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Sympathetic Neurons Expressing Cholinergic Properties Are Poised 
to Allocate Choline Symmetrically between Acetylcholine and the 
Phosphatidylcholine-Generating Pathway in Growing Neurites 
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We have examined the question of how regenerating sym- 
pathetic neurons that are concomitantly induced to become 
cholinergic regulate choline allocation between ACh and the 
phospholipid synthetic pathway. The allocation of choline 
into ACh increased parabolically with time in culture, and by 
3 weeks, cultures with neurites of -6 mm length were in- 
corporating over 65% of the choline locally in the neurites 
into four major metabolites: ACh, phosphorylcholine, cyti- 
dine diphosphocholine, and phosphatidylcholine. The near- 
equivalent distribution of labeled choline between intracel- 
lular choline, ACh, and phosphorylcholine was independent 
of time (5 min to 6 hr) and choline concentration (0.12530 
PM), phosphatidylcholine being the sole metabolite whose 
level in the neurites increased steadily with incubation time. 
Relative choline distribution into ACh and phosphorylcholine 
was unaltered even after a brief depolarizing prepulse, which 
caused a two- to fourfold enhancement in the total choline 
incorporated. These observations, allied with the similar half- 
saturation constants and V,,, values of CAT and choline 
kinase for intracellular choline, suggest that growing sym- 
pathetic neurons are poised to allocate choline symmetri- 
cally between the synthesis of ACh and phosphatidylcholine 
in the neurites. When, however, the supply of choline was 
limited either by replacement of Na+ in the medium with N- 
methyl-D-glucamine, or by vesamicol, a 90-97% reduction 
in intracellular choline caused a similar decline in ACh levels 
but synthesis of metabolites of the phosphatidylcholine 
pathway was maintained unperturbed, as if no drug was 
present. We suggest that this can be accounted for by a 1 O- 
fold increase in choline kinase activity. Thus, growing sym- 
pathetic neurons that express cholinergic properties not only 
maintain their chief cellular phosphatidylcholine-synthesiz- 
ing activity concomitantly with ACh synthesis in the neurites, 
but may also preserve phosphatidylcholine synthesis more 
effectively than ACh synthesis when the supply of choline 
is perturbed. Relinquishing ACh synthesis during growth may 
be one way of conserving and encouraging neurite regen- 
eration. 
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In growing cholinergic neurons, two metabolic pathways com- 
pete for choline. One, catalyzed by choline kinase (CK), gives 
rise to phosphatidylcholine (PtdCh), a major component of cel- 
lular membranes; the other, catalyzed by CAT, produces ACh 
(Yavin, 1976). Several studies suggest that provision of choline 
can be rate limiting for both pathways, as enrichment of dietary 
choline can alter the amount of choline that is incorporated into 
these two products (Millington and Wurtman, 1982; Wecker 
and Schmidt, 1989) and it is also well established that choline 
uptake is rapidly increased when synaptosomal preparations or 
neurons are stimulated by depolarization (Simon and Kuhar, 
1975; see Ducis, 1988, for review). It is therefore important to 
determine how growing neurons regulate the allocation of cho- 
line between these two pathways, especially since neurons re- 
ceive preganglionic innervation during the time they grow to- 
ward their targets, and thus may be subjected to depolarizing 
stimuli (Rubin, 1985). In addition to its utilization from extra- 
cellular sources, choline can also be obtained from PtdCh by 
hydrolysis with phospholipase D (Hatori and Kanfer, 1985) or 
phospholipase C, and it has been suggested that choline supply 
from lipids is sufficient to sustain normal ACh synthesis in 
mouse brain synaptosomes (Yavin et al., 1989) but whether 
this choline is sufficient to maintain a steady state between ACh, 
free choline, and PtdCh in growing neurons is not clear. 

Several factors appear to regulate neuronal choline metabo- 
lism. Ando et al. (1987) showed that depolarization of the rat 
superior cervical ganglion (SCG) or its exposure to various con- 
centrations of choline differentially altered the activity of CAT 
and CK when assayed in vitro. However, in this case the enzymes 
were not competing for a common pool of choline because both 
enzymes were derived from different cells. In neuronal cell lines, 
choline uptake was enhanced when cells were deprived of so- 
dium, when treated with sodium azide and iodoacetate (Melaga 
and Howard, 198 1) or with diacylglycerol or phorbol esters 
(Liscovitch et al., 1987); in other experiments choline uptake 
was inhibited by arachidonic acid metabolites (Boksa et al., 
1988). The consequences of these regulatory events for the par- 
titioning of choline between its various metabolites were not 
determined. 

Regenerating neurons pose special constraints on choline uti- 
lization, as the demand for phospholipid synthesis will be en- 
hanced severalfold compared to neurons that have established 
functional contacts with their targets and have effectively stopped 
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growing. Rat SCG neurons are particularly useful for studying 
choline allocation between ACh and phospholipid because they 
are induced to acquire a cholinergic phenotype when grown in 
serum-containing media (Iacovitti et al., 1982; Wolinsky and 
Patterson, 1985). Little is known about how choline utilization 
is controlled in such cells. The major site of PtdCh synthesis is 
the endoplasmic reticulum (ER) (Kennedy, 1962; Pelech and 
Vance, 1984; Bishop and Bell, 1988) and would thus be pre- 
dicted to be situated in the cell body. However, axons contain 
abundant “axoplasmic reticulum,” a network of membranes 
that appear to extend from the cell body ER, suggesting that 
lipid biosynthesis may also proceed in the neurites, at the same 
location as ACh synthesis (Fonnum et al., 1973). Indeed, the 
synthesis of phospholipids in extruded axoplasm has been pre- 
viously reported (Tanaka et al., 1987). If this is the case, then 
the suggestion that the delivery of membranes from the cell 
body by fast axonal transport may be the only mechanism for 
determining the rate of neurite outgrowth (Long0 and Ham- 
merschlagg, 1980) may have to be modified. 

This work was thus aimed at resolving two questions. (1) How 
active is phospholipid biosynthesis in growing net&es? (2) How 
is the allocation of choline between PtdCh and ACh controlled? 
For this study, we used 2-3-week-old SCG explants with a mixed 
adrenergic/cholinergic phenotype (Chun and Patterson, 1977; 
Ross et al., 1977; Johnson et al., 1980b), as we have shown 
previously that “biochemically intact” neurites can be easily 
separated from cell bodies, enabling the independent study of 
metabolic processes in neurites (Tolkovsky and Suidan, 1987). 

A preliminary account of this work has been described (Sui- 
dan, 1989). 

Materials and Methods 

Materials. Acetylthiocholine, 1,5-bis-(4-allyldimethylammoniumdi- 
phenyl)-pentane-3-one dibromide (BW284C5 I), eserine hemisulfate, 
hemichohnium 3 (HC-3), N-methyl-D-ghtcamine (NMG), and tetrai- 
sopropyl pyrophosphoramide (iso-OMPA), and ACh, choline, phos- 
phorylchohne (PCh), and cytidine diphosphocholine (CDP-Ch) used as 
chromatography markers, were from Sigma (Poole, UK). Lipids were 
a gift from Dr. Gerry Smith, University of Cambridge, and vesamicol 
(AH5 183) was a gift from Dr. Pedro Lowenstein, University of Oxford. 
Methyl-3H-choline (74-80 Ci/mmol, 12.5-13.5 PM) and methyl-Y- 
choline (56 mCi/mmol, 3.57 mM) were obtained from Amersham In- 
ternational pk. All other chemicals were of the highest grade commer- 
cially available. 

