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SUMMARY

VESIN, MARIE-FRANGOISE, Do KHAC, LIEN & HARBON, S1MONE (1978) Modulation
of intracellular adenosine cyclic 3',5'-monophosphate and contractility of rat uterus
by prostaglandins and polyunsaturated fatty acids. Mol. Pharmacol., 13, 24-37

Prostaglandins E, (PGE,) and E, stimulated contractions of estrogen-treated rat uteri.
They also caused the accumulation of adenosine cyclic 3',5'-monophosphate (cAMP) in
the isolated myometrium and endometrium. Both stimulations were also induced by
arachidonic (Cg.,) and homo-y-linoleic (C,y.s) acids, which are direct precursors of
prostaglandins. Other unsaturated fatty acids, including oleic, linoleic, y-linolenic,
and eicosadienoic, were without effect. The stimulations of contraction and adenylate
cyclase activity by arachidonic and homo-y-linolenic acids were very rapid, detectable
at 30 sec, dose-dependent, and abolished by the specific cyclooxygenase inhibitors
indomethacin, meclofenamic acid, and eicosatetraynoic acid. Hence the conversion of
Cy.3 and Cy., fatty acids to prostaglandin or prostaglandin-like material occurred in
both myometrium and endometrium and was responsible for the observed activations.
The levels of cCAMP can therefore be modulated by local prostaglandin effectors in a
manner similar to that produced by exogenous PGE compounds. The stimulatory
effects of arachidonic acid were followed by an unresponsive phase, as shown by the
subsequent inhibited responses of the myometrium to contractile agents such as
prostaglandins and carbamylcholine as well as by the suppression of adenylate cyclase
activation by either epinephrine or PGE, in both endometrium and myometrium. The
latter inhibition was not readily reversible. It did not involve the prostaglandin
synthetase system, inasmuch as indomethacin failed to prevent the subsequent inhibi-
tory effect of arachidonic acid. Furthermore, similar marked inhibition was exerted by
linoleic, vy-linolenic, and eicosatetraynoic acids. These results suggest the possible
alteration by fatty acids of a membrane architecture crucial for adenylate cyclase
activation and signal transmission during hormone-induced contraction.
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to the interactions of epinephrine and
prostaglandins with the adenylate cy-
clase-cAMP! system of rat myometrium
3, 7, 8). As documented in our previous
studies with estrogen-treated rat myome-
trium, there seems to be a causal relation-
ship between the relaxing effect of epi-
nephrine and the ability of the beta adre-
nergic agonist to raise intracellular cAMP
levels. On the other hand, PGE, and
PGE,, in spite of elevating cAMP levels,
exert an effect opposite to that of epineph-
rine on rat uterus motility —contraction.
In addition, it has been shown recently (9)
that for a given concentration of intracel-
lular cAMP elicited by either the relaxing
agents epinephrine and theophylline or
the contracting agent PGE,, an identical
degree of saturation of intracellular cAMP
receptor proteins and equal activation of
myometrial cAMP-dependent protein ki-
nases? are obtained. Hence the hypothesis
of cAMP compartmentalization (7) in or-
der to discriminate between the effects of
epinephrine and PGE, on myometrial ac-
tivity was invalidated.

These observations rendered the role of
cAMP on uterine relaxation more complex
and raised a question concerning the sig-
nificance of the dual, unrelated effects of
PGE, and PGE, on contraction and ade-
nylate cyclase activation. The foregoing
prompted us to investigate the extent to
which the same situation might prevail
with endogenously synthesized prosta-
glandins, which are presumed to be the
local physiological effectors. The aim of
the present work is to demonstrate that
arachidonic acid (Cg.;) and homo-y-lino-
lenic acid (C,y.3) which are precursors of
prostaglandins of series 2 and 1, respec-
tively, can evoke myometrial contractility
and induce an increase in intracellular
cAMP in both the myometrium and endo-
metrium. These stimulations seem to re-

! The abbreviations used are: cAMP, adenosine
cyclic 3',5'-monophosphate; PGE, prostaglandin E;
PGF, prostaglandin F; TYA, eicosa-5, 8, 11, 14-te-
traynoic acid; EGTA, ethylene glycol bis(8-amino-
ethyl ether)-N,N’-tetraacetic acid; PPP, polyphlore-
tin phosphate.

2L. Do Khac and S. Harbon, manuscript in
preparation.

sult from the ability of both uterine tissues
to convert the two fatty acids to prosta-
glandin or prostaglandin-like material.
Hence it appears that in rat myometrium
the endogenously synthesized prostaglan-
dins are equally effective in inducing con-
tractions and cAMP accumulation. Fur-
thermore, an interesting problem became
apparent during the course of this investi-
gation. It concerns the delayed unrespon-
sive phase elicited by added unsaturated
fatty acids. During this inhibitory phase,
adenylate cyclase activation by epineph-
rine and PGE,, as well as the contractile
response to a series of agonists, was mark-
edly impaired. These latter inhibitory ef-
fects are shared by a series of unsaturated
fatty acids that do not give rise to any
prostaglandin-like material, and may well
be the result of lipid interactions at the
membrane level. Some of these results
have appeared in a preliminary report
(10).

MATERIALS AND METHODS

Chemicals. cAMP was obtained from P-
L Biochemicals; theophylline, from Merck
(Darmstadt); L-epinephrine bitartrate,
from Calbiochem; and B-estradiol 3-ben-
zoate, from Sigma. All fatty acids were
purchased from Nu Chek Prep, Inc. Solu-
tions of the ammonium salts of all fatty
acids were prepared by dissolving the acid
at a concentration of 9 mg/ml in NH,OH
for neutralization with agitation under a
stream of N,.

