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SUMMARY

We have investigated the characteristics of the receptor for ATP
on neuronal cells and the involvement of phospholipase C and
phospholipase D in the effector mechanisms, using PC12 rat
phaeochromocytoma cells in culture. We show that the cells
respond, with generation of total inositol phosphates, to ATP
and adenosine 5'-O-3-thiotriphosphate) (ATPvyS) but not to 2-
methyithioadenosine 5’-triphosphate (2MeSATP), 8,y-methylene
ATP, or adenosine 5'-O+(2-thiodiphosphate) (ADPSS). The larg-
est response to ATPyS was mainly independent of extraceliular
calcium, had an ECso of 7.93 + 0.76 um, and was competitively
inhibited by the nonspecific antagonist suramin. The pyrimidine
nucleotide UTP also elicited a response in these cells. Measure-
ment of [*H]inositol triphosphate showed a rapid rise to maximum
(10-15 sec) in response to both ATPyS and UTP but no response

to 2MeSATP. Cells prelabeled with %P, and stimulated in the
presence of 50 mm butanol responded to ATP~S, ATP, and UTP
with enhanced formation of [*P]phosphatidylbutanol as well as
[®P)phosphatidic acid, indicating that agonist-stimulated phos-
phatidic acid occurs by both phospholipase D and phospholipase
C activity. The stimulation of phospholipase D was inhibited by
the presence of a protein kinase C inhibitor, Ro 31-8220. The
dose-response curve for the stimulation by ATPyS of phospho-
lipase C was shifted to the right by the presence of UTP,
indicating that both compounds act on the same receptors. The
data provide the first evidence for the existence of a nucleotide
receptor on neuronal cells (insensitive to both purines and pyrim-
idines) and show that this receptor is linked to both phospholi-
pase C and phospholipase D.

Studies on receptors for ATP and ADP (P.-purinergic recep-
tors) have been most vigorously pursued in recent years using
turkey erythrocyte preparations and vascular endothelial cells
(1, 2). However, the existence of such receptors on neuronal
cells is of considerable interest with respect to a possible role
in neuronal regulation for ATP/ADP of either neuronal or non-
neuronal origin. The two most widely used models of peripheral
neurons in culture, the adrenal chromaffin cell and the rat
phaeochromocytoma-derived PC12 cell line, both show evi-
dence of cell surface receptors for ATP. Chromaffin cells are
reported to respond with stimulation of inositol
(poly)phosphate formation and mobilization of intracellular
calcium (3, 4). With PC12 cells, ATP has been shown to elicit
an inward current (5), calcium influx and InsP; accumulation
(6) and [*H]noradrenaline release (7).

Although apparently indicating that these actions are me-
diated by P;-purinergic receptors (and not the P, receptors
responding to adenosine and AMP), these studies do not elu-
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cidate the subtype of receptors involved. In the absence of
selective antagonists, P;-purinergic receptor classification is
based on relative agonist potencies. A rank order of a,8-meth-
ylene-ATP = B,y-methylene-ATP > ATP = 2MeSATP is
characteristic of P,x receptors, whereas 2MeSATP > ATP >
a,f-methylene-ATP = B,y-methylene-ATP is characteristic of
P,y subtype (8). However, an increasing number of studies
show responses that do not fit this classification. Of particular
interest in the present context is, firstly, that there are reports
of responses that are not sensitive to either 2MeSATP or 8,v-
methylene ATP (9, 10) and, secondly, that these responses are,
at least in some cases, also elicited by UTP (10, 11). If these
non-P,x and non-P;y responses to the purine ATP are mediated
through the same receptors as the pyrimidine UTP responses,
as has been argued for some cell types (see Ref. 12), then the
term “nucleotide receptor” may be more appropriate than pur-
inergic receptor (11, 12).

In the present report, we have investigated these emerging
issues of receptor classification in a neuronal model, the PC12
cell. We have used the generation of inositol phosphates by

ABBREVIATIONS: 2MeSATP, 2-methyithioadenosine 5’-triphosphate; ADPSS, adenosine 5’-O-(2-thiodiphosphate); ATP~S, adenosine 5'-0-(3-
thiotriphosphate); HEPES, N-2-hydroxyethyipiperazine-N’-2-ethanesulfonic acid; PMA, phorbol myristate acetate; InsP,, inositol monophosphate of
unspecified isomerism; InsP;, inositol bisphosphate; InsP;, inositol trisphosphate; InsP,, inositol tetrakisphosphate; BSS, balanced salt solution.
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phospholipase C to characterize the response to different ago-
nists, we have investigated the participation of phospholipase
D in the receptor effector mechanism, and we present data
relating to the question of whether UTP and the metabolically
stable ATP analogue ATP+S act at the same receptor.

