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Abstract: Carbamylcholine enhances the labeling of 
phosphatidate and phosphatidylinositol from 32P, in nerve 
endings. Approximately 74% of labeled phosphatidate 
and 85% of labeled phosphatidylinositol produced on 
muscarinic stimulation are accounted for by tetraenoic 
species, as detected by argentation TLC. Incubation of 
membranes derived from nerve endings with [Y-~’P]ATP 
under conditions of phosphodiesteratic degradation of en- 
dogenous polyphosphoinositides resulted in increased la- 
beling of phosphatidate. Approximately 78% of the newly 

formed phosphatidate was in a tetraenoic fraction. It  is 
concluded that in muscarinically stimulated nerve end- 
ings, the diacylglycerol moiety is conserved following 
diacylglycerol release from polyphosphoinositides 
through its resynthesis to inositol lipid via phosphatidate. 
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The ligand-induced enhanced labeling of phos- 
phatidylinositol (PI) and phosphatidate (PA) is be- 
lieved to reflect a cycle that is initiated by the 
breakdown of phosphatidylinositol 4,s-bisphos- 
phate (PIP,) to diacylglycerol (DG) and inositol 
I ,4,S-trisphosphate (IP3). The released DG is phos- 
phorylated to PA and is eventually converted back 
to PIP, via CDP-DG, PI, and phosphatidylinositol 
4-phosphate (PIP) as sequential intermediates (Ber- 
ridge, 1983; Fisher et al., 1984). The often observed 
stimulated labeling of PA and PI can thus be viewed 
as a reflection of the restorative phase in an inosi- 
tide cycle. 

The enrichment in arachidonate of the inositol 
lipids (Kerr and Read, 1963; Keough et  al., 1972; 
Marion and Wolfe, 1979) has led to the suggestion 
that one or  more of the lipids of the inositide cycle 
serves as a reservoir from which arachidonate is 
released following stimulation of lipid turnover. Al- 
though arachidonate release from DG or  PA in 
thrombin-stimulated platelets has been reported 
(Bell et  a]., 1979; Rittenhouse-Simmons, 1980; 

Billah et  al., 1981; Lapetinaet al., 1981), it has also 
been claimed that the 1-stearoyl, 2-arachidonoyl-sn- 
glycerol moiety common to inositol lipids is con- 
served under conditions of platelet activation 
(Broekman et  al.. 1980, 1981). When pancreas slices 
are stimulated, the released DG is not primarily of 
the tetraenoic species (Banschbach et al., 1981). In 
studies on both stimulated platelets and pancreas, 
observed lipid changes related to  the ligand-re- 
ceptor interaction may be complicated by associ- 
ated secretory events with their attendant changes 
in lipid turnover and composition. It was therefore 
of interest to investigate the possibility that the di- 
glyceride moiety is broken down in a system that 
supports stimulated phospholipid turnover in the 
presence of ligand, but in which no known exocy- 
totic secretion occurs. The muscarinically stimu- 
lated nerve ending preparation serves such a pur- 
pose. This preparation is of additional interest be- 
cause of the putative role of arachidonate 
metabolites in neural function (Wolfe, 1982). It is 
known, in fact, that convulsions induce the release 
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of free arachidonate in brain (Bazan, 1970), and that 
postdecapitation ischemia results in increased 
levels of I-stearoyl,2-arachidonoyl DG in brain (Av- 
eldano and Bazan, 1975). 

MATERIALS AND METHODS 

Preparation and incubation of nerve endings 
and membranes 

Nerve endings were prepared from guinea pig cerebral 
cortex (Buckberg Lab Animals, Tomkins Cove, NY) by 
differential and sucrose gradient centrifugation (Van 
Rooijen et al., 1983). Nerve endings (0.8-1.0 mg/ml of 
protein) were incubated with 30 pCi of 32P, (Amersham, 
carrier-free) for 30 min at 37°C in 0.5 ml of buffer A: 30 
mM N-2-hydroxypiperazine-N'-2-ethanesulfonic acid 
(HEPES)/NaOH (pH 7.4) containing 142 mM NaCl, 5.6 
mM KCI, 1 mM MgCI2, 2.2 mM CaCI,, 3.6 mM NaHCO,, 
and 5.6 mM glucose. In experiments with prelabeled 
membranes, nerve endings were incubated either with 1 
mCi of [2-3H]glycerol (New England Nuclear. 500 Ci/mol) 
for 90 min, or with 2-3 mCi of ,,P, for 60 min. Membranes 
were prepared by sequential freezing and thawing and 
subsequent washing of nerve endings (Van Rooijen et al., 
1983). Membranes (0.4-0.8 mg/ml of protein) were in- 
cubated at 37°C in air with shaking, in buffer B: 30 mM 
HEPESiNaOH (pH 7.4) containing 0.25 mM EGTA, 1 
mM NaH,PO,, and 1 mM ATP, or in buffer C: 30 mM 
HEPESiNaOH (pH 7.4) containing 0.25 mM EGTA. In- 
cubations were in a 250-500 p1 volume and were termi- 
nated by the addition of I .5 ml of chloroform-methanol 
(1.2 by vol). The tubes were kept on ice for 15-60 min 
before further extraction of the lipids. Protein was deter- 
mined spectrophotometrically, using bovine serum al- 
bumin as standard (Geiger and Bessman, 1972). 

