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Developmental changes in rat blood choline concentration
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1. Serum choline concentration in the newborn rat is extremely high and declines as the
rat matures until adult values are attained at 20 days of age. 2. Rat milk is a rich source
of choline, and rat pups denied access to milk had significantly lower serum choline
concentrations than did fed littermates. We conclude that dietary intake of choline
contributes to the maintenance of high serum choline concentrations in the neonatal
rat. 3. In vivo, choline disappears with a half-life of 70min. It is converted into betaine,
phosphocholine and phosphatidylcholine. The rate of phosphocholine formation is
identical in 3- and 10-day-old rats (3.3,umol/h), whereas the rate of betaine formation
is slower in younger animals (0.15,umol/h at 3 days versus 0.69,umol/h at 10 days).
In vitro, choline oxidase activity [choline dehydrogenase (EC 1.1.99.1) and betaine
aldehyde dehydrogenase (EC 1.2.1.8)] increased between birth and 40 days of age.
The age-related acceleration in choline's conversion into betaine probably tends to
diminish unesterified choline concentration in the rat.

Plasma choline constitutes an important source of
choline both for neuronal acetylcholine synthesis
(Cohen & Wurtman, 1975, 1976; Haubrich et al.,
1976), and for producing aminophospholipids such
as phosphatidylcholine, sphingomyelin and the
choline-plasmalogens (Kennedy & Weiss, 1956;
Sundler et al., 1972; Epstein & Farrell, 1975).
Plasma choline concentration is much higher in new-
born humans, rats or rabbits than it is in adults
(Zeisel et al., 1980). We now describe the age-
related changes in blood choline concentration in the
rat, and discuss the effects of diet, organ uptake
and metabolism on blood choline concentrations.

Experimental

Sprague-Dawley rats (Charles River Labora-
tories, Wilmington, MA, U.S.A.) were housed singly
and exposed to ambient temperatures of 240C, and
to light (300 uW/cm2; Vitalite; Durotest Corp.,
North Bergen, NJ, U.S.A.) for 12h/day (08:00-
20:00 h). They were allowed free access to food
(Charles River Rat-Mouse-Hamster Maintenance
Formula: 23% protein, 4.5% lipid, 72% carbo-
hydrate, 0.183% free choline) and water. Newborn
rats of both sexes were obtained from females of
timed gestation. On the day of birth, pups were
randomly distributed among litters and allowed free
access to a dam and rat chow. At each postnatal age

rats were decapitated; infants were selected from
separate litters, decreasing litter size uniformly.

Tissue samples collected to determine choline
metabolite concentrations were rapidly excised and
quick-frozen between aluminum blocks precooled
in liquid N2. All tissue specimens were stored at
-80°C until used.

Blood samples collected for subsequent choline
determinations were immediately placed on ice,
allowed to clot and then centrifuged at 1200g for
10min at 40C. Supernatant serums were withdrawn
by aspiration and frozen at -800C until assayed.

Experimental design
Choline concentration was analysed in serum

samples collected at the time of birth (zero h), 6h
after birth and at midday each day thereafter. In
studies investigating the strain specificity of develop-
mental changes in serum choline, Long-Evans rat
pups (Charles River Laboratories) killed at 1 or 3
days of age were compared with Sprague-Dawley
pups of similar age. The effect of starvation on
serum choline concentration was investigated by
using Sprague-Dawley rat pups at 3 or 7 days of
age; 10 rat pups were placed with a non-lactating
dam (which had delivered 1 month previously) and
10 pups were placed with a lactating dam. At the
end of 7 h, rat pups were killed. All fed rats main-
tained or gained weight (0-0.7 g), whereas all starved
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rats lost weight (0. 1-0.3 g). Stomach contents were
also examined; all fed rats, as well as several starved
rats, still had milk in their stomachs. The choline
content of rat milk was measured in samples of milk
obtained by manual expression from rat dams pre-
viously injected subcutaneously with 0.4i.u. of
ocytocin dissolved in normal saline (Sigma Chem-
icals, St. Louis, MO, U.S.A.) and anaesthetized
with ether.

