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1. Adult squirrel monkeys were injected intravenously with doubly labelled lysophos-
phatidylcholine (a mixture of 1-[1-!*C]palmitoyl-sn-glycero-3-phosphorylcholine and
1-acyl-sn-glycero-3-phosphoryl[Me-*H]choline; *H : *Cratio 3.75) complexed to albumin,
and the incorporation into the brain was studied at times up to 3h. 2. After 20min, 1%
of the radioactivity injected as lysophosphatidylcholine had been taken up by the brain.
3. Approx. 70% of the doubly labelled lysophosphatidylcholine taken up by both grey
and white matter was converted into phosphatidylcholine, whereas about 309, was
hydrolysed. 4. The absence of significant radioactivity in the phosphatidylcholine, free
fatty acid and water-soluble fractions of plasma up to 30min after injection of doubly
labelled lysophosphatidylcholine rules out the possibility that the rapid labelling of these
compounds in brain could be due to uptake from or exchange with their counterparts in
plasma. 5. The similarity between the 3H:!*C ratios of brain phosphatidylcholine and
injected lysophosphatidylcholine demonstrates that formation of the former occurred
predominantly via direct acylation. 6. Analysis of the water-soluble products from
lysophosphatidylcholine catabolism revealed that appreciable glycerophosphoryl-
[Me-*H]choline did not accumulate in the brain and that radioactivity was incorporated
into choline, acetylcholine, phosphorylcholine and betaine. 7. The role of plasma
lysophosphatidylcholine as both a precursor of brain phosphatidylcholine and a source of
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free choline for the brain is discussed.

Lysophosphatidylcholine is a normal constituent
of mammalian plasma, where it constitutes 5-20%;
of the total phospholipids (Nelson, 1967). In
squirrel monkeys (Portman et al., 1970), as in other
species (Switzer & Eder, 1965), most of this lysophos-
phatidylcholine is transported bound to plasma
albumin, although lesser amounts are also carried on
both the low- and high-density lipoproteins. In all
three components the lysophosphatidylcholine ap-
pears to be in rapid exchange equilibrium (Illingworth
& Portman, 1972a). The transesterification of the
phosphatidylcholine and cholesterol of high-density
lipoproteins by the enzyme phosphatidylcholine—
cholesterol acyltransferase is probably the principal
source of lysophosphatidylcholine in plasma
(Glomset, 1968) although the activity of tissue
and plasma phospholipases undoubtedly contrib-
utes.

Previous reports from this and other laboratories
have demonstrated that after intravenous injection
radiolabelled lysophosphatidylcholine is rapidly
removed from the plasma of both squirrel monkeys
(Portman et al., 1970) and rats (Stein & Stein, 1966).
Although both studies showed that many tissues,
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particularly the liver, were the sites of uptake, neither
reported any information about the possible entry of
lysophosphatidylcholine into the brain. Since the
adult brain is unable to synthesize choline de rnovo
(Bremer & Greenberg, 1961; Ansell & Spanner,
1967, 1971; Chida & Arakawa, 1971), it must rely
entirely on the blood for its supply. In what form
choline enters the brain, whether as the free base or
lipid-bound in lysophosphatidylcholine, sphingo-
myelin or phosphatidylcholine, is, however, uncer-
tain. Several workers have demonstrated the entry of
labelled choline, injected intravenously, into the
brain (Schuberth et al, 1969; Diamond, 1971;
Chida & Arakawa, 1971), but only Ansell &
Spanner (1971) have suggested that it is transported
into the brain predominantly lipid-bound, either
as  phosphatidylcholine or lysophosphatidyl-
choline.

The present paper presents evidence that doubly
labelled lysophosphatidylcholine (a mixture of
1-[1-*C]palmitoyl - sn-glycero - 3 - phosphorylcholine
and 1-acyl-sn-glycero-3-phosphoryl[Me-3H]choline)
injected intravenously into squirrel monkeys was
taken up and rapidly metabolized by the brain.
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Materials and Methods
Preparation of labelled substrates

Lysophosphatidylcholine (1-acyl-sn-glycero-3-
phosphorylcholine), labelled with either [1-'*C]-
palmitic acid or [Me-*H]choline, was prepared from
biosynthetically labelled phosphatidylcholine by the
action of Crotalus adamanteus venom (Ross Allen’s
Reptile Institute, Silver Springs, Fla., U.S.A.) by the
method of Long & Penny (1957).