Cell culture. Explants and single cells were prepared from SCG of 
1 -d-old rats and were cultured on collagen-coated coverslips (13 mm) 
or dishes as described previously (Suidan et al., 1991). Enriched L15- 
CO, growth medium was prepared essentially as described by Hawrot 
and Patterson (1979) but contained 4.4% rat serum and 80-l 00 &ml 
2.5s NGF, prepared according to Mobley et al. (1976). It is estimated 
that the growth medium contained -70 PM choline. After 3 weeks in 
culture, less than 5% of the cells were non-neuronal. 

Choline uptake. Cultures were washed free of choline by two 5 min 
incubations at 37°C in wells containing 3 ml of a saline containing L15 
salts (L15-saline) at pH 7.4 composed of (in mM) NaCl, 137; KCl, 5.4; 
CaCI,, 1-3; MgCI,, 1; MgSO,, 0.8; Na,HPO,, 1.34; KH,PO,, 0.44; 
L-glutamine, 1.9; HEPES, 10; with phenol red, 10 rglml; and glucose, 
0.57%. Coverslips were transferred onto brass rings and 100-125 ~1 of 
LIS-saline containing labeled choline was added. After the indicated 
times at 37°C coverslips were washed three times for 3 min each in 
wells containing 3 ml of L15-saline at 37°C and transferred into scin- 
tillation vials containing 0.5 ml of 1N HCl and 4 ml of scintillant 
(OptiPhase Safe or HiSafe, LKB). 

Analysis of labeled choline metabolites. Choline metabolites were ex- 
tracted by vigorous vortexing of the washed coverslip in a glass tube 
containing an ice-cold mix of 0.5 ml of chloroform and 0.5 ml of an 
aqueous solution consisting of 60% methanol, 1.7 mg/ml choline, 2.5 
mg/ml ACh, and 15 r&ml eserine. The tubes were spun briefly and 

their contents were transferred to microfuge tubes that were spun at 
high speed at 4°C for 1 min to separate the layers. The lower, chloro- 
formic phase contained the lipids and about 2% of the labeled ACh, 
but no choline. PCh. or CDP-Ch were detected. The aaueous phase 
contained no significant labeled PtdCh, measured using &PtdCh& 
“C-arachidonyl-r-steroyl. To separate the water-soluble metabohtes, 
5-20 r.d of the aqueous extract was applied in 2.5 ~1 lots onto a cellulose 
thin-layer chromatography (TLC) plate (Macherey-Nagel) divided into 
1.5 cm lanes. Spots (2.5 ~1) of CDP-Ch (10 mM), PCh (70 mg/ml), and 
betaine (10 mM) were applied before the sample. To obtain good sep- 
arations, it was essential that CDP-Ch was applied before and separately 
from PCh. Plates were developed in n-butanol:ethanol:acetic acid:water 
(7:2: 1:3) essentially according to Marchbanks and Israel (1971) and 
dried, and CDP-Ch was identified under short UV illumination. Plates 
were then sprayed with DragendortI’s reagent, prepared by gradually 
adding 35 ml of water to a solution containing 17 mg of bismuth sub- 
nitrate, 200 ~1 of glacial acetic acid, and 800 ~1 of water to which 2.5 
ml of KI (400 mg/ml) was added. Average R, x 100 values are CDP- 
Ch, 7; PCh, 19; betaine, 35; choline, 50; and ACh, 62. 

Lipid-soluble choline metabolites were separated on silica TLC plates 
(UV254, Macherey-Nagel) essentially as described by Stein and Smith 
(1982). Plates were divided into 1 cm lanes, and S-20 ~1 of the chlo- 
roformic extract was applied on top of a spot containing marker lipids. 
Plates were developed in chloroform:methanol:acetic acid:water (75:25: 
8:3), dried, and put into a chamber containing saturated iodine vapors. 
Average R, x 100 values are lyso-PtdCh, 0; sphingomyelin, 11; PtdCh, 
21; Ptd-serine, 35; and Ptd-ethanolamine, 61. Plates were put into a 
fume cupboard for l-2 hr to remove excess iodine before scintillation 
counting. To extract the counts from the strips of cellulose and silica, 
strips were wetted in 0.5 ml of 1 N HCI, after which 4 ml of scintillant 
was added. Complete extraction and recovery of the radioactivity ap- 
plied were obtained after 24 hr. 

It should be noted that the relative amount of ACh out of the total 
water-soluble metabolites varied from 10% to 40% between culture 
batches. This was most probably due to a difference in CAT expression, 
which is regulated by factors in the serum (Iacovitti et al., 1982; Wol- 
insky and Patterson, 1985). The percentage of PtdCh out of the total 
radiolabeled choline incorporated also varied between culture batches 
and also sometimes varied within the same culture set. This appeared 
to be related to a difference in the rates at which neurites were elongating 
in each particular culture, as neurite length was limited by the diameter 
of the coverslip and this was often reached within 3 weeks. Those 
neurons incorporating larger amounts of choline into PtdCh consistently 
had higher amounts of CDP-Ch in the methanol/water extract. 

Release of choline metabolites. Release was measured as described 
previously (Tolkovsky and Suidan, 1987) except that 125 ~1 of the 
control or test solutions was applied onto the coverslip and a 75 ~1 
sample was removed and added to ice-cold 5 ~1 glacial acetic acid at 
each round. The depolarizina medium contained (in mM) NaCI. 90: 
KCl, 54; CaCl, or B&l,, 3; HEPES, 10; with glucose 0.57%; eserine; 
15 pg/ml; and Tris to bring to pH 7.4. 

Histochemistry of cholinesterase activities. Cholinesterase (ChE) ac- 
tivities were detected in single-cell cultures grown on collagen-coated 
glass coverslips using the staining procedure of Kamovsky and Roots 
(1964). Staining was carried out at room temperature after washing the 
cultures 2 x 5 min each in 2.5 ml phosphate-buffered saline (PBS). 
Neurons were fixed for 25 min in 4g% paraformaldehyde in PBS and 
washed 3 x 5 min each in PBS. Cultures were then incubated for 45 
min with 100 ~1 of the staining mixture: (in mM) acetylthiochohne, 1.6; 
potassium ferricyanide, 0.5; cupric sulfate, 2.7; sodium citrate, 4.5; and 
sodium acetate (pH 6.5) 9. Incubations were performed in the presence 
or absence of specific ChE inhibitors and in the presence or absence of 
Triton X-100 (0.3g%) to identify intra- and extracellular enzyme activ- 
ities. Control cultures were incubated without acetylthiocholine. After 
the incubation, coverslips were blotted, washed 2 x 5 min each in PBS, 
mounted on slides in DePeX (Merck), and photographed with identical 
exposure times using a Nikon Diaphot microscope. 

