
may be achieved by repetitive induction of
LTP or LTD that counteracts the reversal
action of spontaneous activity. We hypothe-
sized that, whereas one episode of induction
stimuli fails to induce persistent synaptic
modifications, repetition of induction epi-
sodes in a “spaced” manner might result in
persistent synaptic modifications, and the ex-
tent of stable modification might depend on
the spacing of the induction episodes (Fig.
4A). We tested this hypothesis on TBS-
induced LTP at retinotectal synapses. The
magnitude of LTP is saturated when the total
number of bursts in the TBS exceeded 20.
However, synaptic potentiation induced by
TBS (60 bursts) was completely abolished by
20 min of spontaneous activity (in c.c.), in-
terrupted briefly three times for monitoring of
EPSCs, after the induction of LTP (Fig. 4B).
This reversal of synaptic potentiation was not
due to deleterious neuronal or synaptic con-
ditions, because subsequent TBS (20 bursts)
was fully effective in inducing LTP to a
similar extent (Fig. 4B). In contrast to the
“massed” TBS (60 bursts) in one induction
episode, spaced application of three episodes
of TBS (20 bursts each) within the 20-min
period counteracted the effect of spontaneous
activity, resulting in persistent synaptic po-
tentiation. Residual potentiation resulting
from each TBS episode accumulated when
the subsequent TBS episode was applied be-
fore the reversal was completed (Fig. 4C)
(11). Spaced TBS was effective in producing
stable LTP, to a level that occluded further
potentiation by subsequent TBS application
(Fig. 4D). Furthermore, when the interval
between TBS episodes increased beyond an
optimal interval of 5 min, the extent of sta-
bilization became progressively diminished
(Fig. 4E). Finally, we tested whether moving-
bar stimulation with a spaced rather than a
massed pattern could lead to the long-lasting
appearance of directional sensitivity in tectal
neurons (11). Preference toward the trained
direction was found in 12 out of 25 tectal
neurons that were trained with the spaced
pattern, whereas no preference was observed
in 15 out of 15 cells that were trained with the
massed pattern of stimuli (Fig. 4F).

Our results demonstrate the disruptive influ-
ence of spontaneous activity on experience-
induced synaptic modifications in vivo and sug-
gest the existence of a temporal constraint on
the pattern of visual inputs necessary for induc-
tion of stable synaptic modifications. Because
the developing visual system is highly modifi-
able by light exposure (13, 14, 31), the suscept-
ibility of synaptic modification to reversal by
spontaneous activity may serve as a protec-
tive mechanism against long-lasting synaptic
changes triggered by incidental episodes of cor-
related activity. In the face of this susceptibility,
a spaced pattern of visual inputs becomes es-
sential for stable synaptic modifications.
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Translation of Polarity Cues into
Asymmetric Spindle Positioning in
Caenorhabditis elegans Embryos
Kelly Colombo,1 Stephan W. Grill,2 Randall J. Kimple,3

Francis S. Willard,3 David P. Siderovski,3 Pierre Gönczy1*

Asymmetric divisions are crucial for generating cell diversity; they rely on
coupling between polarity cues and spindle positioning, but how this coupling
is achieved is poorly understood. In one-cell stage Caenorhabditis elegans
embryos, polarity cues set by the PAR proteins mediate asymmetric spindle
positioning by governing an imbalance of net pulling forces acting on spindle
poles. We found that the GoLoco-containing proteins GPR-1 and GPR-2, as well
as the G� subunits GOA-1 and GPA-16, were essential for generation of proper
pulling forces. GPR-1/2 interacted with guanosine diphosphate-bound GOA-1
and were enriched on the posterior cortex in a par-3– and par-2–dependent
manner. Thus, the extent of net pulling forces may depend on cortical G�
activity, which is regulated by anterior-posterior polarity cues throughGPR-1/2.

