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SUMMARY

Vascular endothelial cells from different parts of the circulation
are known to show different functional responses, presumably
corresponding to physiological roles. Previous studies have
shown that ATP acts on P, purinergic receptors of endothelial
cells of major blood vessels, stimulating the formation of inositol
phosphates. Here we have compared the action of ATP and
congeners acting on endothelial cells of bovine thoracic aorta
with cells derived from the microvasculature of bovine adrenal
medulla. With measurement of total inositol phosphates, cells
from the aorta showed a rank order of agonist potency of 2-
methyithio-ATP > adenosine 5’-O-(3-thiotriphosphate) (ATPYS)
> ADP > ATP > 8,y-imido-ATP > 8,y-methylene-ATP, consist-
ent with action at receptors of the P,y subtype. However, with
adrenal cells the rank order of potency was ATPyS > ATP >
B,y-imido-ATP > ADP > B,y-methylene-ATP = 2-methyithio-
ATP. This profile is not consistent with either P, or P.y receptors.
When the nature of this inositol phosphate response was ana-

lyzed with anion exchange chromatography, it was found that
the aortic cells showed an inositol trisphosphate stimulation that
peaked within a few seconds and rapidly declined, whereas the
response of the adrenal medulla cells continued to rise through
5 min. Analysis of isomers of inositol phosphates revealed a
different pattern of metabolism between the two cell types, which
may account for the different time course of response. With
adrenal cells, ATP at low micromolar concentrations caused a
dose-dependent increase in levels of cyclic AMP and had a
greater than additive effect on cyclic AMP levels when combined
with submaximal stimulation by prostaglandin E,. These results
suggest the presence of a P,y receptor on aortic endothelial
cells, with an ‘atypical’ purinocepter, i.e., neither P, nor P2y, on
adrenal cells. Furthermore, they show that activation of P, re-
ceptors on the two cell types has different functional conse-
quences.

Over recent years it has become apparent that the vascular
endothelium plays a complex physiological role involving, for
example, interactions with the blood [e.g., by production of
prostacyclin (1)) and regulation of the associated smooth mus-
cle layers [e.g., by production of endothelium-derived relaxing
factor and endothelin (2, and 3)]. The endothelium is itself
subject to regulation by locally active substances; these include
ATP (and ADP) derived principally from platelets and possibly
from local elements of the nervous system. Following the pro-
posals of Burnstock (4), purinergic receptors have been divided
into P;-purinoceptors (relatively sensitive to adenosine and
AMP) and P,-purinoceptors (for which ADP and ATP are
more potent agonists). Subsequently, P, receptors have been
divided into two subtypes (5). A rank order of potency of ATP
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analogues acting on vas deferens and urinary bladder of «,8-
methylene-ATP = 8,y-methylene-ATP > ATP = 2MeSATP is
characteristic of interaction with P,, receptors. An order of
potency for relaxation of guinea pig taenia coli of 2MeSATP >
ATP > a,8-methylene-ATP = 8vy-methylene-ATP is ascribed
to interaction with P,y receptors. This working hypothesis for
subdivision of P, receptors based upon relative agonist potency
has received widespread acceptance, although some further
subtypes of receptors have been proposed (6).

With respect to vascular endothelium, it was found that
endothelium-dependent relaxation of preconstricted arterial
vasculature showed an agonist potency profile of 2MeSATP >
ATP > a,8-methylene-ATP (7, 8), consistent with a P,y recep-
tor subtype. Other studies with major vessel endothelial cells
have been broadly in agreement with this conclusion, including
studies of purinoceptor-stimulated prostacyclin production (9,

