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Inhibitory and contractile effects of okadaic acid on rat uterine muscle 
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The effects of okadaic acid and its intcractions with various agents known to increase, by diffcrent mechanisms, the 
intracellular levels of cyclic AMP and/or cyclic GMP werc investigatcd in isolatcd strips of rat myometrium. Okadaic acid 
showed inhibitory cffects at concentrations between 10 -7 M and 3 z 10 ~' M. At highcr concentrations, a biphasic, contractile 
and then relaxant response was obscrved. The results obtained suggest that, in rat utcrinc smooth muscle, thc inhibitory cffccts 
of okadaic acid are not entirely mediated by the activation of cyclic AMP- and/or cyclic GMP-dcpcndcnt pathways. The data 
also point to thc existence of a clear interaction bctwccn okadaic acid and mcthylxanthines, although further studies arc necdcd 
to clarify the mechanisms involved in this interaction. 

Okadaic acid; cAMP; cGMP; Xanthinc derivativcs; Uterinc smooth muscle 

1. Introduction 

Okadaic acid, a polyether derivative of a 38 carbon 
monocarboxylic fatty acid, has been obtained in our 
laboratory from a culture of the marine dinoflagellate 
Prorocentrum lima (Nortc ct al., 19911. Okadaic acid is 
responsible for diarrhetic shellfish poisoning (DSP) 
and has been found to be a potent tumour-promoting 
agent. In smooth muscle, okadaic acid has been re- 
ported to have both excitatory and inhibitory actions. 
Thus, in vascular and intestinal smc×)th muscles, 
okadaic acid induces tonic, long-lasting contractkms 
which are highly resistant to the absence of extracellu- 
far calcium and are accompanied by only a small in- 
crease in [Ca2+]i (Shibata et al., 1982; Takai et al., 
1987; Hirano et al., 1989). At concentrations lower 
than those needed to evoke a contractile response, 
okadaic acid inhibits contractions induced by KCI and 
receptor-specific agonists in different smooth muscle 
preparat ions (Ashizawa et al., 1989; Karaki et al., 1989). 
All these effects are most likely related to its activity as 
a potent and highly selective inhibitor of protein phos- 
phatases, with okadaic acid being the first substance in 

Correspondence to: J.D. Martin, Instituto Universitario de Bio- 
Orgfinica, Carretera Vieja de La Esperanza 2, 38206 La Laguna, 
Tenerife, Spain. Tel. 34 22 250723: fax 34 22 6311099. 

which this mode of action has been identified (Takai et 
al., 19871. 

The aim of the present study was to characterize the 
effects of okadaic acid in rat uterine smooth muscle, 
and to investigate the possible effects of several agents 
known to increase the intracellular levels of cAMP 
a n d / o r  cGMP by different mechanisms, on the con- 
tractile responses to okadaic acid. 

2. Materials and methods 

2.1. Tissue preparation and protocols 

l_xmgitudinal strips of uterine smooth muscle were 
obtained from the uterine horns of estrogen-dominated 
virgin female Sprague-Dawley rats (20(I-250 g). The 
strips were mounted in tissue baths containing 4 ml of 
Sund's physiological salt solution with the following 
composition (mM): NaCI 154; KCI 5.6; CaCI 2 0.54; 
MgCI 2 (I.95; NaHCO 3 5.95 and glucose 2.78. The 
preparat ions were suspended under an initial tension 
of 0.5 g, maintained at 32°C and continuously gassed 
with 95% 0 2 and 5% CO 2. Changes in isometric 
tension were recorded by means of a force-displace- 
ment transducer (Grass FT-03) connected to a LET- 
ICA amplifier and an ABB G O E R Z  SE-130 multi- 
channel recorder. 
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At the start of the experiment and after a 45-min 
equilibration period, the strips were repeatedly ex- 
posed for a short time (3 rain) to oxytocin (10 " M) 
until responses were reproducible. The last response to 
oxytocin served as an internal standard for contraction 
in all experiments. The tissue was then allowed to 
equilibrate for a further 45-rain period before addition 
of okadaic acid. Only one dose of okadaic acid was 
applied to each strip because okadaic acid could not be 
removed by washing. In some experiments, the okadaic 
acid-induced response was obtained in uterine strips 
preincubated with saline or drug vehicle ( t ime-matched 
paired control tissues) or drugs for 30 min. The con- 
tractile responses to okadaic acid are expressed as a 
percentage of the maximum tension ew)kcd by oxytocin 
(I0 -~' M) or as a percentage of the maximum tension 
induced by okadaic acid. 

