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Abstract_Properties of forskolin activation of adenylate eyclase in the liver fluke Fasciola hepatica are :ii!i!:_l
described. Forskolin stimulated adenylate cyclase activity in cell-free fluke particles to levels more than i i30-fold above the basal rate. This activation was not dependent on guanine nucleotides and, upon
washing of the particles, was rapidly reversed. Forskolin potentiated the activation of adcnylate cyclase
by serotouin (5-1 IT) and lysergic acid diethylamide (LSD), resulting in both an increase in the maximal
level of enzyme activity and a decrease in the apparent activation constant (K.O. The 5-FIT antagonist

2-bromo-LSDdid not inhibit enzyme activation by forskolin. Furthermore, forskolin had no effect on
specific{tII]LSDbindingto flukeparticles. Activationof adenylatecyclasebysodium fluorideor guanine
nueleotideswas modilied in a complexmanner by forskolinwithboth stimulatoryand inhibitory effects
present. The results suggestthat forskolindoes not interact directlywith the 5-HT receptor coupled to
adenylate cyclase. Instead, it appears that forskolineffectsare, at least inpart, due to its abilityto alter
the interaction between the regulatory and catalytic components of adenylate cyelase. Incubationof
intact flukes withforskolin increased their cAMP levels2- to 3-fold. The concentration dependenceof
this response was similar to that for forskolin activation of adenylate cyclasein fluke particles, with
300#M forskolin givingthe maximumresponse. Forskolinand other agents that increasedflukecAMP
levelsalsostimulatedflukemotility.

A serotonin (5-HT_t) sensitiveadenylatecyclasehas were obtained from bovine liver at a local slough- ! i_[_l
been described previously in the liver fluke Fasciola terhouse and treated as previously described [2].
hepatica [1-3]. This system is thought to have an Cell-free particles were prepared by adding 6 vol.

important regulatory function in both the carbo- (w/v) of homogenization buffer A (0.33M sucrose, i:_Ihydrate metabolisnt 14]and the motility 12,5] of the 5 mM dithiothreitol and 1 mM EDTA)to the flukes |organism. Because of this role, the fluke adenylate and homogenizing the mixture by brief exposure to
cyclase system represents a potentially useful target a "Tekmar Tissumizer". The homogenized sus-

for chemotherapeutic agents acting against these pension was spun at 5000g for 17min, and the pellet
parasites. Recently, forskolin, a diterpene from the was resuspended inhomogenization buffer B (0.25 M : ._plant Coleusforskohlii, was found to be an activator sucrose, 5 mM dithiothreitol, and 1 mM EDTA). _:ii"

/of mammalian adenylate cyclases [6]. We have stud- The suspension was again spun at 5000g for 17rain.
led forskolin activation of fluke adenylatc cyclase to The final p,llet was _uspended in homogenization .ilt
learn more about the nature of this system and how buffer B and used directly, or stored at -70 ° until i ,i
it relates to what is known about mammalian just prior to use. , !_
systems. In this report we describe the properties of Adenylate cyclase assay. Adenylate cyclase activity
forskolin activation of adenylate cyclase in cell-free in the fluke particles was determined, unless other- _;_.
fluke particles and the ability of forskolin to increase wise indicated, by the incubation for 8 min at 30° l:il

.cAMP levels in intact flukes. We also examine the of a reaction mix containing (final concentrations) ;_/relationship between fluke motility and increased 0.1 M sucrose, 50 ram glycylgtycine, pH 7.5, 5 mM

cAMP levels due to forskolin and other agents that phosphocreatine, 2mM MgCI2, 0,1 mM Na-ATP ii!l[_li_i/

stimulate motility, with 0.75 to 1.5#Ci [a_-32P]ATP, 5 units creatine
phosphokinase, 0.5 mM 3-isobutyl-l-methylxanthine

