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ABSTRACT The uptake of free choline by isolated perfused
rat liver was characterized. A saturable uptake mechanism [Ka
= 0.17 ± 0.07 mM (SD); Vm.x = 0.84 i 0.16 gmol/min X g dry
weight] and a nonsaturable mechanism (through which uptake
is proportional to choline concentration in the perfusate) were
identified. Most of the choline transported into hepatocytes was
converted to betaine, phosphorylcholine, or lecithin. Free cho-
line also accumulated within the intracellular space, suggesting
that choline oxidase activity does not always limit choline's
uptake by the liver.

Choline, in the form of the phospholipid lecithin, is an integral
component of all membranes and an important constituent of
the diet. The intake of choline in the United States usually varies
between 100 and 600 mg per day (1). Moreover, pharmacologic
doses (grams) of choline and lecithin are administered to hu-
mans to treat some neurological diseases presumably arising
from deficient central cholinergic tone (2). The basis for this
therapy is the finding that plasma choline concentration directly
influences acetylcholine synthesis and release in rat brain (3,
4). The increases in plasma choline concentrations seen after
oral (3-5) or intravenous (6-8) administration of a large choline
dose are small and of short duration. This suggests that high-
capacity mechanisms must exist for clearing choline from the
blood. The characterization of such mechanisms should be
useful in deciding how best to administer choline.
The liver influences plasma choline concentration both by

synthesizing choline radicals (in lecithin) via sequential
methylation of phosphatidylethanolamine (9, 10) and by re-
moving dietary choline from the portal circulation (11, 12).
Choline uptake into the liver has been demonstrated both in
vivo (6, 8, 13) and in the isolated perfused organ (14-16). In
published perfusion studies, initial choline concentrations (1.25
and 2.50 mM) were much higher than physiological levels
(0.01-0.02 mM) and no attempt was made to determine the
kinetics of the uptake phenomenon. In the present study we
have examined the kinetics of free choline uptake in isolated
liver by using a wide range of perfusate concentrations (0.01-5
mM). We present evidence that free choline is rapidly taken
up into the liver through both a saturable and a nonsaturable
mechanism.

METHODS
Animals. Sprague-Dawley rats (Charles River Breeding

Laboratories), 150-250 g, were housed in a controlled envi-
ronment (240C; 12 hr of light from 0600 to 1800 daily). They
were fed Purina chow from 0900 to 1200 hr for 2-3 weeks be-
fore being used as liver donors. Water was supplied ad lib.

Closed-Circuit Perfusions. Livers were isolated and perfused
by a method reported previously (17). This technique avoids

the use of anesthesia and anticoagulant. The perfusate was
Krebs-Ringer bicarbonate buffer containing 4% (wt/vol) di-
alyzed bovine serum albumin (fraction V, fatty acid poor; Miles)
and 15 mM glucose equilibrated with 95% 02/5% CO2. Oxygen
concentration in the effluent perfusate was maintained around
0.2mM (150mm Hg; 1 mm Hg = 1.333 X 102 Pa) by adjusting
the perfusion rate; pH was kept at 7.40 by an automatic titrator.
The metabolic integrity of the perfused organ was assessed by
determination of the ratios [lactate]/[pyruvate] and [3-hy-
droxybutyrate]/[acetoacetate] in aliquots of perfusate sampled
at 15-min intervals. These ratios reflect the oxidoreduction
status of the cytosolic and mitochondrial NADH/NAD+ couples
(18) and are typically 6-10 for [lactate]/[pyruvate] and 0.6-0.8
for [3-hydroxybutyrate]/[acetoacetate] (19). During each 2-hr
perfusion experiment, livers were exposed to one, two, or three
different initial [methyl-14C]choline (40,000 dpm/,umol)
concentrations. When more than one concentration was used,
the second and third were, respectively, 10 and 100 times the
first. The initial amount of choline was added to the perfusate
at 30 min, with subsequent amounts added at 30-min intervals.
The peak choline concentrations achieved in this series of ex-
periments ranged from 0.02 to 5 mM. During the 30 min after
each choline administration, samples of perfusate were with-
drawn at 3- or 5-min intervals. After 120 min, the liver was
removed and quick-frozen (20); the perfusate was recirculated
in the apparatus for an additional 15 min in order to check for
choline disappearance not mediated by the liver.

