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ing the process of host cell invasion during the 
erythrocytic cycle ofP. falciparum. The prima- 
ry sequence of falcipain 1 is well conserved 
across the Plasmodium genus (26), making it a 
potentially useful new target for design of ther- 
apeutic drugs in all four plasmodial species that 
cause malaria in humans. Therapeutic agents 
that are able to specifically prevent or slow the 
process by which merozoites infect new cells 
are likely to disrupt the development cycle and 
allow time for the host immune response to 
destroy the extracellular parasite. 
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Signaling of Rat Frizzled-2 Through 
Phosphodiesterase and Cyclic GMP 

Adriana Ahumada,1 Diane C. Slusarski,2 Xunxian Liu,1 
Randall T. Moon,3 Craig C. Malbon,1 Hsien-yu Wang4* 

The Frizzled-2 receptor (Rfz2) from rat binds Wnt proteins and can signal 
by activating calcium release from intracellular stores. We show that wild- 
type Rfz2 and a chimeric receptor consisting of the extracellular and trans- 
membrane portions of the ,32-adrenergic receptor with cytoplasmic domains 
of Rfz2 also signaled through modulation of cyclic guanosine 3',5'-mono- 
phosphate (cGMP). Activation of either receptor led to a decline in the 
intracellular concentration of cGMP, a process that was inhibited in cells 
treated with pertussis toxin, reduced by suppression of the expression of the 
heterotrimeric GTP-binding protein (G protein) transducin, and suppressed 
through inhibition of cGMP-specific phosphodiesterase (PDE) activity. More- 
over, PDE inhibitors blocked Rfz2-induced calcium transients in zebrafish 
embryos. Thus, Frizzled-2 appears to couple to PDEs and calcium transients 
through G proteins. 
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The Wnt proteins are secreted signaling pro- 
teins that play diverse roles in cell polarity, 
cell proliferation, and specification of cell 
fate (1-3). Wnt proteins signal through friz- 
zled (Fz) gene products (4, 5), members of 
the superfamily of G-protein-coupled recep- 
tors (GPCRs) (6-8). Wnt-Fz family mem- 
bers can be grouped into functionally distinct 
classes. Activation of the Wnt-p-catenin 
pathway increases nuclear accumulation of 
the Lef-Tcf transcriptional coactivator 
P-catenin (1, 2, 9), thus activating transcrip- 
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tion (10-14). The Rfz2 receptor, by itself, 
transduces binding of Wnt-5A to increases in 
intracellular calcium release (15) and activa- 
tion of calcium-calmodulin-dependent pro- 
tein kinase II (16, 17) and protein kinase C 
(18) without appreciably activating the ca- 
nonical Wnt-p-catenin pathway. Because pu- 
rified, active Wnt proteins are not available 
for analysis of Rfz2 receptor function, we 
engineered a chimeric receptor to substitute 
the three cytoplasmic loops and the COOH- 
terminal tail of the Rfz2 receptor for the 
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corresponding regions of the hamster 32- 

adrenergic receptor (P2AR) (19). The Rfz2 
chimeric receptor, whose cytoplasmic do- 
mains display no similarity to that of P2AR 
(fig. S1A) (20), is functional insofar as it 
couples to calcium mobilization (19) and to 
rapid activation of calcium-calmodulin-de- 
pendent kinase II (16), as does the wild-type 
Rfz2. 

