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Summary

Background: Guidance molecules are normally presented to
cells in an overlapping fashion; however, little is known about
how their signals are integrated to control the formation of
neural circuits. In the thalamocortical system, the topograph-
ical sorting of distinct axonal subpopulations relies on the
emergent cooperation between Slit1 and Netrin-1 guidance
cues presented by intermediate cellular targets. However,
the mechanism by which both cues interact to drive distinct
axonal responses remains unknown.

Results: Here, we show that the attractive response to the
guidance cue Netrin-1 is controlled by Slit/Robo1 signaling
and by FLRT3, a novel coreceptor for Robo1. While thalamic
axons lacking FLRT3 are insensitive to Netrin-1, thalamic
axons containing FLRT3 can modulate their Netrin-1 respon-
siveness in a context-dependent manner. In the presence
of Slit1, both Robo1 and FLRT3 receptors are required to
induce Netrin-1 attraction by the upregulation of surface
DCC through the activation of protein kinase A. Finally, the
absence of FLRT3 produces defects in axon guidance in vivo.
Conclusions: These results highlight a novel mechanism by
which interactions between limited numbers of axon guidance
cues can multiply the responses in developing axons, as
required for proper axonal tract formation in the mammalian
brain.

Introduction

Understanding how a fairly limited number of axon guidance
cues can set up the pattern of connections that is required
to form functional neural networks remains a challenge. One
explanation may arise from the fact that several axon guid-
ance cues can produce distinct responses depending on
the nature and levels of the guidance receptors at the cell sur-
face [1]. The best-documented example of this is Netrin-1,
one of the most prominent and influential axon guidance
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cues for developing axons in the CNS of both vertebrates
and invertebrates [2]. Netrins are bifunctional proteins that
attract several classes of axons but repel others, depending
on the receptors with which they interact on the cell surface
and the internal state of the growth cone. The binding of
Netrin-1 to the deleted in colorectal carcinoma (DCC) recep-
tor signals attraction, whereas its binding to Unc5-type recep-
tors triggers repulsion [3]. Mechanisms that regulate the
surface levels of DCC and Unc5 receptors to control this
response to Netrin-1 have been previously reported. For
instance, activation of protein kinase C (PKC) leads to the
endocytotic internalization of Unc5 receptors, reducing
growth cone collapse and changing the response to Netrin-
1 from repulsion to attraction [4, 5]. Conversely, protein
kinase A (PKA) mobilizes an intracellular pool of DCC,
increasing its abundance at the cell surface and enhancing
axon outgrowth [6, 7].

The behavior of axons is also regulated by third-party pro-
teins that modulate the responses to the distinct guidance sig-
nals [8, 9]. For instance, the Down syndrome cell adhesion
molecule (DSCAM) collaborates with DCC in mediating the
turning responses of spinal commissural neurons to Netrin-1
[10]. Moreover, Unc5 receptors were also recently shown to
bind in trans to FLRT3 [11, 12], a member of the fibronectin
leucine-rich repeat transmembrane protein family involved in
synapse formation and in the regulation of fibroblast growth
factor (FGF) receptor signaling [13, 14]. FLRT3 binding to
Unc5B receptors activates Uncb repulsive signaling [15],
although how this interaction influences nervous system
development has not yet been studied in vivo.

Finally, the axon’s responses can be influenced by cross-
talk between distinct receptor-signaling pathways involved
in guidance [16]. For instance, Netrin-1 attenuates Slit/
Robo1 repulsion in precrossing callosal axons to allow
them to cross the midline of the developing brain [17],
whereas in postcrossing commissural spinal cord axons,
the Slit receptor Robo1 silences Netrin-1 attraction to help
axons project away from the floor plate [18, 19]. In the thala-
mocortical system, one of the most prominent higher-level
processing connections in the mammalian brain [20], Slit1
acts permissively, conferring responsiveness to Netrin-1
[21]. Whereas Slit1 enables Netrin-1 attraction in a subset of
thalamocortical axons (TCAs), for others Slit1 exerts a repul-
sive response, contributing to the topographical arrangement
of this connectivity. Thus, the Slit1 and Netrin-1 cues can
be integrated by the axon in a hierarchical, cell-context-
dependent manner, whereby one cue might be dominant
and suppress the effect of the other (callosal and commis-
sural axons) or might be permissive (such as in specific sub-
sets of TCAs). However, it remains unclear how separate
signals are integrated into coherent instructions for correct
axon growth.

Here, we discovered a novel mechanism by which crosstalk
between axon guidance cues is integrated in developing
axons. We found that FLRT3 is a Robo1-interacting protein
that acts as a context-dependent modulator of Netrin-1 attrac-
tion in thalamic axons. FLRT3 is necessary to gain compe-
tence for Netrin-1 attraction and is sufficient to modify the

\!} CrossMark


http://dx.doi.org/10.1016/j.cub.2014.01.042
http://dx.doi.org/10.1016/j.cub.2014.01.042
mailto:joaquim.egea@cmb.udl.cat
mailto:g.lbendito@umh.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2014.01.042&domain=pdf

FLRT3 Controls the Netrin-1 Response via Robo1
495

response to Netrin-1 in Robo1-expressing axons. The mecha-
nism described here might explain how molecularly similar
developing axons tune their response to Slit1 and Netrin-1
by simply regulating FLRT3 expression.

Results

Modulation of Netrin-1 Responsiveness Requires DCC
Upregulation

We previously showed that developing TCAs are not attracted
by Netrin-1 unless the repulsive axon guidance cue Slit1 is
present. Moreover, this effect is specific to rostral TCAs
(rTCAs) because DCC-expressing intermediate TCAs (iTCAs)
are not attracted to Netrin-1, neither alone nor in the presence
of Slit1 [21]. Given that rTCAs express DCC under basal con-
ditions but do not respond to Netrin-1, we tested whether
the modulation of the Netrin-1 attractive response requires
an upregulation of DCC at the membrane in rostral axons.
Indeed, the combination of Slit1 and Netrin-1—but neither
alone—induced a significant increase in DCC in the membrane
of growth cones (Figures 1A-1D') specifically in rTCAs
(Figure 1E). This effect may result from increased vesicular
transport to the plasma membrane, because we found a
decrease in the pool of internal DCC colocalizing with
VAMP2 and Rab11 immunoreactivity [22] upon Slit1 plus
Netrin-1 stimulation as compared to the unstimulated basal
state (Figures S1A-S1G available online; data not shown),
whereas there was an increase in surface DCC (Figures S1A
and S1D). These results were confirmed in biotinylation
assays (Figures 1F and 1G), raising the possibility that upregu-
lation of DCC might be required to gain competence to
respond to Netrin-1 attraction. Indeed, we found that a
large proportion of surface DCC colocalizes with Robo1 under
basal conditions, whereas this percentage decreased sig-
nificantly when costimulated with Slit1 and Netrin-1, with an
increase in the amount of free DCC receptors at the membrane
(Figures STH-S10).