Cellulose ester membrane filters (HA,
0.45 um, 24 mm) were obtained from Mil-
lipore Corporation. [*HlcAMP (10 Ci/
mmole) was a product of the Commissariat
a L'’Energie Atomique, Saclay, France. All
reagents used were products of Prolabo
(reagent grade). Prostaglandins E,, E,,
F,, and F,, were generous gifts from Dr.
J. E. Pike of the Upjohn Company. Com-
pound D-600, a methoxy derivative of ver-
apamil, was a gift from Knoll A.G. (Lud-
wigshafen, West Germany) to Dr. G. Vas-
sort. Indomethacin was kindly supplied
by Merck Sharp & Dohme, and meclofen-
amic acid (Meclomen), by Parke, Davis
and Company. Polyphloretin phosphate
was obtained through the courtesy of Dr.
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J. Ahlin (Leolab), and eicosa-5,8,11,14-te-
traenoic acid was generously provided by
Dr. E. Scott, Hoffmann-La Roche.

Animals. Young virgin female rats
(Wistar), 4-5 weeks old, were treated with
30 pug of estradiol for 2 days and used on
the following day.

Tissue preparation. Rats were killed by
decapitation, and their uteri were imme-
diately removed and immersed in Krebs-
Ringer-bicarbonate buffer, pH 7.4, at 4°.
After the organs had been freed from ad-
hering fat and connective tissue, the myo-
metrium was separated by stripping away
the endometrium as previously described
(7). Myometrial preparations thus ob-
tained consist almost exclusively of longi-
tudinal muscles, while the endometrium
is variably contaminated with some circu-
lar muscle.

Incubation and assay of cAMP levels.
Myometrial and endometrial preparations
from about 20 rat uteri were cut into two
or three segments, which were pooled and
divided into equal parts. Incubations were
carried out in Krebs bicarbonate buffer at
37° (gas phase, 95% 0,-5% CO,) under
constant agitation. About 50 mg of my-
ometrial or endometrial strips were added
to 1.5 ml of buffer and allowed to equili-
brate for 30 min at 37°, followed by the
addition of theophylline (final concentra-
tion, 10 mMm). The various agents to be
tested were then added, and incubation
was carried out for varying periods of
time. Reactions were stopped by immers-
ing the tissue strips in 2 ml of cold 7%
trichloracetic acid, followed by immediate
homogenization of the samples at 4° and
centrifugation for 30 min at 30,000 x g.
cAMP was estimated in the trichloracetic
acid-soluble extracts according to Gilman
(11), as previously described (7). The cen-
trifuged pellets were dissolved in 2 ml of 1
N NaOH for protein determination (12).
cAMP levels were expressed as picomoles
per milligram of protein.

Methods for recording uterine re-
sponses. The contractile activity of iso-
lated uterine strips was measured with an
isometric transducing device as described
previously (7). The segments were loaded
at a basal tension of 0.2-0.3 g and bathed

at 37° in 15 ml of Krebs bicarbonate buffer
(95% 0,-5% CO,) with the same salt com-
position as used for the above incubations.
The tissue was equilibrated in the organ
bath for 30-40 min, with several changes
of the bathing fluid. When a steady-state
pattern of basal contraction evolved and
the baseline did not change, the pharma-
cological agents to be tested were added
at the indicated concentrations. Sensitiv-
ity was adjusted electronically so that the
maximum contraction yielded about half-
scale deflection of the pen.

RESULTS AND DISCUSSION

Effects of variable concentrations of
PGE,; and arachidonic acid on cAMP lev-
els in rat myometrium and endometrium.
Figure 1 shows that increasing concentra-
tions of added PGE, stimulated cAMP ac-
cumulation in both tissues. The accumu-
lation in the endometrium began at lower
concentrations of PGE, than in the myo-
metrium. Half-maximal accumulation oc-
curred at 2.3 uM PGE,; in the myometrium
and at 1.2 uM in the endometrium. At
maximal effective concentrations of PGE,,
the cyclic nucleotide level in the endome-
trium was always about 20% higher than
in the myometrium. Figure 1 also shows
the response of both endometrium and
myometrium to exogenous arachidonic
acid. In both tissues, arachidonic acid in-
duced a dose-dependent rise in cAMP
level. This response was comparable to
that obtained with exogenous PGE,; how-
ever, much higher concentrations of ar-
achidonic acid were required. At 3 mm
arachidonic acid, the rise in cAMP was
equivalent to the stimulation evoked by
0.3 uM PGE; in endometrium and by 0.8-
1 uMm PGE,; in myometrium. As with PGE,,
endometrium was more responsive than
myometrium to lower concentrations of
arachidonic acid.

In our previous study (7) PGE, and
PGE; repeatedly yielded identical dose-re-
sponse curves for cAMP accumulation in
myometrium. The findings in Table 1 in-
dicate that PGE, can also stimulate the
accumulation of CAMP in endometrium.
Table 1 also shows that homo-y-linolenic
acid, a direct precursor of prostaglandins
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Fi1G. 1. Effects of various concentrations of PGE, and arachidonic acid on cAMP level in rat myometrium

and endometrium

Myometrial or endometrial strips (50 mg) were incubated in 1.5 ml of Krebs bicarbonate buffer for 30
min at 37° then theophylline (10 mm) was added as well as different concentrations of PGE, (a) or
arachidonic acid (b). After 5 min of further incubation, tissue was extracted for cAMP determination as
described in the text. Values represent the means + standard errors of 6-10 different experiments.

of series 1, induced an identical rise in
cAMP in both myometrium and endome-
trium and that this effect appears to be
dose-dependent.

