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ABSTRACT  To identify the metabolic pathway that gen-
erates choline (Cho) for acetylcholine (AcCho) from its storage
pool in membrane phosphatidylcholine (PtdCho), human neu-
ronal cells (LA-N-2) were radioisotopically labeled with 1-0-
hexadecyl-2-hydroxy-sn-glycero(3)phospho[1C]choline. The
compound was efficiently taken up by the cells and metaboli-
cally labeled PtdCho, Cho, AcCho, and phosphocholine pools.
In pulse—chase experiments, the specific radioactivities of the
metabolites of 1-O-hexadecyl-2-hydroxy-sn-glycero(3)phos-
pho[*4C]choline indicated that it was rapidly acylated to Ptd-
Cho and then hydrolyzed first to free Cho and not to phos-
phocholine or glycerophosphocholine. This Cho was subse-
quently converted to AcCho and to phosphocholine. In the
absence of exogenous Cho, at least 15% of the total cellular
AcCho pool was synthesized by this pathway in 1 h. The data
demonstrate that the liberation of the free Cho precursor for
AcCho synthesis from PtdCho can be accomplished in a
one-step process, indicating the involvement of a phospholipase
D-type enzyme. In the presence of hemicholinium-3, which
inhibits Cho transport, the amount of intracellular [*4C]Cho
metabolites that accumulated during the chase period was
higher than in control cells, indicating that PtdCho hydrolysis
liberated Cho directly into the cytoplasm. These data show that
cholinergic cells are characterized by an intracellular pathway,
catalyzed by a phospholipase D, that generates Cho for AcCho
synthesis from PtdCho. Abnormalities in the regulation of this
pathway may contribute to selective vulnerability of cholinergic
neurons in certain neurodegenerative diseases, e.g., Alzheimer
disease.

A supply of choline (Cho) for the synthesis of acetylcholine
(AcCho) is essential for normal functioning of cholinergic
neurons. Most of the Cho for this process derives from the
diet, enters the nervous system via the circulation, and then
is taken up into the nerve terminals of cholinergic neurons by
a specialized high-affinity transporter that is also capable of
salvaging a substantial proportion of Cho generated from
AcCho intrasynaptically by acetylcholinesterase (for a re-
view, see ref. 1). Additional Cho for AcCho synthesis is
derived from membrane phosphatidylcholine (PtdCho) (2, 3),
which might be considered a potential storage pool of Cho.
This pool may be especially important when extracellular
Cho is in short supply and/or when neuronal AcCho synthe-
sis and release are accelerated by a high firing frequency
(4-8). Although the enzymatic pathways of PtdCho turnover
in the brain are reasonably well-characterized in general, the
mechanisms responsible for liberating Cho from PtdCho in
cholinergic neurons remain unknown.
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PtdCho can be hydrolyzed to Cho by a multienzymatic
pathway (Fig. 1) consisting of phospholipase (PL) A, (EC
3.1.1.4) and lysophospholipase (EC 3.1.1.5), whose com-
bined actions produce glycerophosphocholine (GroPCho),
which is then degraded by GroPCho phosphodiesterase (EC
3.1.4.2). In human brain in vitro the latter enzyme has low
activity and GroPCho tends to be converted to phosphocho-
line (PCho) by GroPCho cholinephosphodiesterase (EC
3.1.4.38) (9). Alternatively, PtdCho may be degraded by a
PLC (EC3.1.4.3) also producing PCho, which may be further
broken down to free Cho by alkaline phosphatase (EC
3.1.3.1). In addition PtdCho can be hydrolyzed directly to
Cho by a PLD (EC 3.1.4.4). The latter mechanism is espe-
cially interesting in view of the recent discoveries that PLD
is likely to constitute a highly heterogeneous family of
enzymes, some of which may be constitutively active, while
the activities of others may be regulated by receptors (for
reviews, see refs. 10-12) for hormones, growth factors, and
neurotransmitters [including those of the muscarinic cholin-
ergic type (13-18)]. Previous studies showed that the brain
contains several types of PLD that differ in subcellular
distribution, kinetic properties, and pH and ionic optima (16,
19-28). In addition to generating Cho, PLD produces phos-
phatidic acid, which may be further converted to 1,2-sn-
diacylglycerol. The latter two compounds act as second
messengers (29), and their production is regulated by PLD-
catalyzed hydrolysis of glycerophospholipids in neuronal cell
lines (17, 18, 30-37), including the human cholinergic cell line
[LA-N-2 (13, 14)] used in the current study.