Itis known that PKA activation is required for the recruitment
of DCC-containing vesicles to the plasma membrane [6, 7].
PKA phosphorylates the PP-1 inhibitory protein I-1 (phos-
pho-I-1) in growth cones [23, 24], and thus phospho-I-1 stain-
ing is an indicator of PKA activity. We found that phospho-I-1
staining in rTCA growth cones was significantly higher when
stimulated with the combination of Slit1 plus Netrin-1 than in
control conditions (Figures 1H-1J); this increase was not
observed in the presence of a PKA inhibitor (KT5720) or in
iTCA growth cones (Figure 1J). Moreover, both an adenylate
cyclase inhibitor (SQ22536) and KT5720 abolished the upregu-
lation of DCC at the surface of rTCA growth cones (Figures
S1P-818), suggesting that the modulation of Netrin-1 respon-
siveness by Slit1 requires the activation of PKA signaling. The
increase in PKA activity in rTCAs was confirmed by western
blot (Figures 1K and 1L).

To confirm that DCC is required in rTCAs for the Slit1-
induced attractive response to Netrin-1, we confronted rTCA
explants (embryonic day 13.5 [E13.5]) from either Dcc*’*
or Dcc™’~ mice with aggregates of COS7 cells expressing
Netrin-1 in which soluble Slit1 was applied to trigger attraction
(Figure 1M). In Dcc™~ explants, the Slit1-induced attraction
to Netrin-1 was abolished (Figures 1N and 10) as compared
to Dcc*’*, confirming that DCC function is critical in producing
this response. Similar results were found when a well-charac-
terized anti-DCC blocking antibody [25] was used (data not
shown).

Slit1 Enables Netrin-1 Attraction through Robo1 Receptor
Activation

The fact that Slit1 enables Netrin-1 to attract rTCAs suggests
that Robo receptors might be implicated in mediating this
behavior. To test this possibility, we examined the response
of rTCAs to Netrin-1 plus Slit1 in explants of mice lacking
Robo1, Robo2, or both receptors. The attraction to Netrin-1
induced by Slit1 was lost in rFTCAs lacking both Robo1 and
Robo2 receptors (Figures 2A-2D), demonstrating that acti-
vation of Robo receptors is necessary for these TCAs to be
attracted to Netrin-1. To determine which of the two Robo re-
ceptors was implicated in this process, we confronted rostral
thalamic explants from Robo1 or Robo2 single mutants with
Netrin-1-expressing COS7 cells in the presence or absence
of Slit1. When Robo2-deficient rTCAs were confronted with
Netrin-1 plus Slit1, the attractive response persisted (Figures
2E and 2F). Moreover, Slit1 repulsive activity was lost in
Robo2~/~ rTCAs, but not when explants from Robo7-deficient
mice were tested (Figure S2), suggesting that Robo1 might
modulate the Netrin-1 response rather than mediate the
Slit1 repulsive response in these neurons. By contrast, the
attractive response to Netrin-1 induced by Slit1 was lost in
Robo1~'~ fTCAs (Figures 2G and 2H), demonstrating the
need for Robo1 in the attractive response to Netrin-1.

We assessed whether Robo1 activity might be necessary
for the upregulation of cell-surface DCC in rTCAs following
exposure to Slit1 and Netrin-1. Unlike in the wild-type controls,
surface DCC expression was not upregulated in Robo1~/~
rTCA growth cones (Figures 2I-2M), demonstrating that
Robo1 signaling is necessary to mediate the increase in sur-
face DCC. Consequently, we found that phospho-I-1 levels
were not increased in Robo1~’~ rTCAs by costimulation (Fig-
ures 2N-2P), demonstrating the implication of Robo1 receptor
in inducing PKA activation by Slit1 and Netrin-1 combination.

Rostral TCAs Express High Levels of FLRT3

Although the results obtained directly implicate the activation
of Robo1 in the modulation of Netrin-1 attraction, they do not
explain the cell-type specificity, given that iTCAs express
similar levels of Robo1 as rTCAs ([21]; Figure S3). Therefore,
it seemed necessary to search for other molecular differences
that might underlie this specificity. The fibronectin and
leucine-rich transmembrane proteins (FLRT1-3) have recently
been shown to bind in trans to Unc5 receptors [11, 12] and to
modulate pyramidal neuron migration within the developing
cortex [15]. Thus, we wondered whether, together with
Robo1, FLRT proteins might modulate the Netrin-1 response
in developing TCAs.

Among the three known FLRT family members, developing
thalamic neurons express FIrt3 mRNA in a decreasing
rostral-to-caudal gradient, as witnessed by in situ hybridiza-
tion (Figures 3A and 3B; data not shown). This gradient was
confirmed by X-Gal staining in sections of a FLRT3 reporter
line in which B-galactosidase expression is driven by the
Firt3 promoter (FIrt3°93/°xP: Figures 3C and 3D) and in disso-
ciated thalamic neurons from these mice, in which the number
of neurons expressing p-galactosidase was significantly
higher in rostral cultures than in intermediate cultures (Figures
3E-3G). The greater amount of FLRT3 protein in lysates from
rostral thalamic cultures corroborated these results (Figures
3H and 3I), as was also evident in the growth cones of rostral
thalamic neurons (Figures 3J-3M’). Together, these results
show that FLRT3 is specifically enriched in rTCAs, and, there-
fore, it may play a role in the development of their axons.
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Figure 1. Modulation of Netrin-1 Responsiveness Requires DCC Upregulation

(A-D’) Quantitative DCC surface immunostaining analyzed in nonpermeabilized E13.5 rostral cultured thalamic neurons after 2 days in vitro, both in control
conditions and when stimulated with rSlit1 (0.25 pg/ml) plus rNetrin-1 (0.5 png/ml) for 20 min.

(E) Quantification of the data shown in (A)-(D) and from intermediate thalamic neurons. n > 80 growth cones per condition. *p < 0.05, one-way ANOVA test
with Tukey’s post hoc analysis.

(F) Surface biotinylation of E13.5 thalamic cultures unstimulated or stimulated with rSlit1 (0.25 pg/ml), rNetrin-1 (0.5 ug/ml), or rSlit1 plus rNetrin-1 for 20 min.
(G) Quantification of the data shown in (F). n = 5. **p < 0.01, two-tailed Student’s t test.