Time course of arachidonic acid- and
homo-vy-linolenic acid-induced cAMP ac-
cumaulation in rat myometrium and endo-
metrium. The rise in cAMP in response to
the two fatty acids was rapid in onset
(Fig. 2), being detectable at 1 min and
reaching a maximum at about 5 min. The
cAMP level then declined slowly and re-
mained slightly higher than the control
after 15 min. The decline in cAMP oc-
curred in spite of the preserice of theophyl-
line in the incubation medium. This obser-
vation differs -from those reported in our
previous studies (7) with rat myometrium,
in which the rise in cAMP induced by
exogenous PGE, or PGE, was sustained
and never decreased with time up to 30
min, in both the absence and presence of
theophylline. When similar kinetic studies
were performed with oleic acid (3 mmM), no
effect on cAMP accumulation could be
observed in incubations as long as 30 min.

Effects of inhibitors of prostaglandin
synthesis. The possible correlation be-
tween the stimulation of adenylate cyclase
by arachidonic and homo-y-linolenic acids

TaBLE 1
Effects of various concentrations of PGE, and homo-
y-linolenic acid on cAMP level in rat myometrium
and endometrium

See the legend to Fig. 1. After a 30-min incuba-
tion, myometrial and endometrial strips were incu-
bated for 5 min in the presence of 10 mm theophyl-
line and the indicated concentrations of either PGE,
or homo-y-linolenic acid. Means + standard errors
of three different experiments are shown.

cAMP
Addition
Myometrium Endometrium
pmoles/mg protein

None 11.73 £ 0.9 10.52 = 1.0
PGE,, 1.65 um 350 +25 50.0 3.5
PGE,, 3.3 um 40.0 *=3.2 66.3 =5.1
PGE,, 10 um 615 +2.9
PGE,, 50 uM 117.0 = 6.5
Homo-y-linolenic

acid, 1.5 mm 148 +14 15.6 + 0.6
Homo-y-linolenic

acid, 3 mm 213 +1.1 212 +1.0

with the conversion of these precursors to
PGE or PGE-like material was investi-
gated with endometrial and myometrial
perparations. - Experiments were per-
formed in the presence of the well-known
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F1G. 2. Time course of effects of arachidonic,
homo-y-linolenic, and oleic acids on cAMP level in
rat myometrium and endometrium

Myometrial or endometrial strips were incubated
in Krebs bicarbonate buffer for 30 min at 37°.
Incubations were then continued in the presence of
10 mM theophylline, with the addition of 3 mm
arachidonic acid (W), homo-y-linolenic acid (®), or
oleic acid (A). Reactions were stopped at the indi-
cated times, and cAMP was estimated as described
in the text. Values represent the means + standard
errors of five to seven different experiments.

inhibitors of the cyclooxygenase step in
the prostaglandin synthesis pathway (13,
14). The Anti-inflammatory drugs indo-
methacin and meclofenamic acid, both at
15 pM, almost completely abohshed the
rise in cAMP level normally evoked by
arachidonic acid or homo-y-linolenic acid
(Fig. 3). Under the same conditions these
antagonists were without effect on basal
cAMP levels and did not detectably alter
the response of the myometrium or endo-
metrium to exogenous PGE;, epinephrine,
or isoproterenol (results for the last two
are not shown). However, at higher con-
centrations, indomethacin (100 uM) and
meclofenamic acid (50 uM) inhibited by
50-60% the rise normally induced by 1.5
M PGE,. Nonspecific effects of anti-in-
flammatory drugs at doses above those
inhibiting the response to prostaglandin
precursors have been described (15-17).
These observations point out the difficulty

of interpreting the effects of high concen-
trations of these compounds in terms of
the physiological role of prostaglandins.
Nevertheless, the specific inhibition ob-
served at the lower concentrations (15 um)
of indomethacin and meclofenamic acid
can be interpreted as indirect evidence
that these fatty acids exert their effect
through their conversion to prostaglandin-
like material. This was further supported
by the results obtained with eicosa-
5,8,11,14-tetraynoic acid, which strongly
inhibited the conversion of arachidonic
acid to PGE; (18). Incubation of both myo-
metrium and endometrium with 3 mm
TYA almost completely counteracted the
rise in cAMP level normally evoked by 3
mM arachidonic acid. Under the same con-
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F1G. 3. Inhibition by indomethacin and meclofen-
amic acid of cAMP accumulation induced by arach-
idonic and homo-y-linolenic acids in rat myome-
trium and endometrium

After a 10-min incubation at 37°, myometrial (a)
or endometrial (b) strips were incubated in the
absence and presence of 15 uM indomethacin (indo)
or 15 uM meclofenamic acid (meclo) for 20 min
before the subsequent addition of 10 mm theophyl-
line. Incubation was continued for 5§ min with and
without the addition of arachidonic acid (AA),
homo-y-linolenic acid (homo v), or PGE, at the
indicated concentrations. Values represent the
means + standard errors of six (indomethacin) and
two (melofenamic acid) experiments.
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ditions TYA had no effect on the basal
cAMP level, nor did it affect the response
of either tissue to exogenous PGE, (Table
2).