[1-14C]Palmitoyl-labelled phosphatidylcholine was
prepared as follows. A portion (500xCi) of [1-*C]-
palmitic acid (sp. radioactivity 55 mCi/mmol; Amer-
sham/Searle Corp., Des Plaines, Ill., U.S.A.) and
10 umol of 2-acyl-lysophosphatidylcholine, prepared
by acid hydrolysis of choline plasmalogens from
rhesus-monkey heart, were evaporated to dryness
and redispersed in 3 ml of potassium phosphate buffer
(0.2M, pH7.4) containing 10 umol of CTP, 75 umol of
ATP, 2.5 umol of CoA, 210umol of glycerol 3-phos-
phate, 20umol of MgCl; and 10umol of CDP-
choline. As a source of enzyme, 2.5ml of a 45000g-
min supernatant from a 20%; (w/v) homogenate of
rat liver in 0.25M-sucrose was added and the flask
was incubated at 37°C for 3h. Lipids were extracted
by the method of Bligh & Dyer (1959), and the
phosphatidylcholine was separated by t.L.c. on silica
gel H (E. Merck, Darmstadt, Germany) in the solvent
system chloroform—methanol-acetic acid—water
(25:15:4:2, by vol.; Skipski et al., 1964). The phos-
phatidylcholine was detected by brief exposure of
the plate to iodine vapour, eluted from the silica
with 20ml of methanol, and rechromatographed in
the solvent system chloroform—methanol-water
(13:7:1, by vol.).

Some 17%, of the added [1-'*C]palmitic acid was
incorporated into phosphatidylcholine and 99
remained in 1-acyl-lysophosphatidylcholine. The
specific radioactivity of two preparations was
0.95 uCi/umol and 2.31 uCi/umol. For the prepara-
tion of [Me-*Hlcholine-labelled phosphatidylcholine,
a 21-day-old rat was injected intraperitoneally with
5mCi of [Me-*H]choline (specific radioactivity
16Ci/mmol; Amersham/Searle Corp.) in 1ml of
0.9% NaCl, and the dose was repeated 24h later.
After another 24h, the animal was killed and the
liver, brain and several pooled organs were extracted
with chloroform—methanol (2:1, v/v; Folch et al.,
1957). [Me-*H]Choline-labelled lysophosphatidyl-
choline derived from liver phosphatidylcholine was
used in these studies. The specific radioactivity of this
preparation was 5.97uCi/umol. The samples were
stored in chloroform at —12°C. At least 999 of the
radioactivity of labelled lysophosphatidylcholine in
both preparations co-chromatographed with authen-
tic lysophosphatidylcholine on t.l.c. The radio-
chemical purity of the lysophosphatidylcholine
samples was checked every 6-8 weeks and, where
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necessary, the lysophosphatidylcholine was re-
purified by t.l.c.

Preparation of
complex

lysophosphatidylcholine—albumin

A portion (3umol) of lysophosphatidylcholine,
containing a mixture of 1.37uCi of 1-[1-1*C]palmi-
toyl-sn-glycero-3-phosphorylcholine and 5.15xCi
of 1-acyl-sn-glycero-3-phosphoryl[Me-*H]choline
(®H:'4C ratio 3.75) was evaporated to dryness and
dispersed in 1.0ml of 0.9 9, NaCl; 4.5ml of a solution
containing 3 umol of purified human serum albumin
(Behring Diagnostics, Woodbury, N.Y., U.S.A.) in
0.9% NaCl was added and the flask was incubated in
a metabolic shaker at 37°C overnight. All these pro-
cedures were performed aseptically. These procedures
did not cause any hydrolysis of the lysophosphatidyl-
choline.

Dietary treatment of squirrel monkeys

Sexually mature female squirrel monkeys (Saimiri
sciureus) were maintained on either a semipurified
diet, which induces hypercholesterolaemia and in
which 459 of the calories were supplied as butter
plus crystalline cholesterol [0.1g/418kJ (0.1g/
100kcal) or 20g], or a similar control diet except that
15% of the calories came from corn oil and no
cholesterol was added (Portman et al., 1967 ; Portman
& Alexander, 1969). Experiments were normally
performed on pairs of animals with one control and
one hypercholesterolaemic animal in each experi-
ment. In two experiments, however, three animals
were used; the additional control animal in each
experiment had been maintained on Purina monkey
chow.

