
The ability of positron emission tomography (PET)
to measure the distribution of labeled molecules
prompted an investigation of the short-term distribution
of intravenously injected choline and phosphorylcholine.
High-affinity choline uptake (HACU) is a crucial step
in acetylcholine synthesis (1â€”3).The high-affinity sys
tern is rate-limiting and linearly correlated with acetyl
choline turnover rate (1â€”3).A low-affinity uptake sys
tern in the blood-brain barrier has been demonstrated
for choline (4,5). Extensive studies showing the influence
of dietary choline and serum choline levels on CNS
acetylcholine synthesis have been presented (1,6,7).
Phosphorylcholine, a precursor of brain choline, has been
used previously in studies ofcentral acetylcholine turn
over (8â€”11), but quantification of the brain uptake and
organ distribution of phosphorylcholine have not been
reported. In order to evaluate the feasibility of using
labeled choline or phosphorylcholine in human studies,
it is necessary to determine their distribution in the body
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after intravenous administration. Accordingly we carried
out studies on the organ distribution of intravenously
administered C-14 choline, C-i I choline, and C-i4
phosphorylcholine in mice and rats. The distributions of
C-l4 choline and C-i 1 choline in monkeys, studied by
autoradiography and PET, are also presented as a
baseline for future PET imaging studies.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats weighing
140-160 g, female B6/JAX mice, a stump-tailed ma
caque monkey, and a rhesus monkey had free access to
food and water before administration of the tracers.

DRUGS AND INJECTIONS

Distribution studies. Carbon-i 1-labeled choline was
prepared by the reaction of â€˜â€˜CH3Iwith N,N-dimeth
ylaminoethanol in acetone at 0Â°C(unpublished method).
The radiopure (>99%) product (12) had a specific ac
tivity of â€œ-â€˜SOOCi/mmol and was made neutral and
isotonic before injection. Choline [methyl@l4C]choline*

812 THE JOURNAL OF NUCLEAR MEDICINE

LabeledCholineandPhosphorylcholine:BodyDistributionandBrain

Autoradiography:Concise Communication

Robert P. Friedland, Chester A. Mathis, Thomas F. Budinger, Brian A. Moyer, and Mark Rosen

DonnerLaboratory,LawrenceBerkeleyLaborato,y,UniversityofGailfornia,Berkeley,andVeteransAdministration
Medical Center, Martinez, California, Department ofNeurology, University of Gailfornia, Davis

Following intravenous injection of labeled choline or phosphorylchoiine in rats
andmice,the brainuptakeas percentInjecteddosewas lessthan0.2% wfth
6-12% going to kidney and 3-6% to liver. A study of [1@CJchoilneautoradlography
in a stump-tailedmacaquedemonstrateda five-to sixfoldgreateruptakein gray
mafter than in whftemafter. Dynamicpositronimagingof [11CjcholineIn a rhesus
monkeydemonstratedrapidbrainuptakefollowedbyrapidwashout,withheavy
late uptake in muscle.The useof labeledcholineand cholineanalogsas imaging
agentsin humanstudiesIs constrainedby the low brainuptake relativeto extrac
erebraltissues.
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TABLEI. ORGANDISTRIBUTiONOF C-14 CHOLINE,C-il CHOLINE,AND C-14
PHOSPHORYLCHOLINE
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. Mean (individual values).

t @..14choline distribution 10 mm after injection in mice (N 2).

t C-i 1 choline distribution 15 mm after injection in rats (N 3).
Â§C-14 phosphorylcholine distribution In rats 5 mm after injection (N = 2).
I C-14 phosphorylcholine distribution In rats at 5 mm after a 5-mm infusion (N 3).

in a 2% ethanol solution has a specific activity of 58
mCi/mmol. Phosphorylcholine [methyl@'4C]cholinet
was obtained in a 70% ethanol solution with a specific
activity of 55 mCi/mmol). The ethanol solvent was
evaporated under a stream of nitrogen and the choline
and phosphorylcholine taken up in normal saline solu
tions. The precursor ethanolamine was present in the
C- I I compound but not in the C-l4 compounds.

Injections were made into the tail veins of unanes
thetized rats and mice restrained in plastic holders. Bolus
injections (0.2 ml in mice and 0.5 ml in rats) of 20â€”25
j.@Ciof C-14- and 100-200 zCi of C-i 1-labeled drugs
were made and the animals killed by decapitation.
Constant-infusion injections (0.6â€”0.9ml) of 16-22 sCi
of C- 14 phosphorylcholine were made over a 5-mm pe
nod and the animals were killed 5 mm after the end of
injection.

Autoradiographic study. Choline [methyl-@C]choline
in 95% ethanol had a specific activity of 46 mCi/mmole.
A bolus of 500 @iCiof C- 14 choline chloride was injected
into the saphenous vein of an adult macaque monkey
lightly anesthetized with 8 ml ofa 2%sodium thiamylal.
The animal was killed 10 mm after injection by immer
sion in a dry-ice and acetone bath, and was then decap
itated.

ASSAY

Distribution studies. The brain, liver, kidney, heart,
and lungs were removed immediately after death. The
C- 11activity in the organs and the carcass was assayed
in a gamma well counter. The organs from the C-14
studies were homogenized in ground-glass tissue grind

ers, precipitated with trichioroacetic acid, and centri
fuged. The supernatant activity was counted in a solution
of Aquasolt using a scintillation counter. The precipitate
was digested in Protosolt for 3 days at 55Â°Cand assayed
for C-l4 activity in a solution ofAquasol. An aliquot of
the C-i4 solution used for injection was counted and used
as a standard for the calculations of percent injected
dose.