(H-I') Phospho-I-1 staining of E13.5 rostral thalamic neurons cultured for 48 hr, both in control conditions or when stimulated with rSlit1 (0.25 ng/ml) plus
rNetrin-1 (0.5 ng/ml) for 20 min.

(J) Quantification of the data represented in (H) and () and data not shown. Rostral thalamic growth cones were also treated for 15 min with DMSO or 200 nM
KT5720 prior to the addition of the rSlit1 plus rNetrin-1 combination. n > 61 growth cones per condition. *p < 0.05, **p < 0.01, two-tailed Student’s t test.
(K) Western blot probed with an anti-phosphorylated PKA substrate antibody recognizing a conserved PKA phosphorylation motif. E13.5 rostral and
intermediate thalamic neurons were cultured for 48 hr and unstimulated or stimulated with rSlit1 (0.25 ug/ml) plus rNetrin-1 (0.5 pg/ml) for 20 min.

(L) Quantification of the data shown in (K). n = 2. *p < 0.05, two-tailed Student’s t test.

(M and N) Wild-type rTCAs were attracted to Netrin-1-expressing COS7 cells in the presence of rSlit1 (M), whereas Dcc ™~ rTCAs grew symmetrically (N).
Insets in the lower left corner show dsRed expression in the COS7 cell aggregates.

(O) Quantification of the data represented in (M) and (N). n = 15 Dcc*/* explants; n = 28 Dcc™'~ explants. **p < 0.01, two-tailed Student’s t test.

rTh, rostral thalamus; iTh, intermediate thalamus; ID, integrated density; rSlit1, recombinant Slit1 protein. The data are presented as the mean + SEM.
Scale bars represent 10 um (A-D’), 5 um (H-I'), and 150 um (M and N). See also Figure S1.
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Figure 2. Slit1 Enables Netrin-1 Attraction by Activating the Robo1 Receptor

(A-H) Wild-type (A) and Robo2~’~ (E) rTCA explants are attracted to Netrin-1-expressing COS7 cells in the presence of rSlit1, while explants lacking the
Robo?1 receptor (C, Robo?1~/~;Robo2™/~ and G, Robo1~’~) grow symmetrically. n > 32 wild-type explants per condition; n > 32 Robo1~'~;Robo2™'~
explants per condition; n > 9 Robo2~/~ explants per condition; n > 27 Robo1~/~ explants per condition. *p < 0.05, **p < 0.01, two-tailed Student’s
t test.

(I-L') DCC surface immunostaining of nonpermeabilized Robo7** (I-J') and Robo1~/~ (K-L') growth cones from E13.5 rostral cultured thalamic neurons
after 2 days in vitro.

(legend continued on next page)
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FLRT3 Is a New Robo1-Interacting Protein

To better understand the possible function of FLRT3 in the
thalamus, we used the mouse FLRT3 intracellular domain
(FLRT3'®P, amino acids 553-649) as bait in a yeast two-hybrid
screen of a human fetal brain cDNA library (Figure S4A).
Among the positive hits, one cDNA encoded the Robo1 protein
(amino acids 449-1,182; Figures S4B and S4C), while Robo2
was not detected as an interacting partner. Robo1l and
FLRT3 interaction was validated in coimmunoprecipitation ex-
periments performed on HEK293T cells transiently transfected
with full-length Robo1 and FLRT3 cDNAs (Figures 4A-4D).
Deletion of the intracellular domain (ICD) of FLRT3 (Figure 4A)
or that of Robo1 (Figure 4E) abolished this association, sug-
gesting that the interaction between Robo1 and FLRT3 takes
place mainly in cis through their cytoplasmic domains.

Robo1 ICDs are known to be required for Slit1-mediated
repulsion [26, 27], and therefore, the binding of FLRT3 to the
cytoplasmic domains of Robo1 could modify its repulsive
activity. To test this, we performed growth cone collapse
assays in response to Slit1, comparing FLRT3-positive rTCAs
with FLRT3-negative iTCA neurons. We used Robo2~'~ cul-
tures to avoid Robo2 receptor interference in the assay. Both
Robo2** and Robo2~’~ iTCA growth cones collapse in
response to Slit1 (Figure S4H), suggesting that Robo1 function
is enough to mediate Slit1 repulsive activity in these axons.
However, while Slit1 collapsed Robo2*"* rTCA growth cones,
Slit1 repulsive activity was abolished in Robo2~/~ rTCA growth
cones (Figures S4D-S4H). Together with the lack of Slit1-medi-
ated repulsion in rTCA from Robo2 mutants that we have previ-
ously observed (Figures S2G-S2l), these data suggest that
FLRTS3 present in rTCAs may modulate Slit1/Robo1 repulsion.

Finally, we detected Robo1l when FLRT3 was immuno-
precipitated from protein extracts of dissociated thalamic
neurons (Figure 4F), and these two proteins colocalized in
rostral thalamic growth cones (Figures 4G-4K), strongly sug-
gesting that they interact in TCAs.

FLRT3 Is Necessary to Mediate Slit1-Induced Netrin-1
Attraction

Because Robo1 is required by rTCAs for the Slit1-induced
switch in Netrin-1 responsiveness, we tested whether FLRT3
activity is also involved in this process. As such, we confronted
control and FIrt3 nervous system conditional mutant
(FIrt3Peal/ixiNesCre) postral thalamic explants with COS7 cells ex-
pressing Netrin-1 in the presence of Slit1. The lack of FLRT3
abolished the switch toward Netrin-1 attraction (Figures 5A-
5C), demonstrating that FLRT3 and Robo1 are both necessary
for such attraction to occur. The addition of a recombinant
protein containing only the extracellular domain of FLRT3 to
these cultures did not elicit attraction to the Netrin-1 stimuli
of the FIrt3-conditional mutant rTCAs (Figure S5), suggesting
that the intracellular domain of the FLRT3 protein is crucial
for attraction to occur. Moreover, the fact that FLRT3 interacts
with Robo1 in thalamic neurons (Figure 4F) and that a large
percentage of the surface FLRT3 colocalizes with Robo1 in
rostral growth cones (Figures 4G-4K) suggest that the function
of FLRT3 in mediating this attraction might be due to its inter-
action with the Robo1 signaling pathway.

Having shown that DCC upregulation at the membrane
strongly correlated with the switch toward Netrin-1 attraction,
we tested whether this upregulation occurred in the absence
of Firt3. Unlike control TCAs, the combination of Slit1 and
Netrin-1 did not induce an increase in surface DCC levels in
FIrt3 conditional mutant rTCAs (Figures 5D-5H). Furthermore,
the increase in phospho-I-1 induced by Slit1 and Netrin-1
costimulation did not occur in rTCAs in the absence of Firt3
(Figures 5I-5K). Altogether, these results strongly suggest
that FLRT3 and Robo1l modulate the Netrin-1 response in
developing rTCAs by increasing the abundance of DCC recep-
tors at the plasma membrane of the growth cones via PKA
activation.