Results 
Choline uptake and ACh synthesis during acquisition of 
cholinergic properties and its modulation by depolarization 
Figure 1 shows a time course of 3H-choline uptake and ACh 
synthesis in explants of SCG neurons grown for 2-21 d under 
cholinergic-inducing conditions. The rate of choline uptake in- 
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Figure 1. Modulation of choline uptake by depolarization during de- 
velopment of the cholinergic phenotype in SCG neurons. Explants of 
rat SCG grown between 2 and 2 1 d were washed in L15-saline to remove 
choline in the growth medium and incubated for 1 hr in LlS-saline 
containing 0.125 PM ‘H-choline, washed, and intracellular metabolites 
analyzed as described in Materials and Methods. A, Total choline uptake 
and ACh content are shown without or after a 5 min depolarizing 
prepulse in high K(Ba) medium, delivered before the labeling period. 

creased steadily during this time (Fig. lA), in parallel with the 
outgrowth of neurites, which attained a length of - 6 mm by 2 1 
d (Tolkovsky and Suidan, 1987). In contrast, ACh synthesis 
increased in a parabolic manner: at 2 d there was 3 fmobexplant 
of ACh per 260 fmol/explant total incorporation (1.1%); by 8 
d this increased to 3 1 fmol/explant ACh per 1.2 pmol/explant 
total incorporation (2.5%), and by 2-3 weeks ACh constituted 
0.4 pmoVexplant per 2.2 pmol/explant total incorporation (20%) 
(Fig. 1A). At each time point, some of the cultures were also 
depolarized for 5 min in a solution containing 54 mM KC1 and 
3 mM Ba2+ [high K(Ba)] before the incubation with 3H-choline, 
conditions similar to those known to elevate choline incorpo- 
ration into whole SCG (Higgins and Neal, 1982a,b) or PC12 
cells (Melaga and Howard, 1981). The depolarizing prepulse 
markedly enhanced the rate of choline uptake when delivered 
any time during the culture period. To examine the efficacy of 
the depolarizing prepulse in augmenting choline transport and 
ACh biosynthesis, the values for the radioactivity incorporated 
after depolarization were normalized to those of the correspond- 
ing control values. Figure 1 B shows a peak effect of depolariza- 
tion after 4 d in culture, the enhancement of incorporation into 
ACh being substantially larger than that calculated for the en- 
hancement in total uptake. By 3 weeks, however, there was 
essentially no difference between ACh and total uptake in the 
degree ofenhancement by depolarization, and this characteristic 
was also maintained in older cultures. 

The increase in choline incorporation in 2-3 week cultures 
after a depolarizing prepulse in 54 mM K+ was dependent on 
Ca*+, which, at 3 mM, caused a 1.6 f 0.2-fold stimulation of 
uptake (mean -+ SEM, n = 2, quadruplicate determinations) 
compared to 3 mM Ba2+ (2.6 f OS-fold increase, mean + SEM, 
n = 6, triplicate or quadruplicate determinations), and this effect 
was reduced by 70% in a Ca2+-free medium containing 0.5 mM 
Na-EDTA (pH 7.4). Although these depolarizing conditions were 
sufficient to evoke the release of ACh (Fig. 1C) and noradren- 
aline (Tolkovsky and Suidan, 1987) the enhancement ofcholine 
uptake was not dependent on ACh (or noradrenaline) release, 
as (1) it was also evident after 2 d of culture (Fig. lA), although 
at this time labeled ACh levels were barely detectable, and (2) 
a 5 min pretreatment with 100 FM carbachol (with 3 mM CaCl,) 
increased choline uptake to the same levels as 54 mM KC1 and 
caused a similar elevation of [Ca2+],“, although it failed to induce 
neurotransmitter release (Suidan et al., 1991). If the enhance- 
ment of choline uptake by high K+ or carbachol is mediated by 
an increase in [Ca2+],“, this would suggest that enhancement of 
choline uptake by depolarization does not depend on ACh re- 
lease, as has been suggested (Marchbanks, 1975). 

Analysis of ‘H-choline metabolites in cell bodies and neurites 

In 2-3 week cultures incubated for 1 hr with radiolabeled cho- 
line, 90 * 7% of the label was found in the water-soluble me- 

t 

Values are averages of two separate experiments done in triplicate ? 
SEM. The values shown at 17.5 d are averages from six separate ex- 
periments performed on explants ranging from 2 to 3 weeks in culture. 
B, Ratios of stimulated to control uptake values were calculated from 
data shown in A. C, Three-week explants were preincubated with 0.125 
PM ‘H-choline and subjected to a neurotransmitter-releasing protocol 
in the presence of 15 &ml eserine as described in Materials and Meth- 
ods. The data are presented as percentage release out of total )H-choline 
incorporation and show the results of a typical experiment repeated five 
times. 
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Figure 2. Choline uptake into cell bodies and neurites of cultured SCG neurons, A, Explants (3 weeks in culture) were incubated with ‘H-choline 
without or after a depolarizing prepulse for 5 min in high K(Ba) and total choline uptake was analyzed as described in Materials and Methods. B, 
Cell bodies were separated from neurites after the incubation with 3H-choline. An analysis of intracellular metabolites is given in Table 1. C, 
Neurites were separated from the cell bodies before incubation with 3H-choline. Each value is the mean + SD of triplicate determinations. 

tabolites, and 10 + 7% in lipids. The distribution of label be- 
tween the water-soluble metabolites was choline, 40.7 f 8%; 
ACh, 20.5 + 4.7%; PCh, 33.9 * 9%; and CDP-Ch, 3.1 f 0.9% 
(mean f SEM, n = 6, triplicate determinations). Less than 1% 
was found in betaine, and no labeled glycerophosphocholine 
was detected. Of the lipid metabolites, > 90% of label was found 
in PtdCh, the remaining counts being distributed between sphin- 
gomyelin and lyso-PtdCh (or a compound within the migra- 
tional zone of lyso-PtdCh). 

Since neurons were postmitotic, the increase in choline uptake 
with age of cultures suggested that the neurites may be the major 
site of choline incorporation. To investigate the relative con- 
tribution of the cell bodies and neurites to the uptake of 3H- 
choline, and whether this would be altered after a depolarizing 
prepulse, the incorporation of 3H-choline was measured in neu- 
rites and cell bodies separated after or before the incubation 
with 3H-choline (Fig. 2). In the absence of a depolarizing pre- 
pulse, about 85% of choline uptake occurred in the neurites of 
2-3 week cultures (Fig. 2B). Although 3H-choline uptake was 
enhanced in the entire explant after depolarization (see also Fig. 
l), elevation of uptake was more pronounced in the neurites 
(approximately fourfold) as compared to cell bodies (approxi- 
mately twofold), thereby reducing the contribution of the cell 

bodies to total uptake from 15% to 6%. Figure 2C shows that 
the increased uptake of 3H-choline into neurites after a depo- 
larizing prepulse was not dependent on their connection to the 
cell bodies, as a similar rise in 3H-choline incorporation follow- 
ing high K(Ba) treatment occurred when neurites were separated 
from the cell bodies prior to the incubation with 3H-choline. 

