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pollen rejection. In progeny of some interspecific
tomato hybrids, distorted segregation ratios for
CUL I-linked markers are consistent with the se-
lective elimination of pollen bearing the nonfunc-
tional SICULI allele (15). Distorted transmission
of CULI is only observed in progeny of crosses
between SC cultivated tomato and SI wild species,
and only when the F; hybrid is used as pistillate
parent. Moreover, two SC accessions of mostly
SI species that either accumulate no S-RNase in
the pistil [S. pennellii LAO716 (11)] or express a
mutant protein lacking RNase activity [S. arcanum
LA2157 (24)] exhibit normal F, segregation for
CUL I-linked markers in hybrids with cultivated
tomato (25, 26). These observations suggest that
selection against CUL1-deficient pollen requires
S-RNase activity in the pistil. If so, loss of CUL1
function in the red- or orange-fruited species was
likely preceded by a loss of S-RNase expression
[styles of S. lycopersicum do not accumulate
S-RNase (17)]. On the other hand, pistils of LA0716
and LA2157 reject pollen from cultivated tomato
(9, 27) without expressing functional S-RNases,
which suggests that pollen rejection by Ul can
also be mechanistically distinct from SI. Although
our results are from an analysis of interspecific
Solanum hybrids, they may be relevant to Ul in
other solanaceous plants, and possibly to other
families that use the S-RNase—based SI system.
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The Social Sense: Susceptibility to
Others’ Beliefs in Human Infants

and Adults

Agnes Melinda Kovdcs,">3* Ern6 Téglas,">3 Ansgar Denis Endress>*

Human social interactions crucially depend on the ability to represent other agents’ beliefs

even when these contradict our own beliefs, leading to the potentially complex problem of
simultaneously holding two conflicting representations in mind. Here, we show that adults and
7-month-olds automatically encode others’ beliefs, and that, surprisingly, others’ beliefs have
similar effects as the participants’ own beliefs. In a visual object detection task, participants’ beliefs
and the beliefs of an agent (whose beliefs were irrelevant to performing the task) both modulated
adults’ reaction times and infants’ looking times. Moreover, the agent’s beliefs influenced
participants’ behavior even after the agent had left the scene, suggesting that participants computed
the agent’s beliefs online and sustained them, possibly for future predictions about the agent’s
behavior. Hence, the mere presence of an agent automatically triggers powerful processes of belief
computation that may be part of a “social sense” crucial to human societies.

umans are guided by internal states such
Has goals and beliefs. Without an ability to

infer others’ mental states, society would
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be hardly imaginable. Social interactions, from
collective hunting to playing soccer to criminal
justice, critically depend on the ability to infer
others’ intentions and beliefs. Such abilities are
also at the foundation of major evolutionary
conundra. For example, the human aptitude at
inferring mental states might be one of the crucial
preconditions for the evolution of the cooperative
social structure in human societies (/). However,
despite their importance for all aspects of social
life, the question of how such “theory of mind”
(ToM) abilities (2) emerge and develop, and what

their functional characteristics are, is still the topic
of important debates.

Decades of research seem to suggest that
ToM emerges after the age of four. Developmen-
tal transitions in ToM have often been assessed
using so-called “false-belief tasks™ (3). In such
tasks, children typically have to predict a person’s
behavior based on the person’s false belief while
ignoring their own true belief. For example, chil-
dren are presented with a situation in which an-
other child (say, John) places a toy in a cupboard
and leaves the scene. In his absence, the toy is
moved to a different location (say, a basket). Three-
year-olds typically predict that, upon his return,
John will search in the basket rather than in the
cupboard, because they themselves know that the
toy is in the basket. That is, at least in their overt
responses, 3-year olds fail to take into account
that John cannot know that the toy is in the basket
and must, therefore, (falsely) believe the toy to be
in the cupboard. In contrast, older children (and
adults) take into account John’s false belief and
predict that he will search in the cupboard. Based
on such findings, it has been argued that ToM
requires complex computations and emerges rel-
atively late in development (4).