Comparative effects of fatty acids on
cAMP accumulation in rat myometrium
and endometrium. Extensive studies re-
ported by Beerthuis et al. (19) and by
Samuelsson (20) have clearly demon-
strated that the main active substrates for

TABLE 2
Inhibition by TYA of arachidonic acid-induced
cAMP accumulation in rat myometrium and
endometrium

Tissues were incubated and theophylline (10 mm)
was added as described in the legend to Fig. 1.
Arachidonic acid (or PGE,) and TYA, combined or
individually, were added in the indicated concentra-
tions, and incubation was continued at 37° for 5
min. Means + standard errors of three different
experiments are shown.

cAMP
Additions Myome- Endome-
trium trium
pmoles/mg protein
None 10.1 + 0.6 10.3+0.8
Arachidonic acid 3 mM) 198 +1.2 285 +1.2
PGE,; (1.5 um) 31.7+29 50.0+3.3
TYA (3 mm) 1156 +14 102 +0.6
TYA (3 mm) + arachi-
donic acid (3 mm) 10.0 = 0.6 8.6 0.4
TYA (3 mm) + PGE; (1.5
©uM) 312+ 27 49.0+44

prostaglandin-synthesizing activity in the
vesicular gland homogenate are the C,,
polyunsaturated fatty acids. While minor
activity can be observed with C,, and C,,
polyunsaturated fatty acids, the C,s com-
pounds, such as oleic and linoleic acids,
which are the natural intracellular meta-
bolic precursors of the corresponding C,,
unsaturated fatty acids, can in no case be
direct substrates for the cyclooxygenase
involved in prostaglandin synthesis. In
addition, these authors pointed to a strin-
gent requirement for cis double bonds in
position 8, 11, and 14; 5, 8, 11, and 14; or
5, 8, 11, 14, and 17. Table 3 shows the
effects of a series of C,5 and C,, fatty acids
(3 mM) on cAMP accumulation in rat my-
ometrium and endometrium after a short
incubation time of 3 min. Of all the fatty
acids tested, only the direct precursor of
PGE,, arachidonic acid, and that of PGE,,
homo-y-linolenic acid, produced any sig-
nificant accumulation of cAMP in both
tissues. Similar observations were re-
ported by Bergeron and Barden (21) in rat
anterior pituitary gland.

Effect of Ca®* ions. It has been shown
previously that PGE,-induced contractions
in rat myometrium require the presence
of Ca?* while the effect of PGE, on cAMP

- accumulation shows no requirement for

this divalent cation (8). The results of
Table 4 depict the usual rise in the level
of cAMP in myometrium in response to

TaBLE 3
Comparative effects of various fatty acids on cAMP accumulation in rat myometrium and endometrium
Tissues were incubated and theophylline (10 mM) was added as described in the legend to Fig. 1.
Incubation was continued for 5 min in the absence and presence of the indicated fatty acids at a
concentration of 3 mmM. When oleic acid was used, Ca** was omitted from the incubation medium in order
to avoid fatty acid precipitation. Values represent the means + standard errors of six different experiments,
except for eicosadienoic acid, for which the individual values of two different experiments are listed.

Fatty acid Double bond positions cAMP
Myometrium Endometrium
pmoles/mg protein

None 11.45 = 0.8 9.3 +0.7
Oleic (C,s.,) 9 11.0 +0.8 10.9 + 0.6
Linoleic (C,5,) 9,12 11.4 *0.7 11.2+ 09
y-Linolenic (C,.5) 6,9, 12 11.8 +0.9 12.5 + 0.7
Eicosadienoic (C,,.,) 11, 14 10.4,9.2 10.0, 9.2
Eicosatrienoic (C,q.) 11, 14, 17 126 +1.3

Homo-y-linolenic (C,,.y) 8,11, 14 21.3 1.0 21.2+0.9
Arachidonic (C,,.,) 5,8,11, 14 23.0 = 0.7 3043
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TaBLE 4
Effect of Ca** deprivation and compound D-600 on the PGEy and arachidonic acid-induced rise in cAMP
level of rat myometrium
Myometrial strips were incubated for 30 min in Krebs bicarbonate buffer in the presence and absence of
Ca?** with or without 4 mm EGTA. Theophylline (10 mm) was then added to all media, and compound D-
600 was added where indicated. Incubation was continued in the absence and presence of PGE, or
arachidonic acid for 5 min. Numbers in parentheses designate the number of determinations, each carried

out in duplicate.

Addition

cAMP

Ca** (2.6 mM)

-Ca?*, +EGTA
(4 mM)

Ca?* (2.5 mM) +
D-600 (2.5 um)

None
PGE,, 1.5 um

Arachidonic acid, 3 mm

9.7x1.1
(6) (6) (6)
32629
4 4) “4)
213 +1.2
6) @3) @A)

pmoles/mg protein

86+04 9.0+1.5

33.2+26 31.83 £ 3.2

20.4 = 0.8 20.7 = 0.9

either PGE, or arachidonic acid despite
calcium deprivation. The removal of Ca®*
from the medium, or the presence of EGTA
or compound D-600, a derivative of vera-
pamil known to antagonize specific Ca**
movement (22), did not affect the response
of the tissue to either arachidonic acid or
PGE,.

Effects of fatty acids on uterine contrac-
tility. The contractile activity of isolated
uterine strips was measured in the same
physiological buffer and with dose ranges
of active substances and inhibitors identi-
cal with those used for evaluating the
levels of cAMP. Arachidonic or homo-y-
linolenic acid induced contractions of the
myometrium very rapidly (Figs. 4 and 5).
Prior incubation of the muscle strips in 15
uM indomethacin prevented this response.
However, at this concentration indometh-
acin did not appreciably affect the contrac-
tile response to PGE, or PGF,,. By con-
trast; higher concentrations (100 um) of
indomethacin reduced in a nonspecific
manner the contractile effects of PGE, and
PGF., as well as that of carbamylcholine
(not shown). Again these high concentra-
tions of indomethacin have to be avoided.
Nevertheless, our present findings with
the lower inhibitory dose suggest that the
effects of arachidonic and homo-y-linolenic
acid may be due to their conversion to
prostaglandin-like material through the
cyclooxygenase. The same conclusion has

PGF,, w PGE, w AA
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F1c. 4. Tracing of isometric contractions of iso-
lated rat uterus in the presence of PGE,, PGF o, and
arachidonic acid: effects of indomethacin and PPP.