An analysis of the choline metabolites synthesized from 3H- 
choline in neurites and cell bodies in the absence and presence 
of a depolarizing prepulse is given in Table 1. In cell bodies, 
almost all of the 3H-choline was incorporated into two metab- 
olites: PCh (85% of the aqueous phase) and PtdCh (92% of the 
lipid phase, which formed - 17% of the total ‘H-choline incor- 
porated). There was little free choline (5%) and only trace amounts 
of ACh (3%). In the neurites, the distribution of label was dif- 
ferent: PCh was no longer the major water-soluble metabolite, 
and nearly equal amounts oflabel were distributed between ACh 
(29%) free choline (32%) and PCh (34%). Although there was 
a slight reduction in the relative distribution of label in neuritic 
PtdCh (from - 17% to - 12%) the actual amount synthesized 
by the neurites was still four- to fivefold higher than the amount 
produced by the cell bodies. After further dissection of the neu- 
rite bed into five concentric rings of - 1 mm cross section before 
labeling (for method, see Tolkovsky and Suidan, 1987) similar 

Table 1. Composition of choline metabolites in cell bodies and in neurites without or after a 
depolarizing prep&e 

Intact explants Cell bodies Neurites 
Control High K(Ba) (controla) Control High K(Ba) 

Z aqueous phase 84 + 2 88 k 5 91 + 3 
Choline 41 f 8 59 + 6 5+2 32 + 10 40* 10 
ACh 21 + 5 20 k 5 3+2 29 k 7 32 + 7 
PCh 34 f 9 20 f 4 85 + 2 34k 10 26 + 10 
CDP-Ch 3+1 1.2 f 0.5 2+1 4k2 4+2 

Lipids 17 + 5 12 * 5 9+3 
PtdCh 92 + 3 85k 15 92 + 4 

Explant cultures were incubated for 1 hr in L15-saline containing 0. I25 MM ‘H-choline without or after a depolarizing 
prep&e of 5 min with high K(Ba). Cell bodies were separated from neurites before or after the incubation with ‘H- 
choline as shown in Figure 2 and the intracellular choline metabolites were analyzed as described in Materials and 
Methods. The results for the water-soluble metabolites were calculated as the percentage of total label incorporated into 
the aqueous phase. Betaine (-2%) was detected in cell bodies, but as < 1% was detected in the neurites it is omitted 
from the table. The percentage of label in the lipids was calculated from the amount of label in the chloroformic phase 
Results were obtained from three to five separate experiments, three explants per experiment (mean + SD). 
L1 The results obtained in cell bodies after high K(Ba) were not significantly different from controls. 
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Table 2. The effect of eserine on the incorporation of choline into ACh and PCh 

[CholineI,,, 6.4 Choline,, ACh ACh + choline PCh 

0.15 2.9 zk 0.9 1.4 + 0.4 4.3 k 1 0.57 k 0.17 

0.15 + eserine 1 f 0.03 2.6 k 0.2 3.6 k 0.2 0.77 + 0.19 

0.59 10 + 3.3 2.9 k 0.9 12.9 t 3.4 2.1 k 0.46 

0.59 + eserine 5.9 + 1.1 6 f 0.7 11.9 + 1.3 2.3 2 0.63 

Explants grown for 14 d were incubated for 30 min in LlS-saline containing 0.125 or 0.59 MM ‘H-choline (1.17 or 4.7 
pCi, respectively), washed, and the intracellular metabolites analyzed as described in Materials and Methods. Where 
indicated, 15 &ml eserine was included during the incubation and washes. The values shown represent mean k SD of 
three or four determinations, and are given as pmoL’explant except as indicated. 

amounts of labeled PtdCh were obtained from each segment 
(data not shown), suggesting that the incorporation is distributed 
throughout the neurites. 

To examine whether the newly synthesized PtdCh is associ- 
ated with membranes, we took advantage of the fact that 5% 
aqueous acetic acid extracts virtually all of the intracellular wa- 
ter-soluble metabolites (Suidan and Tolkovsky, 1992). Explants 
were therefore treated with 5% acetic acid included in three 
washes applied after the labeling period before the normal ex- 
traction procedure. No radioactivity was detected in the water- 
methanol extract, as expected, but the radioactivity found in 
the chloroform phase was no different to that ofexplants washed 
without acetic acid, suggesting that most of the PtdCh is incor- 
porated within membranes. 

Taken together, these results show that neurites have a much 
higher capacity than cell bodies to incorporate choline into both 
ACh and PtdCh, especially after depolarization, and that all of 
the necessary components for PtdCh biosynthesis from choline 
are evenly distributed along the neurites. 

The kinetics of labeling and the role of reversible reactions in 
maintaining the steady state 

It was intriguing that the relative distribution of label between 
the various metabolites was altered by less than 30% after a 
depolarizing prepulse although total choline uptake increased 
by two- to fourfold (Fig. lA, Table 1). This suggested that the 
slowest step in the labeling process is choline transport. In sup- 
port of this conclusion, no change was observed in the relative 
distribution of label after a 1 hr incubation in a range of labeled 
choline concentrations from 0.1-30 PM, although total uptake 
increased by about 30-fold over this concentration range (results 
not shown). Furthermore, a similar relative distribution of label 
between the water-soluble metabolites was found as a function 
of time, with virtually no change between 5 min and 6 hr of 
incubation with 0.125 KM 3H-choline (results not shown), in- 
dicating that a steady state is rapidly established between the 
intracellular choline and its metabolites ACh, PCh, and CDP- 
Ch. The amount of PtdCh, however, increased almost linearly 
as a function of time (up to 10 hr), with little indication of 
saturation. 

There are two mechanisms for attaining the rapid, steady state 
distribution of a precursor into its metabolites: (1) by reversible 
fluxes between the precursor and its product; (2) by a flux through 
an intermediate(s) into an endpoint product. Since ACh is both 
synthesized and hydrolyzed in these neurons (Swerts et al., 1984; 
Goudou et al., 1985), we hypothesized that the rapid attainment 
of a constant ratio between choline and ACh is controlled by 
the activities of CAT and ChE. Otherwise, in the absence of 
ChE, ACh would continue to accumulate with time. We used 
the general ChE inhibitor eserine to test the contribution of ChE 

activities to the maintenance of a stable ACh:choline ratio. Ta- 
ble 2 shows that eserine caused the ACh levels to increase by 
the same amount as choline decreased without any apparent 
effect on the levels of PCh (or CDP-Ch or PtdCh), thus sup- 
porting the suggestion that ACh levels appear to be set by rapid 
synthesis and degradation. 

Eserine is a general inhibitor of both butyryl-ChE (BChE) and 
AChE, and it has been reported that both BChE and AChE are 
present in sympathetic ganglia (Goudou et al., 1985; Klinar et 
al., 1985). It is not clear, however, which of these enzymes is 
responsible for the ChE activity in cultured SCG neurons, and 
whether they are differentially distributed. Because ACh syn- 
thesis was localized mainly in the neurites, we examined the 
distribution of ChE activities between the cell bodies and the 
neurites histochemically. Figure 3 shows that total ChE activity 
(top row) was due almost entirely to AChE activity (detected 
using iso-OMPA, a BChE inhibitor; Austin and Berry, 1953) 
and was located both inside and on the surface of the cell bodies 
and neurites. However, some BChE activity in the cell bodies 
was also detected, as indicated by the activity found in the 
presence of the AChE inhibitor BW284C5 1 (Fig. 3, third row). 
No activity was detected in the presence of both inhibitors (Fig. 
3, bottom row). Thus, it is clear that virtually all of the ChE 
associated with the neurites is AChE, which may be active both 
intra- and extracellularly. 