2.2. Drugs and solutions. Statistical analysis of results 

The drugs used wcrc okadaic acid, oxytocin, pa- 
paverine hydrochloride, forskolin, ( - ) i sop ro t e reno l  hy- 
drochloride, N-6,2'-O-dibutyryl adenosine 3',5'-cyclic 
monophosphatc  sodium salt (db-cAMP), 8-bromogu- 
anosine 3',5'-cyclic monophosphate  sodium salt (8-Br- 
cGMP), sodium nitroprusside, caffeine, all from Sigma 
(St. Louis, USA),  thcophyll ine sodium anisate 
(Bruneau, France) and enprofylline (Astra, France). A 
stock solution of isoprenaline was prepared daily in 
dcionized water  containing 1 rag. ml ~ ascorbic acid. 

Caffeine was dissolved in physiological solution. 
Okadaic acid and forskolin were dissolved in ethanol, 
and enprofylline was dissolved in dimethylsulphoxide. 
The final dimethylsulphoxide or ethanol concentration 
in the bath medium (lower than 11.4% ) had no effect on 
mechanical responses. 

The data are expressed as means _+ S.E.M. The sig- 
nificance of differences between means was assessed 
with Student 's  t-test for unpaired data, with signifi- 
cance achieved at P < 0.05. 

3. Results 

The mechanical effect of okadaic acid on rat uterine 
smooth muscle varied greatly with the concentration 
used. Hence, 10 7 M okadaic acid did not induce a 
significant effect whereas at a concentration of 10- ~' M 
okadaic acid did not modify the resting tone of the 
preparat ion but reduced the subsequent contraction 
induced by various agonists. This inhibitory action de- 
veloped slowly. At least 20 min wcrc needed for 10 -~' 
okadaic acid to inhibit partially the contraction elicited 
by 10 -~' M oxytocin, 10 . 4  M acetylcholine or 60 mM 
K ' ,  and the inhibition was greater  when the time of 
preincubation with okadaic acid was increased (data 
not shown). 

At concentrations of 5 × 1 0  ~' M and higher, the 
response to okadaic acid consisted of a slow contrac- 
tion which, after reaching a plateau, was followed by a 

T A B I . E  1 

Responses  of rat m y o m e t r i u m  to okada ic  acid (5 × 10 " M to 5 x  10 5 M). "l'hc effects  of c A M P -  a n d / o r  cGMP- inc r ea s ing  agen ts  on the 

2 x I11 s M okada ic  ac id - induced  response.  

Okada i c  acid P r c t r c a t m e n t  n E,,,.,~ T ime  for T ime  to Dura t ion  Time for 

(M) (<:2 of  oxytocin 1 ,aM) 511c~ cont rac t ion  peak  of p la teau  5 0 %  re laxa t ion  
(rain) (min)  (rain) (rain) 

5 × 1 0 - "  (cont ro l )  - 7 20.95+_ 3.06 22 .57+1 .97  511.511_+3.89 11.14_+11.94 60.29_+1.97 
10 5 (con t ro l )  - 1(1 46.87_+ 4.65 19.50+1.29 42 .50±2 .27  9.811+_11.47 49.611t-2.35 

