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COMMENTARY 

RECEPTOR REGULATION OF CHOLINE PHOSPHOLIPID 
HYDROLYSIS 

A NOVEL SOURCE OF DrACYLGLY~EROL AND PHOSPHATIDI~ ACID 

KONRAD L&FELHOLZ* 
Department of Pharmacology, University of Maim, D-6500 Mainz, Federal Republic of Germany 

Mobil~ation of Ca2+ from in~aceliular stores trig- 
gers biological responses of non-excitable and excit- 
able cells, of muscle cells, neurones and secretory 
cells. This intracellular trigger is set off by activation 
of Ca2+-mobilizing, and other, receptors 

1 
11. It is 

now evident that receptor activation and Ca + mobil- 
ization are coupled by a G-protein and an enzyme 
(PI-PLC)t that catalyzes the hydrolysis of PIP, to 
the Ca*+-mobilizing second messenger IP3 [l]. 

According to the “dual signal hypothesis of cell 
activation” [2], DAG is generated from PIP2 together 
with the inositol phosphates and stimulates a CaZ+- 
activated, phospholipid-dependent PK (PKC). DAG 
appears to act as a negative feedback modulator of 
the Ca*+-mobil~ng pathway. 

Research on this bifurcating signal pathway 
created a number of hypothetical cycles and systems, 
all of which required the assumption that the respect- 
ive system was closed within the activated PI metab- 
olism, at least as far as the generation of the two 
second messengers, IP3 and DAG, was concerned. 
This view may need revision or extension, since it is 
now clear that Ca*+-mobilizing neurotransmitters 
and hormones generate DAG also from choline 
phospholipids [3-8], and this may be important for 
the physiological activation of PKC. Moreover, 
DAG is not the only potent metabolite that may 
originate from both inositol and choline phospho- 
lipids upon exposure to neurotr~smitters and 
hormones. PA and arachidonic acid, in particular, 
are to be reconsidered under these new auspices. 

The major aim of this commentary is to sum up 
the evidence in favour of the concept that the 
accumulation of DAG and PA, in response to neuro- 
tran~itte~ and hormones, is derived also from chol- 
ine phospholipids or, in other words, is the result of 
specific activation of various PLs hydrolyzing choline 
phospholipids in addition to PIs. 

* Correspondence: Dr Konrad Ltiffelholz, Department 
of Pharmacofogy, University of Mainz, Obere Zahlbacher 
Str. 67, D-6500 Maim, Federal Republic of Germany. 

t Abbreviations: PIP,, phosphati~yIinositol4,Sbisphos- 
ohate: PI. ohosohoinositide; IP1, inositol 1,4,5-trisphos- 
phatef Did, l,i-diacylglyce;ol; PC, phosphatidylch&ne; 
GTPyS, guanosine S-(3-0-thiol) t&-phosphate; PL, phos- 
pholipase; PLA2, phospholipase A2; PLC, phospholipase 
C; PLD, phospholipase D; PK, protein kinase; PKC, pro- 
tein kinase C; and PA, phosphatidic acid. 

The subject combines two exciting new aspects. 
First, DAG and PA may also be formed by a pathway 
that is independent of the IP:, generation. A second 
aspect has a more general character: various PLs 
involved in the degradation of choline phospholipids 
seem to be receptor-regulated, like the PI-PLC. This 
commentary is concerned only with those PLs that 
catalyze PC hydrolysis to PA and/or DAG, i.e. with 
enzymes such as PLD and PC-PLC. 

However, as the general aspect of receptor regu- 
lation of choline phospholipid breakdown is addres- 
sed here, another field of intense research deserves 
mention, at least in the introduction of this article. 
The activity of PLA, hydroly~ng PC to fatty acids, 
such as arachidonate, and lyso-PC is also controlled 
by receptor agonists such as bradykinin, angiotensin 
II and vasopressin [9-121. Strong evidence indicates 
that PLAz is activated indirectly by inositol phos- 
phates, activation of PKC and Ca*+ [lo, 121, by 
phosphorylation of Iipocortin [13] and by an accel- 
erated Na+/H+-exchange [ll, 143. However, it has 
been suggested recently that a G-protein may couple 
the bradykinin receptor directly to PLA2 [15]. Simi- 
larly, aI-adrenoceptor stimulation by epinephrine 
seems to activate PI-PLC as well as PLA2 in parallel 
rather than in a sequential pathway [16]. 