However, such data are not necessarily in-
consistent with the possibility that ToM is auto-
matic and innate (5—8). Children might possess
ToM abilities early on; however, these might be
masked by the slower development of other abil-
ities involved in such tasks, such as inhibition
and selection (6) or problem solving (8). That is,
young children might well be able to represent
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others’ beliefs, but, to correctly predict that, in the
example above, John will search for the toy where
he (falsely) believes it to be, children also need
efficient inhibitory abilities. Specifically, they need
to deal with two conflicting representations, name-
ly John’s (false) belief that the ball is in the cup-
board and their own (true) belief that the ball is in
the basket, and to inhibit their own belief when
they predict John’s behavior. In line with such
views, newer research suggests that ToM abilities
are present in young children, for instance in 3-
year-olds when testing populations with enhanced
inhibitory abilities (9), or even in infants in their
second year when using simpler testing proce-
dures (10-12).

Although these data suggest that ToM abil-
ities may emerge well before the age of four,
another question has received little empirical at-
tention. If such abilities are essentially an innate
“social sense,” they should be spontaneous and
automatic, and others’ beliefs should be com-

A. Agent
appears

B. Agent present C. Agent absent
Belief formation Reality change

puted online and effortlessly, just as we compute
representations of what we perceive in the en-
vironment. The experiments below will address
this issue.

Our experiments will also address a second
issue that, to our knowledge, has not been inves-
tigated directly. Representations about the envi-
ronment and representations about others’ beliefs
can differ in many aspects. Most important, un-
like most aspects of the environment, others’
mental states are not directly observable and are
sometimes inconsistent with the true state of af-
fairs. We can represent that “Mary thinks that
John is at home” even if we know that “John is
not at home.” Thus, our knowledge of the envi-
ronment does not reliably predict the contents of
others’ beliefs, nor do others’ beliefs reliably pre-
dict the state of the environment. Accordingly,
representations of others’ beliefs might be stored
in a way reflecting that their content is not ref-
erenced to the current state of affairs. Crucially, if

D. Agent
returns

No change

a. P+A+ (True belief)

Ball leaves

™~

No change

— \
d. P+A- (False belief)

Fig. 1. Logical structure of events in Experiment 1. (A) In all four conditions, the agent enters the scene,
placing a ball on a table (13) (Movie S1). The ball then rolls behind an occluder. (B) In the agent’s presence,
the ball stays behind the occluder (a and c), or leaves the scene (b and d). As a result, the agent (A) “believes”
either that the ball is behind the occluder or that there is no ball behind the occluder. Then, the agent leaves
the scene. (C) In the agent’s absence, the ball leaves the scene (c), returns behind the occluder (d), or does
not move (a and b). Thus, the participant (P) either believes the ball to be behind the occluder (a and d), or to
have left (b and c). (D) The agent reenters the scene, and the occluder is lowered. In half of the trials of all
conditions, participants see the ball behind the occluder. We measure ball detection latencies as a function
of (i) the participant’s belief (P+, ball behind occluder, versus P—, no ball behind occluder) and (ji) the
agent’s “belief” (A+, ball behind occluder, versus A—, no ball behind occluder), resulting in two true belief
conditions and two false belief conditions. The figure does not reflect the actual timing of the events. To
control for the timing differences, we used pairs of conditions matched for their timing properties (13).

REPORTS

such representations are not referenced to the
environment, they should not affect how we in-
teract with the environment either.

Although this conjecture seems consistent with
the proposal that representations about others’ be-
liefs are computed by specialized mechanisms
(9), there is a more parsimonious hypothesis. We
clearly have mechanisms in place to compute
representations about what we experience in the
environment. Perhaps we use very similar mech-
anisms to compute others’ beliefs based on what
they experience. If so, representations about others’
beliefs should have fundamentally similar proper-
ties as representations about the environment. This
hypothesis predicts that representations of others’
beliefs should be referenced to the environment
just as our own beliefs, and thus can affect our be-
havior. We test this idea in the experiments below.

Here, we develop a method for investigating
ToM mechanisms that, in contrast to variants of
the standard false belief task, is implicit, makes
no reference to others’ beliefs, and requires no
behavioral predictions of what agents will do on
the basis of their beliefs. Specifically, we use an
object detection task to investigate two questions.
First, are belief computations automatically trig-
gered by the mere presence of an agent in adults
and in infants as young as 7 months, even when
the beliefs are entirely irrelevant to the task par-
ticipants have to perform? Second, are beliefs
about others’ beliefs stored in a format sufficient-
ly similar to our own representations about the
environment that both types of representations
can affect our behavior?