2 x  111-5 (control)  - 15 102.6(1~- 3.22 18.1X)-+0.75 40.43+_ 1.53 6.13-+0.33 39.73_+ 1.33 
Papaver ine  10 ~ M 5 1115.96,+ 4.72 18.IX)_+ 1.67 41.611~ 3.39 7.8(1-+(1.66 42.00-+4.27 

i sop rcna l i ne  111 5 M 4 91 .97± 3.36 17.1X)_-+0.82 39.75.-5_2.97 6.711_+11.48 45.00+_2.52 
Forskol in  3 x  I(1-5 M 5 98 .26+ 2.36 16.10±0.81 34.711+2.52 6.(X1±0.45 35.811_+3.63 
d b - c A M P  10 3 M 3 103.90+ 7.23 19.50+ 1 . 5 1 1  42 .67+4 .34  4.83-1).611 37.111,+2.04 
Sodium nitrop.  10 4 M 5 92 .19+ 4.27 15.211_+11.811 34.211,+2.29 5.211_+(I.86 38.(X1±2.60 

8 -Br -cGMP 111 ~ M 3 104.9(1+ 3 . 5 1 1  20 .33+2 .32  39.50_+2.47 4.67-+11.66 35 .67+5.61  
d b - c A M P  111 3 M 

8-Br -cGMP 10 ~ M 5 106.97z 5.114 19.311+_11.89 42.30-+2.44 5.91)+.11.46 38.(X)-+ 13)2 
O k a d a i c  acid 1(1 t, M 5 75.44_+. 6.04 ' ll .00+_ I.II6 ~" 24.1X1±2.19 ~ 3.811_+(I.37 ~" 25.911_+2.14 ~" 

T h e o p h y l l i n e 3 × 1 0  ~ M  8 73.25_+ 5.04 ~ 10.63 -+_1.07 ~ 22 .13+1 .72  •. 3 .56+0 .35  ~ 2 1 . 3 1 + 1 . 7 6 "  
Caffe ine  5 x  10 .3  M 6 97.87_+ 4.20 1(I.83+ 1.07 " 211.67+2.111 ~ 3.0t1+11.37 ~ 31.67.+.. 1.05 b 

Caf fe ine  10 : M 6 95.73_+ 6.04 11.58-(1.72 ¢ 2 2 . 6 7 - 1 . 1 4  ~ 2.75+_0.31 ~ 21 .92+1 .10  ~ 
C a f f e i n e 2 x l 0 - 2  M 5 69.38+_ 7 . 2 2 '  8 .80+0 .84  •" 17.911_+ 1.97 ' 2 .60+0.51 ¢ 19.111± 1.12 " 
Enprofy l l ine  10 3 M 5 66.11 _+ 12.78 • 12.911_+ 1.71 " 30.10_+2.77 i, 4.711--11.92 26.10_+2.17 " 

5 x 1 0  5 (con t ro l )  7 142.27_+ 6.11 c) 9.57_+11.72 26.14_+1.89 4.43_+11.65 311.86_+2.84 

Va lues  are means  ± S.E.M. of n exper iments .  Di f fe rences  from control  t issues: " P < 0.05: " P < 
re laxa t ion  ( ' 4  of maximal  tens ion  induced  by okada ic  acid) was m e a s u r e d  from the onset  

respectively.  

0.01" • P < 0.001. T ime  for 50% cont rac t ion  and 
of tens ion deve lopmen t  and  tens ion  dec rease  



slow relaxation. The maximal relaxation reached ap- 
proximately 80% of maximal tension induced by 
okadaic acid. As shown in table 1, the characteristics of 
this response (maximal contractile activity, time for 
50% contraction, time to peak of maximum tension, 
duration of plateau of contraction and time for 50% 
relaxation) were all dependent  on the dose of okadaic 
acid. Table 1 also shows that 2 × 10 -5 M okadaic acid 
elicited a maximal contractile effect of a similar magni- 
tude to that induced by oxytocin 10 -6 M. 