~denti~cufio~ of the choline phospholipid source 
Basically we have to answer the question whether 

a phospholipid metabolite, that is generated in 
response to a neurotransmitter or a hormone, is 
derived from inositol- or choline-phosphoglycerides 
which are the principal candidates for receptor regu- 
lation of phospholipid hydrolysis. In contrast to the 
metabolites DAG and PA, only choline and the 
choline-containing metabolites, such as phospho- 
choline, glycerophosphocholine and lyso-PC, 
specifically identify the choline phospholipid source. 

It is, therefore, not surprising that the first sug- 
gestions of receptor-mediated choline phospholipid 
hydrolysis were based on determinations of choline 
and choline metabolites. In studies on the synthesis 
of acetylcholine and the availability of the precursor 
choline, Corradetti et al. [17,18] concluded that 
acetylcholine stimulates muscarinic receptors and 
thereby mobilizes its own precursor choline from a 
phospholipid pool. Follow-up studies characterized 
certain links of this hypothetical feedback system 
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[3,4, 19-231. It is now clear that activation of PKC 
also leads to an enhanced PC hydrolysis (24,251. The 
first reports of this phenomenon were published in 
the field of carcinogenesis [2h, 271. Again it was the 
release of choline and phosphocholine that led to 
the conclusion of an enhanced hydrolysis of choline 
phospholipids caused by the phorbol ester tumor 
promoters. In spite of these early results, in the field 
of cellular effector systems linked to Ca*+-mobilizing 
receptors, the PIs were so much in the focus of 
general interest that they have been, and sometimes 
still are, regarded as the sole source of the receptor- 
mediated generation of DAG and PA. In 1985, 
Bocckino et al. [24] suggested that hormonally 
induced DAG was partially derived from sources 
other than inositol phospholipids, and recently Exton 
[28] concluded that the activated generation of DAG 
from PC in hepatocytes appears to be quantitatively 
greater than from PIP,. Similarly. most of the PA 
formed in response to carbachol in the heart orig- 
inated from choline phospholipids and not from PIs 
[41. 

The evidence in favour of a receptor-regulated 
choline phospholipid hydrolysis is based on the fol- 
lowing arguments. 

(1) Activation of various receptors (see Table 1) 
enhanced the release of unlabelled choline [4, 181, 
[3H]choline, phospho[“H]choline and glyceropho- 
spho[3~]cholin~ [6-S, 25,291. 

(2) The fatty acid composition of the evoked accel- 
eration of DAG and PA was closer to that of PC 
than PI [5,24,25]. It should be mentioned in this 
context that the marked differences in the fatty acid 
composition of inositol and choline phospholipids 
are important for comparative studies, when fatty 
acids are used as radioactive label. Various kinds of 
labelled fatty acids may be differentially incor- 
porated into the phospholipid subspecies. 

(3) The amount of DAG or PA that was formed 
in response to various stimuli often exceeded the 
release of inositol phosphates or the cellular levels 
of inositol phospholipids. For example, in stimulated 
hepatocytes the increase of DAG was approximately 
lo-fold greater than the levels of PIP, [24]. In a 
similar experiment on incubated plasma membranes, 
the only phospholipid that declined upon activation 
was PC ].5]. 

(4) The time-courses of evoked formation of IPj 
often differed from that of DAG or PA, which were 
generated in a more sustained fashion [30]. More- 
over, the observation that the vasopressin-induced 
formation of DAG was clearly preceded by that of 
PA [S, 61 is not compatible with the classical “PIP: 
cycle” [31] in which inositol phospholipids are metab- 
olized to DAG that eventually is phosphoryfated to 
PA. 

(5) Activation of PKC inhibited the receptor- 
mediated PI hydrolysis but not, or only to a relatively 
;;,zlwye, generation of DAG or PA [25,30] (see 

(6) &a’+ dependence has been used to distinguish 
PC and PI hydrolysis. Thus, experiments with 
ethylene glycol-bis(amino-ethylether)tetraacetate 
(EGTA) indicated that, in hepatocytes, the stimu- 
lation by GTPyS of the PI hydrolysis, which is cata- 
lyzed by the PI-PLC, was blocked at zero Cali [32], 
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whereas the PA accumulation due to PC hydrolysis 
was not [5]. Similarly, the muscarinic mobilization 
of choline and the concomitant accumulation of PA 
in the heart were not affected by perfusion of a Ca*+- 
free solution in contrast to the formation of inositol 
phosphates [3,4]. This result also indicated that most 
of the formed PA originated from choline phospho- 
lipids rather than from PIs. 