Radioactivity of perfusate samples was measured in a
Beckman LS7000 liquid scintillation counter. Choline was as-
sayed in an aliquot of the same samples by a radioenzymatic
assay with choline kinase and [y-32P]ATP (21).

Metabolite Determinations. In six of the perfusions, aliquots
of perfusate and quick-frozen liver specimens were digested
in 2 ml of NCS tissue solubilizer (Amersham) at 50°C overnight,
and radioactivity was determined in 15 ml of BetaFluor (Na-
tional Diagnostics, South Somerville, NJ). Other aliquots were
extracted in chloroform/methanol/water, 1:1:1 (vol/vol/vol).
The aqueous phase was subjected to paper electrophoresis (22),
which separated betaine, choline, and phosphorylcholine. The
organic phase was chromatographed on a silica gel plate
(Whatman LK5D) with chloroform/methanol/water, 65:30:4
(vol/vol/vol), which separated lecithin, lysolecithin, and
sphingomyelin. In both electrophoresis and chromatography,
internal standards stained with iodine vapor were used to
identify radioactive compounds. Bands were eluted into scin-
tillation vials and radioactivity was determined in 15 ml of
Scinti-Verse (Fisher).

Open-Circuit Perfusions. Five livers were perfused at 50
ml/min without recirculation of an albumin-free perfusate. At
15 min, a 10-ml bolus containing [methyl-3H]choline (1 mM;
58,000 dpm/nmol) and [carboxyl- '4C]inulin (0.5 mCi/184 mg;
1 Ci = 3.7 X 1010 becquerels) was infused via a syringe pump
into the portal vein perfusion line over 4 min. During this
infusion, biopsies of liver specimens were taken at 1, 2, 3, and
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4 min and quick-frozen (20). The concentration of intracellular
labeled choline was calculated by deducting the amount of
extracellular choline present in the inulin distribution volume
from the total amount of labeled choline found in liver sam-
ples.

In Situ Perfusions. In situ short-term liver perfusions
without recirculation were performed in fed rats anesthesized
with 40 mg of Nembutal per kg (Abbott) and heparinized with
100 units of heparin (Eli Lilly) intravenously. The portal vein
was cannulated and the liver was flushed with 20 ml of oxy-
genated Krebs-Ringer bicarbonate buffer over 1 min. This was
followed immediately by 10 ml of the same buffer containing
1 mM [methyl-14C]choline (2.8 X 105 dpm/,tmol) and 15 ,gCi
of [G-3H]inulin (0.5 mCi/mg). Immediately thereafter a lobe
of liver was excised and quick-frozen between aluminum blocks
that had been cooled in liquid N2 (20). An aliquot of the frozen
liver was digested in NCS tissue solubilizer at 500C overnight,
and radioactivity was measured in 15 ml of BetaFluor. A second
portion of the liver was extracted in chloroform/methanol/
water and subjected to electrophoresis and chromatography as
described above.

RESULTS
Perfusate choline concentrations, measured radioenzymatically
or calculated from the radioactivity of the perfusate (dpm/ml
divided by the specific activity of the injected [methyl-'4C]-
choline), were identical (linear regression slope = 1.00, P <
0.01). Electrophoresis and chromatography of selected perfu-
sate samples showed that 90-95% of the radioactivity could be
recovered as free choline. No detectable choline was released
into the perfusate during the initial 30 min of equilibration.
There was no decrease in choline concentration after removal
of the liver from the apparatus.