In contrast to ACh, PCh levels appeared to be determined by 
a flux of choline through the intermediates PCh and CDP-Ch, 
into PtdCh. Indeed, PtdCh was the only metabolite whose rel- 
ative amount increased with time of labeling, suggesting that its 
rate of breakdown is slow compared to its rate of synthesis. 
There is some controversy as to whether choline released by 
hydrolysis of PtdCh activated by depolarization is likely to be 
an important source of choline for ACh biosynthesis (Millington 
and Wurtman, 1982; Wecker and Schmidt, 1989; Yavin et al., 
1989). To examine whether PtdCh could serve as a reservoir of 
choline that can be mobilized for ACh synthesis, PtdCh was 
prelabeled, neurons were then depleted of ACh by depolariza- 
tion, and the replenishment of ACh was examined as a function 
of the breakdown of prelabeled PtdCh. Table 3 shows that al- 
though the level of water-soluble metabolites was reduced by 
some 30% when the neurons were depolarized during the wash 
period, the lipid pool remained stable. To examine the steady 
state turnover of PtdCh, explants were grown with 28 FM 14C- 
choline in the medium for 24 hr, washed, and grown further 
with unlabeled 28 PM choline. Table 3 shows that although the 
amount of label in the water-soluble metabolites decreased by 
55% during 3 hr of growth in the medium containing unlabeled 
choline, no such loss of label was detected in the lipids. Fur- 
thermore, two depolarizing pulses failed to release 14C-choline 
from the lipids but about 29% of the labeled water-soluble me- 
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Figure 3. AChE and BChE activities in SCG neurons. Total ChE, AChE, and BChE activities were detected histochemically in 25 d cultures as 
described in Materials and Methods, using iso-OMPA (50 PM) to block BChE and BW284C51 (100 PM) to block AChE. The right column shows 
cultures stained in the presence of 0.3% Triton X-100. No staining was detected in the absence of acetylthiocholine. Scale bar, 25 pm. 

tabolites were released into the medium during this time (not 
shown). These observations suggest that the turnover of PtdCh 
is slow compared to the rate of exchange of intracellular choline 
with (1) its water-soluble metabolites and (2) with the medium. 
Thus, in SCG neurons brief depolarizing activities are unlikely 
to release sufficient choline to be utilized for ACh production, 
although observation of a decline in labeled PtdCh over 24 hr 
suggests that a slow release of choline from PtdCh does occur. 

Regulation and perturbation of choline metabolism 
Since ACh and PCh levels were found to be very similar under 
widely varying concentrations and times of incubation with cho- 
line, we examined the half-saturation constants (K,,,) and V,,, 
values of CAT and CK for choline. These were calculated from 
measurement of the amounts of ACh and PCh synthesized over 
0.5-l hr as a function of intracellular choline concentration, 
altered by varying the concentration of radiolabeled choline in 
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Table 3. Stability of PtdCb pool after labeling and during depolarization 

Conditions 
Water-soluble metabolites Lipids 
(Dmol/exDlant) (fmol/exnlant) 

1. Acute effect of depolarization 
No prepulse 

Wash 3 x L15 1.00 ? 0.06 (100%) 46 k 1 
Wash 1 x L15, 2 x high K(Ba) 0.76 k 0.006 (76%) 50 k 1.2 

Prepulse with high K(Ba) 
Wash 3 x L15 3.26 f 1.03 (100%) 161 ? 26 
Wash 1 x L15, 2 x high K(Ba) 2.17 f 0.04 (66%) 150 * 42 

2. Kinetics of washout 
Immediately after incubation 158 * 43 (100%) 241 -t 122 
After 1 hr in cold choline 88 k 33 (56%) 241 + 87 

After 2 hr in cold choline 76 + 28 (48%) 388 k 135 

After 3 hr in cold choline 72 + 15 (45%) 336 + 56 

Explants (3 weeks in culture) were incubated for 1 hr in the presence of 0.125 PM ‘H-choline (1.17 &i) and washed 
three times in LlS-saline or once in LIS-saline and twice in high K(Ba). In the kinetic experiment, explants were labeled 
in the presence of 28 MM W-choline for 24 hr, and a washout of label was followed for up to 3 hr in the presence of 28 
PM nonradiolabeled choline. It should be noted that after 24 hr, no label was detected in the lipids. The results are 
mean + SD of triplicate determinations. 

the medium (Fig. 4). The data were fitted to a Michaelis-Menten 
equation representing a single, saturable substrate binding site, 
thus assuming that the same pool of choline,,, is simultaneously 
available to both enzymes. We also assumed that there is a rapid 
equilibrium (or steady state) established between choline and 
the two enzymes during 0.5 hr of incubation, a condition that 
appeared to hold between 0.1 and 30 PM [choline],,,. With in- 
tracellular choline ranging from 1 to 40 pmol/explant, the K,,, 
values of 44 + 16 pmol/explant (SE, 14 points) and 83 + 47 
pmol/explant (SE, 15 points) and the V,,, values of 9 + 2 pmol/ 
explant/hr and 32 f 13 pmol/explant/hr were derived for CK 
and CAT, respectively. Thus, the apparent affinity and V,,, 
values of the two enzymes were remarkably similar, supporting 
the similarity in the observed choline distribution pattern. 

To understand how the allocation of choline is regulated be- 
tween the ACh- and PtdCh-generating pathways, we attempted 
to perturb the incorporation of choline either by inhibiting cho- 
line transport with HC-3, a competitive inhibitor of the high- 
affinity choline transporter (Holden et al., 1975; O’Reagan and 
Collier, 198 1; Anderson et al., 1983), or by replacement of Na+ 
in the medium with NMG, or by inhibiting the storage of ACh 
into vesicles with vesamicol (AH5183) (Marien et al., 1987; 
Kornreich and Parsons, 1988). Figure 5A shows that HC-3 (12.5 
KM) caused an 88% inhibition of the uptake of 0.125 PM 3H- 
choline, resulting in a similar 85-95% reduction in the incor- 
poration of choline into each of its metabolites. The effects of 
replacement of Na+ with NMG are shown in Figure 6. In con- 
trast to HC-3, NMG reduced the amount of choline uptake only 
partially, by 57%, 63%, and 58%, in the presence of the wide 
range of concentrations of 0.125, 15, and 30 PM labeled choline, 
respectively. Figure 6A shows that the amounts of labeled in- 
tracellular choline were directly proportional to the concentra- 
tions of labeled choline in the medium. Furthermore, when 
NMG was added with 15 and 30 PM extracellular 14C-choline, 
intracellular choline concentrations were reduced to the levels 
obtained after labeling the cells with 0.125 FM 3H-choline in the 
absence of the drug (to 0.49 + 0.06 and 0.57 f 0.03 pmol/ 
explant vs 0.56 * 0.19 pmol/explant; mean f SD, n = 3; Table 
4). As expected, ACh levels were reduced by 80%, following 

closely the reduction in intracellular choline (Fig. 6B). However, 
the amounts of PCh (Fig. 6C), CDP-Ch, or PtdCh synthesized 
(Table 4) remained at the same levels found in the presence of 
15 and 30 PM choline in the absence of the drug, and were not 
reduced to match those expected if only 0.125 PM choline were 
present. The effect of NMG was unaltered when ACh consisted 
of 10% or 40% of the intracellular water-soluble choline me- 
tabolites. The results obtained with NMG are not due solely to 
the lack of Na+ in the medium, as similar results were obtained 
when only 70 mM NaCl was replaced by NMG, or when 1 PM 

vesamicol was added in the presence of normal medium (Fig. 
5B). 