The concentration of PGF,, was 0.5 um; PGE,,
1.6 umM; arachidonic acid (AA), 100 puM; indometha-
cin (indo), 3 um; PPP, 200 ug/ml. w = washing
with buffer solution (recording was stopped during
the washing period). In this and the following fig-
ures, the abbreviation mn stands for minutes.

been reached by Aiken (23) with regard to
the arachidonic acid-stimulated contractil-
ity of the pregnant rat uterus. This is also
supported by the present finding that a
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F1G. 6. Tracing of isometric contractions of iso-
lated rat uterus in the presence of homo-y-linolenic,
linoleic, and vy-linolenic acids: effect of indomethacin

The concentration of PGE, was 1.5 um; PGF,,, 3
p#M; homo-y-linolenic (homo y), linoleic, and y-lino-
lenic acids, 100 uM; indomethacin, (indo), 3 uM. w
= washing with buffer solution (recording was
stopped during the washing period).

prostaglandin antagonist, polyphloretin
phosphate (7, 24), at 200 ug/ml, inhibited
arachidonic acid-induced contractions in
much the same manner and extent as it
affected the contractions generated by
PGE; and PGF,,. Under these conditions
PPP is without effect on the contractile
response to carbamylcholine (7). It can be
assumed, therefore, that the final site of
action of arachidonic acid is at the level of
prostaglandin. The specificity of the effects
of arachidonic and homo-y-linolenic acids
was confirmed by the observation that
those fatty acids which do not form pros-
taglandins did not affect contractility.
Thus repeated attempts to induce myome-
trial contractions by linoleic or y-linolenic
acids were singularly unsuccessful (Fig.
5).

Our previous studies (7) definitively in-
dicated that in myometrium the effects of
exogenous PGE, and PGE; on contractions
and cAMP accumulation are not causally
related. These two distinct activities have
now been reproduced with prostaglandin-
like material synthesized in situ. Al-
though the two prostaglandin effects are
mimicked by arachidonic acid when the

tissue is exposed to the fatty acid for a
maximum of 5 min, the similarity ceases
with longer incubations. Figure 2 has
shown that the rise in cAMP evoked by
arachidonic acid was not sustained but
declined with time in spite of the presence
of theophylline. In contrast, the cyclic nu-
cleotide level remained constant following
PGE, stimulation under the same condi-
tions (7). In a parallel manner the inten-
sity of contractions induced by arachidonic
acid also declined with time, and almost
none were observed after 10 min. Further
addition of the prostaglandin precursor
failed to elicit new contractile activity (ex-
periment not shown). Figure 6 shows a
typical experiment in which a uterine
horn was exposed for 3 min to arachidonic
acid. After basal activity was restored by
washing, further addition of arachidonic
acid yielded a much weaker response than
the initial one. Further washings did not
improve the situation, and arachidonic
acid gave rise to even smaller responses.
This phenomenon was never observed
with added PGE, or PGF.,. Thus the de-
cline in cAMP level parallel to the dimi-
nution of the contractile response prompted
further investigation of this “delayed in-
hibitory” state that appeared after pro-
longed incubations with arachidonic acid.

Delayed inhibitory effects of arachidonic
and other fatty acids on contractile re-
sponse of myometrium. The delayed effect
of arachidonic acid rendered the myome-
trium relatively unresponsive not only to

AA w

L
i

10mn

AAw AA wAA

B

S

10mn 10mn

1mn

F16. 6. Tracing of isometric contractions of iso-
lated rat uterus in response to successive additions
of arachidonic acid

Each addition of arachidonic acid (AA) was made
at a concentration of 100 uM. w = washing with
buffer solution.
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arachidonic acid itself but also to other
contractile stimulants (Fig. 7). After ex-
posure to arachidonic acid for 10-15 min,
the contractile response to added PGE,,
PGF,,, or carbamylcholine was strongly
inhibited: washing of the uterine tissue
with large volumes of buffer was not suffi-
cient to recover a normal response to any
of the contractile agents. This inhibitory
effect of arachidonic acid could still be
observed in the presence of 15 uM indo-
methacin. Similar inhibition was found
with homo-y-linolenic acid (data not
shown). It is interesting that linoleic acid,
which has no action on uterine motility,
exhibited also a strong inhibitory effect on
the contractions elicited by PGE,, PGF,,,
or carbamylcholine. Results of further ex-
periments, not described in this paper,
indicated that this inhibition can also be
induced by prior exposure to y-linolenic
acid, while two other fatty acids, eicosadi-
enoic and oleic, were without effect. These
results suggest that the unresponsive state
demonstrated with arachidonic and homo-
v-linolenic acids cannot be related to their
metabolism through the prostaglandin-
synthesizing system. The same state of
inhibition can still be observed after indo-
methacin treatment and can be repro-
duced by other fatty acids that are not
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prostaglandin precursors under these con-
ditions.