In Experiment 1, adults (V= 24) performed a
visual detection task while watching 40 animated
movies (/3). As shown in Fig. 1, movies started
with an agent placing a ball on a table in front of
an occluder. Then the ball rolled behind the
occluder. After this, the movies could continue in
four ways depending on the experimental con-
ditions. Our critical manipulations involved the
participant’s beliefs about the ball’s presence and
the “beliefs” of the agent, such that the agent, the
participant, both, or neither could believe that the
ball was behind the occluder. This was achieved
by varying (i) the final location of the ball and (ii)
the time at which the agent left the scene. Spe-
cifically, (i) participants saw the ball either staying
behind the occluder or leaving the scene and (ii)
the agent left the scene either before or after the
ball had reached its final location (leading to a
true/false belief). That is, the agent had a true
belief about the ball’s location if he left the scene
after the ball had reached its final location; if he
left the scene before the ball reached its final lo-
cation, his belief was false.

At the end of each movie, the agent reentered
the scene and the occluder was lowered. The four
conditions were paired with two outcomes, in
which the ball was either present or absent behind
the occluder. Participants were instructed to press
a button as soon as they detected the ball. Notably,
the agent’s beliefs were never mentioned and were
irrelevant to the task.
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We will discuss the experimental conditions
in terms of the beliefs of the participant and the
agent, respectively, rather than in terms of the events
displayed in the animations. (The agent’s “belief™ is
what he might believe based on what he “expe-
riences” in the scenes if he were a real person.)

‘We predicted that participants should be faster
to detect the ball when they believed that the ball
is behind the occluder than when they do not
believe so. Crucially, and as mentioned above,
the agent’s beliefs were completely irrelevant to
the task. As a result, if others’ beliefs are com-
puted through explicit processes requiring effort-
ful computations, the agent’s “beliefs” should
have no effect on reaction times (RTs), because
participants were not required to perform belief
computations. However, if participants automat-
ically compute the agent’s beliefs and store them
in a way similar to that of their own representa-
tions about the environment, their detection la-
tencies should also be faster when only the agent
“believes” that the ball is behind the occluder.

‘We will compare the experimental conditions
to a baseline condition where neither the partic-
ipant nor the agent believed the ball to be behind
the occluder; as a result, there were no belief rep-
resentations that could speed up RTs. To validate
our paradigm, we compared RTs in this base-
line condition to the condition where both the
participant and the agent believed the ball to be
behind the occluder.

Compared to the baseline condition, partic-
ipants detected the ball faster when they (and
the agent) believed that the ball was behind the
occluder [#(23) = 3.47, P=0.002] (Fig. 2A) (13).
Likewise, participants were faster than in the
baseline when they but not the agent believed
that the ball was behind the occluder [#23) =
3.43, P=0.002].

Our critical comparison involves the baseline
condition and the condition where only the agent
believed that the ball was behind the occluder.
Results showed that participants were faster than
in the baseline condition when only the agent be-
lieved the ball to be behind the occluder [#23) =
2.42, P=0.02]. This suggests that they computed

Fig. 2. (A) Results of Experiment A
1 (adults; agent present in the last
scene). Ball detection latencies in
adults. Bars represent average la-
tencies, and error bars show SEM
(see Fig. 1 for condition labels). (B)
Results of Experiment 2 (adults; agent
absent in the last scene). Ball de-
tection latencies in adults when a
pile of boxes replaced the agent in
the very last scene (corresponding
to Fig. 1D). (C) Results of Experi-

Experiment | B

the agent’s belief and that this belief influenced
their behavior even though it was inconsistent
with their own belief. Moreover, RTs did not
differ significantly between the condition where
the participants themselves believed that the ball
was behind the occluder and the condition where
only the agent believed so [#23) = 0.99, P=0.33].
Thus, both types of belief representations speeded
up the participants’ RTs to similar extents, a result
consistent with the view that the agent’s beliefs
are stored similarly to participants’ own represen-
tations about the environment.