ABBREVIATIONS: 2MeSATP, 2-methyithioadenosine 5’-triphosphate; ATP~S, adenosine 5’-O-(3-thiotriphosphate); HEPES, N-2-hydroxyethyipiper-
azine-N’-2-ethanesulfonic acid; InsP,, inositol monophosphate of unspecified isomerism; InsP,, inositol bisphosphate; InsP,, inositol trisphosphate;
InsP,, inositol tetrakisphosphate; Ins(1,3,4)P,, D-myo-inositol-1,3,4-trisphosphate; Ptdins(4,5)P., p-phosphatidyl-myo-inositol-4,5-bisphosphate;
PGE., prostaglandin E; HPLC, high performance liquid chromatography; G protein, GTP-binding protein; Ins(1,4,5)Ps;, p-myo-inositol-1,4,5-
trisphosphate; Ins(1,4)P,, b-myo-inositol-1,4-bisphosphate; Ins(1,3,4,5)P,, b-myo-inositol-1,3,4,5-tetrakisphosphate.
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10), calcium mobilization (10), and phospholipid breakdown
(11, 12).

Stimulation of bovine aortic endothelial cell P,y receptors
has been shown to elevate phosphoinositide breakdown (12),
with the generation of calcium-mobilizing inositol phosphates
and protein kinase C-stimulating diacylglycerol. Breakdown of
phosphatidylcholine by activation of endothelial P,y receptors
has been described (13). It has been suggested that prostacyclin
release is downstream of InsP; production and mobilization of
calcium (13), and it has also been suggested that both stimu-
lation of endothelial-derived relaxing factor and production of
prostacyclin are linked at the level of protein kinase C activa-
tion (14). These proposals put phospholipid hydrolysis at center
stage with respect to endothelial cell function.

The endothelial cells of the adrenal medulla are in an unusual
environment with respect to ATP, due to the very large
amounts of ATP that are released from adjacent chromaffin
cells. It seems likely, therefore, that they may have an unusual
response to ATP, when compared with endothelial cells derived
from the major blood vessels. Here we have used a cell prepa-
ration from adrenal medulla that was characterized by others
as endothelial (15). We show that, compared with bovine tho-
racic aortic endothelial cells, the medullary cells show a differ-
ent rank order of agonist potency with respect to stimulation
of production of total inositol phosphates and a different pat-
tern of mobilization of individual inositol phosphates.

Materials and Methods

Cell culture. Bovine adrenal glands were retrogradely perfused with
a solution of collagenase (1 mg/ml, Sigma type 1), protease (0.3 mg/
ml, Sigma type IV), and DNase (25 ug/ml, Sigma type I) in 154 mM
NaCl, 5 mM KCl, 5 mM glucose, 5 mM HEPES. Medullae were then
removed, finely chopped, and stirred with enzyme mixture for two or
three consecutive periods. Liberated cells were pooled and sequentially
centrifuged at 200 X g, 160 X g, 120 X g, and 80 X g, after which they
were finally suspended in medium and placed in 175-cm? Nunc tissue
culture flasks at 10° cells/ml, 50 mi/flask, for 3—4 hr at 37°. Medium
was Dulbecco’s modified Eagle’s medium with 10% fetal calf serum, 27
mg/100 ml glutamine, and 1 ml/100 ml 100X gentamycin, fungizone,
penicillin, and streptomycin. After 3 hr the unattached chromaffin-
rich cells were decanted off and the adherent cells were washed and
then cultivated in medium until confluent. These apparently homoge-
neous cell cultures showed exactly the same morphological character-
istics and most unusual growth patterns described in an earlier paper
(15), in which they were identified as endothelial on the basis of Factor
VIII immunoreactivity and ultrastructural criteria. They could be
clearly distinguished from cultured vascular smooth muscle cells and
fibroblasts. Cells were used, after one passage, in 6- or 24-well NUNC
multiwell plates.

The cell line AG4762, a nonclonal line derived from bovine aorta
endothelial cells, was obtained from the National Institute of Ageing
(Bethesda, MD) and used at passages 17-19. Cells were cultivated
under the same conditions as the adrenal cells. These cells exhibited
the typical “cobblestone” morphology characteristic of bovine thoracic
aorta endothelial cells in culture, which others (16) have identified
ultrastructurally by the presence of Weibel-Palade bodies, pinocytotic
vesicles, microfilaments, thrombosthenin-like contractile proteins, and
Factor VIII antigen.