To determine how Cho is liberated from PtdCho in LA-N-2
cells, we labeled the cells with a [1“C]Cho-containing 1-O-
hexadecyl-2-hydroxy-sn-glycero(3)phosphocholine (alkyl-
lysoPtdCho), which, due to the presence of the ether bond in
the sn-1 position, is resistant to hydrolysis by PLA; and/or
lysophospholipase. Previously [*H]alkyl-labeled lysoPtdCho
has been successfully applied to studies of the turnover of the
lipid backbone of PtdCho in a variety of systems (38-40). The
use of [“C]Cho-containing alkyl-lysoPtdCho permits the
introduction of Cho label directly into cellular phospholipids
prior to its incorporation into water-soluble metabolites. By
using this design, we provide evidence that a PLD generates
Cho from PtdCho for AcCho synthesis and that this Cho is
released directly into the cytoplasm without first entering the
extracellular space.

Abbreviations: Cho, choline; AcCho, acetylcholine; PtdCho, phos-
phatidylcholine; alkyl-lysoPtdCho, 1-O-hexadecyl-2-hydroxy-sn-
glycero(3)phosphocholine; HC-3, hemicholinium-3; PCho, phospho-
choline; PL, phospholipase; SRA, specific radioactivity; GroPCho,
glycerophosphocholine.

$To whom reprint requests should be addressed.



Applied Biological Sciences: Lee et al.

PLA; Phosphatidylcholi

f:it:ly LPCAT
AcylCoA |CFT
Lysophosphatidylcholine
Fatty /| LPL
acid

CDPcholine Diacylglycerol
Glycerophosphocholine

GCPD
Phosphocholine

GPD cK 1 ‘AP
Choline
AcetylCoA CAT

line
PLC
PLD
cr

Phosphatidate

Acetylcholine

Fig. 1. Pathways of PtdCho turnover and AcCho synthesis.
PtdCho synthesis is catalyzed in three enzymatic steps: Cho kinase
(CK) catalyzes the formation of PCho from Cho and ATP; PCho
cytidylyltransferase (CT) catalyzes the formation of cytidine diphos-
phocholine (CDPcholine) from PCho and CTP; and cholinephos-
photransferase (CPT) catalyzes the transfer of PCho from CDP-
choline to 1,2-sn-diacylglycerol, forming PtdCho. The latter can be
degraded to Cho via several pathways, including hydrolysis by a
PLD to free Cho and phosphatidate, or by PLC to PCho and
diacylglycerol. PLA hydrolyses PtdCho to a fatty acid and lysoPtd-
Cho, which can be reacylated by an acyltransferase (LPCAT)
utilizing a fatty acyl-CoA. LysoPtdCho can be hydrolyzed to GroP-
Cho by a lysophospholipase (LPL). GroPCho is then converted to
PCho by a cholinephosphodiesterase (GCPD) or to free Cho by a
diesterase (GPD); and the PCho is hydrolyzed to Cho by alkaline
phosphatase (AP). The conversion of Cho to AcCho is catalyzed by
Cho acetyltransferase (CAT). Some of the cofactors have been
omitted for clarity. Thick arrows indicate the metabolic pathway
characterized in this study.