:!_i!iMETHODSANDMATERIALS (IBMX) 20/zM EGTA, 5 mM dithiothreitol, and ,other compounds as indicated in a final volume of
Liver]luke particle preparation. Fresh liver flukes 0.25 ml. The reaction was stopped by the addition of

0.25ml of a stop solution containing (final con-

centrations) 2% sodium dodecyl sulfate, pH7.4, iii* Thisinvestigationwassupportedby U.S. PublicHealth 10 mM EDTA, 10mM Na-ATP, and 1 mM cAMP.
ServiceGrants MH23464 and AI 16501. cAMP content was determined by modification of

"tTo whom reprint requests should be sent. the procedure of Salomon et al. [7] as previously
:1:Abbreviations: 5-HT, 5-hydroxytryptamine, sere- described [3]. All values given are the average of . ,;_tenth; LSD, d-lysergicacid diethylamide; KA, activation

constant; EGTA, ethyieneglycolbis(amino-ethylether) duplicate samples, _:_ii_
tetra-acetate; GTPyS, guanosine-5'-O-(3-thio)-triphos. Measurement of cAMP levels, cAMP levels in
phate; and Gpp(NH)p, 5'-guanylyl imidophosphate, intact flukes were determined by a slight modification
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of the radioimmunoassay procedure described by as previously described [2]. The subjective scale
Brooker et al. [8]. Intact flukes were incubated at ranged from 1+ (little or no movement) to 4+ (very
37° under the indicated conditions after which they marked undulations and constant hyperactive
were rinsed once with fresh medium and then quickly movement).
frozeninWollenbergerclampschilled indry ice.The Proteinconcentrationswere determinedby the
frozen flukes were homogenized in 0.1 N HCI using method of Bradford [ 10] using bovine serum albumin
a motor-driven Teflon pestle. The homogenate was as a standard.
spun at 12,000g for 20 rain, and the supernatant Forskolin stock solution. A stock solution of for-
fraction was used to determine cAMP content. All skolin (0.01 M)was preparedin95% ethanol. Conse-
samples and cAMP standards were acetylated by quently, forskolin solutions in reaction mixtures or
adding 10/Jl of triethylamine followed by 5 #1 of media used contained a carryover amount of ethanol
acetic anhydride to 0.5 ml of sample. Fifty microlitres corresponding to the dilution factor (e.g. 0.095% in
of [lzsI]-ScAMP (-10,000 cpm/sample) and 200 #1 the case of 10 -5 M forskolin).
of cAMP antiserum were added, and the samples Materials. Forskolin was purchased from Cal-
were incubated for 12-16 hr at 4 °. After the incu- Biochem. D-Lysergic acid diethylamide was a prod-
bation, 2 ml of isopropyl alcohol was added, and the uct of Sandoz, obtained through the National Insti-3 . t F •

samples were spun at maximal speed for 20 min in a tute of Mental Health. [ H]Adenosme 3,5 -cychc
Beckman TJ-6 table-top centrifuge. The supernatant monophosphate (37 Ci/mmole) and [c_-32p]ATP
fractions were aspirated off, and the pellets were (400Ci/mmole) were purchased from Amersham.
counted for 125I-activity in a Beck/nan Gamma 5500 [3H]LSD (45-60 Ci/mmole) was a product of New

• counter, cAMP values of the fluke samples were England Nuclear. ATP and guanosine-5'-O-(3-thio)-
determined by graphical extrapolation from a stan- triphosphate (GTPyS) were from Boehringer-
dard curve obtained for each experiment. The value_ Mannheim. 5'-Guanyl imidophosphate (Gpp(NH)
given are the means of duplicate samples, p) was from 1CN. Adenosine Y,5'-cyclic mono-

[3H]LSD binding assay. [3H]LSD binding to the phosphate, rabbit skeletal muscle creatine phos-
fluke particles was determined using a filtration assay phokinase, phosphocreatine, and 5-HT were
previously described [9]. The incubation conditions obtained from Sigma. [l:5I]-Succinyl cAMP was pro-
were for 5 min at 37°. Specific [3H]LSD binding was vided by Jolanda Schreurs, Stanford. cAMP anti-
determined by subtracting from the amotmt of 13111 body was a gift from Dr. Gary Brooker, University
LSD bound in a test sample the amount of [-_IIILSD of Virginia. All other materials were of at least
bound from an identical sample containing an excess reagent grade and were obtained from various corn-
of unlabeled LSD (100/aM). All experiments were mercial sources.
done in triplicate.