The evidence in favour of a receptor-mediated 
hydrolysis of choline phospholipids seems con- 
clusive. The possibility has then to be considered 
that the described receptor-mediated PC hydrolysis, 
similar to the increase in Ca*+, is a consequence of a 
stimulated PI hydrolysis, rather than a parallel event. 
This question is especially pertinent as the very lim- 
ited number of neurotransmitters and hormones that 
are known to accelerate PC hydrolysis (see Table 1) 
also activate PI breakdown [31,33]. Three of the 
above-mentioned six arguments render this assump- 
tion highly unlikely: first, the time-course of DAG 
and PA formation (see No. 4); second, the dif- 
ferential inhibition by phorbol esters (see No. 5); 
and third, the different Ca2+ dependence of the 
reactions (see No. 6). 

These considerations suggest that hydrolysis of 
choline phospholipids is directly stimulated by recep- 
tor agonists. In this mechanism, PLD and PC-PLC 
are potential target enzymes catalyzing the formation 
of DAG and PA from choline phospholipids. This is 
discussed in the following sections. 

The PLD hypothesis 

PLD, which has been found in bacteria and plants 
(reviewed in Ref. 34) as well as in animals [35], 
catalyzes the cleavage of PC to PA and free choline 
and, in addition, a variety of transphosphatidylation 
reactions (reviewed in Ref. 34; 36). The enzyme is 
present in synaptic plasma membranes [37,38] and 
also in heart tissue [39]. 

PLD is active even in the absence of Ca2+ [35], is 
stimulated markedly by oleic acid [38] and, in con- 
strast to PLC, is blocked by F- [5]. 

As shown in Table 1, PLD has been proposed to 
be activated by muscarinic receptor agonists (Fig. 1) 
in the heart, and by vasopressin and angiotensin in 
hepatocytes, isolated hepatic plasma membranes, 
and a rat embryo-derived cell line (REF52 cells). 

(1) In the heart, carbachol enhances the efflux of 
choline [3] in parallel with the generation of PA 
[4,40]. This response, in contrast to the formation 
of inositol phosphates, is not inhibited by perfusion 
with a Ca*+-free solution or by mepacrine, but is 
blocked by F- [4] and imitated by oleic acid [3,4]. 

(2) In hepatocytes and isolated hepatic plasma 
membranes, vasopressin (lo-* M) causes a rapid for- 
mation of PA which, after a time-lag of a least 1 min, 
is followed by an increase in DAG [5]. Angiotension 
II, ATP and ADP also enhance PA levels. 

(3) In REF52 cells, vasopressin causes the release 
of [3H]choline and the accumulation of labelled PA 
and DAG; the time-course of these effects also 
suggested an initial formation of PA followed by an 
increase in DAG [7]. 

The “vasopressin receptor-PLD system” seems to 
include a G-protein, since GTPyS, a stable GTP 
analogue , added to liver plasma membranes 

increased choline and PA levels [5]. Pretreatment of 
these membranes with pertussis or cholera toxin did 
not affect the release of phosphocholine plus choline 
evoked by GTPyS, suggesting that the G-protein 
involved in this effect is distinct from Gi, G, and G, 
[41]. Similarly, in the heart, the “PI response” and 
the positive inotropic effect of muscarinic receptor 
stimulation (see below) were found to be pertussis 
toxin-insensitive [42,43]. This leads to the intriguing 
question whether, in the same cell, the muscarinic 
effects on inositol and choline phospholipids are 
mediated by the same G-protein (Gr) or different 
ones (Fig. 1). 