Delayed inhibitory effects of arachidonic
acid on PGE, and epinephrine-induced
accumulation of cAMP. The decline in
cAMP level following its augmentation by
arachidonic acid was not due to extrusion
of cAMP from the tissue to the medium.
Measurements of cAMP level in the me-
dium were negative (data not shown). Fur-
thermore, the decline was not due to the
disappearance of arachidonic acid from the
medium. This was verified by incubating
arachidonic acid with myometrial strips
for 30 min and subsequently testing the
stimulatory capacity of the incubation me-
dium on a second batch of myometrial
strips. Arachidonic acid was still present
in sufficient concentrations to effect a nor-
mal increase in cAMP level (data included
in experiments of Table 8). Further exper-
iments were performed by adding epineph-
rine or PGE, to myometrial or endometrial
strips previously incubated for 30 min in
the presence of 3 mMm arachidonic acid
(Table 5). The stimulatory effect of PGE,
on cAMP accumulation was inhibited 60-
75% by incubation with arachidonic acid.
The response to epinephrine was also im-
paired (66% and 30% inhibition for endo-
metrium and myometrium, respectively).
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F16. 7. Tracing of effects of arachidonic and linoleic acids on contractile response of isolated uterus to
carbamylcholine, PGF ,,, and PGE,

Agents were used at the concentrations described in the legends to Figs. 4 and 5. The concentration of
carbamylcholine (CB) was 20 uM. AA, arachidonic acid; indo, indomethacin. w = washing with buffer
solution.
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TaBLe §
Effect of prior incubation with arachidonic acid on epinephrine- and PGE rinduced rise in cAMP of rat
myometrium and endometrium
Myometrial and endometrial strips were conditioned for 30 min in Krebs bicarbonate buffer without or
with indomethacin (15 uM) present during the last 20 min. Theophylline (10 mM) was then added, and a
second preliminary incubation was performed in the absence and presence of arachidonic acid for 30 min.
Incubations were then continued with and without PGE; or epinephrine for 5 min at 37°. Means +

standard errors of six different experiments are shown.

Incubations cAMP
with
Indo- Arach- Myometrium Endometrium
meth- idonic
acin, acid, No addition PGE,, 4 um Epineph- No addition PGE,, 3 um Epinephrine,
15uM 3 mM rine, 0.5 um
0.5 um
pmoles/mg protein pmoles/mg protein
- - 11.7 £ 0.8 53.4+65 738=x58 9.9 0.7 7795 + 56 60.8+9.5
- + 12.5 £ 0.6 30.7 £ 1.2 55.8 + 5.6 125+ 1.3 329 +3.0 27.0 = 2.7
+ + 10.9 £ 0.9 3156+ 1.8 55.1 + 4.4 103 £ 1.1 32.7 3.2 28.6 + 3.4
Inhibition 57% 30% 70% 66%

This inhibition of the PGE,- and epineph-
rine-induced rise in cAMP could still be
observed when the tissue was treated with
indomethacin before the addition of arach-
idonic acid in order to prevent any possible
prostaglandin synthesis. The inhibitory ef-
fect of arachidonic acid toward PGE, (or
epinephrine) activation of adenylate cy-
clase was not observed early in the incu-
bation with the fatty acid. When endome-
trium or myometrium was incubated with
submaximal concentrations of PGE, (or
epinephrine) together with arachidonic
acid for the short interval of 3 min, the
stimulatory effects of PGE, (or epineph-
rine) and that of arachidonic acid on cAMP
accumulation were found to be additive
(Table 6). Average cAMP levels in both
myometrium and endometrium were ap-
proximately the same as the calculated
values for effects induced by arachidonic
acid plus PGE; or by arachidonic acid plus
epinephrine at the corresponding concen-
trations. In the presence of indomethacin
the stimulatory effect of arachidonic acid
was again abolished, and only the PGE,
or epinephrine stimulation persisted.
Inhibitory effects of various unsaturated
fatty acids on rise in cAMP elicited by
epinephrine and PGE,. The unresponsive
state effected by arachidonic acid could be
reproduced by homo-y-linolenic acid and
also by a series of fatty acids that are not

direct prostaglandin precursors and that
did not alter basal cAMP levels in either
myometrium or endometrium (Table 7).
After the tissues had been incubated for
30 min in the presence of 3 mM linoleic or
v-linolenic acids, there was a significant
alteration in the subsequent PGE,- or epi-
nephrine-induced activation of adenylate
cyclase in both tissues, to the extent of
about 100% inhibition with linoleic acid
and about 70% with y-linolenic acids. In-
terestingly, the Cyq., and C,q.; fatty acids
exhibited an even more pronounced inhib-
itory effect than that exerted by arachi-
donic acid or homo-y-linolenic acid. Pre-
liminary incubation under the same con-
ditions in the presence of oleic acid (C,g.,)
or eicosadienoic acid (Cy..) resulted in
about 50% inhibition of the endometrial
response to PGE, or epinephrine but had
no effect on myometrium. With all fatty
acids tested, inhibition of the epinephrine
or PGE, response was usually more pro-
nounced in endometrium than in myome-
trium. Table 7 also shows that the C,
polyacetylenic acid TYA, a known inhibi-
tor of prostaglandin synthetase (18) as
well as of platelet lipoxygenase (25), by
itself had an inhibitory effect on PGE,-
induced increase in cAMP in myome-
trium. When both TYA and arachidonic
acid were added together, inhibition of the
PGE, response was even more pronounced.
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TABLE 6
Effect of simultaneous combination of arachidonic acid and PGE, on cAMP levels in rat myometrium and
endometrium

Myometrial and endometrial strips were conditioned in Krebs buffer for 30 min with and without 15 um
indomethacin present during the last 20 min. PGE, (or epinephrine) and arachidonic acid, combined or
individually, were then added at the indicated concentrations and incubation was continued at 37° for 3
min in the presence of 10 mm theophylline. Means + standard errors of three different experiments are
shown.