The mechanisms that establish cell polarity
are increasingly well understood, but rela-
tively little is known about how polarity cues
are translated into appropriate spindle posi-
tioning (1, 2). The PAR proteins, which are
essential for cell polarity across metazoan
evolution (3), were originally identified in the
nematode C. elegans (4), where they estab-
lish polarity along the anterior-posterior (AP)

axis after fertilization. During mitosis in one-
cell stage C. elegans embryos, PAR proteins
govern an imbalance of forces acting along
astral microtubules and pulling on spindle
poles (5). As a larger net force pulls on the
posterior spindle pole, the spindle elongates
asymmetrically and the first division is un-
equal. The components required for the gen-
eration of pulling forces have not yet been
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established, nor has the mechanism by which
AP polarity is translated into differential net
forces exerted on the two spindle poles.

Simultaneous inactivation of the genes en-
coding G� subunits GOA-1 and GPA-16 in
one-cell stage C. elegans embryos causes an
equal first division with no apparent polarity
defects (6), which indicates that G� signaling
is required downstream of the PAR proteins
or in a parallel pathway to mediate proper
spindle positioning. Such a role may be evo-
lutionarily conserved. While Drosophila G�i

and the interacting GoLoco (G�i/o-Loco)–
containing protein Pins play a role in main-
taining polarity cues (7–9), they also function
in conjunction with the PAR-3 ortholog Ba-
zooka and associated components to direct
spindle positioning (10). The nature of the
forces governing asymmetric spindle posi-
tioning has not been investigated in Drosoph-
ila, precluding analysis of the consequences
of G� inactivation at the biophysical level.

We performed an RNA interference (RNAi)–
based functional genomic screen to identify cell
division components in C. elegans (11) and
uncovered two genes, gpr-1 and gpr-2 (G pro-
tein regulator), whose inactivation caused a
striking spindle-positioning defect in one-cell
stage embryos. Because gpr-1 and gpr-2 are
�97% identical at the nucleotide level (12),
they are likely both silenced when either gene is
targeted by RNAi, as is the case for other gene
pairs so closely related (13). gpr-1 and gpr-2
encode essentially identical 525–amino acid
proteins harboring a coiled-coil domain (resi-
dues 186 to 213) and a GoLoco motif (residues
425 to 445).

In wild-type one-cell stage embryos (Fig.
1, A to C) (movie S1), the spindle elongates
asymmetrically toward the posterior during
anaphase, accompanied by vigorous trans-
verse movements of the posterior spindle
pole, which flattens at telophase. As a result,
the first division is unequal, generating a
larger anterior blastomere and a smaller pos-
terior one. In gpr-1/2(RNAi) one-cell stage
embryos (Fig. 1, D to F) (movie S2), the
spindle did not elongate asymmetrically dur-
ing anaphase in 25 of 30 cases. As a result,
the first division was equal, generating two
blastomeres of identical size. In the other five
gpr-1/2(RNAi) embryos, the posterior spindle
pole underwent weak posterior displacement,
which, although clearly distinguishable from
the wild type, resulted in unequal first divi-
sion (14). In all gpr-1/2(RNAi) embryos,
transverse movements of the posterior spin-
dle pole and its flattening at telophase did not
take place. Other defects were apparent when
gpr-1 and gpr-2 were inactivated by RNAi,
including aberrant centrosome and spindle
positioning in two-cell stage embryos as
well as occasional chromosome segregation
defects (movie S2).

To determine whether the lack of posteri-
or spindle displacement in one-cell stage gpr-
1/2(RNAi) embryos resulted from defective
AP polarity cues, we examined the distribu-
tion of PAR-6, PAR-3, PAR-2, and PAR-1,
which are asymmetrically distributed along
the AP axis in the wild type (15–18). We
found that all four PAR proteins were cor-
rectly distributed in gpr-1/2(RNAi) embryos
(fig. S1). Moreover, the distribution of P
granule ribonucleoproteins and of the germ-
line protein PIE-1, which are restricted to the
posterior of wild-type one-cell stage embryos
in response to polarity cues (19, 20), was not
altered (fig. S1) (14). Thus, lack of posterior
displacement in gpr-1/2(RNAi) embryos was
not due to defective AP polarity, and GPR-
1/2 act downstream of the PAR proteins or in

a parallel pathway to mediate proper spindle
positioning.