MATERIALS AND METHODS

Preparation of Alkyl-[1“CllysoPtdCho. The alkyl-[*C]lyso-
PtdCho was prepared by the method of Stoffel (41). 1-O-Hexa-
decyl-2-hydroxy-sn-glycero(3)phosphodimethylethanolamine
(Avanti Polar Lipids; 2 mg, 4.2 umol) was combined with 20
umol (1 mCi; 1 Ci = 37 GBq) of [“C]methyl iodide (50 Ci/mol,;
Amersham) and 6 ul of cyclohexylamine in the final volume of
0.6 ml of methanol and incubated at room temperature for 24 h
in the dark. The reaction mixture was dried under a vacuum,
dissolved in methanol, and the alkyl-[¥CJlysoPtdCho product
was purified by HPLC on a normal-phase silica column (Peco-
sphere-3C Si, 4.6 X 83 mm; Perkin-Elmer) using a linear
gradient elution (1.5 ml/min) of the following two mobile
phases: A, acetonitrile/water/ethanol/acetic acid/1.0 M am-
monium acetate, 800:127:68:2:3 (vol/vol); B, same compo-
nents, 400:400:68:53:79 (vol/vol). The mobile phase was varied
from 0 to 20% buffer B over a 10-min period after sample
injection. A commercial preparation of alkyl-[C]lysoPtdCho
(American Radiolabeled Chemicals) was used as a standard for
retention time. The product was radiochemically pure (by TLC
and HPLC) and contained no detectable amounts of the 1-O-
hexadecyl-2-hydroxy-sn-glycero(3)phosphodimethyleth-
anolamine precursor.

Cell Culture and Experimental Protocol. LA-N-2 cells (gen-
erously provided by Robert Seeger, University of California,
Los Angeles) were grown routinely in Leibowitz L-15 me-
dium containing 5% (vol/vol) fetal bovine serum, 5% (vol/
vol) horse serum (all GIBCO/BRL), and 0.1 mM Cho. For
experiments, the cells were subcultured into 35-mm dishes
and grown until 80-90% confluent. The cells were washed
twice with 1 ml of Cho-free Dulbecco’s modified Eagle’s
medium/Ham’s F-12 nutrient mixture, 1:1 (vol/vol)
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(GIBCO/BRL), without sodium bicarbonate, but buffered
with 28 mM Hepes'NaOH (pH 7.4) and containing 15 uM
neostigmine. The cells were labeled in 1 ml of this medium at
37°C, for various times as indicated, with 0.5 uCi of 10 uM
alkyl-[1*C]lysoPtdCho. The alkyl-[1*C]lysoPtdCho was ini-
tially dissolved in 20 ul of dimethyl sulfoxide and then mixed
with 4 ml of labeling medium containing 0.1% fatty acid-free
bovine serum albumin (Sigma). This alkyl-[14C]lysoPtdCho
stock was diluted 1:5 to obtain the labeling medium. After
labeling, the cells were washed twice with 1 ml of a physio-
logical salt solution (135 mM NaCl/5 mM KCl/1 mM CaCl,/
0.75 mM MgCl,/5 mM glucose/0.015 mM neostigmine/10
mM Hepes, pH 7.4) and incubated in this solution for an
additional period at 37°C as indicated. After the experimental
period, the media were collected, and the cells were ex-
tracted with 1 ml of methanol and scraped off the dishes. The
methanolic suspensions were transferred to polypropylene
tubes, 2 ml of chloroform was added, and the tubes were
vortex mixed. Water (1 ml) was added, and the tubes were
vortex mixed and centrifuged to separate the two phases. The
aqueous and the organic phases and the protein interface
were collected and dried under a vacuum.