In studies of choline-metabolizing capacity, rat
pups (3 or 10 days old) were injected intraperi-
toneally with choline chloride (25 mg/kg body wt.,
containing 2,Ci of [Me-3H]choline (New England
Nuclear Corp., Boston, MA, U.S.A.). Rats were
then killed after 0, 15, 30 or 60min and immediately
homogenized (Waring Commercial Blender at high
speed) in 200 ml of ice-cold 25% 1M-formic acid
in acetone. A portion of this homogenate, solubilized
in NCS (Amersham, Arlington Heights, IL, U.S.A.),
was mixed with 15 ml of BetaFluor (National
Diagnostics, Somerville, NJ. U.S.A.) for liquid-
scintillation counting (Beckman LS-7500). C.p.m.
were converted into d.p.m. using the H number.
Another portion of the homogenate was centrifuged
at 1200g for 10min at 40C; the supernatant fluid
was withdrawn by aspiration, freeze-dried and
resuspended in chloroform/methanol/water (4:2: 1,
by vol.). A portion of the aqueous phase was sub-
jected to paper electrophoresis to determine choline
and metabolites as described below.

In studies of choline oxidase, rats of various ages
were decapitated and liver biopsies obtained, quick-
frozen between blocks of aluminum precooled in
liquid N2, and stored at -800C until assayed.

Biochemical determinations
Choline was assayed in tissues using a modified

method of Goldberg & McCaman (1973). Tissue
samples (brain, liver etc.) were sonicated (W-255R;
Heat Systems Ultrasonics, Plainview, Long Island,
NY, U.S.A.) for 1 min in 10vol. of 15% 1 M-formic
acid in acetone. Samples were centrifuged at 1200g
for 10min at 40C and the supernatant fluids were
withdrawn by aspiration. Serum samples were not
subjected to such pretreatment. After extraction
with tetraphenylboron dissolved in heptanone, and
back extraction into 0.4 M-HCI, choline was allowed
to react with [32P]ATP (Amersham) in the presence
of choline kinase (EC 2.7.1.32; Sigma Chemicals),
forming phosphocholine. This was isolated by anion-
exchange chromatography [AGI resin (X8, 200-
400 mesh, formate form); Bio-Rad, Richmond, CA,
U.S.A.] and its radioactivity determined by scin-
tillation counting. Choline concentrations were
determined using a set of external standards sub-
jected to the same extraction and reaction pro-
cedures. All data were also corrected for recovery
by using internal [Me-3Hlcholine standards.

Phosphatidylcholine in milk samples was hydro-
lysed and the choline content then measured by
using the above radioenzymic assay. Milk samples
were added to equal volumes of chloroform and
methanol, mixed and centrifuged. A portion of the
chloroform phase was then applied to a silica-gel
t.l.c. plate (LK5D; Whatman Corp., Clifton, NJ,
U.S.A.). The plate was developed in chloroform/
methanol/water (65:30:4, by vol.) and segments
were identified using external standards stained
with I2 vapour. The segments that co-chromato-
graphed with phosphatidylcholine were scraped off
and hydrolysed in 6M-HCI at 800C for 1 h. A
portion of the hydrolysate was then dried, subjected
to extraction and assayed for choline as described
above.

Sphingomyelin was extracted from milk and puri-
fied by using the t.l.c. technique described for the
phosphatidylcholine assay. The segments that co-
chromatographed with sphingomyelin were scraped
off and incubated with sphingomyelinase (0.1 unit;
Boehringer Mannheim, Indianapolis, IN, U.S.A.)
in the presence of 0.1% Triton X-100 (Doe and
Ingalls, Medford, MA, U.S.A.) and MgCl2 in Tris
buffer (pH 7.0). Choline extracted from a portion of
this incubation mixture was assayed as described
above.

Choline metabolites were isolated by using paper
electrophoresis at constant voltage (500 V) and
0.75 M-acetic acid/0.75 M-formic acid buffer (pH 2)
(Potter & Murphy, 1967). Segments were identified
by using 12 vapour and were eluted with water. With
this method, choline migrated 16.8 cm/h, betaine
aldehyde 15.5 cm/h, betaine 1.0cm/h and phospho-
choline 7.8 cm/h.