The physiological role of a receptor regulation of 
PLD activity is a matter of speculation. The partial 
replacement of PC by PA in cell membranes, if it 
occurs to the extent observed in hepatocyte mem- 
branes [5], is expected to alter the physical properties 
of the membrane. Moreover, PA has been shown to 
mobilize Ca*+ [44], to act as a Ca*+-ionophore [45], 
and to affect adenylate cyclase and PI breakdown 
[46]. It has been suggested that PA plays a crucial 
role in smooth muscle contraction [47] and in positive 
inotropic responses of the heart [48]. Formation of 
PA in the sarcolemmal membrane through PLD 
activation markedly enhanced the Na+-Ca*+- 
exchange rate [49,50]. Interestingly, stimulation of 
muscarinic receptors also seems to alter Na+-Ca*+ 
exchange, leading to an increased intracellular Ca*+ 
concentration [51]. Therefore, Tajima et al. [42] 
considered the possibility that the “paradoxical” 
positive inotropic effect of muscarinic agonists [43] 
might be due to PLD activation. 

It should be mentioned here that PA is, of course, 
easily dephosphorylated to DAG due to the ubiqui- 
tous presence of PA phosphohydrolase. Thus, PA 
formed by PLD activity was, indeed, utilized as 
substrate for the PA phosphohydrolyse in rat brain 
microsomes [52] and in hepatocytes [5]. Possible 
consequences of the formation of DAG will be dis- 
cussed in the section on “the PC-PLC hypothesis” 
(see also Fig. 2). 

As mentioned above, the interest of our group in 
choline phospholipids arose from the possibility that 
these lipids may serve as a source of free choline for 
the synthesis of acetylcholine in the brain [38,53,54] 
and that acetylcholine released from central neurons 
mobilizes its own precursor choline [17,18] possibly 
through an activation of PLD [3,4,21]. The possi- 
bility that this mechanism functions in the brain as a 
positive feedback regulation of acetylcholine syn- 
thesis [22,23] depends on the still open question 
whether free extracellular choline is rate-limiting for 
the synthesis of acetylcholine under certain con- 
ditions when, for example, the quotient “choline 
demand/choline supply”, is elevated for some 
reason. 

The PC-PLC hypothesis 

A PC-specific PLC (PC-PLC), which has been 
known for several years [55-571, catalyses the cleav- 
age of PC to DAG and phosphocholine. The enzyme 
is present in the cytosol of the dog heart and other 
mammalian tissues, is specific for choline and eth- 
anolamine phosphoglycerides, and does not hydro- 
lyze PI. The PC-PLC retains considerable activity in 
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Fig. 1. Schematic representation of the muscarinic hydrolysis of PIP* and choline phospholipids such as 
PC. The model depicts the effects of a muscarinic receptor (mRec) agonist (mAg) on the hydrolysis of 
PIP, catalyzed by PI-PLC [2] and on the proposed hydrolysis of PC via PLD [3,4]. The “PI response” 
is mediated by a GTP-binding protein (G,,), while it is not known yet whether the muscarinic activation 
of PLD is mediated by a G-protein. Note that PA as well as DAG may be formed by either the “PI or 
the PC response”. Hydrolysis of PC may lead to the accumulation of larger amounts of PA and DAG 
than the PI response (see text). This diagram was taken from Loffelholz ef al. [23] after slight 

modifications. 

Ca”- mobilizing 
neurotransmittersl 

hormones 

Fig. 2. Possible feedback regulation of the actions on 
phospholipid breakdown caused by Ca2+-mobilizing neuro- 
transmitters and hormones. According to the “dual signal 
hypothesis of cell activation” f2], the generation of IP2, the 
principal messenger in the Ca’+-mobilizing pathway, is 
curtailed by the concomitant formation of DAG which 
auto-inhibits (stippled line) the “PI response” (*, negative 
feedback system). Some of the Ca2+-mobilizing agonists 
were found to produce DAG from choline phospholipids, 
an effect which, in contrast to that derived from PIP*, 
may be sustained. The possible importance of the other 
metaboiites of choline phospholipid breakdown, such as 

PA and choline, are discussed in the text. 

the absence of exogenously added cations, but is 
maximally activated by addition of 5 mM CaCiz (551. 