Injection of lysophosphatidylcholine—albumin complex

Monkeys were anaesthetized with Ketamine hydro-
chloride (Bristol Laboratories, Syracuse, N.Y.,
U.S.A,, 4.0mg/kg body wt.) and catheters (PV-3
tubing) were implanted in the femoral artery and
vein of one leg. Biliary catheters (PE-20 tubing)
were also implanted in 10 of the 13 monkeys studied.
Then 2.5ml of the lysophosphatidylcholine-albumin
complex (1.36umol of lysophosphatidylcholine,
containing 0.63uCi of [1-“C]palmitate-labelled
lysophosphatidylcholine and 2.34uCi of [Me-*H]-
choline-labelled lysophosphatidylcholine), together
with a wash-in portion of 1ml of 0.99, NaCl, was
injected into the femoral vein of each monkey over a
30s period. Blood samples were withdrawn at various
times from the arterial catheter into heparinized
syringes. Continuous fluid and electrolyte replace-
ments were infused via this route immediately after
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the withdrawal of each blood sample. At the termina-
tion of the experiments, the animals were killed under
anaesthesia by exsanguination from the abdominal
aorta and perfused with 300-400ml of 0.9 ¢}, NaCl via
the vena cava. The cranial cavity was opened and the
brain rapidly removed, chilled in ice and weighed.
Tissue (approx. 1g) from the brain stem and cerebral
cortex (sections taken tangentially to exclude white
matter) was removed for analysis and the remainder
of the brain was homogenized in ice-cold water. The
visual appearance of the brains after perfusion indi-
cated that they were completely free of residual blood.

Extraction of tissues

Lipids were extracted from plasma and brain tissues
by homogenization in chloroform-methanol (2:1,
v/v; Folch et al., 1957). The upper aqueous-methanol
phase, obtained after the addition of 0.4vol. of
water to the chloroform-methanol extract, was re-
extracted with one-third of its volume of chloroform
and the resultant aqueous-methanol phase was
assayed for water-soluble radioactivity. The chloro-
form extracts were combined and made to a known
volume, and samples were taken for the assay of
lipid mass and radioactivity.

Samples of the total brain homogenate were also
removed, 0.2vol. of 509 (w/v) trichloroacetic acid
was added, and the samples were placed on ice for
20min. The precipitated protein was sedimented and,
after the supernatant had been decanted off, was re-
extracted with 4.0ml of 109; trichloroacetic acid. The
two supernatants were combined and filtered through
Whatman no. 541 filter paper. Trichloroacetic acid
was removed from the resultant supernatant by wash-
ing with 3 x0.4vol. of diethyl ether and once with
0.4vol. of light petroleum (b.p. 40-60°C)—-diethyl
ether (1:1, v/v).

Separation of water-soluble material

Samples of the aqueous phases from either Folch
or trichloroacetic acid extractions were separated by
ion-exchange chromatography on Dowex 50 (X8;
H* form; 200 mesh; Sigma Chemical Co., St. Louis,
Mo., U.S.A.). Aqueous samples from the brain stem
and cerebral-cortex extracts were applied to small
Dowex 50 columns (0.8cm x 3.0cm) and the columns
were successively washed with 20ml of water, 30ml of
0.1 M-HCl and 20ml of 3M-HCl (Webster & Cooper,
1968). These three fractions contained respectively
glycerophosphorylcholine, phosphorylcholine and
choline. In addition, the 3M-HCI fraction contained
betaine and acetylcholine. In some experiments, an
improved method with larger columns (0.8 cm x 7cm)
of Dowex 50 (Illingworth & Portman, 1972b) was
used, which successively separated glycerophosphor-
ylcholine, phosphorylcholine, betaine and choline
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into distinct fractions. In this method, the columns
were washed with 25ml of water, 90ml of 0.4M-HCI
and 30ml of 3M-HCI. Phosphorylcholine was nor-
mally eluted in the first 40ml of 0.4 M-HCIl, and betaine
between 40 and 90ml of 0.4M-HCI.

Samples of aqueous extracts from the brain were
also analysed by t.l.c. on silica gel G or cellulose-
impregnated plates. Betaine was resolved from other
labelled compounds by chromatography on 0.25mm-
thick silica gel G plates in the solvent system
methanol-acetone~3M-HCl (18:3:2, by vol.). Rr
values in this system were betaine 0.53, choline 0.39,
acetylcholine 0.39, glycerophosphorylcholine 0.30,
and phosphorylcholine 0.36. Acetylcholine was
separated on 0.25mm-thick cellulose plates with the
solvent system 0.2m-ammonium acetate (pH4.8)—
acetone (1:4, v/v; Diamond & Kennedy, 1969).
Spots were located with iodine vapour.

Separation of lipids and assay of radioactivity

Individual neutral lipids and phospholipids were
separated on 0.25mm-thick layers of silica gel H
with the solvent systems n-heptane—ether—methanol—
acetic acid [85:15:3:2, by vol. (Belfrage et al., 1965)]
and  chloroform-methanol-acetic  acid—water
[75:55:12:6, by vol. (Illingworth & Portman, 1972a)
or 25:15:4:2, by vol. (Skipski et al., 1964)]. Because
of the low concentrations of lysophosphatidylcholine
in brain tissue, 50 ug of unlabelled material was added
to each of the samples used to separate phospholipids
for radioassay.

Lipid mass was determined by a charring technique
(Portman & Alexander, 1972) after t.l.c. on washed
(Parker & Peterson, 1965) silica gel H plates or by
scraping the plates and determining the phospholipid
P (Bartlett, 1959).