Autoradiographic study. The frozen monkey head was
embedded in carboxymethyl cellulose frozen to â€”20Â°C
and sliced into serial 20-zm sections on a Jung cryomi
crotome, then dessicated by sublimation overnight on
cellulose acetate tape. Sections were planted on Kodak
SB-S film for ten days and removed before development
of the film. Film images were digitized with an image
digitizer. Relative optical densities in selected regions
of interest were determined using an image display sys
tern and computer.

Dynamic PET study. An adult rhesus monkey was
anesthetized with methoxyflurane and studied using the
Donner 280-crystal tomograph (resolution 8 mm
FWHM). Intravenous bolus injection of 1.2 mCi C-i I
choline was followed by sampling of tomographic data
at 5-sec intervals for 20 mm from a slice 7 mm thick

taken through the brain. Correction for attenuation was
performed through the use of transmission data previ
ously obtained at the same level.

RESULTS

Table 1 shows the organ distribution data for choline
and phosphoryicholine. The radiolabeled choline activity
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FIG. 1. C-14 choline autoradiography in
stump-tailed macaque.

14C-choline
PHOTOGRAPH AUTORADIOGRAPH

in the brain at 10 mm was 0.08% of the injected amount,
and at 15 mm it was 0.05%. Five minutes after bolus
injection of C- 14-labeled phosphoryicholine there was
0.17% uptake of the injected activity in the brain.

Figure 1 shows a photograph and corresponding au
toradiogram of a transverse section of the monkey's
head. The ratio of activities for caudate nucleus to corona
radiata, determined by the image digitizer, was 6.5; for
parietal cortex to corona radiata it was 4.8, and for
masticatory muscle to corona radiata 9.9.

Figure 2 shows the sum images for 0â€”iand 1-20 mm
of C- I I choline distribution in the monkey head. Rapid
brain uptake in the early image is followed by rapid
washout, with heavy uptake in extracerebral tissues in
the later image. The monkey's left ear is visible at the top
of the figure.

DISCUSSION

The low relative uptake of choline and phosphoryl
choline by brain relative to other organs indicates severe
limitations for human studies because excessive radiation
doses to kidney and liver will be sustained if sufficient

C-Il Choline PET
FIG. 2. C-i 1 choline distribution Inmonkey head, 0-1 and 1-20 mm
afterinjection.

activity for a brain image is injected. Thus these corn
pounds could not be used intravenously in tracer studies
of brain function in human subjects. Brain choline up
take ofO.45% in mice at 15 sec has been reported (13).
This is higher than our values for five or more minutes
after injection. These higher values probably reflect label
in the blood pool. Low brain extraction of administered
choline has also been reported in the anesthetized guinea
pig (/4). Gardiner and Paton (15) report a brain (cor
tex) choline uptake that is 41% of kidney uptake and 38%
of liver uptake following a 3-hr i.v. infusion of C-14
choline in cats. Such a prolonged infusion could not be
performed using radiolabeled C-i I choline in human
studies.

It has been found that after common-carotid injection,
60â€”70%of the infused choline is removed by the tissues
as determined by arteriovenous differences (16). This
may be a falsely high figure, in that a substantial portion
of the choline taken up was most likely removed by
tissues perfused by the external carotid artery. The high
density of radionuclide concentration in the extracranial
musculature seen in the C-l 1 PET image and the C-14
autoradiograph (Figs. 1 and 2) is the basis for this in
terpretation. Oldendorf and Braun (17) found the ex
traction to be @.â€˜6.3%following single-pass intracarotid
injection of C-14 choline. Their data suggest that about
0.9% of the intravenous dose should accumulate in the
brain in the first few seconds. This agrees with the data
of Schuberth (13) for 15 sec after injection. The initial
accumulation of about 1% of the injected dose is a
transient due to uptake and washout from the intravas
cular and interstitial fluid spaces. Our data, using dy
namictomographyinmonkey,confirmthefactthatthe
1%uptake is a transient phenomenon. Most of the cho
line tracer that clears from the blood during the first pass

0-1 minutes 1-20 minutes
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re-enters the circulation and is distributed to other or
gans.

Carbon-14 choline autoradiography in the stump
tailed macaque demonstrated a higher uptake in gray
matter than in white throughout the brain. It is unlikely
that this is related to label in the blood because of the
rapid turnover of choline (1.3 mm in rat) (18,19).
However, at this time we do not have an independent
measure of the contribution from the blood pool. Also,
the gray-to-white activity ratio is higher than what would
be expected from cerebral blood volume differences
alone (20). This study demonstrates the feasibility of
using labeled choline for CNS autoradiographic studies.

Autoradiography with labeled choline has been used in
the mouse with the in vitro phrenic-nerve hemidia
phragm preparation to demonstrate the sodium-depen
dent high-affinity choline uptake system (21).

While the radiation dose to the liver and kidney might
limit human studies using the intravenous route, animal
studies of cholinergic systems using this route are
promising. The rapid labeling of brain choline by i.v.

injection of labeled choline has been extensively docu
mented (I 9,22,23). Choline-containing phospholipids
are also labeled, but this does not reach a maximum until
several hours after injection (4,10,19,22,23). Choline
distribution at short intervals after injection may be more

reflective of HACU in the CNS than that after long
intervals, and, ifadministered through the intracarotid
route, it has some promise for investigative studies where
the medical benefits may warrant this approach.
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