Purification and Radioactivity Measurements of Cho Metab-
olites. The water-soluble Cho metabolites were purified by
HPLC (42) on a normal-phase column (10 cm X 4.6 mmi.d.)
containing 3-um silica particles (Dynamax, Rainin, Woburn,
MA), using a linear gradient elution (1.5 ml/min) with the
following two mobile phases: A, acetonitrile/water/ethanol/
acetic acid/1.0 M ammonium acetate/0.1 M sodium phos-
phate monobasic, 800:127:68:2:3:10 (vol/vol); B, same com-
ponents, 400:400:68:53:79:10 (vol/vol). The mobile phase was
varied from 0 to 100% of phase B with a slope of 5%/min,
starting 6 min after sample injection. The radioactivity asso-
ciated with AcCho, Cho, and PCho was quantified by an
on-line monitor using a solid-phase scintillation flow cell
(model LB 507 A, Berthold, Nashua, NH). The phospholipids
were purified by TLC on silica gel 60 (Merck) developed with
chloroform/methanol/acetic acid/water, 25:15:4:2 (vol/vol).
This chromatographic method permits the separation of
lysoPtdCho (Rs = 0.12) from PtdCho (R = 0.45). However,
the 1-O-alkyl- and the 1-O-acyl- compounds cannot be re-
solved by this system, and for this reason the prefix ‘‘alkyl”
is not used whenever the discussion relates to those com-
pounds subsequent to their purification by this system. In
addition, this TLC system resolves platelet-activating factor
[1-O-alkyl-2-acetyl-sn-glycero(3)phosphocholine; Ry = 0.17]
from long-chain PtdCho and from lysoPtdCho. The plates
were scanned using a System 200 radioactivity scanner (Bio-
scan, Washington, DC). Segments corresponding to lysoPtd-
Cho and PtdCho were scraped off and hydrolyzed to free Cho
using 6 M HCl at 80°C for 1 h. Radioactivity of an aliquot was
determined by liquid scintillation spectrometry and the re-
mainder was used for the determination of Cho mass.

Measurements of Mass of Cho Metabolites. AcCho and Cho
was determined in the aqueous portion of cell extracts and in
the medium by an HPLC kit (Bioanalytical Systems, West
Lafayette, IN) consisting of a proprietary analytical column
and an enzymatic reactor containing acetylcholinesterase
and Cho oxidase and an electrochemical detector (43). This
HPLC technique was also used to purify the radiolabeled Cho
and AcCho from cell medium prior to the determination of the
radioactivity of these compounds by liquid scintillation spec-
trometry. AcCho (retention time, 6 min) and Cho (retention
time, 7.1 min) fractions were eluted at 1.5 ml/min with 25 mM
sodium phosphate (pH 8.5) as a mobile phase and collected.
Cellular PCho was purified by the normal-phase HPLC as
described above and hydrolyzed to free Cho by alkaline
phosphatase (30 units/ml; type VII-NLA ; Sigma) at 37°C for
45 min using 0.1 M glycine buffer (pH 10.5) containing 1 mM
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MgCl,. The free Cho liberated from PCho, PtdCho, and
lysoPtdCho was determined by HPLC as above.

Protein Assay. Protein was determined using bicinchoninic
acid by the method of Smith et al. (44).

RESULTS

To label the Cho-containing cellular phospholipids, LA-N-2
cells were incubated with alkyl-[C]lysoPtdCho for various
periods. The cells rapidly removed alkyl-[“C]lysoPtdCho
from the medium (Fig. 2 Upper) and incorporated it into
cellular lipids. The amount of alkyl-[*C]lysoPtdCho in the
medium during the incubation declined with time; this process
could be described by a single exponential decay curve (cor-
relation coefficient, r2 = 0.99), with a half-life of 167 min (Fig.
2 Upper). The alkyl-[C]lysoPtdCho was efficiently taken up
by the cells and the radioactivity in [14C]lysoPtdCho in cells
apparently reached a steady-state level after 15 min of labeling.
At this time the radioactivity found in PtdCho was already
similar to that in lysoPtdCho, indicating that the acylation of
[CllysoPtdCho to [**C]PtdCho was rapid. The accumulation
of [*C]JPtdCho continued linearly with time for at least 2 h and
then leveled off as the supply of alkyl-[**C]lysoPtdCho in the
medium declined. The rapid conversion of [**C]lysoPtdCho to
[**C]PtdCho permitted extensive labeling of this phospholipid
in LA-N-2 cells. In addition to being converted to long-chain
fatty acyl-PtdCho, alkyl-[**CllysoPtdCho can also be acety-
lated to platelet-activating factor (for a review, see ref. 45).
Radioactive material comigrating with authentic platelet-
activating factor standards was observed on radiochromato-
graphic scans of our TLC plates in a small minority of
experiments and, when it was found, it constituted at most 5%
of the radioactivity of [1*C]PtdCho, indicating that synthesis of
platelet-activating factor is a minor metabolic pathway in
LA-N-2 cells. The radiolabeled water-soluble metabolites of
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FiG.2. Clearance of alkyl-{1C]lysoPtdCho from the medium and
its incorporation and turnover in LA-N-2 cells. The cells were
incubated with alkyl-[14C]lysoPtdCho as indicated. The labeled lipids
(Upper) were purified by TLC and the labeled water-soluble metab-
olites of Cho (Lower) were purified by HPLC and their radioactiv-
ities were determined. (Inset) Incorporation of label into the water-
soluble metabolites of Cho during the initial 135 min. The results are
presented as the mean = SD from a representative experiment.
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Cho (i.e., free Cho, AcCho, and PCho) were undetectable at
15 min but could be observed by 45 min (Fig. 2 Lower). As
expected, no [“C]GroPCho was observed, indicating that
[“CllysoPtdCho and [“C]PtdCho were resistant to dealkyla-
tion at the sn-1 position. The delayed appearance of water-
soluble metabolites of Cho suggests that [C]lysoPtdCho was
not a good precursor for their formation but rather that the
hydrolysis at the sn-3 position occurred subsequent to the
formation of PtdCho.