In Experiment 1, participants simply had to
detect a ball after watching a scene involving an
agent whose presence was irrelevant to the task.
Nevertheless, the agent’s beliefs influenced the
participants’ RTs to the same extent as their own
beliefs, suggesting that just seeing the agent au-
tomatically made participants compute his beliefs
and that these beliefs were represented and sus-
tained similarly to participants’ own beliefs.

These results may also provide an important
clue to a question that has remained elusive for
the last three decades, namely how false beliefs
might be computed. In Experiment 1, the agent
had a false belief because he left the scene before
the ball reached its final position. Possibly, par-
ticipants compute online the agent’s last belief and,
unless there is evidence that he updated it, maintain
it in parallel with their own beliefs. If so, the agent’s
belief should continue to influence their RTs even
in the agent’s absence; if the environment changes,
the agent’s beliefs will necessarily become false.
We tested this prediction in Experiment 2 with a
new group of participants (N = 24). This exper-
iment was identical to Experiment 1 except that
the agent did not return in the last phase of the
movies; instead, a pile of boxes entered the scene
before the occluder was lowered (13).

The results of Experiment 2 were similar to
those of Experiment 1. Participants were faster
than in the baseline condition when they and the
agent (who was not present when the occluder
was lowered) believed the ball to be behind the
occluder [#23) = 2.83, P = 0.009] (Fig. 2B).
Likewise, RTs were faster than in the baseline

Experiment 2

condition when they but not the agent believed
that the ball was there [#(23) = 3.2, P = 0.004].
Crucially, RTs were also faster than in the base-
line condition when only the agent believed that
the ball was behind the occluder [#(23) = 2.1, P=
0.04]. Thus, although the agent was not present
when participants detected the ball, his beliefs
continued to influence participants’ behavior.

Taken together, data from Experiments 1 and
2 show that when participants had to detect the
presence of the ball, their RTs were faster not
only when they believed the ball to be behind the
occluder but also when the agent believed so, ir-
respective of whether or not the agent was
present when participants gave their responses.
Although these results appear to reflect compu-
tations of the agent’s beliefs, differences in the
ordering of events in the different experimental
conditions might possibly affect participants’ RTs
as well. Specifically, in our experimental design,
some conditions required the agent to leave the
scene before the ball reached its final location
(resulting in a false belief), whereas other condi-
tions required the agent to leave after the ball
reached its final location (resulting in a true be-
lief). Despite its plausibility, further analysis of
our results did not support this possibility, as the
ordering differences (e.g., the number of events
that occur after the ball reached its target location)
did not predict participants’ RTs in the four
experimental conditions (13).

Experiment 3 was designed to further confirm
that the RT differences between the crucial condi-
tions in Experiments 1 and 2 were due to the
agent’s beliefs and not to other perceptual dif-
ferences between the conditions. In Experiment
3, participants (N = 24) were presented with movies
that were similar to those shown in Experiments
1 and 2, except that the agent did not appear in
the movies at all. Instead, a stationary pile of
boxes was present in all movies during their en-
tire duration. However, all other events (e.g., the
movements of the ball) were as in Experiments
1 and 2. Hence, while participants in Experiment
3 could not compute another agent’s beliefs (be-
cause there was no agent present), they experienced

C Experiment 3

ment 3 (adults; agent absent in
the entire movie). Ball detection

latencies in adults when no agent was present at all but a stationary pile of
boxes (represented by B in the panel) was present during the entire movie.
The signs in square brackets indicate the beliefs the agent would have had if
he had been present, as in Experiments 1 and 2. Thus, P+B[—] indicates the

24 DECEMBER 2010 VOL 330
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condition where the participant believes that the ball is behind the
occluder, and the motion of the ball corresponds to a condition in
Experiments 1 and 2 where the agent did not believe that the ball was
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motion paths of the ball identical to those in the
different belief conditions from Experiments
1 and 2. If the differences between the critical
conditions in Experiments 1 and 2 were due to
perceptual differences rather than to belief com-
putations, Experiment 3 should yield the same
results, because the motion of the ball is identical.
In contrast, if these differences were due to belief
computations rather than to perceptual differ-
ences, RTs in Experiment 3 should be affected
only by participants’ own beliefs, since participants
never saw an agent and, therefore, could not com-
pute his beliefs.