For functional analysis of Rfz2 signal- 
ing, we expressed the Rfz2 chimera in 
mouse totipotent F9 teratocarcinoma cells 
and in Chinese hamster ovary (CHO) cells 
that lack endogenous P2AR. We identified 
stable transfectants expressing the Rfz2 
chimera in CHO clones by reverse tran- 
scription (RT) and polymerase chain reac- 
tion (PCR) amplification (fig. S1B) (19, 
20), immunoblotting with antibodies to 
P2AR (fig. SIC) (19, 20), and specific 
binding of the P2AR antagonist [125I]iodo- 
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Fig. 1. Expression of GAt2 A B - links the Rfz2 chimera to s 
changes in intracellular con- Blocking 
centrations of cGMP. (A) Pro- peptide 8- 
teins from crude membranes 0 0.1 5 jig/ml kD 7 
prepared from F9 cells were, 7 
subjected to SDS-polyacryl- 115 X 6 
amide gel electrophoresis and c 5- 
transferred to nitrocellulose. 93- 
The blots stained with anti- ( 4- 
bodies specific for G(xt2. Anti- 
bodies to Gat2 were incubat- 
ed in advance without or with ii. 2 
immunizing peptide (0.1, 1.0, 1 
and 5.0 Jig/ml) used to create 50 - :. . . 0 
the antibody. (B) Intracellular 
concentrations of cGMP were . Gat2 
determined in wild-type F9 
cells and clones expressing the 
Rfz2 chimera receptors treat- 
ed with 10 ILM isoproterenol. 36 
Clone p2AR/Rfz2.2 was ana- 
lyzed for intracellular concen- 
trations of cGMP. Data shown 9 
are mean values ? SEM from 
three experiments. Asterisks 
denote differences from the 
level at time 0 with a P value of <0.05 (SigmaStat software, SPSS Science). 
(C) Measurements of intracellular Ca2+ with Fura-2. Clones expressing 
either the Rfz2 chimera receptor or harboring the empty vector (EV) were 

cyanopindolol (ICYP) (fig. S1D) (20). The 
pharmacological properties of the Rfz2 chi- 
mera measured by binding of the labeled 
antagonist ICYP were very similar to those 
of native [2AR (fig. S1E and table S1) 
(20); however, the chimeric receptor did 
not stimulate cyclic adenosine 3',5'-mono- 
phosphate accumulation (19), as does the 
native P2AR (7). Depletion of the G protein 
a subunit Gat2 abolished signaling of the 
Rfz2 receptor in mouse F9 cells (19). This 
putative role of Goat2 was surprising, be- 
cause GoLtl and Got2 are expressed pre- 
dominantly in visual tissues (21). There- 
fore, we explored Gat2 expression in 
mouse F9 and in CHO cells. As analyzed 
by RT-PCR amplification, we observed 
Gat2 expression in both of these embryonic 
cell lines (fig. S2A) (20). Direct sequencing 
of the PCR products confirmed the identity 
of Gott2 (22). We also analyzed Gat2 pro- 
tein expression in crude membrane frac- 
tions prepared from mouse F9 cells with 
immunoblotting by using Gat2-specific 
polyclonal antibody to peptide (Fig. 1A). 
Immunoreactivity was observed with a rel- 
ative mobility of Gct2 (-40 kD). The com- 
peting peptide used as the immunogen ef- 
fectively blocked recognition of the puta- 
tive Gat2 by the antibody to Gat2 in a 
dose-dependent manner (Fig. 1A). Immu- 
noblots of F9 cells as well as CHO cells 
that were transiently transfected with a 
mammalian expression vector harboring 
the Q204L (Gln204 to Leu) mutant form of 
Gat2 demonstrated the appearance of addi- 
tional -40-kD immunoreactive material 
(22). Thus, at the RNA and protein levels, 
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incubated with Fura-2 acetoxymethyl ester and washed, and [Ca2+]i was 
measured over 200 s after activation of the chimera with isoproterenol (10 
FiM, +Iso). Data presented are typical traces of [Ca2+],. 

Fig. 2. Effects of per- A C - Wnt5A 
tussis toxin and con- 120 200 
stitutively activated -- EV 
Gcxt2 on intracellu- 100- ^ Rfz2 
lar concentrations of 80- 1 * 
cGMP. (A) F9 clones * 
expressing the Rfz2 60\ 

- 

chimera were treat- o 40* '-\ 
ed with pertussis * 
toxin (Pt) (10 ng/ml) \ 
overnight and then o 