With each of these cultures, the coefficients of variation in cell
protein content between wells in the same experiment were less than
5% (standard error as percentage of mean); for this reason protein
determinations were not always undertaken, and results were expressed
as response per well. However there was a larger variation in protein
content between wells of different batches of cells, as for example, with
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the adrenal cell cultures with 24 well plates, from 27.03 + 1.21 ug/well
(n = 72) to, with a different batch of cells, 55.23 * 1.25 ug/well (n =
72).

Incorporation of label into total inositol phosphates. Multiwell
plates with confluent cells were incubated at 37° for 40-48 hr with
0.037 MBq of myo-[2-*H]inositol in 0.5 ml of loading medium (medium
M199, 27 mg/100 ml glutamine, and 1 ml/100 ml 100X fungizone,
penicillin, and streptomycin). Following the loading period, cells were
incubated in balanced salt solution (in mM: NaCl, 125; KC), 5.4;
NaHCO;, 16.2; HEPES, 30; NaH,PO,, 1; MgSO,, 0.8; CaCl,, 1.8; and
glucose, 5.5; buffered to pH 7.4 and gassed with 95% 0,/5% CO,) in
the presence of 10 mM lithium chloride for 30 min at 37°, in the
presence of drugs as indicated. Subsequent extraction of inositol phos-
phates onto Dowex-1 (Cl”) was as described in Ref. 17. Briefly, cells
were scraped and extracted into methanol/H;0, lipids were removed
by chloroform extraction, and the aqueous phase was extracted batch-
wise onto Dowex-1, from which it was eluted with 1 mm HCI before
scintillation counting. In some experiments the lipid phase in chloro-
form was dried and counted to provide an estimate of incorporation of
label into total lipids. Where appropriate, values for ECs, were com-
puted using an ALLFIT program.

Incorporation of label into individual inositol phosphates.
Cells cultured in 35-mm wells were incubated with 0.22 MBq of [*H]-
inositol in 1.5 ml of loading medium for 40-48 hr at 37°. The cells were
then washed and incubated with 1 ml, with or without drugs, of the
balanced salt solution described above for the time indicated. The cells
were extracted by scraping into 1 M trichloroacetic acid, the acid was
removed by ether extraction, and the extract, adjusted to pH 7 with
NaHCO,, was applied to an anion exchange column. In some cases this
was AG1 X8 (200400 mesh formate form) in 0.6 X 3 cm glass columns,
prepared and eluted essentially as in Ref. 18. Elution was with the
following protocol: 14 ml of H,O eluted myo-inositol; 12 ml of 25 mM
ammonium formate, glycerophosphoinositides; 14 ml of 200 mM am-
monium formate, InsP;; 14 ml of 500 mM ammonium formate/0.1 M
formic acid, InsP;; 14 ml of 750 mM ammonium formate/0.1 M formic
acid, InsP;; and 14 ml of 1 M ammonium formate/0.1 M formic acid,
InsP,. In other cases the column was a 25-cm Partisil 10 SAX column,
which was used to separate isomers of inositol phosphate by adaptation
of the method of Batty et al (19). Elution was with the following
gradient of (NH,)H,PO, (1.4 M, pH 3.7): 0 min, 0%; 40 min, 40%; 50
min, 40%; 60 min, 100%; 70 min, 100%; and 80 min, 0%. Nucleotides
(AMP, GMP, ADP, ATP, and GTP) were used as internal standards
mixed with each sample; the elution positions of inositol phosphates
and their isomers were characterized by the elution pattern of a
previously characterized extract of carbachol-stimulated brain slice
prepared and kindly donated by Dr. 1. Batty (Department of Biochem-
istry, Dundee University, Scotland) and were further confirmed by the
elution of [*H]Ins(1,4,5)P; purchased from New England Nuclear.

Measurement of cyclic AMP and protein. Cyclic AMP was
measured using a protein-binding assay, as described elsewhere (20).
Protein was estimated by the method of Lowry et al. (21).