FLRT3 Expression Is Sufficient to Alter the Response to
Netrin-1 in Robo1-Expressing Axons

Robo1 and FLRT3 levels remain unchanged in rostral thalamic
growth cones of FIrt3 conditional mutant and in Robo1™/~
mutant mice, respectively (Figure S6). Hence, it would appear
that neither Robo1 nor FLRT3 activity alone is sufficient to
trigger the attractive behavior and that both proteins must be
present. Thus, we hypothesized that ectopic expression of
FLRT3 in nonresponsive iTCAs that contain Robo1l may be
sufficient to trigger this attractive behavior. Indeed, electropo-
ration of a FIrt3 expression vector into iTCAs specifically pro-
voked the switch toward Netrin-1 attraction (Figures 6A-6D),
demonstrating that FLRT3 expression is sufficient to modulate
the Netrin-1 response in axons that express Robo1. We further
asked whether FLRT3 overexpression in nonresponsive iTCAs
would be sufficient to drive their axons to a more rostral posi-
tion in the ventral telencephalon, in a manner similar to rostral
axons. To test this, we determined the function of FLRT3 in
iTCA pathfinding ex vivo by coculturing intermediate explants
expressing FIrt3 in 45° corridor host slices [21] (Figure 6E).
Whereas mock-electroporated intermediate axons navigated
at rostro-intermediate levels in the subpallium, most of the
axons expressing Firt3 grew rostrally (Figures 6F-6H), again
indicating that FLRT3 is sufficient to transform the behavior
of iTCAs to that of rTCAs. Moreover, because we hypothesized
that the ability of FLRT3 to change iTCA behavior depends
on the presence of Robo1, we performed similar coculture
experiments using iTCA explants from Robo1*/* or Robo1~/~
embryos electroporated with FIrt3 and cocultured into wild-
type 45° corridor host slices (Figure 6l). Ectopic expression of
FLRT3 in intermediate thalamic neurons mutant for Robo1 was
not able to transform the behavior of iTCAs (Figures 6J-6L),
demonstrating that both receptors are necessary to trigger
the attractive response.

Finally, phospho-I-1 staining after Slit1 and Netrin-1 costi-
mulation was significantly higher in iTCA growth cones by
the ectopic expression of FLRT3 (Figures 6M-6P), strongly
suggesting the involvement of PKA activity in the mechanism
of switch in Netrin-1 responsiveness.

Abnormal Pathfinding of TCAs in the Absence of FLRT3

In Vivo

Specifically, a decreasing rostral-to-caudal gradient of Slit1
and Netrin-1 is provided by corridor cells in the ventral

(M) Quantification of the data shown in (I)=(L). n > 80 growth cones per condition. *p < 0.05, two-tailed Student’s t test.

(N-0’) Phospho-I-1 staining on Robo1** (N) or Robo1~/~ (0) E13.5 rostral thalamic growth cones.

(P) Quantification of the data represented in (N) and (O) and data not shown. n > 89 growth cones per condition. *p < 0.05, two-tailed Student’s t test.
rTh, rostral thalamus; rSlit1, recombinant Slit1 protein; ID, integrated density. The data are presented as the mean + SEM. Scale bars represent 150 um (A-G),

10 um (I-L’), and 5 um (N-O’). See also Figure S2.
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Figure 3. Rostral TCAs Express High Levels of FLRT3

(A and B) Serial coronal sections through the telencephalon of E13.5 embryos showing Firt3 expression by in situ hybridization.

(C and D) Serial horizontal sections through the telencephalon of E13.5 embryos from a FIrt3°92" reporter line counterstained with FastRed.

(E and F) X-Gal staining of dissociated thalamic FIrt3°93" cultures showing fewer p-gal stained neurons among the intermediate thalamic neurons than in the
rostral neurons.

(G) Quantification of the data presented in (E) and (F). n = 1,933 rTh cells, n = 1,246 iTh cells. **p < 0.01, two-tailed Student’s t test.

(H) Western blot showing FLRT3 protein levels in lysates from E13.5 rostral or intermediate thalamic neurons cultured for 48 hr.

(I) Quantification of the data shown in (H) (n = 3). **p < 0.01, two-tailed Student’s t test.

(J-M’) FLRT3 surface staining of nonpermeabilized rostral (J-K') and intermediate (L-M’) dissociated thalamic cultures showing stronger expression in
rostral axons.

rTh, rostral thalamus; iTh, intermediate thalamus; interm., intermediate. The data are presented as mean + SEM. Scale bars represent 1 mm (A and B), 200 um
(C and D), 30 um (E and F), 20 um (J, J', L, L), and 10 um (K, K’, M, M’). See also Figure S3.
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Figure 4. FLRT3 Is a New Robo1-Interacting Protein

(A) FLRT3-Robo1 coimmunoprecipitation in HEK293T cells. As indicated, myc-tagged Robo1, FLRT3, and FLRT3AC-GFP were transiently transfected into
HEK293T cells. The protein lysates were immunoprecipitated with an anti-FLRT3 antibody, and the immunoprecipitates were analyzed in western blots
probed with antibodies against Myc (upper panel) and FLRT3 (middle panel). The lower panel shows the Robo1 in the total cell lysates (TCL). In the middle
panel, the arrow indicates FLRT3AC-GFP, and the arrowhead indicates full-length FLRT3.

(B and C) Colocalization of Robo1 and FLRT3 in HEK293T cells. The cells were cotransfected with full-length FLRT3 (FLRT3™; B) or FLRT3AC-GFP (C) and
Robo1 and then fixed and analyzed by immunofluorescence.

(D) The percentage of Robo1 clusters at the membrane where FLRT3 was also detected (asterisks in B’) was quantified and referred to total Robo1 clusters.
Arrowheads in (C’) point to clusters without FLRT3. n > 10 cells. ***p < 0.001, two-tailed Student’s t test.

(E) Myc-tagged Robo1 lacking the entire ICD (AC Robo1) was cotransfected into HEK293T cells with FLRT3 as indicated (full-length [FL] Robo1 was used as
a control). Anti-FLAG immunoprecipitates were analyzed in western blots probed with antibodies against Myc (upper panel) and FLAG (middle panel). The
lower panel shows the Robo1 in the TCL. The arrows indicate the position of the specific proteins, and the arrowhead in the lower panel shows the position of
AC Robof.