After elution with methanol, phosphatidylcholine
samples were further fractionated according to their
degree of unsaturation by t.l.c. on AgNO;-impreg-
nated silica gel H (Arvidson, 1968). Individual bands
were detected under u.v. light after the plate had been
sprayed with a solution which contained 0.4g of
Omnifluor (New England Nuclear Corp., Boston,
Mass.,, U.S.A.), 100ml of toluene and 900ml of
ethanol (Illingworth & Glover, 1970). Three principal
components corresponding to mono- +di-, tetra- and
penta-+hexa-enoic phosphatidylcholines were re-
solved. Each band was eluted with 20ml of chloro-
form-methanol -water—-acetic acid (45:15:1: 10, by
vol.) and the eluate was washed successively with 4 M-
NH; and twice with 0.5 %, NaCl-methanol-chloro-
form (50:50:3, by vol.).

Radioactivity was determined by previously
described methods (Portman & Alexander, 1970)
except that 109 BBS3 (Beckman Instruments Co.,
Palo Alto, Calif., U.S.A.) was added to the scintil-
lation fluid as a solubilizer. Radioactive lipids were
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counted in the presence of the silica gel after the
addition of 0.5ml of water to each vial. Under these
conditions, all lipids were fully solubilized. The
presence of silica gel in the vials did not alter the
3H:4C ratios. Water-soluble compounds, eluted
from ion-exchange columns, were concentrated by
freeze-drying and evaporated to dryness under N,.
The samples were redissolved in 1ml of water, and
radioactivity was assayed after the addition of 10ml
of Aquasol (New England Nuclear Corp.). This pro-
cedure was also used to assay radioactivity in
samples of betaine or acetylcholine separated by
tlc.

Results
Uptake of lysophosphatidylcholine by brain

The uptake of lysophosphatidylcholine by the brain
in vivo was studied in 13 adult squirrel monkeys
(body wt. 600-1020g; mean 760g) maintained on
either control diets or one inducing hyperlipaemia.
As Fig. 1 illustrates, the injected doubly labelled
lysophosphatidylcholine was cleared very rapidly

(d.p.m./ml of plasma)

3H radioactivity of lysophosphatidylcholine

103 L1 1 1 1 ! 1 I 1

01020 40 60 80 100 120 140 160
Time (min)
Fig. 1. Disappearance of intravenously injected

[Me-®H Icholine-labelled lysophosphatidylcholine from
the plasma of squirrel monkeys as a function of
time

Each monkey received 1.36 umol of albumin-bound
lysophosphatidylcholine and 2.34uCi of *H at the
starting time. Lysophosphatidylcholine radioactivity
was determined as indicated in the Materials and
Methods section. Each line is a composite of the
individual decay curves for seven control (o) and six
hyperlipaemic (@) monkeys.
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from the plasma of both groups of animals. The
slower disappearance of labelled lysophosphatidyl-
choline in the plasma of the hyperlipaemic group of
animals was due to the higher concentrations of
lysophosphatidylcholine in their plasma and total
body pool (Portman et al., 1970). Although hyper-
lipaemia did influence the incorporation of lysophos-
phatidylcholine into phosphatidylcholine in both the
liver and the bile, no consistent changes in the uptake
of this compound by the brain were observed. The
results from both groups of animals for the brain
were therefore combined.

The incorporation of [Me-*Hlcholine-labelled
lysophosphatidylcholine into the lipid- and water-
soluble fractions of squirrel-monkey cerebral cortex
and brain stem are shown in Figs. 2 and 3 respectively.
In both areas of the brain, radioactivity was about
twice as great in the lipid extract as in the aqueous
phase. The overall concentration of radioactivity in
cortical grey matter was, however, some 15-20%;
greater than that in white matter from the brain stem,
although the time-course of incorporation by both
samples was similar. The minute quantities of *C
radioactivity in the aqueous phases (*H:4C ratios
>20) indicated that the 3H radioactivity in this frac-
tion was not due to unextracted lysophosphatidyl-
choline (which had a 3H:'4C ratio of 3.75). The
3H:'4C ratios for the combined lipid plus aqueous
fractions (Figs. 2 and 3) did not change appreciably
up to 3h, an indication that the newly formed
phosphatidylcholine (*H:*4C ratios>3.0; see Table
3) or the products of lysophosphatidylcholine catab-
olism were not being rapidly lost from the brain.
Values for the total uptake of labelled lysophospha-
tidylcholine by the brain (mean weight 22.9+0.4g),
expressed as a percentage of the injected dose, were
0.459%; after 10min (no. of animals = 3), 1.04 % after
22min (no. of animals =2) and 0.99% after 140-
180min (no. of animals = 6).

b
Distribution of radioactivity in lipid classes

The phospholipid composition of squirrel-monkey
brain (Table 1) resembles that of other mammalian
species (Dickerson, 1968). In our study, white matter
was characterized by a higher concentration of total
phospholipid and was relatively richer in sphingo-
myelin, phosphatidylserine and phosphatidylethanol-
amine, but poorer in phosphatidylcholine, than
corresponding samples of cortical grey matter. The
lysophosphatidylcholine content of both samples
was very low.