Measurement offluke motility. The extent of fluke RESULTS

motility was determined by eye on a subjective basis
Forskolin actit, ation of adenylate cyclase in cell-

free fluke particles. Adenylate cyclase activity in fluke
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Fig. I. Forskolin activalion of Ilukc adcnylate cyclasc. < 0_ 10 6 10--5 10-4
Fluke particles were assayed for adenylatc cyclase activity [FORSKOLIN1(M)
as described in Methods and Materials in the presence of
the indicated concentrations of forskolin (O). A Stock Fig. 2. Synergism of fl>rskolin aad 5-1IT activation of fluke
solution of 0.01 M forskolin was prepared in t_5%ethanol, adcnylate cyclase. Fluke particles were assayed for adenyl-
In diluting forskolin to the indicated concentrations, cot- ate cyclasc activity as described in Methods and Materials
responding carryover concentrations of ethanol were in the presence of the indicated concentrations of forskolin
obtained in the linal reaction mixture (e.g. 0.0()5% ill the with no additions (Q) (,r with I ItM 5-tIT + It)01/M (;'I'P
case <11'I(I "_M Iorskolill). I'hc alnonnl of clh;inol ill the (! _). I'hc thtsllcd line (•) represents the synergistic aelivilv

forskolin samples wits added alone in the ethanol control and is the amount o[ activity thal is greater than the activity
(A) to determine its effect on enzyme activity. The values due to the sum of 5-HT and forskolin activation alone. The
given are means from duplicate samples of a rcpresentative values given are mean values from duplicate samples of a

experiment, representative experiment.
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1booIV',¢- _ ----r- _ _ vation of adenylatc ¢yclasc was uot depeltdent on
I-- [ lO0,uM FORSKOLI_ the addition of (;TP aud the activation couh.t be

._ _ +5-Hrf. i rapidly reversed by washing of the particles to
7. 1200 " renlove the torskolin.
_-2 The effect of forskolin on 5-lIT actiwltionof

g 900 I _ ' adenylate cyclase is shown ill Fig. 2. It was found that

!_ forskolin and 5-HT acted together in a synergistic

0o0 _ manner to activate adeuylate eyclase to a much

_ greaterextentthan the sumof the activationof the
>. two compounds alone. Furthermore, as shown in
z 300 Fig. 3, in the prescttce of ltl(I/_M forskolin the ability

of 5-1tT to activate the enzyme increased with a
0 I

0 10-7 10-0 10-5 10-4 10--3 change in the apparent activation constant (KA) from _:
1.2 x 10-_' M to 3.2 x 10 -7 M. The synergistic effect _,L

Ib-HrltMI of forskolin on activation of adenylate cyclase was
Fig. 3. Effect of forskolin on 5-1IT :,ctivation of adenylate even more pronounced when LSD was tested (|:ig.
cychtse. Fluke particles were assayed for adcnylate cyclase 4). LSD, which is a partial agonist in this system, _.
activity as described in Methods and Materials in the pres- activated adenylate cyclase to 13% of the maximal i__
encc of the indicated ct)l|centratiems of 5-1IT and 100/JM level obtained with 5-11"I"activation, t Iowever, in the

(i'rp with no additions (C)) or with I(_)_t_Mforskolin (O). presence of LSD and forskolin the enzyme activity i
The values given are means from duplicate samples of a reached 60% of the maximal level obtained with 5-

representative experiment.
lIT and forskolin. :_The effects of ftlrt_kt_linon 5-1tT- and t,SD-stinau-

I

particles was markedly activated upon the addition lated adenylate cyclase activity made it of interest to
of forskolin. Figure I shows that forskolin activated determine if forskolin was directly interacting at the .....