Materials. Cell culture medium, additives, and plastics were from
GIBCO (Paisley, Scotland). myo[2-*H]Inositol (15 Ci/mmol) was from
New England Nuclear (Stevenage, Herts, 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). Partisil 10 SAX columns were purchased
from Techincol (Stockport, Cheshire, UK).

Results

Total inositol phosphate accumulation in adrenal-de-
rived cells. Incubation of adrenal cells with [*H}inositol as
described above for different periods of time up to 72 hr,
followed by counting of radioactivity in the lipid (chloroform)
phase, showed that no additional counts accumulated in the
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cell lipids after 48 hr, an indication that by this time equilibrium
of labeling had been achieved (Fig. 1A).

In the presence of 10 mM lithium, incubation of adrenal cells
with 30 uM ATP stimulated a linear accumulation of inositol
phosphates over a period of 90 min (Fig. 1B). In the three such
experiments undertaken, there was no significant depletion of
label in the lipid phase of the cell extracts. The stimulation of
inositol phosphate accumulation was concentration dependent
(Fig. 2) and partially dependent on addition of calcium to the
medium (data not shown). In the presence of added calcium,
ATP was active at a concentration of 3 uM (142.1 + 9.7% above
basal). At 100 uM ATP there was a 272.4 + 8.5% increase above
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Fig. 1. A, Cells were incubated with 0.037 MBq/m tritiated myo-inositol
for the time indicated on the abscissa. Cells were then extracted and the
radioactivity in the chloroform extracts was measured. Each point is the
mean + standard error of triplicate determinations in one representative
experiment of three. B, Time course of accumulation of radioactivity in
total inositol tes in adrenal-derived cells, in the presence (®) and
absence (O) of 30 um ATP. Each point is the mean + standard error of
quadruplicate determinations in one representative experiment of three.
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Fig. 2. Adrenal medulla cells dose-response curves for accumulation of
radioactivity in total inositol phosphates in response to incubation with
increasing concentrations of ATP (@), ADP (O), AMP (), and adenosine
(@) for 30 min. The basal value (no drug) was 1014 + 57 dpm. Values
are mean + standard error of three determinations in one representative
experiment of three.

basal. In the absence of added extracellular calcium there was
overall a reduced response to ATP. Most of this reduced re-
sponse was accounted for by a reduced basal level (54.5 + 10.6%
of that when calcium was added). Expressed as a percentage of
basal, the effect of 100 uM ATP was similar in the presence or
absence of added calcium (289.1 + 11.1% and 272.4 + 8.4%,
respectively). The ECs, for ATP in the absence of added extra-
cellular calcium was 68.5 uM (mean of two determinations).
The ECs, for ATP in the presence of added calcium could not
be reliably determined, because the response often continued
to rise at the highest concentrations used (1 mM), failing to
reach a plateau.

Further experiments with 1.8 mM calcium in the medium
showed that ATP and ADP were both effective in stimulating
inositol phosphate production, whereas AMP and adenosine
were ineffective (Fig. 2). The dose-response curve for ADP was
1 order of magnitude to the right of the ATP curve and, like
the ATP curve, it failed to form a plateau.

Fig. 3 shows the dose-response curves for three ATP conge-
ners in adrenal medulla-derived cells. Both 8,y-methylene-ATP
and 2MeSATP produced no response below 100 uM. ATP~S
stimulated inositol phosphates at 1 uM; the dose-response curve
produced a plateau and from three such experiments gave an
ECs of 2.81 £+ 0.22 uM. Dose-response curves for 8,y-imido-
ATP were also constructed in the same series of experiments.
These showed a small response at 10 uM, which continued to
rise to 1 mM, with no plateau.