Table 2 shows the distribution of '4C radioactivity
derived from [1-!*C]palmitoyl-labelled lysophos-
phatidylcholine within the different lipid classes of
brain. At all time-periods studied, most of the radio-
activity was present in phosphatidylcholine, with
comparatively little in lysophosphatidylcholine. Free
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Fig. 2. Incorporation of 3 H radioactivity into the total lipid and water-soluble fractions fromsquirrel-monkey cerebral
cortex and the *H:'*C ratios of combined lipid and water-soluble fractions as a function of time after the intravenous
injection of [Me-*Hlcholine- and [1-**Clpalmitoyl-labelled lysophosphatidylcholine

The 3H: *C ratio of the injected lysophosphatidylcholine was 3.75. B, 3H:14C ratio in cortex; A, lipid-bound *H
radioactivity; o, water-soluble *H radioactivity. The technique for isolation and assay of samples is described in

the Materials and Methods section.

fatty acids, and to a lesser extent triglycerides and
phosphatidylethanolamine, were also labelled, an
indication of hydrolysis and further metabolism of
the palmitate moiety from [1-!4C]palmitoyl-labelled
lysophosphatidylcholine. No significant radioactivity
was present in other lipid fractions. The fact that
virtually no radioactivity was detected in either the
phosphatidylcholine or free fatty acid fractions of
plasma during the first 20-30min after injection of
doubly labelled lysophosphatidylcholine precludes
the possibility that the rapid labelling of these com-
pounds in the brain was due to either uptake from
(Dhopeshwarkar & Mead, 1969; Hoelzl & Franck,
1969) or possible exchange with (Illingworth &
Glover, 1971) their counterparts in plasma. The very
low 3H radioactivity (<0.1% of total plasma *H
content) in the aqueous phase of chloroform-metha-
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nol extracts from plasma indicated that the water-
soluble *H radioactivity found in brain must also
have resulted from the uptake and subsequent meta-
bolism of lysophosphatidylcholine within the brain.

Fatty acid specificity of Iysophosphatidylcholine
acylation

To ascertain whether or not lysophosphatidyl-
choline was being selectively acylated with fatty acids
of a particular unsaturation, we separated phospha-
tidylcholine samples from both grey and white matter
into three fractions by t.l.c. on AgNO;-impregnated
silica gel H. As Table 3 illustrates, the relative
specific radioactivities of tetraenoic phosphatidyl-
choline fractions were some two to three times as high
as those of the mono-+di-ene or penta-+hexa-ene
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Fig. 3. Incorporation of 3H radioactivity into the total lipid and water-soluble fractions from squirrel-monkey brain
stem and the 3H: *C ratios of combined lipid and water-soluble fractions as a function of time after the intravenous
injection of [Me-*Hcholine- and [1-'*Clpalmitoyl-labelled lysophosphatidyicholine

The 3H: *C ratio of the injected lysophosphatidylcholine was 3.75. m, H : “C ratio in brain stem; A, lipid-bound
3H radioactivity; o, water-soluble *H radioactivity. The technique for isolation and assay of samples is described

in the Materials and Methods section.

fraction, and thereby indicate a selective acylation of
lysophosphatidylcholine with tetraenoic fatty acids.
The 3H:'4C ratios of the tetra- and penta-+hexa-
enoic fractions were generally higher than those of
the mono-+di-enoic phosphatidylcholines and more
closely resembled that of the originally injected lyso-
phosphatidylcholine (3H: “C ratio 3.75). The slightly
lower ratios of the latter fraction probably reflect the
incorporation of [1-1“Clpalmitic acid, produced
from the hydrolysis of [1-“C]palmitoyl-labelled
lysophosphatidylcholine, into phosphatidylcholine
via the diglyceridle-CDP-choline pathway. This
theory is consistent with the preferential biosynthesis
of mono- and di-enoic phosphatidylcholines that
occurs via this pathway (Balint ez al., 1967; Rytter
et al., 1968; Kanoh, 1969; Akesson et al., 1970).
Nevertheless, the overall similarity between the

3H:!4C ratio of the injected lysophosphatidylcholine
and that of brain phosphatidylcholine clearly dem-
onstrates that the major pathway of phosphatidyl-
choline formation in these experiments is by a direct
acylation of lysophosphatidylcholine (Lands, 1960).