Discussion 

The experiments described here are concerned with the question 
of how growing neurons expressing cholinergic properties con- 
trol the allocation of choline between the opposing demands of 
the ACh and PtdCh synthetic pathways. The data show that in 
SCG neurons with neurites of - 6 mm length, the bulk of choline 
is committed into these two pathways in the same cellular com- 
partment, in the neurites, where over 90% of the ACh and PtdCh 
are synthesized. To support these opposing demands for choline 
and to maximize the share of choline allotted to each, the K,,, 
and V,,,,, values of CAT and CK, the two enzymes that compete 
directly for choline, appear to be set at closely matched levels. 
We also demonstrate that these parameters need not necessarily 
be matched, however, as drug-induced choline deprivation re- 
sults in an apparent IO-fold enhancement of CK but not CAT 
activity, thereby maintaining the potential for normal rates of 
phospholipid synthesis while relinquishing the production of 
ACh. 

PtdCh synthesis occurs mainly in the neurites 

The rate of choline uptake increased with culture age, together 
with the increase in neurite outgrowth. Since the neurons are 
postmitotic, this suggested that the increased choline uptake 
activity may be located in the neurites, similar to the increased 
capacity of SCG neurons to synthesize ATP in the growing 
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Figure 4. Synthesis of ACh and PCh as a function of intracellular 
choline. Explants (18-23 d in culture) were washed in L15-saline and 
incubated with 0.125-30 FM 3H- or W-choline in L15-saline for 0.5- 
1 hr, after which cultures were washed and metabolites were analyzed 
as described in Materials and Methods. The data were fitted to a Mi- 
chaelis-Menten kinetic equation using EN~-I-IXR (Biosoft, Cambridge, 
UK). The fitted curve is shown. The V,,,, values derived are 32 f 13 
(ACh) and 9 + 2 (PCh) pmol/explant. The K,,, values are 83 f 47 
(ACh) and 44 + 16 (PCh) pmol/explant/0.5 hr. 

neurites (Tolkovsky and Suidan, 1987). The site of choline up- 
take was therefore determined more precisely by separating neu- 
rites from cells bodies before or after labeling, and by examining 
the uptake in each compartment without or after a depolarizing 
prepulse (Fig. 2, Table 1). Clearly, most of the choline was 
incorporated in the neurites, and this activity occurred inde- 
pendently of a functional connection to the cell bodies. More- 
over, choline incorporation into PtdCh was distributed through- 
out the neurites, as each segment in a neurite bed compartmented 
into five concentric segments with a section of - 1 mm (Tol- 
kovsky, 1987; Tolkovsky and Suidan, 1987) incorporated cho- 
line into PtdCh. Interestingly, a small but consistent increase in 

I .” 
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Figure 5. The effects of HC-3 and vesamicol on choline incorporation 
into SCG neurons. A, Explants grown for 23 d were washed in L15- 
saline containing 12.5 PM HC-3, incubated for 1 hr with 0.125 PM ‘H- 
choline in the presence of HC-3, washed again, and intracellular me- 
tabolites analyzed as described in Materials and Methods. Total 3H- 
choline uptake was 2.37 + 0.53 or 0.28 ? 0.02 pmol/explant (mean f 
SD of triplicate samples) in the absence and presence of HC-3, respec- 
tively. B, A similar experiment to that described in A was performed 
on explants grown for 17 d except that the solutions contained 1 PM 
vesamicol. Total ‘H-choline uptake was 4.83 + 0.31 or 1.92 + 0.52 
pmol/explant (mean + SD of triplicate samples) in the absence and 
presence of vesamicol, respectively. 

the amount of choline incorporated was found in the more distal 
sections, consistent with increased neurite branching in these 
segments. The increase in the capacity for choline uptake from 
2 d to 3 weeks (9-12-fold) was somewhat higher than that ob- 
served for adenylate cyclase activity (6-fold; Tolkovsky, 1987) 
for adenine uptake into ATP (Cfold) (Tolkovsky and Suidan, 
1987) or noradrenaline uptake (7-fold) (Tolkovsky and Suidan, 
1987; Tolkovsky et al., 1990) reflecting perhaps the increasing 
contribution of ACh to the total choline incorporated. 

The newly synthesized lipid appeared to be tightly associated 
with membranes as it was not extracted after washes with 5% 
acetic acid that were sufficient to deplete virtually all of the 
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Figure 6. The effect of NMG on the uptake and metabolism of choline in SCG neurons. Explants (23 d in culture) were washed in LlS-saline 
and incubated with 0.125 IBM ‘H-choline or with 15 or 30 PM %-choline in Ll Ssaline (containing 140 mM NaCI) or in Ll S-saline in which 140 
mM NMG was substituted for NaCl for I hr, after which cultures were washed and metabolites were analyzed as described in Materials and Methods. 
A, The amount of intracellular radiolabeled choline is shown as a function of extracellular labeled choline concentration. B, The amount of ACh 
is shown as a function of intracellular labeled choline. C, The amount of PCh is shown as a function of intracellular labeled choline. Results are 
the mean + SD, triplicate determinations. Similar results were obtained when 70 mM sodium was substituted with 70 mM NMG (not shown). 

water-soluble choline metabolites from the neurites, including 
small compartments such as intracellular organelles and neu- 
rotransmitter storage vesicles. The occurrence of lipid synthesis 
in neurites is consistent with the findings of Gould and col- 
leagues (Gould et al., 1983; Tanaka et al., 1987), who measured 
lipid synthesis in extruded axoplasm from myelinated axons, 
and those of Vance et al. (199 l), who looked at SCG neurons 
grown in compartmentalized culture chambers. In addition to 
the observations of Vance et al. (199 l), we have shown that 
synthesis of lipid in SCG neurites occurs after complete elimi- 
nation of their connection to the cell body. 

Compared to the rate of increase in total choline uptake, the 
rate of synthesis of ACh increased in a parabolic manner with 
time in culture, the major acceleration in the rate of synthesis 
occurring between 2-3 weeks. These kinetics are in keeping with 
previous observations that the induction of CAT activity (John- 
son et al., 1980a,b) in response to factors in the serum (Iacovitti 
et al., 1982; Wolinsky and Patterson, 1985) accelerates between 
2 and 3 weeks, and suggest that neurite outgrowth is not limited 
by this phenotypic development. We also observed that a brief 
depolarizing prepulse enhanced the uptake of 0.125 FM choline 
by at least twofold at all culture ages, probably due to the ac- 
tivation of a high-affinity choline uptake system (Mulder et al., 
1974; Simon and Kuhar, 1975; Murrin and Kuhar, 1976) with 

a half-saturation constant of 2-6 PM in SCG neurons (Suidan, 
1989). Our observation that the degree of enhancement of cho- 
line uptake after depolarization was not directly related to the 
amount of ACh being synthesized or released (Fig. 1) supports 
the now prevalent view (see Ducis, 1988, for review) that the 
activation of the high-affinity choline transporter by a brief de- 
polarization is not directly coupled to ACh synthesis or release 
(Marchbanks, 1975). 