Materials and Methods

Cell culture. PC12 cells, obtained from Dr. B. Spruce, Imperial
College (London), were grown in Dulbecco’s modified medium supple-
mented with 10% horse serum, 5% fetal calf serum, 27 mg/100 ml
glutamine, 2500 IU/100 ml penicillin, and 2500 ug/100 ml streptomycin,
plated into 24-well Nunc multiwells, and maintained in a water-satu-
rated 95% air/5% CO. atmosphere at 37°. Experiments were performed
on cells that had just reached confluence.

[®H]Inositol phosphate formation. For study of total [*H]inositol
phosphates, cells were loaded for 48 hr with myo-[2-*H]inositol at 0.074
MBg/ml, in a volume of 0.5 ml of medium composed of medium M199
with 5% fetal calf serum, 25 IU/100 m! penicillin, 2500 ug/100 ml
streptomycin, and 27 mg/100 ml glutamine. Preliminary experiments
showed that under these conditions the incorporation of label into cell
lipids reached a plateau after 40 hr (data not shown). Experiments
were undertaken with a BSS of 125 mM NaCl, 5.4 mm KCl, 16.2 mM
NaHCO;, 0.8 mM MgSO,, 5.5 mM glucose, 30 mM HEPES, 1 mMm
NaH,PO,, and 1.8 mM CaCl,, pH 7.4, gassed with 5% C0./95% O,,
including, where appropriate, 10-30 mM LiCl, with a commensurate
reduction in NaCl. Cells were washed in BSS; lithium was present for
10 min before and during the 30-min stimulation, in 0.5 ml, at 37°. The
reaction was terminated by addition of 0.5 ml of ice-cold methanol and
the cells were scraped and extracted into chloroform. The [*H]inositol
phosphates in the aqueous layer were batch purified on Dowex-1 (C17)
before counting.

For measurement of separated inositol (poly)phosphates, cells were
grown in six well (3.5 cm) multiwells and loaded as described above
but with 0.122 MBq/ml [*H]inositol, in a volume of 1.5 ml. Cells were
washed in BSS and incubated with agonists for the times shown, at
37°, in the absence of lithium. Cells were extracted into 0.5 M trichlor-
acetic acid, the acid was removed by ether extraction, and the inositol
(poly)phosphates were separated on small AG1 anion exchange col-
umns, as described previously (9). Each inositol phosphate fraction was
eluted in 12 ml; 2 ml of this were counted and the results are expressed
as dpm/2 ml.

Formation of [**P]phosphatidic acid and [**P]phosphatidyl-
butanol. Cells were loaded for 24 hr with *?P; at 0.25 MBq/ml (0.4 ml/
well), in phosphate-free BSS, as described in Ref. 13. Butanol, where
appropriate, was present at 50 mM for 10 min before and during the
stimulation. Phosphate was returned to the cells, to a concentration of
1 mM, 1 min before the beginning of the stimulation, which was usually
for 5 min at 37° in 0.5 ml and was terminated by addition of methanol.
The cells were scraped and extracted into chloroform. The organic
layer was dried under nitrogen and separated on silica gel G thin layer
chromatography plates developed in ethyl acetate/acetic acid/trime-
thylpentane (9:2:5). Radioactive spots were visualized by autoradiog-
raphy, scraped, and counted. Preliminary experiments established that,
in the absence of butanol, ATP+S stimulated the formation of a single
radioactive spot, which chromatographed with the 1-steroyl-2-arachi-
donyl phosphatidic acid standard. This was the only major radioactive
band running free of the radioactivity associated with the origin. Its
confirmation as [*?P]phosphatidic acid was by deacylation, followed by
high pressure liquid chromatography of the resultant glycerophosphate,
as described in Ref. 13.