Distribution of water-soluble radioactivity

Samples of the aqueous phase from chloroform—
methanol extracts of brain were separated into three
fractions by chromatography on Dowex 50 (Webster
& Cooper, 1968). As Table 4 illustrates, glycero-
phorylcholine, produced from the deacylation of
lysophosphatidylcholine, was rapidly metabolized
by both grey and white matter and after 3h
accounted for less than 13 9/ of the total radioactivity
in the aqueous phase. Labelling of the 3M-HCI
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Table 1. Phospholipid composition of different parts of the squirrel-monkey brain

Lipid fractions from each of 13 monkey brains were separated by t.l.c. (Skipski et al., 1964), and lipid mass was
determined by a charring technique (Portman & Alexander, 1972).

Total phospholipid (mg/g wet wt.)

Percentage distribution of P
Origin
Lysophosphatidylcholine
Sphingomyelin
Phosphatidylcholine
Phosphatidylinositol
Phosphatidylserine
Phosphatidylethanolamine
Phosphatidic acid +cardiolipin

Whole brain Cerebral cortex Brain stem
61.5 43.2 63.5
0.4 1.0 0.2
0.4 0.5 04
11.0 6.1 13.6
322 355 26.0
2.6 4.8 23
15.9 17.2 18.8
34.1 32.1 36.6
25 29 24

Table 2. Percentage distribution of **C radioactivity derived from intravenously injected [1-'*Clpalmitoyl-labelled
Iysophosphatidylcholine in brain lipids of squirrel monkeys

The lysophosphatidylcholine was bound to albumin. At various intervals after injection, the monkeys were killed
and the brains were thoroughly perfused with 0.9 % NaCl. Brain lipids were separated into different subfractions
by t.l.c. (Skipski et al., 1964; Belfrage et al., 1965). N.D., not determined.

Distribution of '4C radioactivity (%)

Time No. of Region Phosphatidyl- Lysophospha- Phosphatidyl- Free
(min) animals of brain choline tidylcholine  ethanolamine fatty acid Triglyceride
10 3 Cortex 72.2 8.0 — 14.5 5.3
Stem 67.5 10.6 — 16.1 58
22 2 Cortex 71.4 5.0 3.3 12.2 8.3
Stem 56.3 7.7 35 23.0 9.5
75 1 Cortex 68.8 9.1 N.D. — 221 —
Stem 67.1 8.1 N.D. — 248 —
140-180 7 Cortex 74.3 1.6 5.6 15.5 3.0
Stem 70.0 2.6 6.0 18.4 3.0

fraction (containing choline, betaine and acetylcho-
line) was rapid but declined somewhat in the later
samples. In contrast, the amount of radioactive phos-
phorylcholine showed a marked increase with time
and accounted for some 30 % of the water-soluble *H
radioactivity 140-180min after the injection of
doubly labelled lysophosphatidylcholine.

The distribution of 3H radioactivity from [Me-*H]-
choline-labelled lysophosphatidylcholine in acetyl-
choline, betaine and choline (the principal constitu-
ents of the 3M-HCI fraction) from aqueous extracts
of whole brain homogenates is shown in Table 5.
These values are derived from experiments in which
acetylcholine, present in total aqueous extracts, was
separated by t.l.c. on plates coated with cellulose
(see the Materials and Methods section) and in which
betaine was separated either by t.1.c. on 0.25 mm-thick
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silica gel G plates or by ion-exchange chromato-
graphy on columns (0.8 cm x 7.0cm) of Dowex 50 (see
the Materials and Methods section). We did not take
any special precautions to prevent the hydrolysis of
acetylcholine between the times brain samples were
taken and were homogenized except for rapid transfer
to iced containers. Therefore the radioactivity in
acetylcholine was probably underestimated. The
results demonstrate a progressive increase in the
labelling of betaine, together with a decrease in the
radioactivity of choline, between 20min and 3h.
Values for choline in Table 5 may, in fact, be too
high, since this fraction probably also contains betaine
aldehyde, an intermediate in the oxidation of choline
to betaine (Speed & Richardson, 1968). The extent
of labelling of this compound was not studied.
Nevertheless, with these limitations in mind, it is
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3H:14C
ratio
3.30(3)
3.10(3)
3.06 (2)
3.60 (2)
3.46 (7)
3.57(D)

radioactivity
1.0
1.0
1.0
1.0
1.0

Total phosphatidylcholine
Relative sp.

—

3H:14C
ratio
4.13
4.10
3.27
4.09

specific radioactivity of the phosphatidylcholine
3.89

Penta--+hexa-ene

radioactivity
0.69
0.68
0.93
0.73
0.82

y. Each value is the mean from two or more animals (indicated
Relative sp.

the brain of squirrel monkeys which had been injected with a mixture of
s of *H and '4C in each fraction.

l-labelled and [Me-3 H ]choline-labelled lysophosphatidylcholine bound to albumin
ratio

3SH:14C

Tetraene

Relative sp.