Because the phenotype of gpr-1/2(RNAi)
embryos is indistinguishable from that of
goa-1/gpa-16(RNAi) embryos (6), and be-
cause other GoLoco-containing proteins
regulate G�i or G�o activity (21–23), we
reasoned that GPR-1/2 may be required for
G� signaling in C. elegans embryos. Consis-
tent with this view, simultaneous depletion of
gpr-1, gpr-2, goa-1, and gpa-16 did not result
in more severe phenotypic manifestations
(14). Furthermore, as for goa-1/gpa-
16(RNAi) embryos (6), inactivation of the G�
subunit gpb-1 or of the G� subunit gpc-2 did
not rescue the phenotype of one-cell stage
gpr-1/2(RNAi) embryos (14), which demon-
strates that the spindle-positioning defect is not
caused by excess G�/G� activity.

We investigated whether GPR-1/2 physi-
cally interact with GOA-1 and/or GPA-16.
Using a yeast two-hybrid assay, we detected
an interaction with GOA-1 but not with GPA-
16 (Fig. 2A). Similarly, glutathione S-trans-
ferase (GST)–GPR-1 bound to GOA-1 in a
GST pull-down assay (Fig. 2B) but did not
exhibit interaction above background with
GPA-16 (14). The lack of detectable interac-
tion between GPR-1 and GPA-16 in these
assays may reflect weaker binding affinity.
We used the GST pull-down assay to map the
domain of GPR-1 that mediates interaction
with GOA-1, and found it to reside within the
C-terminal–most 185 amino acids (Fig. 2B).
The GoLoco motif contained in this frag-
ment, which is identical in GPR-1 and GPR-
2, was sufficient for interaction (Fig. 2B).

To investigate the nucleotide dependence
of this interaction, we used a surface plasmon
resonance (SPR) binding assay to test the
ability of GOA-1 to bind to GST–GPR-1.
Before injection over SPR surfaces, recombi-
nant GOA-1 was first incubated with GTP-
�-S [guanosine 5�-O-(3�-thiotriphosphate)],
with guanosine diphosphate (GDP)–AlF4

– to
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 Fig. 1. GPR-1/2 are required for asym-
metric spindle positioning. (A and D)
Time-lapse DIC microscopy of wild-
type (A) and gpr-1/2(RNAi) (D) one-
cell stage embryos. In this and other
figures, anterior (0% egg length) is to
the left; arrowheads point to spindle
poles. Time elapsed is shown in min-
utes and seconds. Panels in (A) and (D)
are at same magnification; scale bar, 10
�m. (B and E) Tracings of anterior and
posterior spindle pole position of wild-
type (B) and gpr-1/2(RNAi) (E) embryo
displayed in (A) and (D), from spindle
assembly until 100 s thereafter. Verti-
cal dashed lines indicate starting posi-
tions of spindle poles. (C and F) Posi-
tion of anterior and posterior spindle
poles at the end of anaphase in 9 wild-
type embryos (C) and 10 gpr-1/
2(RNAi) embryos (F).
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mimic the transition state of GTP hydrolysis,
or with GDP alone. The GoLoco motif of
GPR-1 bound robustly to GOA-1–GDP
(binding affinity Kd � 0.31 �M, �2 � 44.3)
but exhibited no binding to GTP-�-S–bound
or AlF4

–-activated GOA-1 (Fig. 2C) (fig. S2).
Similar results were obtained with the C-
terminal–most 185 amino acids of GPR-1
(fig. S2). By analogy with other GoLoco-
containing proteins that specifically interact
with GDP-bound G� subunits (21–23), GPR-
1/2 likely function as guanine nucleotide dis-
sociation inhibitors. Because the loss of
GPR-1/2 caused a phenotype indistinguish-
able from that of GOA-1 and GPA-16, it
appears that the GDP-bound form of G�
subunits, rather than the GTP-bound form,
mediates spindle positioning in one-cell stage
C. elegans embryos.