Agonist-stimulated [*?P]phosphatidic acid can originate from the
sequential action of phospholipase C and diacylglycerol kinase or
directly from the action of phospholipase D. In the presence of alcohols
such as butanol, phospholipase C forms [**P]phosphatidylbutanol, and
thus this route can be distinguished from the phospholipase C route,
which will be unchanged. Consistent with this, when butanol was

included in the incubation a second radioactive band appeared, running
in advance of phosphatidic acid, in the same position as [**C]phospha-
tidylbutanol. Both with and without stimulation, the radioactivity in
this band increased with higher butanol concentrations, reaching a
plateau at 30-50 mM butanol. Phosphatidylbutanol is formed exclu-
sively by the transphosphatidylation reaction catalyzed by phospholi-
pase D (14-16). When incubated with 100 nM PMA, which will stim-
ulate phospholipase D and not phospholipase C, 80-100% of the radio-
activity is converted from phosphatidic acid to phosphatidylbutanol
(see Results), indicating that most or all of the product of phospholipase
D activity is diverted to the butanol derivative. Therefore, as used here,
in the presence of 50 mM butanol the [**P]phosphatidic acid formed is
an index of phospholipase C activity, whereas the [*?P]phosphatidyl-
butanol represents the product of phospholipase D.

Materials. Cell culture medium, additives, and plastics were from
GIBCO (Paisley, Scotland). myo-[2-*H]Inositol was from New England
Nuclear (Stevenage, Herts, UK) and [**P]phosphorus from Amersham
International (Buckinghamshire, UK). 2MeSATP was from Research
Biochemicals (Semat Ltd., St. Albans, UK). Other chemicals and drugs
were from Sigma Chemical Co. (Poole, Dorset, UK) or Fisons plc
(Loughborough, UK), except for suramin (a kind gift from Dr. M.
Collis, ICI Pharmaceuticals, Alderley Park, UK) and Ro 31-8220 (a
kind gift from Dr. J. Lawton, Roche Products, Welwyn Garden City,
UK). Thin layer chromatography plates (LK 6D) were from Whatman
(Kent, UK).

Results

Characteristics of total inositol phosphate formation.
When [*H]inositol-loaded cells were stimulated in the presence
of lithium and total inositol phosphates were separated and
counted, the results obtained from a series of experiments with
a variety of agonists at 30 uM each were pooled and are shown
in Fig. 1. Both ATP and UTP elicited a substantial response
at 30 uM; however, UDP, UMP, uridine, AMP, and adenosine
gave no response, with ADP giving a significantly smaller
response than ATP. These results show that the effects of ATP
and UTP were not due to their breakdown to these other
compounds and also that the responses are not due to action
at P,-purinergic receptors, because these would preferentially
respond to adenosine and AMP. Investigations with various
ATP analogues (Fig. 1B) showed that at 30 uM ATP+S gave a
substantially larger response than ATP but that the P,x-selec-
tive agonist, 8,y-methylene ATP and the P,y-selective agonists
2MeSATP and ADP3BS failed to elicit a response. Incubation
with 30 uM ATP+S (with 10 mM lithium) for increasing periods
of time gave a linear relationship through 40 min, as illustrated
in Fig. 2A. Incubation with 30 uM UTP for increasing periods
of time under these conditions repeatedly gave a complex time
course of total [*H]inositol phosphate accumulations. However,
when the lithium was increased to 20 or 30 mM, UTP also gave
a linear accumulation of [*H]inositol phosphates through 40
min (data not shown), so in subsequent experiments with UTP
the high lithium concentrations were used, as indicated in the
figure legends.

A series of dose-response studies with four potential agonists
between 0.3 and 300 uM gave an EC;, for ATP+S of 7.93 + 0.76
uM (mean + standard error, eight experiments). ATPvS typi-
cally gave a plateau around 30 uM (see examples in Figs. 2B,
3B, and 8). Responses to UTP and ATP failed to form a plateau
with increasing concentrations. In both cases, the responses
began at 1 uM and increased through 30 uM but typically showed
a steepening of the curve through 100 and 300 uM (data not
shown), as previously reported for ATP (9) using different cell
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Fig. 1. Formation of total [*H]inositol phosphates in PC12 cells in the
presence of various agonists at 30 um. A, Adenosine; U, uridine. Stimu-
lations were for 30 min with 10 mm LIiCl. Data are normalized to
percentage of control, pooled across four separate experiments (each
with triplicate determinations), and expressed as mean + standard error.
Significantty different from controk: *, p < 0.05; **, p < 0.01; ***, p <
0.001 (Student t test).

types. These results precluded the calculation of ECs and
maximal response values between the different agonists. The
fourth compound for which dose-response studies were per-
formed was 2MeSATP, which failed to give any response be-
tween 0.3 and 100 uM.