Based on these data, a 45-min labeling period was chosen
for the pulse—chase studies in which the specific radioactivity
(SRA) of all of the [**C]Cho-containing compounds was
measured as a function of chase time. During the chase period
the SRA of the cellular [C]lysoPtdCho declined exponen-
tially with a half-life of 64 min (Fig. 34). The SRA of
[“CIPtdCho increased with time (Fig. 3B) and remained
higher than that of the water-soluble metabolites of Cho
consistent with the notion that [“C]lysoPtdCho was con-
verted directly to [“C]PtdCho. Among the water-soluble
metabolites of Cho, the free [14C]Cho had the highest SRA
(Fig. 3B). This value rose steadily during the chase period,
indicating the continual formation of Cho. It is worth noting
that the cell content of PtdCho is 57 times larger than that of
lysoPtdCho (Table 1), and thus, although the acylation of
lysoPtdCho to PtdCho is rapid (Fig. 2), the rise in the SRA of
PtdCho is less dramatic (Fig. 3). The SRAs of AcCho and of
PCho were similar to each other and lower than that of Cho
throughout the chase period (Fig. 3C). These data indicate
that free Cho was an intermediate both for the synthesis of
AcCho and PCho. Thus these observations are consistent
with the hypothesis that membrane PtdCho was first hydro-
lyzed by a PLD, generating free Cho, which was subse-
quently acetylated to AcCho, and invalidate the alternative
hypothesis that PCho formed by a PLC was an intermediate
en route to Cho and AcCho synthesis.
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FiG6. 3. Turnover of [*CJlysoPtdCho in LA-N-2 cells. The cells
were pulsed with alkyl-[4C]lysoPtdCho for 45 min and then chased
as indicated. The labeled lipids were purified by TLC and the labeled
water-soluble metabolites of Cho were purified by HPLC and their
radioactivities and mass were determined. Specific radioactivities
were calculated and are presented as the mean = SD from a
representative experiment. (A) LysoPtdCho. (B) PtdCho and
choline. (C) AcCho and PCho.



Applied Biological Sciences: Lee et al.

Proc. Natl. Acad. Sci. USA 90 (1993) 10089

Table 1. Quantitative analyses of the [1CllysoPtdCho turnover in LA-N-2 cells

Cell content at  Radioactivity Specific Synthesis, Synthesis,

60 min, at 60 min, radioactivity nmol per mg % of total

nmol/mg of dpm/mg of at 30 min, of protein per pool per 60
protein protein dpm/nmol 60 min min
lysoPtdCho 1.6 77,285 36,217 — —
PtdCho 84 203,936 2,338 5.6 7
Cho 1.9 2,642 1,075 1.1 59
PCho 92 13,924 150 12.9 14
AcCho 29 5,071 134 4.7 16

Cells were incubated with alkyl-[14C]lysoPtdCho for 45 min and then incubated for 60 min in the
absence of radioactivity. The labeled lipids were purified by TLC, the labeled water-soluble metabolites
of Cho were purified by HPLC, and their radioactivities and mass were determined. Specific
radioactivities at 30 min were calculated and are presented as the mean from an experiment shown in
Fig. 3. The amount of PtdCho, Cho, AcCho, and PCho synthesized during the 60-min chase period was
calculated using the cell content and radioactivity of each of the compounds at 60 min, and the average
SRA of their immediate precursors was taken at 30 min. Errors are omitted for clarity; coefficients of

variation ranged between 5 and 20% of the mean.