._ adenylate cyclase was concentration dependent. At hormone receptor site. Figure 5 shows that 2-bromo- _i
the maximum concentration that was tested, 300/.taM, LSD, a 5-HT antagonist, inhibited both 5-HT-stimu- !
forskolin stimulated adenylate cyclase to over thirty- lated adenylate cyclase activity and the synergistic :'_

_, five times the basal enzyme level. Since forskolin was response of forskolin plus 5-HT; however, it had no
t dissolved in 95% ethanol, an ethanol control was run effect in the presence offorskolin alone. The inability

to ensure that the activation was due to forskolin, of forskolin to interact with the 5-HT receptor was
Concentration of forskolin of 10-3 M (with a carry- also indicated by binding studies. Previous studies
over of ethanol to give u concentration of 9.5%) [11] indicated that [3H]LSD can be used to label
activated adenylate cyclase to a lesser extent than these receptors. Forskolin at concentrations up to
did 300/_M forskolin (Fig. 1). This was probably a 100 pM had no effect on the amount of [3HILSD

L result of the higher ethanol concentrations which specifically bound to the fluke particles. Forskolin
e were found to inhibit basal, 5-HT-stimulated, and also had no effect on the ability of 5-HT to compete

NaF-stimulated enzyme activity. Forskolin acti-

"_ _20o
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ke Fig. 4. [-ffcct of forskoliu on [.SD activation of adenylate Fig. 5. Effect of 2-bromo-LSD on forskolin activation of
yl- cyclase. Fluke particles were assayed for adenylate cyclase adenylate cyclase. Fluke particles were assayed for adenyl-
als activity as described in Methods and Materials in the pres- ate cyclase activity as described in IVlethodsand Materials
4in ence of the indicated concentrations of LSD plus 100/_M in the presence of the indicated concentrations of 2-bromo-
TP GTP with no additions (_) or with 100 #M forskolin (Q). LSD with 1pM 5-HT and 100/_M GTP (O), with 100_uM
'ity The values given are means from duplicate samples of a forskolin (Q), or with 1 gM 5-HT and 100 pM GTP plus
rity representative experiment. In the same preparation, 100p.M forskolin (IO). The values given are means from
:'he i00#M 5-|tT activated adenylate cyclase to a level of duplicate samplesofarepresentativeexperiment.Thebasal
ffa 1040pmoles/mg, min and 100 #M 5-HT + 100/_M for- adenylate cyelase activity in this experiment was 6 pmoles/

skolin activated the enzyme to 1540 pmoles/mg, min. rag" min.
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(NaFI (M) Fig. 7. Effect of forskolin on cAMP levels in intact flukes.

Fig. 6. Effect of forskolin on NaF activation of fluke adenyl- Liver flukes were incubated at 37 ° in media containing no
ate cyclase. Fluke particles were assayed for adenylate additions (A), 100 pM forskolin (1), or 1 mM 5-HT (O).
eydase activity as described in Methods and Materials in At the indicated incubation times, the cAMP content from
the presence of the indicated concentration of NaF with no an aliquot of flukes was determined by radioimmunoassay
additions (D) or with 100/uM forskolin (O). The values as described in Methods and Materials. The results are
given are means from duplicate samples of a representative mean values from duplicate samples of a single experiment.

experiment.

Gpp(NH)p and forskolin was nearly additive. How-
for {SH]LSD binding sites (data not shown). Thus, ever, activation by GTPyS was inhibited by forskolin.

both the adenylate cyclase activity data and the [aH]- These results support previous experiments [12].