During the first 15 min after addition of labeled substrate to
the perfusate, the uptake of choline was approximately linear.
The concentrations of choline at midpoints of these initial pe-
riods and the slopes of the corresponding linear approximations
were used as data points in Fig. 1, which shows the initial ve-
locity of choline uptake as a function of substrate concentration
in the perfusate. The uptake of choline did not follow strict
Michaelis-Menten kinetics; no maximum velocity was reached
in the range of concentrations studied. However, the uptake
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FIG. 1. Uptake of choline by perfused rat liver. 0, Uptake rates
calculated from choline disappearance in closed-circuit perfusions;
+, rates of choline uptake calculated by using accumulation of in-
tracellular isotopically labeled choline in open-circuit perfusions of
isolated and in situ livers. -, Constructed by using nonlinear re-
gression analysis; ---, the saturable component of the uptake.

became linear when choline concentrations were greater than
0.3 mM. We assumed that the observed net uptake was the
result of two processes, one saturable and obeying Michaelis-
Menten kinetics and the other nonsaturable and linear. The
hyperbola was characterized statistically by two methods, both
of which yielded similar Michaelis-Menten constants.

(i) The first method was the use of repetitive iterations of
the difference between observed uptake and the linear com-
ponent by using direct hyperbolic regression fitting with
weighting of 1/variance as described by Wilkinson (23). By this
method the saturable component had a Ka = 0.13 mM + 0.05
(SEM) for choline and a Vmax = 0.69 ,imol/min X g dry weight
+ 0.05 (SEM). The nonsaturable component had a slope of 0.26
,jmol/min X g dry weight (calculated by linear regression, r
=0.8960; P <0.01).

(ii) The second method was the use of nonlinear regression
analysis (24) with the equation

V = (S X Vmax)/(S + Km) + mS + b,
in which V = velocity of choline uptake (,gmol/min X g dry
weight) and S = substrate concentration (mM). By this approach
Ka = 0.17 mM + 0.07 (SD) for choline and Vma,, = 0.84 ,mol/
min X g dry weight + 0.16 (SD). The nonsaturable component
had a slope of 0.30 + 0.04 (SD) ,mol/min X g dry weight.
Because residual errors for all data points were of the same
magnitude, no weighting was used. This method of calculation
involves only one regression; thus it avoids the compounding
of errors that occurs in method i. By either method, similar Km
and Vmax values are derived.

After 90 min of perfusion with media containing low initial
concentrations of choline (0.02-0.125 mM), 90% of the radio-
activity within the liver was accounted for by choline, betaine,
phosphorylcholine, and lecithin (Fig. 2A). After perfusions with
high initial concentrations of choline (2.5-4.5 mM), the radio-
activity was found in the same metabolites, though relatively
more was found in betaine (Fig. 2B).

In five open-circuit perfusion experiments, intracellular
accumulation of choline-derived label was calculated by inulin
determination of extracellular space. Liver uptake of choline
calculated by this method agreed well with uptake calculated
by choline's disappearance from perfusate (see Fig. 1).