Analysis of the lipids 
Lipids were extracted under acidic solvent conditions 

(Van Rooijen et al., 1983). Separation was performed on 
Merck (Darmstadt) Silica G-60 plates, 20 X 20 X 0.025 
cm as follows: for polyphosphoinositide separations, 
lipids were applied to oxalated TLC plates (Van Rooijen 
et al., 1983). When DG was also to be studied, half of the 
lipid was conserved and separated on unoxalated plates 
with hexane-ether (70:30, by vol). When PA and PI were 
investigated with regard to their unsaturation, lipid 
classes were first separated on TLC with chloroform- 
methanol-acetic acid-H,O (50:32: I1:3, by vol). Labeled 
bands were located autoradiographically, scraped, and 
the lipids were extracted from the silica gel with acidified 
chloroform-methanol. The purified PI was spotted on 
40% (wtivol as.) silver nitrate-impregnated TLC plates, 
and separated according to the degree of unsaturation 
(Holub and Kuksis, 1971) with chloroform-methanol-H,O 
(65:35:5 by vol). The purified PA was methylated before 
argentation chromatography by incubation with excess 
diazomethane (De Boer and Backer, 1963) in capped 
tubes for 100-120 min at room temperature, in a final 
volume of 0.5 ml of ether. The methylation reaction was 
terminated by evaporation of the ether and the diazo- 
methane under a stream of nitrogen. The species of meth- 
ylated PA were separated according to degree of unsat- 
uration (Renkonen, 1968) on argentated plates with chlo- 
roform-methanol (98:2, by vol). Bands were located 
autoradiographically, scraped, and scintillation counted. 

RESULTS AND DISCUSSION 

Stimulation of nerve endings with lo-' M car- 
bamylcholine (CCh) in the presence of ',P, resulted 
in enhanced incorporation of radiotracer into PA 
and PI and could be blocked by M atropine 
(Atr). In agreement with a previous report (Schacht 
and Agranoff, 1974), about 85% of the increase in 
labeled PI could be accounted for in the tetraenoic 
fraction (Table 1). Analysis of labeled PA from the 
same incubation showed that 74% of its increase 
could be accounted for in the tetraenoic fraction 
(Fig. 1). Although the less unsaturated bands ap- 
peared unaffected by the muscarinic stimulation, 
some enhancement of incorporation was seen in 
a slowly migrating band, very likely the hexaenoic 
species (Baker and Thompson, 1972). About 12- 
16% of the labeled material remained at the origin, 
and is presumed to contain nonmethylated PA or 
degradation products. Stimulated labeling of PA 
was also blocked by 

When membranes prepared from 32P-prelabeled 
nerve endings were exposed to Ca*+, a loss of la- 
beled PIP and PIP, was observed, with a concom- 
itant increase in radiotracer recovered as the phos- 
phodiesteratic degradation products inositol 1,4- 
bisphosphate (IP,) and IP, (Fig. 2A). The total 
amount of radioactivity lost from the polyphospho- 
inositides in the presence of Ca2+ was recovered in 
the water-soluble fraction, although there was a dis- 
proportionately large amount of IP, and a small 
amount of IP3. This difference can be explained by 
breakdown of about half of the IP, to IP, via the 
action of a phosphatase, and accumulation of the 
IP,. To detect the anticipated concomitant release 
of DG under these conditions, membranes were 
prepared from nerve endings labeled with 
[3H]glycerol, and incubated as described in the 
legend to Fig. 2A. In the absence of added Ca", 
44,000 cpm were recovered in the DG fraction, 
whereas in its presence 45,500 cpm were recovered. 
Glycerol-labeled PIP, decreased from 1,060 to 596 
cpm and PIP from 4,430 to 2,200 cpm. Thus, a loss 
of about 2,700 may be accounted for in DG, but 
because of the high level of basal radioactivity, the 
result cannot be considered significant. No loss of 
labeled PI has been detected under conditions of 
phosphodiesteratic degradation of the polyphos- 

M Atr. 