To estimate the contribution of this process to the pools of
_the Cho-containing compounds, we calculated the amount of
PtdCho, Cho, AcCho, and PCho synthesized during the
60-min chase period, using the cell content and radioactivity
of each of the compounds at 60 min, and the average SRA of
their immediate precursors taken at 30 min (Table 1). For
example, the amount of AcCho synthesized in 60 min equals
(5071 dpm/mg)/(1075 dpm/nmol) = 4.7 nmol/mg, and this
constitutes 16% of the AcCho pool (4.7/29 = 0.16). These
calculations represent conservative estimates because they
do not account for further turnover and/or release into the
medium of each of the products. In fact, assuming that all of
the radioactivity present in the water-soluble metabolites of
Cho derives from [1“C]PtdCho, it can be estimated that the
amount of Cho liberated from PtdCho during the 60-min
chase period is (2642 + 13924 + 5071 dpm)/(2338 dpm/nmol)
= 9.3 nmol (i.e., 4.8 times the Cho pool size). These data
show that the PLD-catalyzed turnover of PtdCho is rapid and
that a substantial proportion of the AcCho and PCho pools
(16% and 14%, respectively, per 60 min) are synthesized from
a Cho pool that is highly enriched by PtdCho breakdown.
To determine whether the Cho generated by PLD was first
released into the cytoplasm or into the medium, LA-N-2 cells
were labeled with alkyl-[*CllysoPtdCho for 45 min and,
subsequently, incubated for 15 min in the presence or ab-
sence of hemicholinium-3 (HC-3). HC-3 inhibits the plasma
membrane Cho transporter, preventing the influx of Cho into
cells (46, 47) [including LLA-N-2 (48)] as well as its efflux (49).

B HC3
B Control

0 4000 8000 12000 16000 20000
Radioactivity, dpm/mg protein

Fi1G. 4. Effect of HC-3 on the water-soluble metabolites of Cho
in LA-N-2 cells. The cells were incubated with alkyl-[14C]lysoPtd-
Cho for 45 min and then incubated for 15 min in the absence (control)
or presence of 100 uM HC-3. The labeled cellular water-soluble
metabolites of Cho were purified by HPLC and their radioactivities
were determined. The results are presented as the mean *+ SD from
arepresentative experiment. HC-3 significantly increased the radio-
activity in Cho, PCho, and AcCho (P < 0.05, ¢ test).

HC-3 caused a marked elevation in the radioactivity of the
cellular Cho, PCho, and AcCho (Fig. 4). Concomitantly,
HC-3 treatment reduced the radioactivity of the free Cho in
the medium to 28% of control values (data not shown). These
results indicate that HC-3 inhibited the efflux of the water-
soluble Cho metabolites and demonstrate that PLD releases
Cho into the cytoplasm and not to the extracellular space.