Choline oxidase activity was measured in 10%
(w/v) homogenates of liver prepared in 0.2 M-sodium
phosphate buffer (pH 7.4). Of this homogenate,
500,1 was incubated with 2 mM-choline chloride
(containing [Me-3H]choline; New England Nuclear
Corp.) for 15min at 370C in an atmosphere of pure
02. The reaction was stopped by addition of 500,u1 of
chloroform/methanol (1: 1, v/v). A portion of the
aqueous phase was withdrawn by aspiration and
subjected to paper electrophoresis as described
above. The betaine segment was eluted with water
and radioactivity was determined by scintillation
counting. The specific radioactivity of choline in
incubation mixtures was calculated by using choline
concentrations assayed as previously described.
Protein was measured by the method of Bradford
(1976). Betaine formation was linear for more than
30 min under the conditions described.

Results

In the rat, serum choline concentrations were
greatest at birth (65#m; greater than 6 times adult
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Fig. 1. Serum choline concentration in the rat
Sprague-Dawley rat pups were decapitated at
various ages. Bfood was handled as described in the
Experimental section. Serum was assayed for free
choline by using a radioenzymic technique (see the
Experimental section). Data are expressed as

means + S.E.M. for 10 pups at each age.
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values) and remained significantly higher than adult
values until after 15 days of age (P <0.01, one-way
analysis of variance; Fig. 1). These results were

duplicated in experiments in which litter size was
kept constant at each age (results not shown). Serum
choline concentrations in 1- and 3-day-old Long-
Evans rats did not significantly differ from those
of similarly aged Sprague-Dawley rats (Student's
t test).

Rats denied acee&tonWilk- £for 7 h had significantly
lower serum choline concentrations than fed rats at
both 3 and 7 days of age (P <0.01, Student's t test;
Fig. 2). The choline in rat milk was present as free
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Fig. 2. Effect of starvation on rat serum choline
concentration

Sprague-Dawley rat pups at 3 and 7 days of age
were placed with either a lactating or a non-lactating
dam for 7 h. At the end of this period, rats were

decapitated and blood was collected and handled as

described in the Experimental section. Choline was

assayed by a radioenzymic technique (see the
Experimental section). Data are expressed as

means+S.E.M. for 10 rats per point. **P<0.01
compared with fed group.
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Fig. 3. Choline-metabolizing capacity in the rat
Rat pups (3 days old, ----; 10 days old,

) were injected with choline chloride (25 mg/
kg of body wt., containing 2,Ci of [Me-3Hl-
choline). Rats were killed at 0, 15, 30 or 60min and
immediately homogenized. A portion of homogenate
was assayed for free choline using a radioenzymic
technique as described in the Experimental section.
Another portion was subjected to paper electro-
phoresis and radioactivity in choline, betaine and
phosphocholine was determined by liquid-scintilla-
tion counting. Radioactivities on day 10 were cor-
rected to the same initial specific radioactivity as on

day 3 for purposes of comparison. Data are
means + S.E.M. for three rats at each point.
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base (225 ± 25 gm; mean + S.D.), as a constiti
phosphatidylcholine (553 ± 18,m; mean + S.i
as a constituent of sphingomyelin (483 + l
mean + S.D.).

Choline, determined by assay, disappeare
it was injected at rates approximated by usin
order rate constants (Fig. 3). The half-life for 4
was 70min within the bodies of 3- or 10-c
rats. Radioactive label was redistributed ir
choline metabolites, betaine and phosphoc
and into compounds insoluble in acetone,
included the phospholipids. Radioactivity v

most completely recovered within the rat (
(only at time 60min was choline excre
significant amounts in urine). Comparir
specific radioactivity of choline in the injectioi
with the specific radioactivity observed in
carcass at the instant of injection (calcula
linear regression analysis) revealed that i]
choline was diluted by an endogenous p
choline. In the 3-day-old, this pool amour
1.60,umol, whereas in the 10-day-old i
1.22,umol. Rats at both ages converted th
amount of injected choline into phosphoi
(3.3,umol/h, calculated using the initial ;

radioactivity of choline; Fig. 3); 3-day-old ra
verted injected choline into betaine at a slow
than did 10-day-old rats (0.15 pmol/h and 0.6'
h respectively, calculated using the initial ;

radioactivity of choline; Fig. 3). At botl
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Fig. 4. Choline oxidase activity in total rat liv
Liver homogenates were incubated at pl
with [Me-'4C]choline (2mM) for 15min at 3
Betaine was extracted with chloroform/metha
water, and was isolated using paper electrophor
Protein was determined using the metho
Bradford (1976). Data are expressed as mea
S.E.M. for 3 rats at each age.