TABLE 1. Effect of CCh on the species of PI lcibeled 

Other bands 
Tetraene band summed 

Control 383 2 23 457 2 33 
CCh 903 2 17 551 2 18 
CCh + Atr 389 i 19 449 t 34 

Radiotracer recovered from the tetraenoic and other species 
of PI in nerve endings incubated with CCh and Atr (see legend 
to Fig. 1 ) .  
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FIG. 1. Effect of carbamylcholine on the species of PA la- 
beled. Nerve endings were incubated as described in the 
text, in the presence of M Atr, as in- 
dicated. The autoradiographic pattern of the separation on 
argentation TLC is a CCh-stimulated preparation typical 
of three independent experiments. The band marked 
"tetraene" comigrated with authentic 1-stearoyl, 2- 
[ l  -'4C]arachidonoyl-sn-glycerol-3-phosphate, which was pre- 
pared by incubation of the labeled phosphatidylcholine 
(Amersham) with phospholipase D. SF is solvent front. 
Values are expressed as cpm (kSEM, n = 3) recovered from 
the various bands. 

M CCh and 

phoinositides (Van Rooijen et al., 1983). An alter- 
native approach for detecting the released DG was 
to add [y-"PIATP to an incubation of unlabeled 
membranes in the presence or absence of Ca2+. The 
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FIG. 2. Diesteratic degradation of the polyphosphoinositides 
and resynthesis of PA in nerve ending membranes. Nerve 
ending membranes were incubated in the absence (open 
bars) or presence (hatched bars) of 1.5 mM of Ca2', to ob- 
serve the appearance of 32P-labeled inositol phosphates (A), 
or newly formed 3zP-labeled FA (6). A: Following preincu- 
bation for 15 min in bulk, 3zP-prelabeled nerve ending mem- 
branes were incubated in duplicate in a final volume of 250 
pI of buffer 8. Polyphosphoinositides were analyzed as de- 
scribed in the text. Radiotracer recovered as the inositol 
phosphates, IP, and IP,, was established following separa- 
tion on high-voltage paper electrophoresis (Van Rooijen et 
al., 1983). 6: Unlabeled nerve ending membranes were in- 
cubated with [y-3zP]ATP as described in the legend to Fig. 3. 
The values given are total radiotracer recovered in bands 
shown in Fig. 3. 

FIG. 3. Stimulation of the diesteratic degradation of the poly- 
phosphoinositides and the species of PA formed in nerve 
ending membranes. Unlabeled nerve ending membranes 
were incubated with 1 mM Mg2+ and 1 mM [y-32P]ATP (Amer- 
sham, diluted to 28 Ciimol) in the absence ( - )  or presence 
( + )  of 1.5 mM Ca2+, for 5 min, in a final volume of 250 pl of 
buffer C. The autoradiographic pattern of the separation on 
argentation TLC is of Ca2- stimulation and is typical of two 
experiments (see legend to Fig. 1). 

released DG is converted to [32P]PA and can thus 
be detected (Figs. 2B and 3). The amount of PA 
formed, calculated on the basis of the specific ac- 
tivity of the added ATP, was 15 pmol. 

Comparison of the profile of PA obtained in intact 
nerve endings with that seen in ["PI ATP-incubated 
membranes shows significant differences. Whereas 
in unstimulated nerve endings 33% of the labeled 
PA is of the tetraenoic species (Fig. I ) ,  in thc un- 
stimulated nerve ending membrane preparation 
64% of the labeling of PA can be accounted for by 
its tetraenes (Fig. 3). This difference can be ex- 
plained by the fact that in membranes PA stems only 
from labeling of released DG, whereas in nerve end- 
ings, PA labeling reflects both the inositide labeling 
cycle and de novo synthesis. Since arachidonate is 
believed to enter the inositides at a step subsequent 
to de novo synthesis via a deacylation-reacylation 
mechanism, we can assume that de novo labeling 
of the tetraenoic species is low. This is seen as a 
relatively smaller percentage of tetraenoic species 
in the nerve endings than in the membranes. How- 
ever, as stated above, most of the CCh-enhanced 
labeling of PA is found in its tetraenoic species, in- 
dicating that CCh stimulates mainly the operation 
of the inositide cycle, rather than de novo synthesis 
of PA. Similarly in Ca2+-stimulated nerve ending 
membranes, 78% of the enhanced labeling of PA 
could be accounted for by tetraenoic species. Im- 
plicit in these conclusions is that the DG moiety 
remains intact during the stimulated cycle. It is also 
noteworthy that lysoinositides were not detected in 
nerve endings or in prelabeled membranes. AI- 
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though these results do not definitively rule out the 
possibility that arachidonate is released during mus- 
carinic stimulation of the inositide cycle in nerve 
endings, such release can at most be on a modest 
scale. 
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