After pretreatment of the uterine strip for 30 min 
with the direct activator of adenylate cyclase forskolin 
(3 × 10 -5 M), thc non-specific phosphodiesterasc in- 
hibitor papaverine (10 -4 M), the /3-adrenoceptor ago- 
nist isoprenalinc (10 -5 M), or thc mcmbrane-permea- 
blc derivative db-cAMP (10 -3 M), the response to 
2 × 10 -5 M okadaic acid was not significantly different 
from that observed in time-matched paired control 
tissues (table I). All these agents produced dose-de- 
pendent relaxation in KCI (60 mM)-depolarized uterus 
and, with the cxccption of isoprenaline, for which the 
concentration ncedcd was significantly lower (10-7 M), 
the concentrations of relaxants used in the experiments 
with okadaic acid were found to be approximately the 
IC~,~, i.e. the concentrations which fully relaxed the 60 
mM K+-induced contraction. The same concentrations 
of these agents almost or completely abolished thc 
phasic component of the oxytocin-induccd response 
and reduced by 100% (10 -4  M papaverine, n =5),  
71.06 + 3.96 (10-5 M isoprenalinc, n = 10), 62.08 + 6.74 
(3 x 10 -5 M forskolin, n = 3) and 56.00 + 3.83 (10 -3 M 
db-cAMP, n = 5) the amplitude of the contraction 
evoked by 10 -~' M oxytocin, whcn added to the prepa- 
ration 30 min before oxytocin. Similarly, the utcrine 
response to 2 x 10 -5 M okadaic acid was not signifi- 
cantly modified in the presence of the direct activator 
of guanylate cyclase sodium nitroprusside (10 -4 M) or 
the membrane-permeable derivative 8-Br-cGMP (10 -3 
M), alone or in combination with db-cAMP (10 -3 M) 
(table 1). Sodium nitroprusside (10 -4 M) and 8-Br- 
cGMP (10 -3 M) relaxed the high K' - induced sus- 
tained contraction by 38.69 + 7.81% (n = 7) and 95.67 
+ 4.40% (n = 4) and only slightly decreased the ampli- 
tude of the contraction evoked by 10 -6 M oxytocin in 
rat myometrium. 

The biphasic uterine response to 2 × 10 -5 M okadaic 
acid was significantly modified after preincubation of 
the tissue for 30 min with 10 -6 M okadaic acid, as 
shown by the significant reduction in the maximal 
contractile effect and the increase in the velocity of 
contraction and relaxation (table 1). Practically identi- 
cal modifications were observed after pretreatmcnt of 
the uterine strip for 30 min with theophylline (3 mM), 
enprofylline (1 mM) or caffeine (20 mM). Caffeine (5 
mM and 10 mM) did not modify the Em~ ~ (% vs 
oxytocin 1 ~M)  of the response induced by 2 x 10 --s M 
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Fig. 1. Time course of 2x 10-5 M okadaic acid-induced tension 
changes in rat uterine smooth muscle before (e, control) and after 
preincubation of the preparation for 311 min with 1 ~,M okadaic acid 
(0), 3 mM theophylline (A) and caffeine I0 mM (z~) and 21J mM 
(H). Abscissa: time (min) from the onset of tension development. 
Ordinate: per cent of maximum tension induced by 1 ~M oxytocin. 
Points and bars represent the means_+ S.E.M. of five to ten experi- 

ments. 

okadaic acid, but significantly increased the rate of 
contraction and relaxation (table 1) One micromolar 
okadaic acid, 10 mM caffeine, 1 mM enprofylline and 3 
mM theophylline were found to be the concentrations 
required to produce 100% inhibition of the tonic spasm 
induced by 60 mM K ÷ and reduced the amplitude of 
the contraction evoked by 1 /~M oxytocin by 47.67 + 
8.29% (n = 6), 86.34 + 2.27% (n = 10), 58.41 + 5.78% 
(n = 4) and 75.30 + 2.91% (n = 8), respectively, when 
added to the uterine strip 30 min before oxytocin. The 
time course of the 2 x 10 -5 M okadaic acid-induced 
response in the absence (control) and presencc of 
okadaic acid (1 /zM), theophylline (3 mM) and caffeine 
(10 and 20 mM) is shown in fig. 1. 

4. Discussion 

We observed that 10 -6 M okadaic acid did not 
significantly modify uterine resting tone but reduced, 
in a t ime-dependent manner, the subsequent contrac- 
tion evoked by KCI (60 mM), oxytocin (10 -6 M) or 
a c c t y l c h o l i n e  (10 -4  M)  (unpublished data). A similar 
inhibitory effect of okadaic acid has previously been 
found in other smooth muscles and has been attributed 
to an indirect activation of cAMP- a n d / o r  cGMP-de- 
pendent protein phosphorylation (Ashizawa et al., 1989; 
Karaki et al., 1989). 