Iso - - 50- treated with isopro- so - + 
terenol (10 ,uM Iso). PT - - + + 

(B) F9 clones were B 
transiently trans- 04 2 3 4 
fected with an ex- Time (hours) 
pression vector har- g 0.3- 
boring the constitu- D 160 
tively activated mu- 0 140- 
tant form Q204L of I 0.2 
Gat2 (Gct2QL). As- 120- 
terisks denote differ- 0.1- 100- 
ences from the wild- * 10 
type cells in the ab- 80 
sence of isoprotere- Io - + 60- 
nol with a P value of 02AR/Rfz2 EV Gat2QL 40- 
<0.05. (C) F9 clones 
expressing Rfz2 receptor or the empty vector (EV) 20 
were treated with conditioned medium from F9 0 
clones stably transfected with Xwnt5A or EV diluted Conditioned EV Wnt5A Wnt5A Wnt5A 
in nine parts of conditioned medium of target Rfz2- medium Ab Ab Ab 
expressing clones. Intracellular concentrations of (1:200) (1:100) 
cGMP were monitored over 6 hours after the addi- 
tion of the Wnt5A-containing medium. (D) F9 cells were treated with conditioned medium from 
Xwnt5A-secreting clones that were subjected or not subjected to immunodepletion with antibodies 
to Wnt5A (R+D Systems) at a dilution of 1:100 or 1:200. Replicates with nonimmune serum were 
not prepared. Results are presented as mean values ? SEM of at least four experiments. Asterisks 
denote P < 0.05 for difference from the mean value of the empty vector. 

Gott2 appears to be expressed in both F9 amined the effects of activation of the Rfz2 
and CHO cells. chimera on the intracellular concentration 

Because the only known effector for of cGMP in F9 cells. Stimulation of the 
Gat is a phosphodiesterase (PDE), we ex- Rfz2 chimera with the 32AR agonist iso- 
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proterenol resulted in decreased concentra- 
tion of intracellular cGMP within the first 
minute after administration (Fig. 1B). We 
investigated three independent Rfz2 chime- 
ra-bearing F9 clones and each displayed a 
similar response (fig. S2B) (20). cGMP 
concentrations in wild-type F9 cells, in 
contrast, were unaffected by treatment with 
isoproterenol. Stimulation of Rfz2 leads to 
an increase in intracellular calcium concen- 
trations in zebrafish embryos (15, 19, 23), 
as did activation of the Rfz2 chimera in F9 
cells (Fig. 1C). The cGMP response in F9 
cells was dose responsive with respect to 
isoproterenol, achieving maximal stimula- 
tion at 1 FLM (fig. S2C), similar to dose- 
responses curves for other Rfz2 chimera- 
mediated responses (19, 20). 

Gat2, a member of the Gxi-protein family, 
is a substrate for pertussis toxin-catalyzed in- 
activation (7). Therefore, we investigated the 
effects of toxin treatment on the Rfz2 chimera- 
mediated cGMP response. Treating F9 cells 
with pertussis toxin overnight attenuated by 
>85% the decline in cGMP concentration not- 
ed in response to activation of the chimeric 
Rfz2 (Fig. 2A). Also, expression of the consti- 
tutively active Q204L mutant of Gat2, which 
lacks intrinsic guanosine triphosphatase activi- 
ty, provoked a decline in the steady-state con- 
centration of intracellular cGMP (Fig. 2B), 
demonstrating another direct linkage between 
Gat2 and cGMP levels in these mammalian 
embryonic carcinoma cells. 

F9 cells expressing the wild-type Rfz2 
receptor responded to conditioned medium 
from Wnt-5A-secreting F9 cells with a 
change in intracellular cGMP levels (Fig. 
2C). The time course of the cGMP response 
to Wnt-5A-containing conditioned medium 
was slower than the response observed for 
activation of the Rfz2 chimera. We ob- 
served an initial increase in cGMP levels 
within 30 min of challenge in Rfz2-ex- 
pressing cells (as well as F9 cells lacking 
Rfz2 receptors), which suggests that other 
components in the conditioned medium 
could activate guanylyl cyclase. Over time, 
the cGMP response to Wnt-5A attenuated, 
a phenomenon that might reflect degrada- 
tion of the Wnt ligand. Treating the condi- 
tioned medium from the Wnt-5A-express- 
ing cells with antibodies to Wnt-5A result- 
ed in immunodepletion of Wnt-5A from the 
medium and loss of the cGMP response 
(Fig. 2D). Treatment with conditioned me- 
dium from Wnt-8-expressing F9 cells 
failed to stimulate a decrease in the con- 
centration of cGMP (22). 