Total inositol phosphate accumulation in AG4762
cells. Incubation of prelabeled AG4762 bovine aortic endothe-
lial cells with 30 uM ATP in the presence of 10 mM lithium
gave a linear increase in accumulation of inositol phosphate for
20-30 min, after which the rate of increase declined, to reach a
plateau at 60 min (Fig. 4). Corresponding to this increasing
label in inositol phosphates, we were also able to see in most
experiments a fall in label in the lipid phase (data not shown).
ATP and ADP both stimulated inositol phosphate accumula-
tion dose dependently, with neither response plateauing at high
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Fig. 8. A, Accumulation of radioactivity in aorta (AG4762) cells in re-
sponse to increasing ooncentrations of ATP (@) and ADP (O). Basal
acoumulation was 3781 = 391 dpm. Values are mean + standard error
of three determinations in

increasing concentrations of agonists. The abbreviations are as for Fig,
G.Moounmnaohmmmmm,mmozmu
eurve, the basal was 2084 = 60 dpm and the maximal response was
11986 = 781 dpm. Each point is the mean = standard error of triplicate
determinations in one representative experiment of three.

concentrations (Fig. 5A), ATP at 3 uM stimulated a 144,56 =
14.0% increase above basal, whereas ADP at 0.3 uM produeed
a rise of 140.8 £ 19.4% above basal, reflecting an ADP curve 1
order of magnitude to the left of the ATP curve.

Fig. 5B shows the response of the AG4762 cells to increasing
concentrations of three ATP congeners. §,y-Methylene-ATP
produced little response below 100 uM, whereas 2MeSATP and
ATP+8 both stimulated in a dose-dependent manner below
100 uM. Of these, only 2MeSATP formed a plateau at higher
coneentrations, which over three such experiments generated
an ECy of 0.9 = 0.4 uM, with a maximum response at 10 uM.
Again, 8,v-imido-ATP was also tested, giving a small response
at 10 uM with no plateau.
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The action of ATP on AG4762 cells consistently produced a
larger response than on adrenal-derived cells, both in terms of
absolute amounts of radioactivity accumulating and in terms
of fold stimulation over basal.

Separation of individual inositol phosphates. A series
of experiments were undertaken in which cells were stimulated
with 30 uM ATP for increasing periods of time and the inositol
phosphates in the resulting cell extracts were separated on
small AG1 anion exchange columns. The results of one of three
such experiments for adrenal cells are shown in Fig. 6. At 30
uM, ATP produced a sustained increase in InsP,, InsP,, InsP;,
and InsP,, with no change in incorporation into glycerophos-
phoinositols and higher inositol phosphates (inositol penta-
kisphosphate plus inositol hexakisphosphate). At the shortest
time measured, 5 sec, label in InsP; had risen to 207 + 21%
above basal; however, this continued to rise until it had reached
1174 + 8% above basal after 5 min. In two experiments, label
in InsP; continued to rise between 2 and 5 min, whereas in the
third InsP; fell slightly after 2 min. The response in InsP, and
InsP, lagged behind, in a manner consistent with the initial
production of InsP; which is metabolized to other inositol
phosphates. InsP, showed no clear sustained stimulation
through these experiments.

The results of similar experiments with the AG4762 cells
revealed a quite different pattern of inositol phosphate forma-
tion in response to 30 uM ATP (Fig. 7). Here the formation of
label in InsP; had reached a maximum by 5 sec; by 60 sec the
label in InsP; had fallen to a small fraction of this maximum
but maintained a plateau above basal for the duration of the
experiment. The InsP; and InsP, again showed stimulations
that lagged behind, consistent with their sequential formation,
but again the elevations reached maximum much more quickly
in AG4762 cells than in adrenal cells. An increase in labeled
InsP,, which was sustained with no clear maximum, was seen
in two of three experiments.

In both cell types, the time course of accumulation of counts

into the total inositol phosphates was more sustained than that
for accumulation into the total sum of separated inositol phos-
phates. This is presumably largely due to the presence of
lithium in the former, but not the latter, experiments.