Maintaining PtdCh synthesis in the neurites may be important 
for growth 

In neurites of 3 week cultures, choline was incorporated into 
ACh and PCh in about equal amounts (Table 1). The nearly 
equivalent distribution of label among choline, ACh, and PCh, 
and the time, concentration, and depolarization independence 
of this pattern of distribution (Table 1) exemplify a unique 
pattern of labeling when compared to patterns of labeling found 
in fibroblasts or in cholinergic nerve endings. We suggest that 
this pattern stems from the specific requirements of growing 
neurons expressing cholinergic properties, although it is also 
possible that these results reflect the particular stage of cholin- 
ergic development attained. Thus, in proliferating cultures of 
3T3 fibroblasts, we observed that intracellular choline consti- 
tuted only - 1% of total label incorporated, while PCh, CDP- 

Table 4. Choline incorporation in the presence or absence of NMG 

[Choline],., 
CUM) ICholinel... ACh PCh CDP-Ch PtdCh Total 

0.125 0.56 + 0.19 0.52 k 0.19 1.2 2 0.13 0.09 + 0.01 0.17 * 0.02 2.54 k 0.5 
0.125 + NMG 0.01 f 0.001 0.02 + 0.007 0.78 2k 0.08 0.05 + 0.01 0.15 AZ 0.05 1.01 f 0.1 
15 12.5 f 0.17 3.6 f 0.26 5.7 + 1 0.72 t 0.1 0.62 + 0.02 23.1 f 1.6 
15+NMG 0.49 f 0.06 0.84 k 0.04 5.8 + 0.26 0.84 + 0.2 0.96 + 0.07 8.93 + 0.1 
30 18 f 0.4 4.6 f 0.67 7.35 -t 0.9 0.78 + 0.03 0.72 + 0.00 31.5 + 2 

30 + NMG 0.57 f 0.03 1.47 f 0.07 9.76 k 0.4 1.00 + 0.16 0.79 + 0.02 13.6 + 0.7 

Explants (23 d in culture) were incubated for I hr in the indicated concentrations of radiolabeled choline in LIS-saline containing 140 rn~ NaCl or 140 rn~ NMG. 
Care was taken to ensure that the NMG-containing solution was well buffered at pH 7.4. The results are the means + SD of triplicate determinations, and are given as 
pmol/explant/hr except as indicated. Some of these results are plotted in Figure 4. Total incorporation is shown as Total. 
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Ch, and PtdCh accounted for, respectively, 50-72%, lO-30%, 
and 12-20% of the remaining label after 1 hr of labeling with 
0.125 FM 3H-choline (H. S. Suidan, unpublished observation). 
No ACh was detected. In contrast, in cholinergic synaptosomes 
derived from mouse striatum (Yamamura and Snyder, 1973) 
choline and ACh accounted for 27% and 70% of the total label 
incorporated after 1 hr incubation with 0.5 I.LM )H-choline, with 
PCh contributing only 3% to the label. Even after the synap- 
tosomes were exposed to high (100 PM) external choline, where 
the relative distribution of label changed to 63% choline and 
16% ACh, PCh still accounted for only 10% of the intracellular 
label. Thus, when choline is used primarily for lipid synthesis, 
as in fibroblasts, the cell can afford to direct all of the available 
choline into the lipid pathway, by expressing a high-affinity CK. 
When choline is used primarily for ACh synthesis, as in syn- 
aptosomes, an excess of choline accumulates as free choline, 
presumably because the activity and/or the concentration of CK 
is low in this particular compartment. In growing neurons ex- 
pressing cholinergic properties, where both ACh and PCh (and 
lipid) are synthesized in the same cellular compartment, it ap- 
pears that the best strategy to maximize choline allocation into 
both pathways is to keep the levels of all three components, 
namely, choline, ACh, and PCh, at about equal levels. This is 
achieved either by maintaining rapid, reversible fluxes between 
the components, as between choline and ACh (by use of CAT 
and AChE), or by rapid fluxes through to an irreversible path- 
way, as with choline to PCh to PtdCh. In addition, a steady 
state is achieved such that the distribution of choline is neither 
time nor concentration dependent. 

This strategy would be further supported by adjusting the half- 
saturation constants of the two key enzymes, CAT and CK, to 
near-equal affinities for choline; indeed, we have calculated from 
data similar to that in Figures 4 and 5, generated over a wide 
range of [choline],,,, that the apparent K,,, and V,,,,, values for 
CK and CAT are very similar. Taken together, these results 
illustrate how well the choline metabolism in these neurons is 
designed to maximize the feeding of a common precursor, cho- 
line, into two competing but equally important pathways. 

The proposal that the coexistence of ACh and PtdCh is func- 
tionally important is further supported when the labeling pattern 
in the neurites and cell bodies is compared. Thus, cell bodies, 
which synthesize the vesicular components destined to travel 
into neurites by a fast axonal transport system, express a similar 
metabolism to fibroblasts (Table 1) while the neurites exhibit a 
mixed fibroblast/synaptosomal phenotype. The possibility that 
PtdCh is also synthesized directly from choline by base exchange 
activity is unlikely, as there was a direct correlation between 
the levels of CDP-Ch and PtdCh under all experimental con- 
ditions. 

What is the role of lipid synthesis in the net&es? One pos- 
sibility is that this lipid synthesis is used to support neurite 
elongation. We noted that the amount of choline allocated into 
the lipid pathway was highly dependent on the presence ofactive 
neurite elongation. Thus, neurites that had reached the end of 
the coverslip and were unable to continue to grow round the 
edges had a decreased incorporation of choline into PtdCh com- 
pared to neurites that were elongating in a near linear rate. It 
was therefore interesting to calculate by how much the lipid 
synthesis in the neurites could contribute to neurite elongation. 
If a single molecule of hydrated PtdCh takes up 0.64 x lo-l2 
mm2 (Janiack et al., 1979) and the surface area of a neurite 
membrane added after 24 hr in culture is 1.57 x 10-3 mm* 

(based on a radius of 0.5 pm and an elongation of 0.5 mm/24 
hr), one can calculate that about 5 x lo9 molecules of PtdCh 
will be required to cover the entire surface of both leaflets of 
the newly synthesized membrane. The maximal rate of synthesis 
of PtdCh per neuron per 24 hr under growth conditions (with 
about 50 PM extracellular choline) is calculated to be about 100 
fmol, which is equivalent to about 6 x lOlo molecules. Thus, 
it appears that neurites of 3 week cultures would have the ca- 
pacity to provide sufficient PtdCh to sustain their own elon- 
gation. 