Guanosine triphosphate (GTP) stimu- 
lates the activation and dissociation of 
GPCR from their cognate G proteins, which 
results in a decrease in the affinity of the 
receptor for agonist (Fig. 3A). Agonist 
competition curves for Rfz2 chimera dis- 

played an agonist-specific shift in receptor 
affinity in the presence of the hydrolysis- 
resistant analog of GTP, guanosine 5'-0- 
(3'-thiotriphosphate) (GTP-y-S) (50 FLM, 
Fig. 3B). These data are consistent with a 
molecular interaction between Rfz2 chime- 
ra and G proteins. Overnight treatment of 
cells with pertussis toxin attenuated the 
GTP-induced shift, implicating pertussis 
toxin-sensitive members of the Goi family 
(for example, Gail, -2, -3; Gao; and Gat). 
Depletion of Gat with antisense ODNs pro- 
duced a rightward shift in the agonist com- 
petition curve in the absence or presence of 
GTP-,y-S (Fig. 3C), whereas depletion of an 
unrelated G protein, Gas, did not alter the 
agonist-specific shift of Rfz2 chimera af- 
finity in response to GTP-y-S (Fig. 3D), 
although the antisense oligodeoxynucleo- 
tides (ODNs) suppressed the expression of 
these G protein at subunits by 60% to 90% 
(fig. S3) (20). 
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Fig. 3. Sensitivity of agonist binding of Rfz2 chimera to pertussis toxin and to suppression of Gat2. 
(A) Crude membranes were prepared from CHO clones expressing the Rfz2 chimera and assayed 
for the ability of isoproterenol to compete in radioligand binding assays with the labeled antagonist 
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of cGMP (Fig. 4C). Furthermore, the Rfz2- 
mediated decline in cGMP was abolished in 
the presence of the PDE inhibitors. When 
cells were treated at higher concentrations 
of PDE inhibitors (10 pM dipyridamole or 
zaprinast), cGMP levels increased two- to 
threefold over basal levels (22). Staining 
with the TROMA-1 monoclonal antibody 
that recognizes cytokeratin endo A, a hall- 
mark of PE, showed that the inhibitors 
blocked PE formation in response to acti- 
vation of the Rfz2 chimera with isoproter- 
enol (Fig. 4D, table S2) (20). 
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representative of at least three experiments (20). 
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and subsequently extend and narrow the 
embryo along the anterior-posterior (A-P) 
axis. Genetic mutations for components of 
the Wnt-Ca2+ pathway have been identi- 

Fig. 5. PDE inhibitors block Wnt-Rfz2 signal- 
ing in zebrafish embryos. Rfz2 mediates Ca2+ 
transients of zebrafish embryos, and these 
changes in intracellular calcium were moni- 
tored with Fura-2. Ratio image data collected 
from live embryos were processed by a sub- 
tractive analog to generate a profile of calci- 
um transients. Calcium release composites 
from embryos injected without Rfz2 RNA (A), 
with Rfz2 RNA alone (B), or with Rfz2 RNA in 
combination with 50 pM dipyridamole 
(-100 pi) (C) or 10 FlM zaprinast (-100 pl) 
(D). A representative embryo is shown for 
each condition. Panels provide a two-dimen- 
sional topographic representation of the lo- 
cation of all the calcium fluxes that occurred 
during the sampling session (50 min). Peaks 
and pseudocoloration represent the number 
of calcium transients that map to the loca- 
tion of the embryo. The embryo is imaged in 
the lateral orientation. For pseudo-coloring, 
purple is low (1) and red is high (>25), with 
peaks representing regions of high activity. 
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Fig. 6. Altered A-P axis length after inhibition 
of PDE. Zebrafish embryos treated with PDE 
inhibitor were examined for alteration to A-P 
axis length by whole mount in situ. Dorsal 
view of the trunk region of six- to eight- 
somite stage embryos labeled with the 
somitic marker MyoD. Anterior to the left and 
arrows demarcate the lateral domain of 
MyoD expression in one pair of somites in 
wild type (A) and in embryos soaked in 5 to 
10 piM dipyridamole (B). Reduced extension 
of the A-P axis is apparent by the increased 
density of somites. Dashed lines highlight the 
length from somite 1 to 6. Somites are 
packed closer together; thus, the distance is 
reduced in PDE inhibitor-treated embryos 
(see fig. S4, B and C). Full details of the 
whole-mount in situ analysis of MyoD ex- 
pression and alterations in morphology are 
provided in (20). 
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fled and have been shown to function in 
zebrafish gastrulation movements (25, 26). 
As Wnt activity can stimulate calcium re- 
lease through activation of Rfz2 (15, 23), 
we tested whether loss of PDE activity 
would cause defects in cell movement. Em- 
bryos treated with the PDE inhibitors dipy- 
ridamole and zaprinast during gastrulation 
stages lacked extension along the A-P axis, 
a hallmark for cell movement defects dur- 
ing gastrulation, which results in transient 
reduction of body length (Fig. 6, table S3) 
(20). Decreased dorsal convergence was 
demonstrated by the medial-lateral broad- 
ening of MyoD expression, a somite marker 
(27). Relative to wild type (Fig. 6A), we 
observed severe lateral expansion of MyoD 
expression or epiboly defects in 76% of 
embryos incubated at doses of 10 FJM di- 
pyridamole (Fig. 6B) (n = 38). We ob- 
served moderate defects in embryos (fig. 
S4A) incubated in lower doses (fig. S4B) 
(20) (n = 90) and less severe defects in 
zaprinast-treated embryos (fig. S4C) (20) 
(n = 84). Reduced extension of the A-P 
axis is apparent by the increased density of 
somites. Dashed lines highlight the length 
from somite 1 to 6. Somites are packed 
closer together, and thus the distance is 
reduced in PDE inhibitor-treated embryos 
(Fig. 6, A and B; fig. S4, B and C). The full 
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details of the whole mount in situ analysis 
of MyoD expression and alterations in mor- 
phology are provided in (20). 