Fig. 2B also shows the dependency of the response to ATPyS
on extracellular Ca?*. Cells were stimulated either in the pres-
ence of 1.8 mM Ca?* or in medium in which there was no added
Ca?*, leaving residual low micromolar concentrations. It can be
seen that the nominally Ca’*-free medium had little effect on
the rising part of the curve but showed a tendency to reduce
the response at the higher range of concentrations.

Lacking selective antagonists to the different P,-purinergic
receptors, we used the nonselective competitive antagonist
suramin to confirm the nature of the ATP+S response. Fig. 3A
shows that the response to 30 uM ATP+yS was sensitive to
suramin in the range 30 to 300 uM, with the latter bringing
about a complete loss of response. Fig. 3B confirms that this is
competitive inhibition, by showing dose-response curves to
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Fig. 2. Characteristics of stimulation of total [*HJinositol phosphates in
PC12 cells in response to ATPyS in 10 mm LIiCl. A, Time course of
stimulation in response to 30 um ATP+S. Data are dpm of [*HJinositol
phosphates (mean + standard error, three determinations) from one

experiment representative of three. B, Dose-response curve for increas-
ing concentrations of ATPyS with a 30-min incubation in the presence
(O) and absence (®) of 1.8 mm CaCl.. Data are pooled across three

separate experiments (each in triplicate) and are expressed as mean +
standard error.

ATP+S in the presence and absence of 100 uM suramin. The
data are consistent with a parallel shift to the right in the
presence of suramin.

Separation of inositol (poly)phosphates. The nature of
the inositol phosphate(s) response to ATPyS was further ex-
amined by separating the individual inositol phosphates using
small ion exchange columns. The experiments involved stimu-
lations for 0-300 sec and were undertaken for UTP and
2MeSATP, as well as ATP+S. Fig. 4 shows that, in response
to ATP+S, InsP; rose very rapidly to a peak at 5-15 sec, with
InsP; and InsP, reaching a maximum response at 60 and 120
sec, respectively. InsP, also showed a rapid rise in response to
ATP+S, following closely behind InsP;, but the subsequent
level was more sustained, with considerable variation between
experiments. Fig. 5 shows typical responses to UTP; these gave
a much smaller increase that was more difficult to characterize.
However, once again InsP; increased rapidly and before InsP,.
InsP, failed to show a measurable rise in response to UTP
(data not shown). Of three further experiments carried out in
parallel with those above using 30 uM 2 MeSATP, none showed
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Fig. 3. Antagonism by suramin of ATPyS stimulation of [*H]inositol
phosphate formation. Incubations were for 30 min in the presence of 10
mm LICI. A, Stimulation with 30 um ATP+'S with increasing concentrations
of suramin. B, Stimulation with increasing concentrations of ATPyS in
the presence (®) or absence (O) of 100 um suramin. In each case, data
are dpm of [*H]inositol phosphate formed (mean + standard error, three
determinations) from one experiment representative of three.

any increase in the levels of the inositol (poly)phosphates (data
not shown).

Stimulation of Phospholipase D. The possible involve-
ment of phospholipase D was investigated by labeling cells with
32P; and then stimulating them in the presence of 50 mM
butanol. Under these conditions [**P]phosphatidic acid is still
formed by sequential phospholipase C/diacylglycerol kinase
action, but the product of phospholipase D is [*?P]phosphati-
dylbutanol. These two responses are shown in Table 1, in
response to various agonists and to the protein kinase C-
stimulating phorbol ester PMA, which is reported to stimulate
phospholipase D in a wide variety of cells. Indeed, PMA pro-
duced a large stimulation of phospholipase D (Table 1) but no
effect on phosphatidic acid. Of the agonists tested, ATPyS
produced the largest stimulation of [32P]phosphatidylbutanol
accumulation, with ATP and UTP also producing substantial
responses. However, neither g,y-methylene ATP nor
2MeSATP produced any stimulation of phospholipase D. These
results are also reflected in the [*?P]phosphatidic acid accu-
mulation, with ATPvS, ATP, and UTP giving a response but
B,y-methylene ATP and 2MeSATP being ineffective.