In three in situ perfusion experiments, accumulation of in-
tracellular free choline was calculated by using the inulin space
[0.15 ml + 0.004 (SD)/g dry weight] and assuming a constant
specific activity of the infused choline. No radioactive lecithin
was detected in liver after the 1-min infusion; virtually all of
the intracellular label was identifiable as choline, betaine, or
phosphorylcholine. Between 40 and 124 nmol of labeled free
choline per g dry weight accumulated within hepatocytes.
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FIG. 2. Metabolites formed from choline in isolated perfused rat
liver. The metabolites were assayed in livers perfused for 90 min with
radioactive choline. Perfusate choline concentrations were 0.005-0.125
mM (A) and 2.5-4.5mM (B). Data are expressed as ,tmol of choline-
derived label per g wet weight ± SEM. LEC, lecithin; PCho, phos-
phorylcholine; BET, betaine; Cho, choline.
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DISCUSSION
These studies demonstrate that the liver rapidly removes choline
from the portal circulation. It appears that net uptake is the sum
of at least two processes, one which takes up choline at a rate
proportional to its concentration in the perfusate and one which
exhibits saturable enzyme kinetics. Both mechanisms are un-
saturated at physiological concentrations of choline in plasma
(0.01-0.02 mM) and at concentrations of plasma choline
reached when rats or humans are treated with choline-con-
taining compounds (0.03-0.08 mM) (3-5). Postprandial portal
venous choline concentrations might exceed the Km of the
saturable mechanism if all absorbed free choline enters the
portal circulation. We found that the maximum velocity of this
mechanism should be sufficient to allow it to clear plasma of
choline rapidly. Our results are consistent with the rates of
hepatic choline uptake reported by Tuma et al. (14-16). From
their data (15) one can calculate uptakes of 0.80 and 1.33
ymol/min X g dry weight at initial perfusate choline concen-
trations of 1.25 and 2.50 mM, respectively. From data collected
in ivo in guinea pigs (6) one can calculate the rate of choline
disappearance from plasma to be approximately 0.25 Mmol/
min X g dry weight of liver over a concentration range of
0.03-1 mM. This is comparable with the rates we observed in
perfused rat liver.
The isotopically labeled products found within liver can be

formed by using known pathways of choline metabolism. At
lower choline concentrations (0.005-0.125 mM), phosphoryl-
choline and lecithin (synthesized from phosphorylcholine; ref
25) account for nearly 70% of the metabolites of choline and
betaine accounts for approximately 60% of labeled metabolites,
phosphorylcholine plus lecithin account for 30%, and choline
accounts for 10%. This may indicate that the enzyme that
converts choline to phosphorylcholine (choline kinase) is satu-
rated at lower choline concentrations than is the enzyme system
responsible for synthesizing betaine [choline oxidase, which is
composed of choline dehydrogenase (EC 1.1.99.1) plus be-
taine-aldehyde dehydrogenase (EC 1.2.1.8)]. This agrees with
the observed Km values for choline of these enzymes-namely,
0.33 mM and 0.7 mM for choline kinase (26) and choline oxi-
dase (27), respectively.

It has been suggested that choline uptake into the liver is
directly linked to choline oxidase activity (14). If the degra-
dation of choline were rate limiting for choline's uptake into
the cell, then no free choline should ever accumulate in liver.
We found that labeled free choline does accumulate in amounts
that compare in magnitude to those previously reported for total
free choline in liver (50-350 nmol/g) (28, 29). It may be that
free choline accumulates only at high perfusing choline con-
centrations, when the linear uptake mechanism makes a sig-
nificant contribution to the process. Thus the possibility remains
that the saturable choline uptake mechanism is in some way
linked to oxidase activity.
The liver's ample ability to act as a sink for choline can ex-

plain the rapid clearance of administered choline from plasma.
Oral administration of 2.3 g of choline chloride to humans
causes a 3fold rise in plasma choline concentration (from 0.01
to 0.03 mM). Assuming that choline is distributed in the ex-
tracellular fluid, the observed increase in plasma choline would
represent less than 5% of the administered dose. It might be
expected that when liver function is impaired (e.g., in cirrhosis),
plasma choline concentrations might be reached with small

doses if hepatic choline uptake would be pharmacologically
inhibited.

We are grateful for Dr. William M. Rand's help in the statistical
analysis. The assistance of Sheila Magil in part of this work is ac-
knowledged with thanks. This work was supported by grants from the
U.S. Public Health Service (MH 28783 and NIH-5-507-RR07047-13),
the National Aeronautics and Space Administration (NGR 22-009-627),
the Nutrition Foundation (549), and the Ford Foundation. S.H.Z. is
a recipient of a National Institutes of Health Postdoctoral Fellowship
(IF 32AM05756-03).