Additions cAMP
Myometrium Endometrium
—Indo- +Indo-  Calcu- —Indo- +Indo-  Calcu-
methacin  methacin  lated methacin  methacin lated
(if ad- (if ad-
ditive) ditive)
pmoles/mg protein pmoles/mg protein
None 9.9 £ 0.7 9.8 0.7
Arachidonic acid (3 mm) 202+12 11.8=+0.7 27.2+14 9.6 +0.7
PGE; (1.65 um) 25.8 + 1.0 28.7 + 2.8
Arachidonic acid + PGE, 353+27 241x15 36.0 434+32 25315 46.0
Epinephrine (0.2 uM) 26.0 + 2.4 40.1+39
Arachidonic acid + Epi-
nephrine 35.7+26 24.6+3.4 36.2 55.7+34 39.0x4.1 57.4
TaBLE 7

Comparative effects of incubation with various fatty acids on epinephrine- and PGE yinduced rises in cAMP
of rat myometrium and endometrium

Myometrial and endometrial strips were incubated as described in the text. After the addition of

theophylline (10 mm), incubation was continued for 30 min in the absence and presence of the indicated

fatty acid at a concentration of 3 mm. PGE, (4 uM) or epinephrine (0.5 uM) was then added, and the

incubation was continued for 5§ min at 37°. Results are expressed as inhibition of the PGE; or epinephrine

response obtained in the absence of fatty acid.

Addition Inhibition
Myometrium Endometrium
n
PGE, Epinephrine PGE, Epinephrine
% % % %

Arachidonic Acid 56 27 68.1 66.7 12
Homo-y-linoic acid 43.5 81.7 78 4
Eicosadienoic acid 0 58.3 32.2 2
y-Linolenic acid 63 67.4 79 78 3
Linoleic acid 69.4 97 100 100 4
Oleic acid 0 0 477 51.2 8
TYA . 55 3
Arachidonic acid + TYA 80 3

This conforms with the proposal that the
inhibitory effect of arachidonic acid is not
due to its metabolism through either of
the two enzymatic reactions mentioned
above.

Additional experiments performed with
different concentrations of linoleic acid re-
vealed that the inhibition was dose-de-
pendent (40% inhibition of the PGE, re-
sponse in endometrium with 0.3 mm, 62%
inhibition with 1 mM, and almost 90%

inhibition with 3 mm linoleic acid). Fur-
thermore, inhibition was almost complete
after a 5-min preliminary incubation in
the presence of the fatty acid, followed by
5 min of incubation with PGE, (results
not shown).

A series of experiments was performed
in order to determine whether the inhibi-
tory effects of arachidonic acid and other
fatty acids were associated with continu-
ous contact of the fatty acid with the tissue
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preparation. Myometrial strips were incu-
bated with either 3 mm arachidonic acid
or linoleic acid for 30 min. The tissue was
then separated from the medium, washed,
and further incubated for 5 min in fresh
medium containing theophylline and epi-
nephrine or PGE,. Inhibition persisted un-
der these conditions in all cases. The re-
sponse to epinephrine and PGE, was sig-
nificantly altered in comparison with tis-
sue incubated under the same conditions
but in the absence of fatty acids (Table 8).

It is noteworthy that when the medium
containing arachidonic acid was separated
from the tissue after the 30-min prelimi-
nary incubation and added to fresh my-
ometrial strips for a 3-min incubation,
cAMP accumulation was stimulated to the
same extent as in fresh arachidonic acid-
containing medium. This indicates that
under these conditions arachidonic acid
was not appreciably metabolized or inacti-
vated. Medium separated from the tissue
after 30 min of incubation with linoleic
acid, then added to a fresh tissue prepara-
tion, did not affect the subsequent epi-
nephrine- or PGE,-mediated increases in
cAMP (Table 8). The latter results indicate
that the inhibitory effect may not be due
to the accumulation of some inhibitory
factor in the medium. The fatty acids seem
to alter the myometrium in some way that
renders it unresponsive to further stimu-
lation by epinephrine or PGE,. This effect

is not readily reversible, but persists even
after washing of the tissue.

CONCLUSION

We have reported earlier that prosta-
glandins E and F induce contractions of
estrogen-treated rat uterus and that PGE,
and PGE,, but not PGF,, or PGF,, are
also able to elevate intracellular cAMP
levels in the isolated myometrium and
endometrium (7, 8). The results of the
present study demonstrate that arachi-
donic acid (Cy.,) and homo-y-linolenic acid
(Cz0.3), both PG precursors, elicit contrac-
tions of rat myometrium and evoke a sig-
nificant increase in intracellular cAMP in
myometrium as well as endometrium.
These effects, which are dose-dependent
and very rapid in onset, appear to be the.
result of fatty acid conversion to prosta-
glandin or prostaglandin-like material.
This conclusion is supported by the inhib-
itory action exerted by indomethacin, me-
clofenamate, and eicosatetraynoic acid
and is further strengthened by the obser-
vation that stimulation of contraction and
of cAMP accumulation could not be
achieved with a series of fatty acids that
are not direct substrates of the prostaglan-
din synthetase system. Based on the dose-
response curve for cAMP accumulation
obtained with exogenous PGE, and that of
arachidonic acid, it is possible to obtain a
rough evaluation of the quantity of PGE,-

TABLE 8
Localization of fatty acid-induced inhibitory effect in treated myometrium and incubation medium