Total [3H] Inositol Phosphates

ofF

Fig. 6 shows the effect of stimulation with ATP+S in the
presence of increasing concentrations of the relatively specific
protein kinase C inhibitor Ro 31-8220 (17). ATP+S produced
the anticipated enhancement of [**P]phosphatidylbutanol,
which was effectively inhibited, characteristically to just below
control levels, in the presence of 10 uM Ro 31-8220. However,
the agonist-stimulated [*?P]phosphatidic acid formation was
unaffected by this agent (Fig. 6).

Relationship between UTP and ATP. To investigate
whether UTP was acting on the same receptor population as
ATP and ATP~S, two sets of experiments were undertaken,
using accumulation of total inositol phosphates in the presence
of lithium as the response. Firstly, simple additivity experi-
ments were performed, as shown in Table 2. The effect of
adding UTP as well as ATP or ATPyS was to bring about no
further increase in response beyond that caused by the purine
nucleotides alone. This is consistent with the notion that the
population of receptors is the same. To pursue this further, we
obtained dose-response curves for ATPyS in the presence or
absence of 30 uM UTP. We found that, in each of three
experiments undertaken, the dose-response curve for ATPyS
was shifted substantially to the right. This was clearly seen
when the data from all three experiments were pooled, as shown
in Fig. 7. In the absence of UTP the ECs, values for these three
experiments were 7.50 + 1.26 uM, and in the presence of UTP
the values were 40.1 + 20.9 uM (mean =+ standard error, three
experiments). The maximum response to ATPyS was not in-
creased in the presence of UTP (as in Table 2), so the range of
the ATP+S curve was reduced because it started from a higher
level; this is also apparent in Fig. 7.

Discussion

Is the response to purines at Pox or P.y receptors? The
division of P,-purinergic receptors into P,x and P,y subtypes
on the basis of agonist potency profiles (8) has been retained
as the basis of P,-purinergic classification, despite the prolif-
eration of other putative receptor subtypes. These have in-
cluded those proposed for specific cell types, notably the P,
receptor for platelets and the Py, receptor for mast cells (18).
However, there have also been a number of reports in diverse
cell types that do not fit the pattern of agonist responses
expected of P.x or P,y (9, 10). It is apparent that the responses
to purinergic agonists in the present report show that PC12
cells should be included among these. This appears to be the
first indication that such non-P,x non-P,y responses are found
in neuronal cells. The salient observation giving rise to this
conclusion is that the responses are sensitive to neither the Pyx
agonist 8,y-methylene ATP nor the P,y agonists 2MeSATP
and ADPSS. A possible role of breakdown should be considered
before this conclusion is accepted. This largest response, of the
agonists tested, is to ATP+S, a relatively stable analogue.
Chromatographic analyses carried out in our laboratory' show
that substantial breakdown of ATP and 2MeSATP (as well as
UTP) does occur during the course of the 30-min incubations
we used for the total inositol phosphate studies. However, the
following points clearly indicate that breakdown cannot ac-
count for the failure of the cells to respond to P,x- and P,y-
specific analogues: 1) 8,y-methylene ATP is stable under these
conditions; 2) of the two P,y agonists that failed to elicit a

! Unpublished observations.
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response, ADPSS is relatively resistant to breakdown; 3) the
nondiscriminative agonist ATP, which is as susceptible to
breakdown as is the P,y-selective 2MeSATP, does elicit a
response; and 4) no response to 2MeSATP was seen even when
the experiment involved short incubation times. The latter
point is relevant with respect to the 5-min incubation during
the phospholipase D experiments but is even more important
in the measurement of separated InsP;, in which a few seconds
of incubation produce a maximal response with ATPyS (and
UTP) but there is no response to 2MeSATP. Although it seems
likely that breakdown plays a role in determining the relative
size of responses in the long incubation for total inositol phos-
phates (perhaps accounting for some of the differences between
ATP and ATP«vS), the following conclusion is not compro-

Time ( secs )

mised: the response of PC12 cells to purinergic agonists cannot
be accounted for by action at either P,x or P,y receptors.