DISCUSSION

Cholinergic human neuroblastoma cells, LA-N-2, use the Cho
moiety of PtdCho as a precursor of AcCho synthesis. The
present results indicate that the liberation of free Cho from
PtdCho can be accomplished in a one-step process without
metabolic intermediates such as GroPCho and/or PCho. Thus
we conclude that a PLD-type enzyme is responsible for the
hydrolysis of PtdCho to Cho in LA-N-2 cells. This enzyme is
constitutively active and thus it is likely to be different from
PLDs that are normally inhibited and that can be detected in
cells only upon stimulation with a variety of pharmacologic
agents including plasma membrane receptor agonists, phorbol
esters, and certain amines (e.g., sphingosine) (12). The spec-
ificity for different molecular species of PtdCho of the PLD
described here awaits further study. However, the PtdCho-
specific PLD present in synaptic membranes hydrolyses both
alkyl-acyl-PtdCho and diacyl-PtdCho at approximately the
same rates (22). In addition to PLD, most cells [including
LA-N-2 (50, 51)] possess a PLD-like activity called base-
exchange that can liberate Cho from PtdCho in a one-step
process, by catalyzing a transphosphatidylation reaction. The
second substrate of this enzyme is not water (as in PLD-
catalyzed reactions) but rather is serine or ethanolamine,
which are incorporated into phospholipid concomitant with
the liberation of Cho (52). The possibility that base exchange
activity was responsible for the present results is not likely
because the addition of S mM serine or 5 mM ethanolamine
during the chase period had no effect on the formation of Cho,
nor did it accelerate the PtdCho breakdown (data not shown).
The observation that Cho was liberated directly into the
cytoplasm suggests that the PtdCho substrate of PLD was
present either on the inner leaflet of the plasma membrane or
on one of the intracellular organelles. Such a system is more
efficient than one in which Cho is first released into the
extracellular space and then taken up into the cell.

The constitutive activity of this PLD (in contrast to the
PLDs in other cells which are tonically inhibited) suggests that
this activity may be specific for cholinergic neurons. If that
were the case, the PLD might be regulated by the neuronal
demand for Cho for AcCho synthesis. These contentions are
consistent with the studies showing that basal turnover of
PtdCho in nonneuronal cells is mediated by a PLC-type
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enzyme (39, 53). It is important to note that our data do not
exclude the possibility that PLA; and lysophospholipase may
also contribute to Cho production via generation of GroPCho
(Fig. 1). If that were the case, our results would tend to
underestimate the contribution of PtdCho turnover to the
generation of Cho and AcCho. The amount of AcCho synthe-
sized from Cho produced by PLD during 60 min was 4.7
nmol/mg of protein or 16% of the total AcCho pool (i.e., 29.2
+ 4.0 nmol/mg of protein; mean + SD; Table 1). This rate of
synthesis of AcCho was apparently sufficient to maintain its
cellular content, which was 31.8 + 4.9 nmol/mg of protein at
the start of the chase period, and to support its spontaneous
release (2.8 + 0.8 nmol per mg of protein per 60 min), which
was determined in parallel experiments and was similar to that
found in our previous studies (48). Thus the mechanisms of
PtdCho breakdown are capable of generating sufficient
amounts of Cho to maintain AcCho levels, at least for 1 h, in
the absence of extracellular Cho and during resting periods of
AcCho release. It remains to be determined whether PLD
activity is regulated by the availability of extracellular Cho
and/or by the rate of AcCho release.

Abnormal regulation of these pathways may result in (i)
impaired cholinergic neurotransmission, when PtdCho hy-
drolysis is too slow and free Cho is in short supply, or (ii)
perturbation in membrane function and viability, when Ptd-
Cho hydrolysis exceeds its resynthesis. Whereas these for-
mulations remain hypothetical, evidence consistent with the
idea that abnormal membrane phospholipid turnover may
impart selective vulnerability to cholinergic neurons has been
forthcoming from studies on Alzheimer disease. This disor-
der is characterized by the massive degeneration of cholin-
ergic nerve terminals of neurons whose cell bodies reside in
the basal forebrain and project to the cortex and hippocam-
pus (54-56). Abnormal brain phospholipid metabolism is a
feature of Alzheimer disease (9, 57-61). The observed ab-
normalities, detected in brain at autopsy, include reduced
levels of PtdCho, phosphatidylethanolamine, Cho, and eth-
anolamine, concomitant with elevated levels of the phos-
phodiesters, GroPCho, and glycerophosphoethanolamine.
Significantly, the increased concentrations of brain phos-
phodiesters in Alzheimer disease have been recently ob-
served by noninvasive in vivo 3'P NMR measurements (62).

In addition to producing Cho, PLD also generates phospha-
tidic acid (Fig. 1). This compound is biologically active (29)
and, if present in excess, might impair membrane functions.
Thus it is likely that regulation of the removal of phosphatidic
acid is an important process in cholinergic neurons, necessi-
tated by the presence of a tonically active PLD catalyzing
PtdCho hydrolysis to provide Cho for AcCho synthesis.
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