Results showed that RTs were faster in the
two conditions when participants believed the ball
to be behind the occluder compared to the two
conditions when participants did not believe
the ball to be behind the occluder, with no other
differences [all P’s < 0.05; see (/3) for details]
(Fig. 2C). Contrary to Experiments 1 and 2, RTs
did not differ between the P-B[-] and P-BJ[+]
conditions [#(23) = 0.76, P = 0.45], which cor-
respond to the P-A— and P—A+ conditions in the
first two experiments. To further confirm that RTs
did not differ between these conditions, likeli-
hood ratio analyses showed that the null hypoth-

esis was about 3 times more likely than the
alternative hypothesis (/3). Hence, when the
agent was not present, participants’ RTs were
influenced only by their own beliefs about the
presence of the ball but not by other perceptual
differences between the conditions.

Together, Experiments 1 to 3 suggest that
adults automatically compute and store the be-
liefs of other agents; the resulting representations
appear to be similarly accessible to other cog-
nitive processes as are their own beliefs. Once a
beliefis computed, it seems to remain active even
in the absence of the agent, possibly to be used
for future predictions about the agent’s behavior.

If adults track others’ beliefs automatically,
such processes may well be present in young
infants. We thus asked whether 7-month-olds
would automatically compute the beliefs of an
agent and whether these beliefs would influence
their looking times in a violation of expectation
paradigm. We tested this possibility in four ex-
periments involving four different groups of
infants (N = 56). Whereas Experiments 1 and 2
measured how beliefs about the presence of a ball
influenced RTs when adult participants saw the
ball, Experiments 4 to 7 measured infants’ “sur-

A Experiment 4. True belief B Experiment 5. False belief
P+A+ (TB) P-A+ (FB)
P-A- (TB) P-A- (TB)
0 5 10 15 20 0 5 1‘0 15 2‘0
Looking time (s) Looking time (s)
Cc Experiment 6. No outcome D Experiment 7. Box outcome
P-A+ (FB) P-A+ (FB)
P-A- (TB) P-A- (TB)
0 é 1‘0 15 20 0 é 1‘5 20

Looking time (s)

10
Looking time (s)

Fig. 3. Results of Experiments 4 to 7. Looking times in 7-month-old infants. Bars represent average
looking times, and error bars show SEM (see Fig. 1 for condition labels). (A) Results of Experiment 4 (true
belief). Looking times for the condition when infants (and the agent) believed the ball to be behind the
occluder (P+A+) and for the condition when neither the infants nor the agent believed the ball to be
behind the occluder (P—A-). (B) Results of Experiment 5 (false belief; agent present in the last scene).
Looking times for the condition when only the agent (falsely) believed the ball to be behind the occluder
(P—A+) (Movie S1), and for the condition when neither they nor the agent believed the ball to be behind
the occluder (P—A-). (C) Results of Experiment 6 (no outcome control). Looking times for two conditions
that were identical to the ones used in Experiment 4, except that the occluder was not lowered at the end
of the movies. Thus, infants did not see whether the ball was present behind the occluder. As a result, there
were no confirmed nor violated beliefs. (D) Results of Experiment 7 (false belief; agent absent in the last
scene). Looking times for the two conditions where the agent was replaced with a pile of boxes in the very
last scene (corresponding to Fig. 1D). We compared the condition where only the agent (falsely) believed
the ball to be behind the occluder (P—A+) with the condition where neither the infants nor the agent

believed the ball to be behind the occluder (P—A-).

REPORTS I

prise” (indicated by longer looking times) when
no ball was found, although the participant and/or
the agent believed the ball to be behind the
occluder. In each experiment, the condition where
the participant and/or the agent believed the ball
to be behind the occluder was compared to a
condition where neither the participant nor the
agent believed the ball to be behind the occluder.