We next used in vivo spindle-severing
experiments to investigate the extent of
astral pulling forces in the absence of gpr-1
and gpr-2 or of goa-1 and gpa-16. We cut
the spindle with a localized ultraviolet laser
microbeam and monitored the behavior of
spindle poles with the use of time-lapse
differential interference contrast (DIC) mi-
croscopy (24). After severing in the wild
type (Fig. 3, A, D, and E) (movie S3), the
peak velocity of the posterior spindle pole
was 	40% greater than that of the anterior
one, reflecting a larger net pulling force
(5). Moreover, the posterior spindle pole
traveled farther and underwent more exten-
sive transverse oscillations (5). After sev-
ering in gpr-1/2(RNAi) embryos (Fig. 3, B,
D, and E) (movie S4) (25), both spindle
poles achieved the same peak velocity after
severing, which was much less than that of
even the anterior spindle pole in severed
wild-type embryos. Moreover, the liberated
spindle poles hardly traveled and did not
undergo transverse oscillations. We found
essentially identical results in goa-1/gpa-
16(RNAi) embryos (Fig. 3, C to E) (movie
S5) (25). Impaired pulling forces are un-
likely to result from defective astral micro-
tubules, because the microtubule network
in fixed one-cell stage gpr-1/2(RNAi) or
goa-1/gpa-16(RNAi) embryos was indistin-

guishable from that in the wild type (Fig.
4J) (14). Thus, G� signaling is required to
generate substantial pulling force on spin-
dle poles during mitosis.

The spindle-severing experiments raised
the possibility that GPR-1/2, as well as
GOA-1 and GPA-16, also acted to ensure
an imbalance of pulling forces in response
to polarity cues, because residual forces in

gpr-1/2(RNAi) or goa-1/gpa-16(RNAi) em-
bryos were equal on both spindle poles. We
investigated whether the distribution of
GPR-1/2 may offer an explanation for this
observation. Antibodies to a peptide iden-
tical in GPR-1 and GPR-2 labeled the cell
cortex and the cytoplasm, as well as the
vicinity of centrosomes to a lesser extent
(Fig. 4, A to H) (fig. S3). All aspects of the

 

 

Fig. 2. GPR-1/2 interact with
GOA-1–GDP through the GoLoco
motif. (A) Two-hybrid experiment
using a histidine reporter to test
interaction between full-length
GPR-1 and GOA-1 or GPA-16;
plate contains 50 mM 3-
aminotriazol. (B) GST pull-down
experiment with in vitro translated
[35S]GOA-1 (arrowhead) and GST
fused to full-length GPR-1 (GST–
GPR-1/FL) or fragments thereof (GST–GPR-1/NT, residues 1 to 340; GST–
GPR-1/CT, residues 341 to 525; GST–GPR-1/GoLoco, residues 425 to 445).
Quantification of two experiments (including the one shown) indicates the
following average increases in radioactive material pulled down over GST
alone: GST–GPR-1/FL, 18.6 (SD � 2.6); GST–GPR-1/NT, 1.8 (SD � 1.1);

GST–GPR-1/CT, 14.0 (SD � 4.0); GST–GPR-1/GoLoco, 7.0 (SD � 1.9).
GST–GPR-1/FL pulled down 	10% of input material (14). (C) SPR binding
assay testing nucleotide dependence of interaction between GOA-1 and
GST–GPR-1/GoLoco; the y axis indicates specific binding (in relative reso-
nance units) as subtracted from background binding to GST alone.

Fig. 3. GPR-1/2, as
well as GOA-1 and
GPA-16, are required
for generation of astral
pulling forces. (A to C)
Time-lapse DIC mi-
croscopy sequence of
spindle-severing ex-
periments in wild-type
(A) (anterior is at the
lower left), gpr-1/
2(RNAi) (B), or goa-1/
gpa-16(RNAi) (C) one-
cell stage embryos.
The first frame in each
sequence corresponds
to the time of the last
laser shot (white bar
indicates location of
cut), the second frame
is 7.5 s later, the third
frame 7.5 s thereafter.
All panels are at same
magnification; scale
bar, 10 �m. (D) Trac-
ings of spindle pole
position corresponding
to sequences shown in
(A) to (C). Tracings
start at first laser shot
(20 s after beginning
of movies S3 to S5);
arrowheads indicate
time points corre-
sponding to frames in
(A) to (C). (E) Aver-
age peak velocities
achieved by anterior
and posterior spindle
poles after severing
[wild-type, n � 34,
values from (5); values
for gpr-1/2 (RNAi) and
goa-1/gpa-16(RNAi)
in (25)]. Error bars
show SEM at the 0.95 confidence interval.
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staining pattern were essentially abolished
in gpr-1/2(RNAi) embryos (Fig. 4I). Al-
though the distribution of GPA-16 has not
been reported, GOA-1 is present at the cell
cortex and the cytoplasm as well as in the
vicinity of centrosomes (6, 26), which sup-
ports the notion that GPR-1/2 function with
GOA-1 in vivo.