uent of
D.) and
132pM;

d after
g first-
choline
lay-old
ito the
:holine,
which

vas al-
carcass
ted in
ig the
n bolus
the rat
ted by
njected
0ool of

1.7,umol of choline/h was recovered in material
precipitated by acetone (presumably in the form
of lecithin).

Choline oxidase [choline dehydrogenase (EC
1.1.99.1) and betaine aldehyde dehydrogenase
(EC 1.2.1.8)] activity within liver homogenates
increased between birth and 40 days of age. On the
first day of life, 0.5,umol of betaine was formed/min
per g of liver protein, whereas at 40 days almost
5.0,umol of betaine was formed (900% increase).
If choline oxidase activity is expressed per total
liver weight, the increase in activity is even more
pronounced (Fig. 4). In liver homogenates from
both 1- and 60-day-old rats, betaine formation
proceeded at half-maximal rates in the presence of
0.7 mM-choline (Km() = 0.7mM).

Discussion

nted to These data show that serum choline concentration
it was in the newborn rat is extremely high, and that it
e same declines as the rat matures (Fig. 1). The changes
choline in serum choline concentration are not restricted
specific to the rat; they are also found in perinatal rabbits
ts con- and humans (Zeisel et al., 1980).
rer rate Rat milk is a rich source of choline and rat pups
9,umol/ denied access to milk had significantly lower serum
specific choline concentrations than did fed littermates
h ages (Fig. 2). We conclude that dietary intake of choline

contributed to the maintenance of high serum
choline concentrations in the neonatal rat.

In our studies of choline-metabolizing capacity
it is possible that injected choline totally mixes with
endogenous choline pools; however, it may be that
these pools of choline are isolated (i.e. within cells)
and not available for mixing. Ifwe make calculations
based on this latter assumption (i.e. convert d.p.m.
of choline into umol of choline using the specific
radioactivity of choline in the bolus), choline
(assayed) exceeds choline (labelled) at each time
point by approximately the amount present in the
endogenous pools. Ih 3-day-old animals this dif-
ference at 15, 30 and 60min averaged 1.43 +
0.12,umol (mean + S.D.; endogenous pool =
1.60,umol); in 10-day-old animals the difference
averaged 1.24 + 0.03,umol (mean + S.D.; endogenous
pool = 1.22,umol). This suggests that the endo-

60 genous pools of choline are preserved.
Phosphocholine formation from injected choline

apparently proceeds at identical rates in both 3- and
Her 10-day-old rats, assuming preservation of choline's
H7.C specific radioactivity (Fig. 3). Similar conclusions
MCol have previously been drawn from studies on isolated
esis. liver slices (Weinhold & Sanders, 1973). Phospho-
I of choline is an important intermediate in the CDP-
tns choline pathway for phosphatidylcholine synthesis

(Kennedy & Weiss, 1956). Choline that has been
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converted into phosphatidylcholine is no longer
immediately available as free choline; however,
it also has not been irretrievably lost as a future
source of free choline since choline can be liberated
from phosphatidylcholine by several widely distri-
buted enzymes (MacFarlane et al., 1934; Kates,
1960; Baldwin & Cornatzer, 1968; Illingworth &
Portman, 1973; Saito & Kanfer, 1975; Blusztajn
&Wurtman, 1981).
The 10-day-old rat converted four times more

choline into betaine than did the 3-day-old (Fig. 3).
The oxidation of choline to betaine involves the
formation of the intermediate betaine aldehyde; this
is catalysed by the enzymes choline dehydrogenase
and betaine aldehyde dehydrogenase (Hatefi &
Stiggall, 1976). When betaine formation is measured
in crude tissue homogenates, the activities of the
two enzyme are lumped together as choline oxidase
activity. This enzyme activity is present in several
mammalian tissues, including liver (where it is most
active) and kidney. It is not present in the brain,
muscle or blood of the rat (Bernheim & Bernheim,
1933, 1938; Mann & Quastel, 1937; Hatefi &
Stiggall, 1976).
We found a rapid increase in choline oxidase