1. Wurtman, J. J. (1979) in Uses of Choline and Lecithin in Brain
Disorders, eds. Barbeau, A., Growdon, J. & Wurtman, R. (Raven,
New York), pp. 73-82.

2. Barbeau, A., Growdon, J. H. & Wurtman, R. J., eds. (1979) Uses
of Choline and Lecithin in Brain Disorders (Raven, New
York).

3. Cohen, E. L. & Wurtman, R. J. (1976) Science 191, 561-562.
4. Haubrich, D. R., Wang, P. F., Clody, D. & Wedeking, P. W.

(1975) Life Sci. 17, 975-980.
5. Zeisel, S. H., Growdon, J. H., Wurtman, R. J., Magil, S. G. &

Logue, M. (1980) Neurology, in press.
6. Haubrich, D. R., Wang, P. F. & Wedeking, P. W. (1975) J.

Pharmacol. Exp. Ther. 193,246-255.
7. Gardiner, J. E. & Paton, W. D. (1972) J. Physiol. (London) 227,

71-86.
8. Bligh, J. (1953) J. Physiol. (London) 120,53-62.
9. Bremer, J. & Greenberg, D. M. (1961) Biochim. Biophys. Acta

46,205-216.
10. Bjornstad, P. L. & Bremer, J. (1966) J. Lipid Res. 7, 38-45.
11. Kuczler, F., Narwold, D. & Rose, R. (1977) Biochim. Biophys.

Acta 465, 131-137.
12. Lekim, D. & Betzing, H. (1976) Hoppe-Seyler's Z. Physiol.

Chem. 357, 1321-1331.
13. Mann, S. P. & Bennett, R. C. (1979) Experientia 35,211-212.
14. Tuma, D. J., Barak, A. J., Schafer, D. F. & Sorrell, M. F. (1973)

Can. J. Biochem. 51, 117-120.
15. Tuma, D. J., Beckenhauer, H. C., Keefer, R. C. & Barak, A. J.

(1969) Can. J. Physiol. Pharmacol. 48, 35-38.
16. Tuma, D. J., Sorrell, M. F. & Barak, A. J. (1972) Res. Commun.

Chem. Pathol. Pharmacol. 6,345-348.
17. Brunengraber, H., Boutry, M. & Lowenstein, J. M. (1973) J. Biol.

Chem. 248,2656-2669.
18. Bucher, T. (1970) in Pyridine Nucleotide-Dependent Dehy-

drogenases, ed. Sund, H. (Springer, Berlin), pp. 439-461.
19. Williamson, D. H., Bates, M. W. & Krebs, H. A. (1968) Biochem.

J. 108, 353-361.
20. Wollenberger, A., Ristau, 0. & Schoffa, G. (1960) Pfluegers Arch.

Gesamte Physiol. Menschen Tiere 270,399-412.
21. Goldberg, A. & McCaman, R. (1973) J. Neurochem. 20, 1-8.
22. Potter, L. T. & Murphy, W. (1967) Biochem. Pharmacol. 16,

1386-1388.
23. Wilkinson, G. N. (1961) Biochem. J. 80, 324-331.
24. Program BMP3R (1977) BMDP-77 Manual (Univ. California,

Los Angeles), p. 480.
25. Kennedy, E. P. & Weiss, S. B. (1956) J. Biol. Chem. 222, 183-

213.
26. Brophy, P., Choy, P., Toone, J. & Vance, D. (1977) Eur. J. Bio-

chem. 78, 481-486.
27. Hatefi Y. & Stiggal, D. (1976) in The Enzymes, ed. Boyer, P.

(Academic, New York), Vol. 13, pp. 261-263.
28. Goldberg, A. & Hanin, I. (1976) Biology of Cholinergic Function

(Raven, New York), pp. 661-683.
29. Haubrich, D. R. & Wang, P. F. (1980) in CRC Handbook Series

on Nutrition and Food, (CRC, Cleveland, OH), in press.

Biochemistry: Zeisel et al.