The results obtained in the present experiments 
show that, at high concentrations, okadaic acid induced 
a concentration-dependent contraction in rat uterine 
smooth muscle. The contractile response evoked by 
okadaic acid at 5 × 10 -~' M and higher concentrations 
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was slow and poorly maintained. The plateau of con- 
traction, the duration of which was inversely related to 
the conccntration of okadaic acid used, was followed 
by a slow and almost complete relaxation. These rc- 
suits contrast with those previously reported by Shibata 
ct al. (1982) and Hirano et al. (1989) in vascular and 
intestinal smooth muscles, where okadaic acid induced 
a tonic contraction which was maintained over several 
hours, even after washout of the drug. These data 
confirm that sensitivity to okadaic acid is related to the 
type of smooth muscle. 

The contractile response evoked by 2 × 10 5 M 
okadaic acid in utcrine smooth muscle was significantly 
modified by a 30-min pretreatment  with okadaic acid 
(1 ~,M) but not by papaverine, forskolin, db-cAMP or 
isoprenaline, agents known to increase, by different 
mechanisms, the intraccllular levcls of cAMP, leading 
to smooth muscle relaxation (D'Ocon et al., 1991; see 
Diamond, 1990). In our experiments, sodium nitroprus- 
side, an activator of guanylate cyclasc, and 8-Br-cGMP 
also failed to modify the contraction evoked by okadaic 
acid. In further support of our results, the 2 × 10 ~ M 
okadaic acid-induced response was not affected by 
db-cAMP or 8-Br-cGMP. These data do not exclude 
the possibility that inhibition of proteinphosphatases 
by okadaic acid could lead to activation of cAMP- 
a n d / o r  cGMP-dependent  protein phosphorilation in 
rat myometrium, but clearly show that the inhibitory 
effect of 10 -~' M okadaic acid on the 2 × 10 -~ M 
okadaic acid-induced biphasic response is not medi- 
ated by cAMP- a n d / o r  cGMP-dependcnt  pathways. 

The present results also show that the xanthine 
derivatives caffeine, theophylline and enprofylline were 
able to modify the uterine response to 2 × 10 -5 okadaic 
acid in a similar way as 10 ~' okadaic acid. Xanthines 
are known to have a dual spasmogenic a n d / o r  spas- 
molytic effect on the mechanical activity of different 
smooth muscle cells. It is widely accepted that the 
spasmogenic action of xanthincs is caused by the re- 
lease of calcium from intraccllular stores (Nogucra and 
D'Ocon,  1992). Such an action could explain the facili- 
tatory effects (decrease in time for 50% contraction 
and time to peak, see table 1 and fig. 1) of xanthines 
and, particularly, of caffeine on the contractile compo- 
nent of the biphasie response evoked by okadaic acid 
in rat myometrium. In the existing reports and in our 
experiments, caffeine was unable to cause spasms ei- 
ther in skinned or unskinned rat uterine smooth mus- 
cle (Savineau and Mironncau, 1990). However, the 
possibility that caffeine and other xanthine derivatives 
could release calcium from intracellular stores, leading 
to a functional response masked at the contractile level 
by activation of opposing mechanisms, must be consid- 
ered. 

The inhibitory effect (reduction of E .... and time 

for 50% relaxation) of xanthine derivatives on the 
okadaic acid-induced response cannot be explained, on 
the basis of our results, by their well-documented in- 
hibitory effect on phosphodiesterases,  which increase 
thc intracellular levels of cAMP a n d / o r  cGMP, or by 
adenosinc antagonism, since enprofylline was able to 
modify the response to okadaic acid. Our data are not 
sufficient to establish whether other mechanisms pro- 
posed to explain the cffects of xanthines, such as 
alterations in t ramsmembrane calcium movements or a 
dccreasc in the calcium sensitivity of the contractile 
proteins, may explain the effects observed in the pre- 
sent report. Further studies are needed to clarify the 
mechanism involved in this interaction. 
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