LSD binding data indicate that forskolin activation Effect of forskolin on cAMP levels in intact flukes.
of adenylate cyclase was not mediated by any direct Incubation of intact flukes with 100 llM forskolin
interaction with fluke 5-HT receptors, increased their cAMP level to more than twice the

The effect of forskolin on adenylate eyclase acti- level found in control flukes. Figure 7 shows that the
vation mediated through the regulatory component cAMP level in the forskolin-treated flukes remained

of the system is complex. Figure 6 shows the effect of elevated throughout the 45-min incubation period.
forskolin on sodium fluoride activation of adenylate This is in contrast to the previously described effect

cyclase. At low sodium fluoride concentrations, the of 5-HT incubation on cAMP levels which after rising

addition of forskolin increased adenylate cyclase sharply quickly decreased back towards control
fietivity to levels which were slightly more than addi- values [2]. The increased cAMP levels in forskolin-
tive. At high sodium fluoride concentrations, treated flukes was concentration dependent. Table 2

however, addition of forskolin decreased enzyme shows that incubation with 3()0_tM forskolin gave
activity. Forskolin also affected the activation of the maximum increase in cAMP. This concentration

adenylate cyclase by guanine nucleotides. Table 1 dependence was similar to that found for forskolin
shows that activation of adenylate cyclase by activation ofadenylate cyclasein fluke particles (Fig.

Table I. Effecl o( forskolin on actixation of fluke adenylatc cvclase bv
CgplqNI lip and (tI'p_,_*

Adenylate cyclase
activity Expected activity

Assay conditions ( pnlolcs/ntP, .nlin) if additive

No additions (basal conditionsl 6.5
Forskolin 120

1 .M (;pp(Ni|)p -t5
t !+M (;ppt N 111p + torskolin 170 1_5
10 ,M (ipptNHlp 1 I(t
I0tiMGpp(NII)p + forskolin 22(I 230
lllI) !till ( ;pplN! lip 130
II_) ltM (Jpp( N I tip + fi>rskolin 220 250
100 nM GTI'7S 450
lifonM OTPyS 4- forskolin 360 570
I ItM (; l'pYS I(XXI
I HM (;TPyS + forskolin 720 112t)
Ill IdM (;TI'yS I Illll
10 ttM (;Tl'yS t Iorskolin 8qll I ??ll

* Fluke p;u IMcs were assayctl Ior adcnylate cyclasc activity as dcscril_ed in
Methods and Materials under the assay conditions indicated. The concentration
t)[ forskolin used was 10(I.itM. The values given are means from duplicate
samples of a representative experiment.
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l'.dqc 2. I:lfccl of folskolin ou cAMP levels ill intact flukes and fluke motility [131. An increase in cAMP levels
was not observed after incubation with LSD at cox)-

[cAMP] in intact flukes centrations which markedly enhanced fluke motility.
(pmoles/mg protein) However, in the presence of 3-isobutyl-l-methyl-

I,'llikkolin ...................................... xanthilxe or Iorskolixl. fluke cAMP levels were
(M) l-xpi, l l-'_Xlli.2 increasedby the additionof LSD.

None 43.9 26.4
I11_ 1_'_.7 26.4 III_I'USSIIiN
lit _ t_9.7 37. !
3 x 10 4 128.6 43.5 The liver fluke Fasciola hepatica contains a very
III _ 106.0 40.0 active adenylate cyclase that is controlled by at least

two membranous components, serotonin receptors _
* Liver flukes were incubated at 37° in media containing and GTP-proteins [1-3, 14]. Enzyme activity is acti-