activity of liver homogenates prepared from rat
pups older than 20 days (Fig. 4). These increases
in activity are not due to changes in the enzyme's
affinity for choline. Rat hepatic mitochondrial
choline dehydrogenase activity has also been shown
to increase markedly postnatally (Weinhold &
Sanders, 1973; Streumer-Svobodova & Drahota,
1977) and choline oxidase activity in preparations
of rat liver slices is lower in foetal (19 days post-
conception) and neonatal (7 days old) than in adult
rats (Weinhold & Sanders, 1973). Betaine cannot
be reduced to form choline; it can, however, donate
one of its methyl groups to homocysteine, producing
dimethylglycine and methionine, in a reaction
catalysed by betaine: homocysteine methyltrans-
ferase (EC 2.1.1.5) (Hatefi & Stiggall, 1976). Al-
though the methyl groups can thereby be re-utilized
once the choline has been converted into betaine,
its backbone is lost as a future source of free
choline. For this reason, the age-dependent accelera-
tion in choline's conversion into betaine probably
tends to diminish free choline concentrations in the
rat.
As the rat grows its free choline is distributed

within an increasing tissue mass. During the first
2 weeks of life its body weight increases from
4.7 to 18.0g, and the weight of its blood from 0.55
to 1.38 g (Donaldson, 1924). If the absolute amount
of free choline available does not keep pace with
this growth, then tissue choline concentrations must
drop. We observed that the quantity of free choline
in the total body was greater in the 3-day-old
than in 10-day-old rats. Thus both an increased
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volume of distribution, and an absolute decrease in
pool size, contribute to the observed decline in blood
choline concentrations (Fig. 1).

Although much choline is derived from dietary
sources (Wurtman, 1979), some is synthesized
endogenously via the sequential methylation of
phosphatidylethanolamine (Bremer & Greenberg,
1961). It is possible that this synthesis proceeds
more rapidly in the newborn, resulting in higher
blood choline concentrations; however, the data of
Hoffman et al. (1979) and our preliminary observa-
tions on the activities of the hepatic methylating
enzymes suggest that this is not the case (S. H.
Zeisel, J. K. Blusztajn & R. J. Wurtman, un-
published work).

Choline concentration in any tissue is the result
of continuously changing inputs and outputs. Our
data support the hypothesis that high choline con-
centrations in neonatal blood reflect the increased
dietary intake, slow metabolism and small volume
of choline distribution in young animals. The high
choline concentrations may act to ensure adequate
supplies of this nutrient for several vital biochemical
reactions. Acetylcholine synthesis and release are
influenced by serum choline concentrations (Cohen
& Wurtman, 1975, 1976; Haubrich et al., 1976).
The neonatal blood/brain barrier transports choline
into brain readily (Pardridge et al., 1979); therefore,
high serum choline concentrations should be re-
flected in high brain choline, and subsequently in
high brain acetylcholine concentrations. The rat is
born with fewer than 10% of the brain cholinergic
terminals that it will have as an adult (Ladinsky
et al., 1972; Sorimachi & Kataoka, 1975), yet
receptors for acetylcholine are present in numbers
similar to those observed in adults (Rotter et al.,
1979). One mechanism that could allow smaller
numbers of nerve terminals to release 'normal'
amounts of neurotransmitter would be to amplify
acetylcholine synthesis by making large quantities
of choline available to brain.

In some tissues lecithin synthesis is also acceler-
ated in the presence of high choline concentrations
(Robbins & Armstrong, 1976), whereas dietary
choline deficiency results in decreased phosphatidyl-
choline synthesis (Kaytal & Lombardi, 1978). High
serum choline concentration may promote optimal
phosphatidylcholine synthesis in the newborn. It is
possible that diseases related to decreased phos-
phatidylcholine production, such as the respiratory
distress syndrome of the human newborn (Brumley
et al., 1972; Gluck et al., 1972), are in some way
related to changes in choline availability.
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