The importance of the suramin experiments reported here is
in the confirmation that the ATPyS response does depend
upon action at cell surface receptors with predictable pharma-
cology. Of course, the use of selective antagonists would be
more informative, but in their absence the suramin studies
show that the ATP+S response can be inhibited in a competi-
tive manner, as predicted from other studies with this antago-
nist (19, 20).

Is there a neuronal “nucleotide” receptor? The intro-
duction of the pyrimidine UTP into the studies involving so
called purinergic receptors has raised a number of questions.
Investigations into responses to UTP now have a substantial
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TABLE 1

Stimulation of phosphatidylbutanol and phosphatidic acid formation
by various agonists

Cells were stimulated for 5 min with the nucleotides indicated at 30 um or PMA at
100 nm. Data are the percentage of unstimulated control expressed as mean +
standard error of three separate experiments (each in triplicate). Typical cpm were,
in phosphatidylbutanol, 2,218 + 68 (control) and 10,312 + 752 (30 um ATPyS)
and, in phosphatidic acid, 2,908 + 400 (control) and 6,202 + 1,405 (30 um ATP~S).

Formation
[®2P]Phosphatidylbutanol [P]Phosphatidic acid
% of control
PMA 504 + 41° 85+ 11
ATPyS 439 + 46° 261 + 34°
ATP 327 + 54° 174 + 32°
UTP 335 + 33* 144 + @
B,v-Methyiene ATP 1027 94 + 32
2MeSATP 1156+ 11 87 £ 17

*= Significance of difference from controls: * p < 0.001, °p < 0.01, °p < 0.05
(Student's ¢ test).
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Fig. 6. Stimulation of [*P]phosphatidic acid (&) and [*P]phosphatidyl-
butanol (&) by ATPyS (30 um) for 5 min in the presence of the protein
kinase C inhibitor Ro 31-8220. The inhibitor was present 10 min before
and during the 5-min incubation period. Data are mean + standard error
(three determinations) from one experiment representative of three.

background, and one of the questions such responses raised
from the start was whether there was a specific “pyrimidinergic”
receptor or whether UTP acts on receptors hitherto described
as purinergic. There is some apparent diversity, between tissue
and cell types, in the answer to this question (21).

The definitive pharmacological answer to this question with
respect to PC12 and other cells in culture will probably await
the application of a suitable radioligand binding assay along

TABLE 2

Formation of total [*H]inositol phosphates stimulated by ATP and
ATP+S in the presence or absence of UTP

All agonists were at 30 um for a 15-min stimulation in the presence of 30 mm LiCl.
Data are mean + standard error (three determinations) from one representative
experiment of three.

[*H]inositol phosphate formation
Control ATP ATPyS
dpm
Control 3,478 + 479 5,637 + 245° 10,295 + 468°
uTtp 6,769 + 275° 5,500 + 194 10,345 + 647°

*= Significant difference from unstimulated controls: * p < 0.05, °p < 0.001,°p
<0.01.

i
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Total [3H] Inositol Phosphates
(% of control)

" " "
1 10 100 1000

ATP S (uM)

Fig. 7. Dose-response curve for ATPyS-stimulated formation of total
[PHlinositol phosphates in PC12 cells in the presence (@) or absence (O)
of 30 um UTP. Incubations were for 15 min in the presence of 30 mm
LiCl. Data are expressed as mean + standard error of three experiments
(each in triplicate).

with more selective analogues. However, the following points
arise from the data presented here: 1) the response measured
here showed no dissociation between purinergic (ATP and
ATP+S) and pyrimidinergic (UTP) responses; 2) there was no
apparent additivity between the responses elicited by UTP and
the purines; and 3) the dose-response curve for ATPyS was
shifted to the right by the presence of UTP.

