either into the portal
vein or into the mixing reservoir. Clearly, the extent
to which arginine compartmentalization is of prac-
tical importance depends on the method of radioiso-
tope administration, but is also a function of the
relative dynamics of albumin and urea, which may
vary with the experimental system and test conditions
and the species under investigation.

Evidence is accumulating based on kinetic data
which supports the concept of intracellular compart-
mentalization of a variety of amino acids. Valine
appears to exist in an expandable and non-expandable
form in the isolated perfused rat liver (Mortimore
et al., 1972). The former was in rapid equilibrium
with valine used for protein synthesis whereas the
latter was more closely identified with amino acid
released by intracellular proteolysis. Alternatively,
amino acids such as glutamic acid which may be
generated within the cell may undergo metabolic
transformation at their site of synthesis before mixing
with exogenous amino acid transported into the cell
from the extracellular fluid (Berl et at., 1962; Davis,
1972).
Although evidence for hepatic arginine compart-

mentalization has previously been offered (Palacios
et al., 1970) its anatomical nature is speculative. Re-
utilization of arginine for protein synthesis is minimal
because of its rapid hydrolysis to urea (Swick &
Handa, 1956; Swick & Ip, 1974). These findings are
compatible with the relatively rapid urea dynamics
seen in the present studies which may be based on
preferential hydrolysis of endogenous arginine by
arginase rather than its activation for protein syn-
thesis. Finally, it can be argued for albumin that its
initial synthesis in precursor form (Judah & Nicholls,
1971; Geller et al., 1972; Russell & Geller, 1973)
could create a recycling pool of amino acids rich in
arginine (Judah et al., 1973) which is derived from
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the peptide fragment of pro-albumin in close proxi-
mity to the rough endoplasmic reticulum.
Whichever explanation is correct for the postulated

physical separation of the arginine precursor, it
appears that the dynamics of the carbonate system
and the urea system are so rapid in comparison with
the dynamics ofthe albumin system that any sustained
equilibrium of arginine specific radioactivities after
a true pulse input of ['4C]carbonate is precluded.
Any mechanism which delays the disappearance of
['4C]carbonate and decreases its overall dynamics, or
which achieves a relative slowing of the urea dyna-
mics or an acceleration in the movement of newly
synthesized arginine to the sites of protein synthesis
will have the effect ofminimizing the role ofcompart-
mentalization and permitting the assumption of a
common precursor arginine pool for urea and
albumin. The combined mathematical and biochemi-
cal approach to the subsystem analysis of a relatively
simplified experimental model such as the isolated
perfused rat liver can provide insight with which to
identify- more complex systems in vivo and offers
guidance as to the mode of administration of
labelled precursors.

We thank Mr. G. Dickson for skilled mass-spectrometric
measurements.
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