(legend continued on next page)
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telencephalon (vTel) to attract the rTCAs toward the rostral re-
gions of this structure and ultimately, the cortex [21]. Our data
suggest that FLRT3 is sufficient to modulate the response of
axons expressing Robo1 to Netrin-1. To test whether FLRT3
is indeed necessary for the positioning of rTCAs in vivo, we
performed fine anterograde labeling of the rostral thalamus
with Dil in FiIrt3 conditional mutant brains (Figures 7A-7D).
We reproducibly observed that in the absence of FLRT3,
rITCAs dispersed toward more intermediate levels than in
controls, demonstrating that the fine positioning of rTCAs
requires FLRT3 activity in these axons. Although the expres-
sion patterns for Slit1 and Netrin-1 in the vTel are normal
in FiIrt3 conditional mutant brains (Figure S7), we performed
analysis of the development of rTCAs in a transgenic mouse
in which FIrt3 is specifically removed from the thalamus
(FIrtg/Gox2CreER,  Eigures 7E-7H). The conditional Firt3
removal from the thalamus mimics the phenotype found in
the Firt3 nervous system conditional knockout, demonstrating
that FIrt3 expressed in rTCAs is necessary for acquiring their
correct topographical information.

Both FLRT3 and Robo1 are necessary to guide rTCAs by
changing Netrin-1 responsiveness. Thus, we reasoned that
the absence of Robo1, but not Robo2, should mimic the defect
found in FIrt3 conditional mutant brains. Indeed, rTCAs
dispersed more toward intermediate levels in Robo7~'~ mice
than in control mice (Figures 71-7L), while rTCA dispersion
was normal in Robo2~'~ mice (Figure 7L). Together, these
results show that both FLRT3 and Robo1 are required to
modulate the response of TCAs to Netrin-1.

In summary, our results demonstrate that the positioning of
distinct TCAs that express similar levels of axon guidance re-
ceptors is achieved by modulating their response to Netrin-1
through the activity of FLRT3.

Discussion

The correct formation of neural circuits depends on the ability
of growing axons to resolve and integrate information from
multiple sources when navigating through complex cellular
environments. Here, we found that FLRT3 acts as a coreceptor
of the Robo1 receptor and that it is required in rTCAs to modu-
late their Netrin-1 responsiveness in a manner that is crucial
for their topographic positioning. Slit1 and Netrin-1 lead to
the upregulation of DCC at the surface of the growth cone
and to the Netrin-1 attraction through the synergistic action
of Robo1 and FLRT3 (Figures 7M and 7N). This FLRT3-
Robo1 interaction only occurs in rostral axons, because
although iTCAs express DCC and Robo1 receptors, they do
not contain FLRT3 and, thus, they are not attracted to
Netrin-1. Therefore, our study shows that two different guid-
ance cues, such as Slit1 and Netrin-1, cooperate to modify
axonal behaviors through enhancing downstream signals
(e.g., PKA), which trigger expression changes of a guidance
receptor on the cell surface. Broadly, FLRT3 might act as a
context-dependent modulator of axon guidance signals, and
this function may emerge as a prevalent strategy to ensure

the sequential switching in axon guidance responses that is
necessary to correctly guide developing axons.

Netrin-1 Attraction Involves PKA Activation and DCC
Upregulation by Slit1 and Netrin-1

We have shown that the response to Netrin-1 by rTCAs re-
quires the upregulation of surface DCC through cAMP/PKA
activation. These results are consistent with the general idea
that increases in local cAMP promote axon attraction [28]
and with previous findings in commissural neurons showing
that PKA activation translocates DCC to the plasma mem-
brane, thereby promoting axon growth and axon turning in
response to Netrin-1 [6, 7, 29]. Intracellular DCC pools are
more than likely mobilized from microtubule-associated trans-
port vesicles (VAMP2-positive; Figure S1) that are thought to
be involved in asymmetric exocytosis during attraction [30].
Intriguingly, although cAMP can modulate the response of
axons to Netrin-1, Netrin-1 stimulation of developing axons
does not seem to alter endogenous cAMP levels, and thus,
other signals would appear to be necessary to activate PKA
[31]. We believe that Slit1 signaling is important in this regard,
most likely in a crosstalk with Netrin-1 signaling, because DCC
is only upregulated at the plasma membrane of rTCAs upon
costimulation with Slit1 plus Netrin-1. Thus, it is possible that
Slit1 and Netrin-1 signaling are both synergistically required
to reach a certain threshold of PKA activation, explaining
the requirement for the combination of cues. Thus, PKA
could function as a coincidence detector that integrates
two different signals in rTCAs, ensuring that the attractive
response will only occur when Slit1 and Netrin-1 are present,
similar to the proposed role for Ret in axons from the lateral
motor column at the spinal cord [8].

Slit/Robo use Rac-specific GTPase-activating proteins
(GAPs) and guanine nucleotide exchange factors (GEFs) as
intracellular signaling proteins to mediate repulsion [32].
Although variations in cAMP levels modulate Robo-mediated
repulsion [33, 34], a direct link between Robo signaling and
cAMP/PKA activation has not been reported to date. Thus, it
is tempting to speculate that activation of the FLRT3-Robo1
complex by Slit1 in rTCAs might shift the default Robo intra-
cellular cascade from Rac toward PKA activation. Further
experiments to explore this possibility are called for.

The Convergence of Slit1 and Netrin-1 Signaling in
Developing Axons

In precrossing callosal axons, Netrin-1 attenuates Slit/Robo1
repulsion in order to allow axons to cross the midline in the
developing brain [17], whereas in postcrossing commissural
spinal cord axons, the Slit receptor Robo1 silences Netrin-1
attraction to help axons project away from the floor plate
[18, 19]. In basal conditions, rostral thalamic axons and
callosal axons apparently behave similarly, in the sense that
Netrin-1 does not exert any chemotactic effect on its own.
However, Netrin-1 has two different functions in these sys-
tems: its main role in callosal axons is to attenuate Robo
signaling and allow the axons to cross the midline, whereas

(F) FLRT3-Robo1 coimmunoprecipitation in rTCA neurons. Protein extracts of E13.5 rostral cultured thalamic neurons after 2 days in vitro were immuno-
precipitated with a control goat IgG or with anti-FLRT3 IgGs (raised in goat). The immunoprecipitates were analyzed in western blots probed with antibodies
against Robo1 (upper panel) and FLRT3 (middle panel). The lower panel shows the Robo1 in the TCL.

(G-J) FLRT3 surface staining of nonpermeabilized rostral neurons, followed by Robo1 staining, and with phalloidin staining showing the growth cone

morphology in white. Arrowheads in (J) indicate colocalization spots.
(K) Quantification of the data shown in (J) (n > 60).