We subsequently proceeded to separate isomers of some
inositol phosphates using HPLC with an anion exchange col-
umn. Typical results of several experiments are shown in Fig.
8. In each series the pattern of elution of labeled inositol
phosphates from a carbachol-stimulated brain slice extract was
established. This is well characterized and was used to indicate
the elution position of various isomers of inositol phosphates.
The elution of nucleotide internal standards was also moni-
tored, both in this calibration run and with the samples. Fig.
8A shows the pattern when extracts of stimulated (15 sec of 30
uM ATP+S) and unstimulated adrenal cells were separated.
Agonist-stimulated increases in label in Ins(1,4)P,, Ins(1,3,4)P5,
and Ins(1,4,5)P; can be seen, whereas there was no increase in
InsP,. When the AG4762 cells were stimulated (15 sec of 30
uM 2MeSATP), the pattern was quite different (Fig. 8B).
Agonist-dependent increases in label in InsP,, Ins(1,4)P,, and
Ins(1,4,5)P; were large, compared with a barely detectable
increase in label eluting with Ins(1,3,4)P;. The most remarkable
difference in response between the two cell types is the equal
response of the two InsP; isomers in the adrenal cells, compared
with the very unequal response in the aortic cells. In both cell
types a very small increase in label eluting in the position of
InsP, was seen (fractions 64 and 65).

ATP effects on cyclic AMP production in adrenal cells.
Six experiments were performed in which adrenal medulla cells
were exposed to increasing concentrations of ATP and cell
extracts were subsequently assayed for cyclic AMP content. In
each case, the level of cyclic AMP rose in a dose-dependent
manner to about 3-fold over basal at about 100 uMm ATP.

In order to investigate the effect of ATP on elevated as well
as basal cyclic AMP levels, the cells were stimulated with a
submaximal concentration of PGE, (1 uM), with and without

Fig. 6. Time course in adrenal medulla cells
for the formation of radioactive inositol
phosphates, separated on small anion ex-
change columns, in response to 30 um ATP

L 30um ATP
o CONT
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Q (@) or in unstimulated control (O). The initial
data point in each case is for an incubation
of 5 sec and the next point is 15 sec. A 2-
mi aliquot of each fraction from the col-
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Time Secs

expressed as dpm/2 ml. The panels cor-
respond to elution of different inositol
phosphates: A, InsP,; B, InsP,; C, InsP;;
D, InsP,. Each determination was in tripli-
cate, and this is one representative exper-
iment of three.
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100 uM ATP. In each of two such experiments performed, ATP
produced a greater than additive effect on cyclic AMP when
combined with PGE,, as for example (expressing the data as
percentage of basal, mean + SE, four experiments), 100 uM
ATP, 385 + 21; 1 uM PGE,, 2362 + 27; 1 uM PGE; plus 100 uM
ATP, 3679 + 23%.

Breakdown of ATP and congeners. We used anion ex-
change HPLC and UV absorption detection to monitor break-
down of ATP and related compounds by the two cell types. As
expected B,y-methylene-ATP and ATPyS were stable when
incubated at 30 uM over 30 min. However, under these condi-
tions both ATP and 2MeSATP were broken down to about

0
0 5 10,15 20 25 30 35 40 45 50 55 60 65 70
4 4 artpP

50% of their initial concentrations. The degree of breakdown
did not vary between the two cell types (data not shown).
Permeabilization of cells. Because high concentrations of
ATP* have been reported to compromise the integrity of cell
membranes, we looked for evidence of permeabilization using
incubation with ethidium bromide, which is excluded from cells
with an intact plasmalemma but which will enter permeabilized
cells and form a fluorescent complex with nucleic acids. We
found, using this procedure, no evidence for permeabilization
using ATP in the range of 100 uM to 3 mM (data not shown).

Discussion

The notion that endothelial cells from the adrenal medulla
may have different P, receptors than those from major blood
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vessels derives from the very different local concentrations of
ATP with which the cells are in contact. This is a consequence
of release of ATP from the chromaffin cells of the adrenal
medulla at a molar concentration of 25% of the catecholamine
concentration (22). One possible adaptation of adrenal cells
would be a reduced potency of P, receptor agonists. This,
however, was not seen in our experiments, but there was a
difference in the size of response; the response of aortic cells to
P, agonists was much larger (both in fold over basal and in
absolute counts) than the response of adrenal cells.