We analyzed the distribution of GPR-1/
2 in detail throughout the cell cycle. Corti-
cal GPR-1/2 were uniform in 67% (n � 60)
of prophase one-cell stage embryos (14) but
slightly asymmetric in 33% of them, with
more protein at the posterior cortex (Fig. 4,
A and B) (fig. S3). Between the end of
prophase and early anaphase, 96% of one-
cell stage embryos (n � 24) exhibited an
enriched distribution at the posterior cortex
(Fig. 4, C and D) (fig. S3). A similar
enrichment was also apparent early in the
cell cycle in the posterior blastomeres P1

and P2 at the two- and four-cell stages,
respectively (Fig. 4, E to H). We obtained
an identical distribution with antibodies
from another rabbit immunized against the
same peptide (14). To independently assess
the distribution of GPR-1 and GPR-2, we
generated transgenic animals expressing
GPR-2 fused to GFP, which exhibited a
distribution similar to that seen with anti-
bodies to GPR-1/2 (Fig. 4, K and L).

Both GPR-1 and GPR-2 lack discernible
protein motifs that may target them to the
plasma membrane. In contrast, both GOA-1
and GPA-16 harbor N-myristoylation sites,
raising the possibility that the presence of
GPR-1/2 at the cell cortex occurs through
interaction with membrane-tethered G� sub-
units. Consistent with this view, the cortical
distribution of GPR-1/2 was severely dimin-
ished in goa-1/gpa-16(RNAi) embryos [Fig.
4, M and N; average cortical/cytoplasmic
signal of 0.92 (SD � 0.30, n � 8) versus 1.75
in the wild type (SD � 0.26, n � 9)].

We used the cortical asymmetry of GPR-
1/2 to address whether they act downstream
of the PAR proteins or in a parallel pathway.
We focused on early two-cell stage embryos
in which the enrichment of GPR-1/2 at the
posterior cortex was easiest to score and ap-
parent in 81% of the wild-type embryos (n �
57; Fig. 4E). The cortical distribution of
GPR-1/2 was uniform in 100% of par-3 mu-
tant and par-2(RNAi) early two-cell stage
embryos (n � 24 and 17, respectively; Fig. 4,
O to R). Moreover, levels at the cell cortex
were stronger in par-3 mutant embryos than
in par-2(RNAi) embryos, as expected because
both daughter cells exhibit posterior-like fea-
tures in the absence of par-3 function and
anterior-like features in the absence of par-2
function (3). Analogous conclusions were

reached by examining one-cell stage embryos
(14). Furthermore, spindle-severing experi-
ments in embryos simultaneously lacking
par-3 function and gpr-1/2 function revealed
that gpr-1/2 are epistatic to par-3 for force
generation (25). Thus, gpr-1/2 act down-
stream of AP polarity cues to mediate proper
spindle positioning in one-cell stage embry-
os. par-2 and par-3 also control the distribu-
tion of the DEP domain–containing protein
LET-99 in a posterior cortical belt in one-cell
stage embryos (27). However, the first cleav-
age is unequal in let-99 mutant embryos (28),
which suggests that let-99 is not essential for
differential force generation during anaphase.