The data are presented as mean + SEM. Scale bars represent 10 um. See also Figure S4.
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Figure 5. FLRT3 Is Necessary to Mediate Slit1-Induced Netrin-1 Attraction

(A and B) Rostral control (FIrt3°93"%) axons are attracted to Netrin-1-expressing COS7 cells in the presence of rSlit1 (A), whereas axons from the conditional
Flrt3°ealfixNesCre mtant grow symmetrically (B).

(C) Quantification of the data represented in (A) and (B). n = 25 FIrt3°9%" explants; n = 16 Firt3°93/xNesCre explants. *p < 0.05, two-tailed Student’s t test.
(D-G’) DCC surface immunostaining of nonpermeabilized FIrt3°93/* (D-E') and Firt3°93/xNesCre (F_G/) E13.5 rostral thalamic neurons.

(H) Quantification of the data represented in (D)-(G). n > 130 growth cones per condition. **p < 0.01, two-tailed Student’s t test.

(I-J’) Phospho-I-1 staining on Firt3°92" (1) or Firt3°9a//xNesCre (J) E13.5 rostral thalamic growth cones cultured for 48 hr when stimulated with rSlit1 (0.25 ug/
ml) plus rNetrin-1 (0.5 pg/ml) for 20 min.

(K) Quantification of the data represented in (I) and (J) and data not shown. n > 75 growth cones per condition. *p < 0.05, two-tailed Student’s t test.
rTh, rostral thalamus; rSlit1, recombinant Slit1 protein; ID, integrated density. The data are presented as mean + SEM. Scale bars represent 150 um (A and B)
and 10 um (D-G’; I-J’). See also Figure S5.

it becomes chemotactic for rTCAs upon the permissive effect We speculate that on/off decisions that favor hierarchical in-
of Slit1. Why Slit1 and Netrin-1 have such different effects on teractions are taken at the midline. By contrast, topographic
axons crossing the midline and on TCAs is currently unknown. maps rely on smooth gradients of signals that trigger more
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Figure 6. FLRT3 Expression Is Sufficient to Alter the Response to Netrin-1 in Robo1-Expressing Axons

(A) Experimental paradigm used to test the effect of Firt3 gain of function.

(B and C) Explants electroporated with control cDNA grow symmetrically when confronted with Netrin-1-expressing COS7 cells in the presence of rSlit1 (B),
whereas Flirt3-electroporated explants are attracted to this combined stimulus (C).

(D) Quantification of the data represented in (B) and (C). n = 19 explants for mock electroporation; n = 18 explants for full-length Firt3 electroporation. *p <
0.05, two-tailed Student’s t test.

(E) Experimental paradigm used to test the role of FLRT3 in the navigation of iTCAs.

(F and G) Control-electroporated iTCAs grow at rostro-intermediate positions into the ventral telencephalon of wild-type embryos (F), whereas Firt3-electro-
porated iTCAs grow rostrally (G).

(H) Quantification of the data represented in (F) and (G). n = 6 mock electroporated cocultures; n = 6 full-length Firt3 electroporated cocultures. ***p < 0.001
between distributions; *p < 0.05 and **p < 0.01 between particular points, two-way ANOVA test.

() Experimental paradigm used to test the role of FLRT3 in the navigation of iTCAs in the presence or absence of Robo1.

(legend continued on next page)
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subtle and complex decisions and that probably involve other
types of interactions between guidance cues, such as the
permissive effect of Slit1 on Netrin-1 attraction. In this context,
such an interaction would be important for the fine topograph-
ical sorting of axonal tracts.

Attraction in rTCAs correlates with an increase of DCC at
the surface of the growth cone, suggesting that a certain
threshold of DCC levels is necessary for the attractive
response to Netrin-1. An alternative explanation is that
Robo1-DCC interactions silence basal DCC activity, therefore
preventing Netrin-1 from being attractive. Accordingly, we
have found that Robo1 and DCC interact in thalamic neurons
in basal conditions, that DCC-Robo1 immunostaining showed
a high colocalization at the surface of rTCA growth cones, and
that this colocalization was reduced after Slit1 plus Netrin-1
stimulation. However, when we confronted rTCA explants
from either Robo1 or the double Robo1;Robo2 knockouts,
we did not observe attraction toward Netrin-1, suggesting
that DCC silencing is not the major mechanism.

FLRT3 Is a Context-Dependent Modulator of Axonal
Responses

Context-dependent permissive interactions between axon-
guidance cues, such as the case of NrCAM and GDNF proteins
that modulate axon sensitivity to Sema3B in spinal cord axons
[35, 36] or the switch of Sema6D activity from repulsive to
attractive by NrCAM and plexin-A1 in retinal axons in vitro
[37, 38], have already been shown. Therefore, whereas previ-
ous reports have suggested that the presence or absence of
a coreceptor protein simply induces different downstream sig-
nals [39, 40], our study suggests that a coreceptor (FLRT3)
changes the surface expression of an additional guidance
receptor through promoting downstream signals that in turn
convert the responses of axons. FLRT3 might switch Robo1
signaling to enable Netrin-1 attraction by upregulating the
levels of DCC in the plasma membrane through PKA activity.
Moreover, as we found that FLRT3 interacts in cis with the
intracellular domain of Robo1 and that Slit1 repulsion is lost
in Robo2 mutants despite the presence of Robo1, our data
also suggest that FLRT3 might be a potential modulator of
Slit1/Robo1 repulsive responses triggered in rTCAs.

We found no evidence showing that FLRT3 modulates
Netrin-1/DCC signaling directly because we did not detect
significant binding of Netrin-1 to FLRT3, nor were we able to
coimmunoprecipitate FLRT3 and DCC (data not shown). More-
over, we did not find that Slit1 binds directly to FLRT3 or that
Slit1 changes the affinity of the Robo1-FLRT3 interaction
(data not shown), leading us to consider the possibility that
FLRT3 may be activated by an unknown ligand or that FLRT3
acts independently of a direct ligand, at least in this context.
In this latter scenario, FLRT3 might simply modify the structure
of the intracellular domain of Robo1, thereby altering its
signaling profile. Consistent with such a model, we have

observed that the FLRT3-Robo1 interaction involves the
cytoplasmic domain of Robo1 and that a large percentage of
surface FLRT3 already colocalizes with Robo1 in rostral
thalamic growth cones under basal conditions.

Our results showed that the Netrin-1 responsiveness
involved in the topography of TCAs is determined by the
expression and function of Robo1 and FLRTS3. In the absence
of FLRT3, such as in the case of wild-type iTCAs or rTCAs
from FIrt3 mutant mice, axons are not attracted to Netrin-1 in
the corridor, so they target intermediate cortical regions.
This ability depends on the presence of Robo1 receptor in
these axons because the phenotype we found in Robo1~/~
mimics the one found in FIrt3 mutants. Furthermore, the
absence of either Slit1 or Netrin-1 ligands in the vTel causes
a similar caudal shift of rostral thalamocortical projections
in vivo [21, 41, 42].