A receptor-mediated activation of PC-PLC 
has been proposed in several studies, Thus, the 
platelet-derived growth factor elevated the 
phospho[3H]choline level of 3T3-Ll fibroblasts 
within 15-30 set [25]. In rat liver membranes, ATP, 
ADP and, to a small extent, vasopressin enhanced 
GTPyS-evoked release of phosphochoii~eplus chol- 

ine, but had no effect alone [41]. In this study, 
the increase of [sH]choline evoked by the guanine 
nucleotide seemed to occur after the increase in 
labelled phosphocholine. Unfortunately, these 
results on the sequential release of phosphocholine 
and choline were not documented, and similar stud- 
ies have not been carried out for ATP plus GTPyS 
as stimulus. Irving and Exton 1411 speculated that a 
PC-PLC is coupled to purinergic receptors by a G- 
protein. Moreover, when vasopressin was added to 
cultured smooth muscle cells, phosphocholine (label- 
led with [3H]choline) and DAG (labelled with 
[‘*C]oleic acid) were generated in parallei with a 
maximum observed after 4 min 1291. 

It appears that further experiments are necessary 
to confirm or abandon the hypothesis that the break- 
down of choline phospholipids, which is enhanced 
by peptidergic and purinergic receptor agonists, is 
mediated by activation of a (cytosolic or 
membranal?) PC-PLC. The rapid occurrence of 
phosphocholine and/or of DAG after receptor stimu- 
lation gives no straightforward proof of the PC-PLC 
hypothesis, as both metabolites may be produced 
sequentially by PLD/choline kinase and PLD/PA 
phosphohydrolase activities respectively [5,52]. 
Taken together, at present, the evidence in favour 
of the PLD hypothesis may be more convincing than 
the arguments in favour of the PC-PLC hy~thesis 
or in favour of the simultaneous stimulation of PLD 
and PC-PLC. 

PKC and choline phospholipid breakdown 

In 1982, Nishizuka and co-workers [58] described 
the Ca*+-activated, phospholipid-dependent PK 
(PKC) as the target enzyme of phorbol esters. One 
year earlier, Weinstein [59] had already concluded 
from his own work that phorbol ester tumor pro- 
moters induced choline release from phospholipids 
possibly due to activation of PLD or PC-PLC, 
whereas the inositol phosphates remained 
unchanged. Acceleration of the choline phosphohpid 
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hydrolysis in response to PKC activation has been 
found in different cell lines [6,7,24-27,601 and is 
now a generally accepted phenomenon (Fig. 2). 

Similar to phorbol esters, the product of the Ha- 
ras oncogene was found to enhance the breakdown 
of choline phospholipids to DAG and phospho- 
choline in the absence of an increase in inositol 
phosphates, thereby indicating a selective activation 
of a PC-PLC 1611. It is now clear that activation of 
PKC by phorbol esters and DAG does not change 
basal generation of inositol phosphates and even 
reduces agonist-evoked PIP2 hydrolysis in various 
tissues [lS, 62,631. This effect may play a crucial 
role in a negative feedback regulation of the Ca2+- 
mobilizing pathway (see below). The exact mech- 
anism of action is still unclear [2]. 

An important issue of future research arises from 
the fact that several Ca2+-mobilizing agents, in con- 
trast to phorbol esters activating PKC and Ha-ras 
oncogenes, stimulate hydrolysis of both choline and 
inositol phospholipids, thereby producing DAG and/ 
or PA from different sources (Figs. 1 and 2). If 
the enhanced DAG (from either source) stimulates 
PKC, the breakdown of choline phospholipids would 
be unchanged, possibly facilitated, while PI hydroly- 
sis would be inhibited. Thus, phorbol esters failed to 
inhibit the GTPyS-evoked increase in phospho- 
choline plus choline in isolated liver plasma mem- 
branes [41]. In RIN insulinoma cells, phorbol esters 
even enhanced the vasopressin-evoked PC turnover 
(and insulin secretion), whereas the hormonal pro- 
duction of inositol phosphates was inhibited [63]. 
Figure 2 schematically illustrates these mechanisms: 
a positive system that enhances or prolongs the 
agonist-evoked production of DAG from choline 
phospholipids opposes a negative feedback system 
that terminates the generation of PI-derived DAG 
and IP,. 