In Experiment 4, infants watched two movies
from Experiment 1 (/3). In the baseline condi-
tion, neither the infant nor the agent believed that
the ball was behind the occluder. We compared
this baseline to a condition where both the infant
and the agent believed that the ball was behind
the occluder. When the occluder revealed no ball,
infants looked longer in this condition than in the
baseline condition [F(1,13)=5.65, P=0.03] (Fig.
3A), which suggests that their expectations mod-
ulated their looking behavior.

Experiment 5 presents the crucial comparison
from Experiment 1. In this experiment, infants’
looking times were compared in the baseline
condition and in a condition where only the agent
believed the ball to be behind the occluder (Movie
S1). When no ball appeared behind the occluder,
infants looked longer in this condition than in the
baseline [F(1,13) = 7.29, P = 0.01] (Fig. 3B).
This suggests that infants computed the agent’s
belief and looked longer when this belief was not
confirmed, possibly also expecting the agent to
be surprised. Thus, the beliefs of the agent influ-
enced the infants’ looking behavior, even though
they clashed with the infants’ own beliefs.

Experiment 6 controls for the possibility that
infants’ looking times in Experiment 5 were not
influenced by the agent’s beliefs but rather by
some visual differences between the movies
occurring before the occluder was lowered. (The
movies were identical after the occluder was
lowered.) We exclude this possibility by replicat-
ing Experiment 5, but without lowering the occluder
at the end. Thus, infants did not see whether the
ball was present behind the occluder, and neither
their own nor the agent’s beliefs were confirmed
or disconfirmed. If the results of Experiment 5
were due to visual differences rather than to be-
lief computations, Experiment 6 should yield the
same results. In contrast to this prediction, no
differences were observed when the occluder was
not lowered [F(1,13) = 0.05, P=0.81] (Fig. 3C).
This suggests that the differences in Experiment
5 were not due to visual differences between the
movies, but rather that infants did indeed com-
pute the agent’s beliefs.

In analogy to Experiment 2, Experiment 7
asked whether infants would maintain others’
beliefs even in the agent’s absence. Specifically,
infants were presented with the baseline condi-
tion (where both the infant and the agent believed
that the ball was not there) and a condition where
only the agent believed the ball to be behind the
occluder. Before the occluder was lowered, how-
ever, a pile of boxes, rather than the agent, entered
the scene. As in Experiment 5, infants looked lon-
ger than in the baseline condition when the agent
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(who was not present when the occluder was
lowered) believed that the ball was behind the
occluder [F(1,13) = 6.75, P = 0.02] (Fig. 3D).
Hence, like adults in Experiment 2, infants seem to
compute others’ beliefs online and to maintain
them even in the absence of the agent. Possibly,
the boxes could have prompted participants to
think of the agent and his beliefs, although there
was no relation between the boxes and the agent.
However, even if the boxes reminded participants
the agent, our results can be explained only if par-
ticipants computed the agent’s beliefs and sus-
tained them even though the agent was not present.

Together, our results suggest that the mere
presence of social agents is sufficient to automat-
ically trigger online belief computations not only
in adults, but also in 7-month-old infants. Once
the beliefs have been computed, adults and in-
fants maintain them even in the absence of the
agent, presumably for later use in social inter-
actions. Hence, from 7 months on, an age by
which infants attribute goals and intentionality
(14), humans automatically compute other’s be-
liefs and seem to hold them in mind as alternative
representations of the environment. As a result, at

least in implicit tasks like ours, others’ (false) be-
liefs can influence infants” and adults’ behavior
similarly to their own (true) beliefs. The finding
that others’ beliefs can be similarly accessible as
our own beliefs might seem problematic for an
individual, because it may make one’s behavior
susceptible to others’ beliefs that do not reliably
reflect the current state of affairs. However, the
rapid availability of others’ beliefs might allow
for efficient interactions in complex social groups.
These powerful mechanisms for computing others’
beliefs might, therefore, be part of a core human-
specific “social sense,” and one of the cognitive
preconditions for the evolution of the uniquely
elaborate social structure in humans.
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Siah Regulation of Pard3A Controls
Neuronal Cell Adhesion During