Relative specific radioactivity and *H:*C ratios of phosphatidylcholine fractions
radioactivity

ratio
3.19
2.79
2.74
3.11
3.33

SH:14C

Mono-+di-ene

0.78
0.71
0.72
0.87
0.79

Relative sp.
radioactivity

—

[1-**Clpalmitoy

Sample
Cortex (2)
Stem (2)
Cortex (2)
Stem (2)

140-180 Cortex (3)

H:'*C ratio of the injected dose was 3.75. The relative specific radioactivity refers to the
Stem (3)

Time
10
22

subfraction relative to the total phosphatidylcholine specific radioactivity taken as unit
(min)

Table 3. Relative specific radioactivities of phosphatidylcholine subclasses from
in parentheses) and is derived from the average of the relative specific radioactivitie:

The

D. R. ILLINGWORTH AND O. W. PORTMAN

evident that at all times acetylcholine and choline
were the principal sources of the radioactivity in the
3M-HCl fractions from Dowex 50 columns eluted by
the method of Webster & Cooper (1968).

Discussion

The results of the present study clearly demon-
strate that lysophosphatidylcholine in plasma is taken
up and metabolized by the brain, where it serves
as a precursor of both phosphatidylcholine and
choline. By using an isotopic mixture of lysophos-
phatidylcholine, in which both the choline and fatty
acid moieties were labelled, we simultaneously deter-
mined the fate of both of these constituents of the
lysophosphatidylcholine molecule and their relative
rates of incorporation into phosphatidylcholine.

The similarity between the 3H : '*C ratios of injected
lysophosphatidylcholine and of brain phosphatidyl-
choline clearly demonstrates that the principal path-
way of synthesis of the latter from the former pro-
ceeds via a direct acylation (Lands, 1960; Webster,
1965) and not by synthesis de novo after initial
hydrolysis or by a condensation of two lysophos-
phatidylcholine molecules to form one molecule of
phosphatidylcholine and one molecule of glycero-
phosphorylcholine (Erbland & Marinetti, 1965).
Further, since the incorporation of [Me->H]choline-
labelled lysophosphatidylcholine into lipid-soluble
material, of which over 859, was present in phos-
phatidylcholine, exceeded that in the water-soluble
phase by about twofold, we conclude that under
these conditions in vivo the relative rates of acylation
versus hydrolysis of the lysophosphatidylcholine
taken up by the brain are 2: 1. These findings contrast
sharply with those studies in vitro on homogenates
of both human (Webster, 1965; Illingworth &
Glover, 1969) and rhesus-monkey brain (D. R.
Illingworth & O. W. Portman, unpublished work)
where the rates of hydrolysis of lysophosphatidyl-
choline under optimum conditions were severalfold
greater than the corresponding optimum rates of
acylation. The obvious differences between the
metabolism of lysophosphatidylcholine in vivo and
in vitro may be due to differences in the subcellular
localization or latency of the enzymes responsible.
Thus enzymes for the acylation of lysophosphatidyl-
choline to phosphatidylcholine are present in the
plasma membrane, mitochondria and microsomal
fraction (Stahl & Trams, 1968; Stein et al., 1968;
Sarzala et al., 1970; Wright & Green, 1971), whereas
lysophospholipase (lysophosphatidylcholine acyl-
hydrolase, EC 3.1.1.5) appears to be predominantly
microsomal (Leibovitz & Gatt, 1968 ; Hortnagl et al.,
1969).

In addition to demonstrating direct acylation of
lysophosphatidylcholine to phosphatidylcholine, the
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Table 4. Distribution of 3H radioactivity in water-soluble material in the brains of squirrel monkeys at various inter-
vals after the intravenous injection of [Me-3 H Jcholine-labelled lysophosphatidyicholine bound to albumin

The water-soluble fraction was isolated by the method of Folch et al. (1957) and was subfractionated on Dowex 50
by the method of Webster & Cooper (1968). The numbers of animals are given in parentheses.

Percentage of *H radioactivity in fraction

~

~

Water 0.1M-HCl 3m-HCl
Time (glycerophos- (phosphoryl- (choline +betaine
(min) Sample phorylcholine) choline) +acetylcholine)
10 (3) Cortex 20.6 10.2 69.2
Stem 24.2 9.6 66.2
22 (2) Cortex 29.0 124 58.6
Stem 259 13.6 60.5
140-180 (5) Cortex 12.6 30.6 56.8
Stem 11.6 334 55.0

Table 5. Distribution of 3H radioactivity in the prin-

cipal constituents of the 3M-HCI fraction from the

Dowex 50 column (Webster & Cooper, 1968) described
in Table 4 and in the text

Acetylcholine was separated by t.l.c. on cellulose-
impregnated plates (see the Materials and Methods
section) and betaine was separated either by t.l.c. on
silica gel G plates or on columns (0.8cm x 7.0cm) of
Dowex 50 (see the Materials and Methods section).
The numbers of animals are given in parentheses.