Perhaps lipid synthesis in the neurites supports the transport 
of membrane particles into the plasma membrane (Ellisman 
and Lindsey, 1983). It is not clear why, despite the relatively 
straightforward assays that could demonstrate the presence of 
functional ER in axons (Kennedy, 1962; Bishop and Bell, 1988) 
and the presence in axons of ER-like tubular structures, often 
referred to as axoplasmic reticulum (see, e.g., Matthews, 1973), 
most attention has been focused on the possible role of these 
membranes in mediating fast axonal transport rather than mem- 
brane biogenesis (see, e.g., Grafstein and Forman, 1980; Ram- 
bourg and Droz, 1980). It has also been suggested that retrograde 
transport of lipids from injured axons to cell bodies is important 
for regeneration (Bisby, 1984). However, the significance of these 
observations will have to be reassessed in light of the findings 
that the majority of lipid synthesis and some lipid methylation 
(Pfenninger and Johnson, 198 1) occur locally in the neurites. 

Drug-induced limits on choline provision favor the 
CK-catalyzed pathway 

Having demonstrated that CK and CAT activities compete 
equally for the labeled choline, we examined what would happen 
if provision of choline were perturbed. We have shown that 
increased supply of choline after a depolarizing prepulse had no 
substantial effect on choline distribution into its metabolites. 
We therefore turned to limiting the supply of choline using 
various inhibitors of choline transport or ACh storage. When 
HC-3 was used to block choline transport, both ACh and PCh 
levels (and those of CDP-Ch and PtdCh) were reduced in direct 
proportion to the reduction in intracellular choline, with extra- 
cellular choline varying between 0.125 and 30 PM. When, how- 
ever, sodium in the medium was replaced by NMG, intracellular 
choline and ACh synthesis were both reduced in equal propor- 
tions (Fig. 4) but PCh, CDP-Ch, and lipid synthesis levels were 
unaffected, as if no NMG was present. 

To account for the data, we have constructed the following 
minimal model for the transitions between the various key cho- 
line metabolites: 

k, k, [ATPI 
[choline],,, = [choline],, Z [PChl 

k* II 
1I k,[acetyl-CoA] 

[AChl 

This model assumes that a rapid equilibrium is established be- 
tween choline and ACh or PCh such that k, and k, represent 
the net forward flux of choline into its respective metabolites 
(namely, k, and k., = k,lk,+k,, where k,and kb are the forward 
and reverse rate constants; CoA, coenzyme A). 

In the case of HC-3, a decrease in k, and/or an increase in k, 
would be sufficient to explain the results, although the possibility 
that HC-3 directly inhibits choline binding to CAT and CK 
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Table 5. Kinetic parameters for model of transitions between choline, ACh, and F’Ch 

Parameters (hrl) 

Control +NMG 

Fractional concentration 
of choline metabolites 

Control +NMG 

Ob- Pre- Ob- Pre- 
served dieted served dieted 

k 1 1 [Choline],,, 0.80 0.78 0.92 0.91 
k 12 200 [Choline],, 0.045 0.052 0.0013 0.0036 
kJATP1 2 20 Whl 0.117 0.103 0.078 0.075 
k,[AcCoA] 1 1 [AChl 0.043 0.051 0.004 0.0037 

The model is presented in the Discussion. The numbers were derived from a simulation of the following equations that 
define the ratios of intracellular choline ([choline],,(t)), ACh ([ACh](t)), and PCh ([PCh](t)) at any time to that of 
extracellular choline at time zero, [cholineI,,,( [choline].,(t)l[choline],.&) = k,l(A, - X,){exp(-A,t) - exp(-X,t)l; 
[ACh]t/[choline],,,(t,,) = k,k,{ l/X,X, - exp(-X,t)lA,(A, - A,) - exp(-A,t)lA,(A, - A,)}; [PCh]tl[choline],.,(t,) = k,k,{ll 
A,A, - exp(-A,t)lA,(X, - A,) - exp(-A,t)lA,(A, - A,)}; where A,A, = k,(k, + k,), A, + A, = k, + k, +k, + k, = sum, and 
(A, - A,) = d{sum2 ~ 4k,(k, + k,)}, with k, = k,/k, + kb for PCh, k, = k,/ki + kb for ACh, and k, set arbitrarily at 1 
him’. AcCoA, acetyl coenzyme A. 

cannot be excluded (Ducis, 1988). The case of NMG is more 
complex. In Table 5, the predicted relative concentrations of 
the four metabolites are compared with the observed values for 
control and NMG-treated cells. It can be seen that the theoretical 
and observed values for all four metabolites coincide very close- 
ly. Examination of the apparent rate constants shows that in 
addition to the increase by NMG of k, from a relative rate 
constant of 12 to 200 hrl (thereby causing a decrease in ap- 
parent affinity of the choline transporters for 30 FM choline, 
presumably due to the replacement of sodium by NMG) the 
model predicts a IO-fold increase in k,[ATP], the parameter 
that governs the rate of PCh synthesis. It is clear that the effect 
of NMG is not due to the removal of sodium because similar 
results were obtained when only 50% of the sodium was replaced 
by NMG. Furthermore, vesamicol added in the presence of 
normal sodium concentrations had similar effects. One possible 
explanation is that deprivation of choline or reduction of so- 
dium, or NMG and vesamicol, may directly or indirectly modify 
the kinetic parameters of CK, thereby increasing its activity/ 
affinity for the remaining choline. This effect would be amplified 
if either AChE activity were concomitantly increased or CAT 
activity were to decrease. An opposing change in CK and CAT 
would be compatible with the observations ofAndo et al. (1987), 
who showed that the activities of a crude extracts of CK and 
CAT from SCG ganglia are increased or decreased in opposite 
directions after prior incubation of sympathetic ganglia with 
various concentrations of choline, potassium, and sodium. In 
addition, Uchida and Yamashita (1990) have shown that the 
specific activity of a purified CK from rat brain is augmented 
by some polyamines and positively charged ions, by a decrease 
in the K,,, for ATP and a rise in V,,,. If NMG can enter the 
cells, an activation of CK would be expected. However, it is 
also possible that the low sodium (with NMG) or vesamicol 
divert labeled choline into a pool containing very low unlabeled 
choline that is only accessible to CK and not to CAT. This 
would result in an apparent increase in the rate of PCh, CDP- 
Ch, and PtdCh production. The possibility that the enzymes of 
the PtdCh-synthesizing pathway may form a functional com- 
partment linked to the high-affinity choline transporter has been 
suggested by George et al. (1989), who showed that electroper- 
mabilized glioma cells are able to synthesize PtdCh from choline 
but not from PCh or CDP-Ch. The exact mechanism of this 
activation is currently under investigation. 

Given the substantial amounts of choline committed to the 
PtdCh-synthesis pathway in the presence of submicromolar con- 
centrations of choline, and the preferred allocation into the 
PtdCh-synthetic pathway when choline provision is perturbed, 
we conclude that growing sympathetic neurons with mixed ad- 
renergic/cholinergic properties, in contrast to CNS neurons 
(Wurtman, 1992), have more robust mechanisms for preserving 
PtdCh synthesis as compared to ACh synthesis. Now that the 
basic pattern of choline allocation has been established, we are 
examining whether similar regulation occurs after a stronger 
induction of cholinergic properties imposed by, for example, 
choline differentiating factor (LIF) (Fukada, 1985) or ciliary 
neurotrophic factor (Saadat et al., 1989). 
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