Although differences in response between the two cell prep-
arations used here may be ascribed to the difference in local
ATP levels, i.e., specific to the adrenal medulla, it is also
possible that the differences are due to a comparison between
microvasculature and major blood vessels. The adrenal medulla
is a highly vascularized tissue composed principally of adrenal
chromaffin cells and elements of the microvasculature. The
adrenal cells used in the current study originate from this
microvasculature and are being compared with cells derived
from the largest artery in the body. It seems likely that there
may be major functional differences in the endothelium from
these two sources.

During completion of this paper, another study was published
that compares agonist-stimulated inositol phosphate accumu-
lations in endothelial cells from bovine aorta and human um-
bilical vein (23). They found differential responses to bradyki-
nin and thrombin, presumably the result of a different receptor
population on the two cell types, giving rise to different phys-
iological responses.

The results reported here are perhaps best explained by two
differences between the cell types, firstly, a difference in recep-
tor subtype (the results are consistent with the presence of P,y
receptors on aorta cells and ‘atypical’ i.e., neither P,, nor Py,
receptors on adrenal cells) and, secondly, a difference in the
predominant route of InsP; metabolism.

The first quantitative difference in response revealed by the
studies reported here was a difference in relative agonist po-
tency between the two cell types, when the response being
measured was the accumulation of total inositol phosphates in
the presence of lithium. The aorta-derived AG4762 cells showed
an overall rank order of agonist potency of 2MeSATP > ATP+S
> ADP > ATP > 8,y-imido-ATP > §,y-methylene-ATP. Com-
bined with data showing insensitivity to adenosine and AMP,
this profile is consistent with the presence of a P,y-purinocep-
tor, according to the criteria of Burnstock and Kennedy (5).
However, with cells of adrenal origin the rank order of agonist
potency was ATPyS > ATP > g8,y-imido-ATP > ADP > 8,y-
methylene-ATP = 2MeSATP. Here the greater sensitivity to
ATP than to ADP, combined with the essential lack of response
to B,y-methylene-ATP and 2MeSATP at concentrations at
which ATP was effective, is inconsistent with the presence of
either P,, or P,y receptors, whereas the ineffectiveness of
adenosine and AMP clearly suggests a P, receptor. One possible
explanation, therefore, is that, whereas aorta endothelial cells
possess a P,y receptor linked to phosphoinositide hydrolysis, in
adrenal medulla the receptor is neither P,, nor P,y but is of a
novel subtype. A recent report on calcium mobilization and
inositol phosphate production in human fibroblasts has also
described an ATP-activated receptor that is not sensitive to
2MeSATP or 8,y-methylene-ATP (24).

In a previous report on P, receptors on adrenal medulla

endothelial cells (25), it was concluded that the subtype for
stimulation of formation of inositol phosphates was of the P,y
subtype, on the basis of a smaller response to 8,y-methylene-
ATP than to ATP. However, no experiments with the P,y
agonist 2MeSATP were reported. The more extensive charac-
terization carried out in the present report indicates clearly
that this earlier classification of adrenal medulla receptors
cannot be substantiated.

When we examined the nature of the response to P, agonists
in the two cell types, the stimulation of label in the InsP;
fraction preceded that in the InsP; and then the InsP, fractions,
consistent with the notion that the lower phosphates were
formed by phosphatase activity on the higher phosphates.
However, in aorta cells the InsP; response reaches maximum
within a few seconds, followed by a rapid fall, whereas in
adrenal cells, although a substantial response can be seen
within a few seconds, the response continues to rise and has
not reached a maximum at the longest time studied (5 min).