We propose a working model in which AP
polarity cues set by the PAR proteins trans-
late into distinct pulling forces on the two
spindle poles via differential activation of G�
signaling at the cell cortex (fig. S4). Because
there is more GPR-1/2 on the posterior cor-
tex, there is also more G� signaling, and a
larger net pulling force is exerted on the
posterior spindle pole. A fluctuation analysis
predicts that an imbalance of pulling forces
stems from a difference in the number of
cortical force generators pulling on astral mi-
crotubules, with 	50% more being present
on the posterior cortex (29). The posterior
enrichment of GPR-1/2 is of a similar extent
(fig. S3), which suggests that G� signaling at

Fig. 4. Cortical distribution of
GPR-1/2 is asymmetric and con-
trolled by polarity cues. Fixed
embryos from wild-type [(A and
B) early prophase one-cell stage;
(C and D) metaphase one-cell
stage; (E and F) early two-cell
stage; (G and H) early four-cell
stage], gpr-1/2(RNAi) [(I and J)
telophase one-cell stage], and
early two-cell stage GFP–GPR-2
(K and L), goa-1/gpa-16(RNAi)
(M and N), par-3(it71) (O and
P), and par-2(RNAi) (Q and R)
stained with antibodies to GPR-
1/2 (A to J, M to R) or GFP
(K and L) and to �-tubulin (pan-
els in right columns show GPR-
1/2 or GFP in red, �-tubulin in
green). All panels are at approx-
imately same magnification;
scale bar, 10 �m.
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the cell cortex is a rate-limiting step for force
generator function. Given that cortically lo-
calized G�i and Pins also dictate spindle
positioning in Drosophila (10), we propose
that modulation of cortical G� signaling to
generate defined pulling forces on astral mi-
crotubules is a conserved mechanism to
translate polarity cues into appropriate spin-
dle positioning.
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Transmission Dynamics of the Etiological
Agent of SARS in Hong Kong: Impact of

Public Health Interventions
Steven Riley,1*† Christophe Fraser,1* Christl A. Donnelly,1

Azra C. Ghani,1 Laith J. Abu-Raddad,1 Anthony J. Hedley,2
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We present an analysis of the first 10 weeks of the severe acute respiratory
syndrome (SARS) epidemic in Hong Kong. The epidemic to date has been
characterized by two large clusters—initiated by two separate “super-spread”
events (SSEs)—and by ongoing community transmission. By fitting a stochastic
model to data on 1512 cases, including these clusters, we show that the
etiological agent of SARS is moderately transmissible. Excluding SSEs, we
estimate that 2.7 secondary infections were generated per case on average at
the start of the epidemic, with a substantial contribution from hospital trans-
mission. Transmission rates fell during the epidemic, primarily as a result of
reductions in population contact rates and improved hospital infection
control, but also because of more rapid hospital attendance by symptomatic
individuals. As a result, the epidemic is now in decline, although continued
vigilance is necessary for this to be maintained. Restrictions on longer range
population movement are shown to be a potentially useful additional con-
trol measure in some contexts. We estimate that most currently infected
persons are now hospitalized, which highlights the importance of control of
nosocomial transmission.

The evolution and spread of the etiological
agent of severe acute respiratory syndrome
(SARS), a novel coronavirus (1), has resulted
in an unparalleled international effort coordi-
nated by the World Health Organization
(WHO) to characterize the virus, develop

diagnostic tests, and formulate optimal treat-
ment protocols to reduce morbidity and mor-
tality (2–4). Great progress has been made
with, for example, the full sequence of the
RNA virus reported on 13 April 2003 (5, 6).
The epidemic apparently originated in early

November in the Guandong province of the
People’s Republic of China, and then spread
rapidly throughout the world via air travel.
As of 21 May 2003, 7956 cases have been
reported to WHO from 28 countries, with 666
deaths recorded. The epidemics in Hong
Kong, mainland China, Singapore, Taiwan,
and Toronto (Canada) have been of partic-
ular concern because of the multiple gen-
erations of local transmission seen in those
areas. The extent of these epidemics has
been worsened by the occurrence of large
clusters of infection linked to single indi-
viduals and/or spatial locations.

The rate of spread of an epidemic—and
whether such spread is self-sustaining—
depends on the magnitude of a key epidemi-
ological parameter, the basic reproduction
number (R0), defined as the average number
of secondary cases generated by one primary
case in a susceptible population (7). After the
introduction of an agent into a population, a
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