In summary, FLRT3 appears to modulate several develop-
mental processes such as cell growth, cell migration, and
axon guidance by interacting in cis or in trans with distinct
transmembrane receptors. In TCAs, FLRT3 modulates the
degree of responsiveness to Netrin-1 from a neutral response
to attraction. Thus, our study shows a novel mechanism that
allows switches in axon responses as development proceeds,
such that there is no need to have a prior set of specific axon-
guidance receptors. Instead, by simply introducing FLRT3
into the equation, the response to a given cue can be changed
in function of the environment.

Experimental Procedures

Mouse Strains

Wild-type mice maintained on a CD1 background were used for gene-
expression analysis and for tissue culture experiments. Robo71 and
Robo1;Robo2 double-mutant heterozygous mice [43-45] were maintained
on a CD1 genetic background and crossed to produce homozygous
embryos. Robo2 heterozygous mice [43-45] were maintained on a C57BI/
6 genetic background and crossed to produce homozygous embryos.
Dcc heterozygous mice [46] were maintained on a 129SV/SvPasCrl genetic
background and crossed to produce homozygous embryos. The FLRT3°9
allele is a reporter/null allele in which the coding sequence of the FLRT3
gene was replaced by the gene B-galactosidase [47]. The FLRT3* allele
carries two loxP sites flanking the third exon, which includes the entire
coding sequence of the FLRT3 gene. This allele was successfully validated
and published previously [15]. In the present study, FLRT3*"* mice were
crossed with the nervous-system-specific Nestin®™ line [48], heterozygous
for FLRT3 (FLRT3°9%"*), in order to obtain knockout brains from FLRT3%93/;
Nestin®*®’* embryos. FLRT3*"* mice were also crossed with the inducible
thalamic-specific Gbx2°™E line [49], heterozygous for FLRT3 (FLRT3*"*),
in order to obtain brains from FLRT3"/%;Gbx2°"°EF/* embryos with the spe-
cific FLRT3 deletion from the thalamus. The Gbx2°"°5* line was provided by
James Li (University of Connecticut Health Center). This line expresses
CreER(T2)-ires-EGfp under the control of the Gbx2 promoter. Tamoxifen
induction of Cre recombination in FLRT3*"*;Gbx2°°ER"* embryos was
performed by gavage administration of 5 mg tamoxifen (Sigma) dissolved
in corn oil (Sigma) at E10.5 and E13.5 to maximize recombination in rostral
thalamic structures [49, 50] (H. Gezelius, N. Anton-Bolanos, and G.L.-B.,
unpublished data). In all cases, the day of vaginal plug was considered to

(J and K) Firt3-electroporated iTCAs from Robo1 e embryos grow rostrally (J), whereas Flrt3-electroporated iTCAs grow at rostro-intermediate positions

into the ventral telencephalon in the absence of Robo1 (K).

(L) Quantification of the data represented in (J) and (K). n = 8 full-length FIrt3 electroporated cocultures from Robo
p < 0.001 between distributions; *p < 0.05, **p < 0.01 and ***p < 0.001 between particular points, two-way ANOVA test.

—/= Hkk

cocultures from Robo1

1*/*; n = 6 full-length FIrt3 electroporated

(M) Experimental paradigm used to test the PKA activity in FLRT3 overexpressing iTCAs.

(N-O’) Phospho-I-1 staining of control-electroporated (N) or Firt3-electroporated (O) E13.5 intermediate thalamic growth cones cultured for 48 hr when stim-
ulated with rSlit1 (0.25 ug/ml) plus rNetrin-1 (0.5 pg/ml) for 20 min. GFP expression is shown in green.

(P) Quantification of the data represented in (N) and (O) and data not shown. n > 63 growth cones per condition. *p < 0.05, two-tailed Student’s t test.
iTh, intermediate thalamus; rSlit1, recombinant Slit1 protein; ID, integrated density. The data are presented as mean + SEM. Scale bars represent 150 um

(B and C), 300 um (F and G; J and K), and 5 um (N-O’). See also Figure S6.
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Figure 7. Abnormal Pathfinding of TCAs in the Absence of FLRT3 In Vivo

"I

(A) Experimental paradigm used to trace rTCAs in Firt3"° and Firt3 "¢ at E16.5 embryos.

(B and C) Control (FIrt3°9®"*) yTCAs grow rostrally as a compact bundle (B), whereas they disperse to more intermediate regions of the vTel in
Flrt3°9al/ixiNesCre prains (C), as revealed by the width of the bundle within the subpallium (“W”) relative to its width at its entrance (“w”).

(D) Quantification of the data represented in (B) and (C). n = 10 FIrt3°9®/ prains; n = 9 FIrt3°9a/"xNesCre pyrains, **p < 0.001, two-tailed Student’s t test.

(E) Experimental paradigm used to trace rTCAs in FIrt3*’* and Firt3*/:Gbx2CreER 4t E16,5 embryos.

(F and G) FIrt3*/* rTCAs grow rostrally as a compact bundle (F), whereas they disperse to more intermediate regions of the vTel in Flrt3*/xGox2CreER
brains (G).

(H) Quantification of the data represented in (F) and (G). n = 6 FIrt3*"* brains; n = 6 Flrt3*/*Gbx2CreER pyrains, **p < 0.001, two-tailed Student’s t test.

() Experimental paradigm used to trace rTCAs in Robo1*"* and Robo1~’~ at E16.5 embryos.

(legend continued on next page)
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be EO0.5. All animal procedures were approved by the Committee on Animal
Research at the University Miguel Hernandez, and they were carried out
according to Spanish, German, and European Union regulations.

In Situ Hybridization, Inmunohistochemistry, Enzymatic Staining,

and Axonal Tracing

For in situ hybridization, the animals’ brains were fixed overnight in 4% para-
formaldehyde (PFA) in PBS, and brain vibratome sections were collected
(80 um thick, Leica Microsystems). In situ hybridization for Firt3 [47], Slit1,
and Netrin-1 [21] was performed using standard protocols [15].