This work identifies a novel role for a 
signaling pathway that largely was thought 
to be confined to the visual pathway. Our 
data reveal a key role of PDE and of cGMP 
in Wnt-Frizzled signaling (fig. S5) (20). 
Activation of Rfz2 by Wnt5A leads to ac- 
tivation of G protein-mediated downstream 
signaling, culminating in the activation of 
phospholipase C and PDE, integrating cal- 
cium and cGMP signaling. 
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Circadian clocks are influenced by social interactions in a variety of species, 
but little is known about the sensory mechanisms underlying these effects. 
We investigated whether social cues could reset circadian rhythms in 
Drosophila melanogaster by addressing two questions: Is there a social 
influence on circadian timing? If so, then how is that influence communi- 
cated? The experiments show that in a social context Drosophila transmit 
and receive cues that influence circadian time and that these cues are likely 
olfactory. 
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Circadian clocks in animals regulate the 
timing of molecular, physiological, and be- 
havioral rhythms. Environmental features 
such as photoperiod and temperature cycles 
reset these biological oscillators, enabling 
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anticipation of dawn, dusk, and season (1- 
6). Other kinds of cues ("nonphotic") also 
influence clock time (7). For example, 
studies on humans (8), rodents (9), fish 
(10), and bees (11) have demonstrated so- 
cial influences on rhythmicity, but under- 
lying sensory mechanisms remain unex- 
plained. It is nonetheless clear that multiple 
sensory pathways transmit ambient tempo- 
ral information from the periphery to clock 
cells in the brain (7). 

We investigated social influence on circadi- 
an timing in the fruit fly Drosophila melano- 
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gaster. We initially hypothesized that the circa- 
dian phases [marked by the peak of locomotor 
activity in DD (constant darkness)] would be 
more coherent for Drosophila living together 
(group-housed) than those of isolates, because 
groups of flies might agree about the time of 
day even without photic cues. Locomotor ac- 
tivity rhythms from group-housed wild-type in- 
dividuals were compared to those of sibling 
isolates. After an initial 5 days in 12 hours of 
light and 12 hours of dark (LD 12:12), isolates 
and group-housed subjects were maintained for 
2 weeks in DD. Isolates were then placed in 
activity monitors, whereas the group-housed 
flies were separated and monitored in DD to 
assess the effects on individual rhythmicity 
(12). 

The effect of this treatment on phase 
coherence was analyzed with the use of 
circular statistics (Fig. 1A) (13, 14). The 
resulting vector angle indicates the mean 
peak time for each group, and its magnitude 
indicates phase coherence, with longer tails 
denoting a tighter distribution of phase es- 
timates around the day (0, no correlation; 1, 
perfect correlation) (13, 14). The differ- 
ence in phase coherence was significant (P 
= 0.02), and there was no effect on phase 
angle (timing) (P = 0.64), suggesting that 
the clocks of group-housed individuals in 
DD are more synchronized than those of 
isolates (12). 
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