Germinal Zone Exit

Jakub K. Famulski,*T Niraj Trivedi,* Danielle Howell, Yuan Yang,? Yiai Tong,

Richard Gilbertson, David ]. Solecki§

The brain’s circuitry is established by directed migration and synaptogenesis of neurons during
development. Although neurons mature and migrate in specific patterns, little is known about how
neurons exit their germinal zone niche. We found that cerebellar granule neuron germinal zone
exit is regulated by proteasomal degradation of Pard3A by the Seven in Absentia homolog (Siah)
E3 ubiquitin ligase. Pard3A gain of function and Siah loss of function induce precocious radial
migration. Time-lapse imaging using a probe to measure neuronal cell contact reveals that Pard3A
promotes adhesive interactions needed for germinal zone exit by recruiting the epithelial tight
junction adhesion molecule C to the neuronal cell surface. Our findings define a Siah-Pard3A
signaling pathway that controls adhesion-dependent exit of neuronal progenitors or immature

neurons from a germinal zone niche.

he migration of neurons from a germinal
I zone (GZ) to their final laminar positions
is essential for morphogenesis of the de-

veloping brain (/-3); aberrations in this process
are linked to profound neurodevelopmental and

Department of Developmental Neurobiology, St. Jude Chil-
dren’s Research Hospital, 262 Danny Thomas Place, Memphis,
TN 38105, USA.

*These authors contributed equally to this work.

tPresent address: Department of Biological Sciences, Univer-
sity of Alberta, Edmonton, Alberta T6G 2E9, Canada.
fPresent address: Department of Physiology, Development and
Neuroscience, Anatomy Building, University of Cambridge,
Downing Street, Cambridge CB2 3DY, UK.

§To whom all correspondence should be addressed. E-mail:
david.solecki@stjude.org

cognitive disorders (4). Although the substrates
(5-7), guidance mechanisms (8§—/0), cytoskeletal
elements (//-13), and posttranslational modifica-
tions (/4—16) required for neuronal migrations are
well established, the cell-intrinsic machinery reg-
ulating when neurons gain access to permissive
migration pathways to exit their GZs are uniden-
tified (/7). Developing cerebellar granule neurons
(CGNs) are an excellent model to analyze the
mechanisms regulating GZ exit and to elucidate
migration pathway selection, because they under-
go two migration phases (/8-20): tangential mi-
gration near the cerebellar surface followed by
radial migration away from the external granular
layer (EGL) where CGNs cross the molecular
layer (ML) to eventually reside within the internal

granule layer (IGL). In this study, we examined
the roles of the partitioning-defective (PAR) polarity-
signaling complex and an upstream regulator in
controlling CGN migration from the EGL, a GZ
niche (fig. S1).

The PAR complex is an evolutionarily con-
served multiprotein complex containing orthologs
of partitioning defective-6 (Pard6), partitioning
defective-3 (Pard3) and protein kinase Cz (PKCz)
that regulates many polarized cellular processes,
like cell motility, asymmetric cell division, and
epithelial junction formation (27). Because Pard3A
protein expression is low in the EGL (Fig. 1, A
to C), we examined whether elevated Pard3A
activity induces CGN GZ exit. Expression con-
structs for Pard3A and the fluorescent nuclear
reporter H2B-mCherry were co-electroporated
into the cerebellar cortices of postnatal day 8 (PS)
mice, and cerebellar slices were cultured ex vivo
(22). Whereas control CGNs remained within the
EGL after 24 hours (fig. S2A), CGNs expressing
elevated Pard3A entered the ML and IGL (fig.
S2B), suggesting that elevated Pard3A expres-
sion is sufficient to induce precocious GZ exit.

We next examined the role of Siah, a PAR
complex—interacting E3 ubiquitin ligase (fig. S3)
expressed in the EGL (Fig. 1D), in regulating
Pard3A protein level and PAR complex—dependent
GZ exit. The role of Siah ligases in the morpho-
genesis of the vertebrate nervous system has not
previously been examined (23). Epitope-tagged
Siah1B immunoprecipitated Pard3A when coex-
pressed in human embryonic kidney 293 (HEK293)
cells (fig. S3B), an interaction that required an
intact Siah substrate-binding domain (fig. S3D).
Furthermore, Siah1B expression reduced expres-
sion of Pard3A, but not Pard6 or PKCz, protein
(Fig. 1E) and induced Pard3A ubiquitination (Fig.
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