Conclusive experimental evidence in favour of this 
extended feedback system is not available yet. How- 
ever, it may explain recent experimental data. In rat 
aortic vascular smooth muscle cells, angiotensin II 
caused a biphasic formation of DAG, peaking at 
15 set and at 5 min [30,64]. Only the first peak was 
accompanied by an accumulation of IPs and a marked 
decrease in PIP,; these rapid effects were blocked by 
a phorbol ester, while the sustained DAG formation 
remained unchanged. Thus, differences in the time- 
course of IPs and DAG generation could be 
explained by the above-desc~bed activation of PI 
and choline phospholipid degradation. It remains to 
be elucidated, however, whether the DAG derived 
from choline phospholipids activates the subspecies 
of PKC (see below) that is involved in the negative 
feedback regulation of the Ca2+-mobilizing pathway 
(Fig. 2). Such an interaction of the two systems could 
very effectively protect the cell from Ca2+-evoked 
damage during a sustained activation of Ca2+-mobil- 
izing receptors. 

As to the physiological roles of DAG, besides 
the above described regulatory role in the Ca2+- 
mobilizing pathway, a number of cellular responses 
may be affected through activation of PKC [65]. 
However, inte~retation of experimental data may 
be complicated, first, by effects of DAG not 
mediated through activation of PKC [66,67], second, 

by different species of 1,2-diacylglycerol depending 
on the source (triglyceride, PC or PI) [68] and, third, 
by distinct molecular forms of PKC [69,70]. These 
problems go beyond the scope of this article, but 
may be considerd in future research on the feedback 
system, as depicted in Fig. 2, to correct possible 
oversimplifications. 

Pers~ectiues on future re~eurc~ 

The mechanisms involved in the receptor-acti- 
vated degradation of choline phospholipids have not 
been completely clarified. The following approaches 
may assist in defining the reactions involved. 

(1) The receptor-activated phospholipid pool that 
serves as substrate for PLD or PC-PLC seems to be 
confined to the plasma membrane [S, 37,381. It is 
obvious that this pool can only represent a small pool 
with a high turnover rate. Thus, the physiological 
substrate need not be PC as the most prominent 
species in mammalian cells. For example, choline 
phospholipids with an 0-alkenyl group at the C-l 
@n-l) position (choline plasmalogen or 
pl~menylcholine), which compose a major portion 
of phospholipids in heart [71] and other mammalian 
tissues, have also been proposed as substrates for a 
receptor-activated degradation [72]. To sum up, the 
receptor-activated choline phospholipid pool needs 
better identification with the necessity of more soph- 
isticated lipid analysis. 

If the activated choline phospholipid pool has been 
identified as being PC, a further characterization 
according to the synthetic pathway, the fatty acid 
composition and its localization within the mem- 
brane should follow. PC is preferentially, but not 
exclusively, localized in the outer leaflet of the mem- 
brane. 

(2) The comparison of the receptor-activated “PI 
and PC responses” also needs to be studied more 
closely. So far, these responses seem to be evoked 
by the same Ca2+-mobilizing agonists (Table 1) 
[31,33]. If, indeed, the “PI and PC responses” are 
activated in the same cell in parallel, the two systems 
may interact in a way that is depicted in Fig. 2. This 
hypothesis clearly needs further verification. 

Future research, however, may show that the 
assumptive PLD or PC-PLC pathway is selectively 
stimulated by certain receptor agonists. This could 
mean that the PKC is activated by the PC-derived 
DAG without concomitant Ca2+-mobil~ation. Simi- 
larly, the role of a selective formation of a PC- 
derived PA (without release of IP3) may elucidate a 
possible role of PA in cell activation. Some exper- 
imental evidence already indicates that this mech- 
anism may be responsible for the “paradoxical” 
muscarinic positive inotropic effect of the heart (see 
above) [3,42,43]. 

(3) Finally, a totally different kind of interaction 
has been proposed for the phospholipid degradation 
and the biosynthesis of acetylcholine. In this inter- 
action, the common link is choline rather than DAG. 
It has been found that the released acetylcholine 
enhanced the liberation of choline from phospho- 
lipids in the brain [18,20,21]. It is well known, that 
the extracellular choline derived from phospho~pid 
degradation can serve as precursor of acetylcholine 
synthesis [38,53,54]. These findings led to the 
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hypothesis of a positive feedback regulation of ace- and cortex in viva. EurJ Pharmacal85: 123-124. 1982. 
tylcholine synthesis [22,23]. 18. Corradetti R, Lindmar R and Wffelholz K, Mobi- 

lization of cellular choline by stimulation of muscarine 
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