The interpretation of the additivity experiment is confused
by the failure to reach saturation in dose-response curves for
UTP and ATP. Despite this, these experiments are still possible
because ATP~S did show a plateau in its dose-response curve.
The observation that UTP does not increase the response above
the maximally effective concentration of ATPvS suggests that
they are acting upon the same overlapping receptor populations.
Again, the failure to generate saturating response curves for
UTP and ATP restricted the design of dose-response experi-
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ments to the use of ATPyS in the presence and absence of
UTP. This experimental design is based upon the prediction
that, if the two agonists were acting on different receptors, then
the ECg, for ATPyS would be unaffected by the presence of
UTP. However, if they were acting on the same receptor
population, then UTP would cause an increase in the ECs, for
ATP+S. The observation that UTP caused a rightward shift in
the concentration-response curve for ATP+S clearly indicates
that these two are acting on the same receptors. Comparison
of the size of the movement of the ATPyS curve with the
theoretical prediction is not possible in the absence of a satu-
rating dose-response curve for UTP or knowledge of receptor
occupation by the two agonists. In conclusion, however, the
data provide a strong indication that ATPyS and UTP are
acting on the same receptors and, therefore, there may be a
neuronal “nucleotide” receptor of the type tentatively proposed
for other cell types (11, 12).

Activation of phospholipase D. Earlier studies have
shown that bradykinin may stimulate phospholipase D in PC12
cells (22, 23). The studies reported here involved the labeling
of phospholipids, by the incubation of cells with *P;, and
subsequent analysis of the formation of phosphatidic acid.
Using this procedure, agonist-stimulated [**P]phosphatidic acid
may originate from one of two sources, either by sequential
action of phospholipase C and diacylglycerol kinase or directly
by action of phospholipase D. Using the procedure in the
presence of 50 mM butanol distinguishes between these, in that
the product of the phospholipase D activity is [**P]phosphati-
dylbutanol. Here we show that activation of phospholipase D
follows the same agonist profile as activation of phospholipase
C. Principally, ATP, ATP+S, and UTP elicit responses,
whereas §,y-methylene ATP and 2MeSATP are ineffective.
This shows that phospholipase D activation has the same
pharmacological characteristics as phospholipase C, namely
non-P,x and non-P,y but UTP sensitive, and this raises the
question of whether phospholipase D activation is downstream
of phospholipase C. Phospholipase D is stimulated by PMA, so
one possible mechanism for agonist activation of phospholipase
D is via protein kinase C activation as a consequence of agonist-
stimulated formation of diacylglycerol by phospholipase C.
Here, use of a relatively specific protein kinase C inhibitor (17)
indicates that the agonist stimulation of phospholipase D is
dependent on protein kinase C. This suggests that the primary
receptor effector mechanism is phospholipase C and that phos-
pholipase D activation is part of the cascade following activa-
tion of this enzyme. The final lipid second messenger in these
two pathways may be either phosphatidic acid or diacylglycerol
or both, because there is interconversion between diacylglycerol
and phosphatidic acid by diacylglycerol kinase and phosphati-
date phosphohydrolase.

This interpretation of the butanol procedure assumes that
all the phospholipase D product is converted to phosphatidyl-
butanol. The preliminary experiment (data not shown) indi-
cating that at 50 mM we have reached saturating levels of
butanol may be interpreted to support this view, but the direct
demonstration that this is so lies in the observation that PMA
stimulation in the presence of 50 mM butanol leads to stimu-
lated levels of phosphatidylbutanol but not of phosphatidic
acid. The observation that there is agonist-stimulated phos-
phatidic acid as well as phosphatidylbutanol indicates, there-
fore, that the stimulation of these cells by purines/pyrimidines

Neuronal “Nucleotide” Receptor 567

will generate phosphatidic acid by two routes, sequential phos-
pholipase C/diacylglycerol kinase and phospholipase D.

General conclusions. The PC12 neuronal cells have recep-
tors for ATP that conform to neither P,x nor P,y characteriza-
tion. Evidence presented supports the view that these receptors
respond to both purines and pyrimidines and, therefore, pro-
vides the first evidence for neuronal nucleotide receptors. These
receptors are linked directly to phospholipase C. Phospholipase
D is also activated, probably downstream of phospholipase C
and protein kinase C. Stimulation leads to formation of phos-
phatidic acid by both phospholipase C and phospholipase D
pathways. The significance may lie in phosphatidic acid levels
themselves regulating cell function (24-26) or in regulation of
diacylglycerol levels. Phospholipase D has been described in
synaptic membranes and synaptosomes (e.g., see Refs. 27, 28).
The present results indicate that extracellular ATP may regu-
late neuronal processes through a nucleotide receptor and that
this may be effected by both phospholipase C and phospholi-
pase D.
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