the indicated concentrations of forskolin. A stock solution rated by serotonin and its agonists through the recep- ':_
olILOlMforskolinin95%ethanolwasusedtopreparethe
indicated Ctlllt'¢nll'lilltlus. Thus, the Iiual concentration of tors, and by the hydrolysis-resistant GTP analogues
forskoliu in media cilntaiilcd a carryover amount oI ethanol through the GTP-llrotein. The ditcrpenc, forsktllin,
(e.g. 11.1195%in the case of 10 5 M forskolin). After incu- was shown to activate adenylate cyclases from many
bat)on for 5 min in Expt. 1or 15min in Expt. 2, the cAMP sources and to potentiate receptor-mediated act)-
content of the flukes was determined by radioimmunoassay vat)on of the enzyme [15]. The results presented
as described in Methods and Materials. The results given here clearly show that forskolin activated adenylate
are mean values from duplicate samples, cyclase in membrane particles from the liver fluke,

and that it raised the level of cyclic AMP in intact
organisnls. Neither effect appears to be receptor-

1). Also similar was the finding that LSD and for- mediated since activation was not blocked by bromo-
skolin acted together synergistically to increase LSD, a potent antagonist of the serotonin receptors
cAMP levels in the intact flukes (Table 3, Expt. 2). in this system [2, 3]. Furthermore, forskolin showed ':
These findings suggest that the increases in cAMP no effect on the binding of [3H]LSD to the serotonin
levels due to forskolin are the direct result of forsko- receptors in the fluke particles. The diterpene, how-
lin's activation of adenylate cyclase, ever, was shown to potentiate receptor-mediated

cAMP and fluke motility. During the course of activation of the enzyme by serotonin or by LSD,
these studies, it was found that the incubation of Forskolin increased maximalserotonin response and _
intact flukes with forskolin at concentrations above lowered the apparent Ka for activation by the in-
50#aM markedly stimulated their rhythmical move- doleamine. Forskolin, therefore does not seem to
inent. Previous reports [2] from our laboratory sug- require the serotonin receptors for its action but
gested a correlation between increased cAMP levels could modulate the regulation of the cyclase by the
caused by serotonin and increased fluke motility, indoleamine. The effect on the fluke cyclase system ,:
This is consistent with the present finding shown here appears to be similar to what was reported on ,i
in Table 3 indicating that increased fluke motility receptor-activated adenylate cyclase from mare-
occurred at forskolin concentrations where increased real)an cells. The exact locus of forskolin action in
cAMP levels were found. Furthermore, it can be all these enzyme systems remains to be elucidated.
seen in Table 3 that incubation of flukes with 5-HT The discovery by Seamon and Daly 116] that a normal
or with 3-isobutyl-l-methylxanthine, a phospho- GTP-protein is not required for forskolin activation
diesterase inhibitor, also increased both cAMP levels of adenylate cyclase in the eye- mutant of $49 mouse

Table 3. Effects of forskolin and other agents on cAMP levels and motility in
intact flukes' ,

[cAMPI
Expt. Incubation conditions (pmoles/mg protein) Motility

l Control 34 1+
1mM5-HT 650 4+
100/_M Forskolin 91 3+

2 Control 45 1+
100_M Forskolin 68 3+ i
1#M LSD 47 4+
1/aM LSD + 100#M forskolin 93 4+

3 Control 41 1+ i
2mMIBMX 64 3+
2mMIBMX+ l #MLSD 76 4+

* Liver flukes were incubated at 37* for 5 rain under the specified conditions. -_
Following incubation, the flukes were analyzed for motility using a subjective scale
ranging from 1+ (little or no movement) to 4+ (very marked undulations and
constant hyperactive movement) as we described previously [2, 13]. The cAMP

content of the flukes was determined by radioimmunoassay as described in Methods _i_and Materials. The results given are the means of duplicate samples
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lymphoma while guanine nucleotides modify for- The dual effect of forskolin on motility and cAMP
skolin-activated cyclase from the same cells [17] levels in the flukes may further implicate the cyclic
introduced uncertainty about the site of action of the nucleotide in the neuromuscular function of these
diterpene. More recently, Gpp(NH)p was shown to parasites.
inhibit the forskolin-activated cyclase in rat adipo-
cyte membranes [18], giving the nucleotide an inhibi- RE_lgnENCES
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