Distribution (%)

-~

Time Acetyl-

(min) choline  Betaine  Choline
10 (3) 33.8 8.6 57.6
22 (2) 46.5 11.9 41.6
140-180 (2) 43.2 214 354

relative constancy of the 3H:!'4C ratios of brain
phosphatidylcholine also argues against a significant
incorporation of choline via base-exchange reactions
(Dils & Hiibscher, 1961 ; Treble et al., 1970). Recent
studies on extraneural tissues (Bjerve, 1971;
Plageman, 1971) as well as in brain (Porcellati ef al.,
1971) also support this conclusion.

Our findings that the relative specific radioactivities
of tetraenoic phosphatidylcholine species from brain
were two to three times as great as those of other
fractions are consistent with current views on phos-
phatidylcholine biosynthesis. Thus the mono- and
di-enoic species are formed predominantly by syn-
thesis de novo via the diglyceride-CDP-choline path-
way, whereas tetraenoic phosphatidylcholines appear
to be formed selectively by acylation of lysophos-
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phatidylcholine (Balint et al., 1967; Kanoh, 1969;
Holub et al., 1971). Although Webster (1965) demon-
strated a lower acylation of lysophosphatidylcholine
in vitro with arachidonate than with oleate or lino-
leate by human brain homogenates, it is not clear
whether these results are due to physical differences
between the fatty acids or whether they reflect true
differences in acyltransferase specificity. Since in the
present experiments we did not determine the compo-
sition of the free fatty acid pool in the brain, we
cannot say definitely whether the higher specific radio-
activities of the tetraenoic phosphatidylcholines are
due to acyltransferase specificity or whether they
simply reflect a larger pool of tetraenoic than of mono-
and di-enoic acids in squirrel-monkey brain. Studies
on the composition of the free fatty acid pool in other
species (Bazan, 1970; Lunt & Rowe, 1971), however,
support the first hypothesis.

The appearance of 3H radioactivity in the
water-soluble phase of chloroform-methanol or tri-
chloroaceticacid extracts of brain, as wellasof [1-14C]-
palmitate in the lipid extract, clearly demonstrates, in
agreement with previous studies in vitro (Leibovitz &
Gatt, 1968; Illingworth & Glover, 1969), that lyso-
phospholipase is present in brain and, further, that
it is involved in the metabolism of lysophosphatidyl-
choline in vivo. Glycerophosphoryl[Me-*H]choline,
produced from the deacylation of [Me-H]choline-
labelled lysophosphatidylcholine, did not accumulate
to any appreciable extent in brain, and this confirms
the presence of the enzyme glycerophosphorylcholine
diesterase (EC 3.1.4.2) in this tissue (Webster et al.,
1957; Baldwin & Cornatzer, 1968). Further metab-
olism of the labelled choline, produced by glycero-
phosphorylcholine diesterase activity, appeared to
follow the known pathways of choline metabolism in
the brain, with radioactivity appearing in acetyl-
choline, phosphorylcholine and betaine (Diamond &
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Kennedy, 1969; Ansell & Spanner, 1968; Schuberth
et al., 1969; Diamond, 1971). About 309 of the *H
taken up by the brain as lysophosphatidylcholine
appeared in choline or its derivatives.

In conclusion, the rapid turnover of lysophos-
phatidylcholine in plasma, together with the finding
that 19 of the injected doubly labelled lysophos-
phatidylcholine was taken up by the brain, suggests
that plasma lysophosphatidylcholine serves as an
important precursor for both phosphatidylcholine
and choline in the brain. The absence of radioactivity
in the phosphatidylcholine, free fatty acid and water-
soluble fractions from plasma within 30 min after the
injection of doubly labelled lysophosphatidylcholine
clearly proves that the labelling of these compounds
in the brain cannot be due to the entry of their labelled
counterparts from plasma. These findings are con-
sistent with the theory that the entry of compounds
from plasma into the brain depends on their lipid
solubility (Davson, 1971). Although the presence of
lysophosphatidylcholine in human cerebrospinal
fluid (Illingworth & Glover, 1971) indicates that this
compound can also pass the blood—cerebrospinal
barrier, it may be formed directly in the cerebrospinal
fluid by the action of phosphatidylcholine-cholesterol
acyltransferase (Illingworth & Glover, 1970).

This work was supported by a Grant-in-Aid from the
National Institutes of Health (HE 09744), Bethesda, Md.,
U.S.A. This is Publication no. 598 from the Oregon
Regional Primate Research Center, supported in part by
Grant no. RR 00163 from the National Institutes of Health.
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