It is possible that this difference in time course of response
is a reflection of the different pattern of response revealed when
individual isomers of some of the inositol phosphates are stud-
ied by HPLC. When PtdIns(4,5)P, is cleaved by the agonist-
stimulated phospholipase C, it generates Ins(1,4,5)Ps, which
can then be metabolized either to Ins(1,4)P, by the 5-phospha-
tase or to Ins(1,3,4,5)P, by the 3-kinase. This InsP, product
may then be dephosphorylated to Ins(1,3,4)P;. Both these
isomers of InsP; will appear in the InsP; fraction in the above
experiments using small anion exchange columns. However,
studies on parotid glands (26, 27) have shown that Ins(1,3,4)P;
has a half-life that is much longer (8.6 min) than that of
Ins(1,4,5)P; (7.6 sec). It follows, therefore, that a cell that
metabolizes Ins(1,4,5)P; via the 1,3,4-isomer will generate a
more sustained increase in levels of [*H]InsP; than a cell that
directly dephosphorylates Ins(1,4,5)P; to InsP,.

When the isomers were separated by HPLC in the present
study, it was seen that stimulation of aorta cells for a few
seconds resulted in production of Ins(1,4,5)P; and Ins(1,4)P,,
with only low levels of Ins(1,3,4)P; and Ins(1,3,4,5)P,. This is
consistent with the metabolism of Ins(1,4,5)P; principally by
the 5-phosphatase pathway. However, in the adrenal cells label
in both Ins(1,4,5)P; and Ins(1,3,4)P; was stimulated to a similar
degree. This suggests that metabolism of Ins(1,4,5)P; is largely
by phosphorylation to Ins(1,3,4,5)P,, followed by phosphatase
acting to generate Ins(1,3,4)Ps. Thus, Ins(1,3,4)P; is a dominant
metabolite in the adrenal cells but not in the aorta cells; by
virtue of its long half-life, this may lead to a long time course
of accumulation of radioactivity in the InsP; fraction from the
adrenal cells. Because InsP, and InsP, are generated by se-
quential loss of phosphates from InsP;, it follows that radio-
activity in these fractions also follows a very extended time
course. In this way, the different routes of metabolism in the
two cell types may account for the different time courses of
accumulation following stimulation by agonist acting at P,
receptors. This account is dependent upon the relative rates of
breakdown of the two InsP; isomers in the endothelial cells
being similar to those in the parotid gland. There are no studies
to date that indicate whether this is so.

The P, receptor linkage to production of inositol phosphates
has been best studied in one very different preparation, the
turkey erythrocyte. Using erythrocytes prelabeled with myo-
[*H}inositol, these studies show that the inositol phosphates
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that accumulate in response to stimulation by ATP acting at
P,y receptors originate from inositol hydrolysis, by phospholi-
pase C, of PtdIns(4,5)P, (28). The characteristics of this P,y
stimulation of phospholipase C in turkey erythrocyte mem-
branes show a dependency for GTP and analogues, with kinet-
ics suggesting a similar role for a G protein as is apparent in
adenylate cyclase-linked receptors (29). It is possible that the
stimulation by ATP and analogues of the formation of inositol
phosphates reported here in aortic and adrenal cells may be by
a similar G protein-dependent linkage. Certainly the ECj
values for some of these analogues acting on intact erythrocytes
(30) are similar to those reported here for bovine aortic and
adrenal cells.

Complicating the characterization of P,-linked second mes-
senger systems, it has also been suggested that two types of P,
receptors may be present on rat hepatocytes (31), one stimu-
lating phospholipase C and the other inhibiting cyclic AMP
with an inhibitory G protein (G;). We have found no such P,-
mediated effect in adrenal medulla-derived cells. On the con-
trary, we found that ATP at 100 uM or below is able to stimulate
small increases in cyclic AMP levels and acts synergistically
with submaximal stimulation by PGE,. Although the mecha-
nism for this greater than additive effect of combining PGE,
with ATP is not known, it is reminiscent of an earlier series of
observations in which angiotensin II was seen to act in a
synergistic manner with prostaglandin on cyclic AMP accu-
mulation (32). The characteristics of this action of angiotensin
II (which also activates phospholipase C) were consistent with
a role for diacylglycerol-mediated stimulation of protein kinase
C.
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