Myometrial strips were first incubated for 30 min as described in the text. After the addition of 10 mm
theophylline, incubation was continued for 30 min in the absence and presence of 3 mm arachidonic or
linoleic acid. The treated tissue was then separated from the medium and washed twice. To the incubated
tissue was added fresh medium containing 10 mm theophylline, and to the previous incubation medium
were added fresh myometrial strips. PGE, (4 uM) or epinephrine (0.5 uM) was then added where indicated,
and incubation was continued for 5 min before tissue extraction for cCAMP determinations. In these
experiments the value for cAMP in the control tissue incubated with 3 mM arachidonate for 5§ min
averaged 30 pmoles/mg of protein. Values are the means + standard errors of the number of experiments

designated in parentheses.
Test material cAMP
No addition PGE; Epinephrine
pmoles/mg protein
Untreated tissue (control) 11.7 04 64 =*1.86 60.8 + 4.12
Arachidonic acid (6)
Treated tissue + fresh medium 26.6 = 1.57 44.6 = 3.49
Incubation medium + fresh tissue 33.04 +2.19
Linoleic acid (3)
Treated tissue + fresh medium 114 *=0.6 14.9 + 0.72 13.7+1
Incubation medium + fresh tissue 108 +0.7 59.9 = 2.56 54.6 + 2.16
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like material that is synthesized. Conver-
sion of arachidonic acid to PGE,-like ma-
terial can be estimated roughly as 0.3%
and 0.1% for myometrium and endome-
trium, respectively. This relatively low
estimate of arachidonic acid transforma-
tion to PGE-like material is not very sur-
prising, since recent studies in vitro with
the uterine prostaglandin-synthesizing
system indicated a low capacity of uterine
tissue for producing prostaglandins from
either endogenous or exogenous precursors
(26-29) compared with the active vesicular
gland system. Prostaglandin levels in such
instances were estimated by bio- and ra-
dioimmunoassays or through conversion
to products from [“C]arachidonic acid.
Our findings suggest that the apparent
activation of adenylate cyclase can also be
taken as an indirect measure of active
fatty acid transformation to PGE or PGE-
like material. Whether the stimulation is
due to the final end product PGE, to its
intermediate endoperoxide (30), or to the
novel prostaglandin compound prostacy-
clin (31-33) was not investigated in the
present study. Previous work on prosta-
glandin synthesis in the uterus (26-29)
was done either with the intact organ
(endometrium plus myometrium) or with
the isolated endometrium. To our knowl-
edge, the present paper describes for the
first time active prostaglandin synthesis
in the isolated rat myometrium. Further-
more, it is evident that in rat myometrium
the endogenously synthesized prostaglan-
dins are effective in inducing contractions,
probably as PGE plus PGF, and in stimu-
lating adenylate cyclase, in this case as
PGE-like material. No definite answer
could be provided for the role of cAMP in
the regulation of uterine contractility (7,
8). However, it is clear that the level of
the cyclic nucleotide could be modulated
by active effectors in situ in a manner
similar to that produced by the addition of
exogenous PGE, and PGE, compounds.
Moreover, an interesting phenomenon
was observed with various fatty acids
when the effects of arachidonic acid or
homo-y-linolenic acid on cAMP accumula-
tion and contraction were studied as a
function of time. It was noted that the
stimulatory effects that occurred via pros-
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taglandin synthesis appeared almost im-
mediately but were followed within 3-5
min by a prolonged, unresponsive late
phase. During this late inhibitory phase,
the responses of the myometrium to differ-
ent contractile agents such as prostaglan-
dins, oxytocin, or carbamylcholine were
severely altered. Under these conditions
arachidonic acid also elicited a dramatic
decrease in epinephrine- and PGE,-in-
duced accumulation of cAMP in both myo-
metrium and endometrium. The failure of
indomethacin to prevent this inhibition
indicated that it was not due to any pros-
taglandin-like material arising from ar-
achidonic acid metabolism through the
prostaglandin synthetase system. Fur-
thermore, a series of fatty acids that are
not direct substrates for this enzyme com-
plex nevertheless precipitated a phase of
unresponsiveness toward both adenylate
cyclase activation and hormone-induced
contraction. The greatest inhibition was
observed with linoleic (C,s,) and y-lino-
lenic (C,s;) acids, while oleic (C,s.,) and
eicosadienoic (C,y,) acids were less effec-
tive. The relative irreversibility of this
phenomenon is suggested by the finding
that washing out the fatty acid prior to
measurement of cAMP accumulation or
contractile activity in the presence of var-
ious agonists did no eliminate inhibition
in either myometrial or endometrial cells.
Additional experiments (not described
here) seem to exclude any toxic effect
produced via B-oxidation of the fatty acids:
inhibition was similar whether the tissue
was incubated in the absence or presence
of glycerol, which has been shown to min-
imize the B-oxidation route significantly
in isolated hepatocytes (34). On the other
hand, incorporation of ['*Clarachidonic
acid into phospholipid components of the
myometrium has been observed.> Hence
our data seem to suggest that inhibition
of adenylate cyclase activation by epineph-
rine or PGE, in the myometrium and
endometrium and of hormone-induced my-
ometrial contractility may be the result of
a direct effect of the fatty acid, as such or
after esterification, through its insertion
into the membrane lipid components. This

3 M. F. Vesin and S. Harbon, unpublished obser-
vations.
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would result in a modification of the ade-
nylate cyclase environment or of the recep-
tor-adenylate cyclase interaction domain.
Modifications by fatty acids of the adenyl-
ate cyclase system and its activation by
catecholamines (35), PGE, (36, 37), and
cholera toxin (37) have recently been de-
scribed. The importance of selected lipids
and lipid-protein interactions for adenyl-
ate cyclase activity and its hormonal stim-
ulation in these various membrane prepa-
rations has been suggested. This may like-
wise prevail for the initial, yet unidenti-
fied membrane interactions and for signal
transmission occurring with the different
agonists stimulating contraction of the
myometrium. These membrane interac-
tions deserve further investigation, which
is outside the scope of the present report.
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