Forimmunostaining, cultured cells and explants or slices were fixed in 4%
PFA for 10 or 30 min, respectively. Inmunostaining was performed on the
following: dissociated thalamic neurons, thalamic explants in matrigel or
collagen pads, and cultured slices. The following antibodies were used:
mouse anti-Blll Tubulin 1/1,000 (Covance); goat anti-DCC 1/100, goat anti-
FLRT3 1/100, goat anti-Robo2 1/50, goat anti-Unc5C 1/100 (R&D Systems);
rabbit polyclonal antiserum against Robo1 1/1,000 (kindly provided by Fujio
Murakami, Osaka University); rabbit anti-GFP 1/1,000 (Molecular Probes);
chicken anti-GFP 1/3,000 (Aves Labs); rabbit anti-Robo1 1/100 (Novus
Biologicals); rabbit anti-phospho-I-1 1/500 (Novus Biologicals); rabbit
anti-Vamp2 1/200 (Millipore) and rabbit anti-Rab11 1/200 (Invitrogen). For
surface DCC staining, anti-DCC antibody (R&D Systems) staining was
carried out at 4°C for 20 min in a humidified chamber prior to fixation in
4% PFA at 4°C for 20 min. The absence of anti-Blll Tubulin staining was
assessed in parallel to confirm that the cells were not inadvertently permea-
bilized at this step. Cultures were then permeabilized and F-actin was
labeled with Phalloidin. The secondary antibodies used were as follows:
Alexa Fluor 488-, 555-, and 647-conjugated goat or donkey anti-rabbit/
mouse/goat (Molecular Probes 1:400). Alexa Fluor 488-, 568-Phalloidin
(Molecular Probes), or Phalloidin-Atto 633 (Sigma) was applied together
with the secondary antibodies.

To stain for B-galactosidase activity, E13.5 mouse brains were fixed for
1.5 hrin 0.2% glutaraldehyde and 1% PFA in PBS (containing 5 mM EGTA,
2 mM MgCl,, and 0.02% NP40), and they were then immersed in 25%
sucrose/PBS solution overnight at 4°C. Cryosections (14 um) were stained
for B-galacatosidase activity by incubating them for 2-3 hr at 37°C in a
1 mg/ml X-gal solution (Invitrogen) containing 5 mM K,Fe(CN)s and 5 mM
KsFe(CN)e. After rinsing, the samples were counterstained with FastRed
(Vector Laboratories). For axonal tracing, the brains of embryos were fixed
overnight in 4% PFA, and then small Dil crystals (1,1'-dioctadecyl 3, 3, 3/,
3'-tetramethylindocarbocyanine perchlorate; Molecular Probes) were in-
serted into the rostral part of the thalamus after we hemidissected the brain.
For double-labeling studies, small DiA crystals (4-4-dihexadecyl aminostyryl
N-methyl-pyridinium iodide; Molecular Probes) were inserted into the inter-
mediate part of the thalamus together with the Dil crystals. After the dyes
were allowed to diffuse at 37°C, vibratome (100 um) brain sections were
obtained and counterstained with DAPI (Sigma), a fluorescent nuclear dye.

Thalamic Explants in Collagen or Matrigel

COS7 cells were transfected (FuGene HD, Promega) with expression vec-
tors encoding the following proteins: human Slit1 [51], Netrin-1 [52], Gfp,
or dsRed [53]. Aggregates were prepared by diluting the transfected cells
in Matrigel (BD Biosciences) as described previously [53]. Thalamic ex-
plants were confronted with COS7 cells and embedded in rat tail collagen
(BD Bioscience), except when confrontation assays were performed after
slice electroporation in which Matrigel was used (BD Bioscience). Then ex-
plants were cultured for up to 48 hr in Neurobasal medium supplemented
with B-27, 25 mM glucose, 2 mM glutamine, and 100 U/ml pen-strep (Invitro-
gen). Recombinant Slit1 (5 nM; R&D Systems), FLRT3-ECD [15] (1 pg/ml), a
mouse anti-DCC antibody (AF5 clone; Abcam), or control mouse IgG was

added to the culture media as indicated. After fixation in 4% PFA, axons
were labeled using the mouse anti-Blll Tubulin antibody (Covance).

Slice Cocultures and In Vitro Focal Electroporation

Organotypic slice cultures of the embryonic mouse telencephalon were pre-
pared and maintained for 48 hr, as previously described [53]. Telencephalic-
receiving slices were cut at an angle of 45° between the horizontal and
sagittal planes, while thalamic explants were dissected out from coronal sli-
ces previously subjected to focal electroporation, performed as described
elsewhere [53]. The following DNA plasmids were used for electroporation
at a concentration of 1.2 pg/ul: FLRT3-IRES-Gfp and the empty vector. All
the plasmids were coelectroporated with a plasmid encoding Gfp at
0.9 pg/pl and mixed with 1% fast green (Sigma). Cocultures were maintained
for 48 hr in Slice Culture Medium (SCM: 69% Basal Medium Eagle, 25%
Hank’s balanced salt solution [HBSS], 5% Normal Horse Serum, 50 mM
glucose, 2 mM glutamine, and 100 U/ml pen-strep), and the dispersion of
thalamic axons along the rostro-caudal axis was quantified by plotting
with ImagedJ software.

Collapse Assays

Dissociated thalamic cultures from E13.5 thalamus were performed as
described previously [54]. After 48 hr of culture, neurons were incubated
with 1 pg/ml Slit1 or PBS (control) for 30 min at 37°C, fixed, and labeled
with Alexa Fluor 488-Phalloidin (1/500, Invitrogen) to analyze growth
cone morphologies. Collapsed growth cones were scored as shown previ-
ously [15].

Western Blot and Immunoprecipitation

Neuron cultures were lysed in lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 2 mM EDTA, and 1% Triton X-100) supplemented with protease
and phosphatase inhibitor cocktails (Roche). Protein lysates were clarified
by centrifugation at 1,000 x g for 10 min. For immunoprecipitations,
200-400 g of total protein lysates were diluted to 400 pl with lysis buffer
and precleared for 1 hr at 4°C on gentle rotation with 150 ul of a protein G
Sepharose bead slurry (50%, Sigma). Precleared lysates were incubated
overnight at 4°C with the appropriate primary antibody (1 pg goat anti-
Robo1, 1 ug goat anti-FLRT3; R&D Systems) and then for 3 hr with 40 pl
of the protein G Sepharose bead slurry (50%). The beads were washed three
times with lysis buffer and resuspended in SDS loading buffer. The protein
extracts or immunoprecipitates were resolved on 8%-12% SDS-PAGE and
transferred to a nitrocellulose membrane (Protran, Whatman). The mem-
branes were then blocked for 45 min at room temperature with 5% nonfat
powdered milk in Tris-buffered saline Tween-20 (TBS-T: 50 mM Tris-HCl,
150 mM NaCl [pH 7.4], 0.05% Tween-20) and probed overnight at 4°C
with the following primary antibodies: goat anti-Robo1 1/200, goat anti-
Robo2 1/200, goat anti-Unc5C 1/200, goat anti-FLRT3 1/1,000, goat anti-
DCC 1/500 (R&D Systems), rabbit anti-phospho-(Ser/Thr) PKA substrate
1/2,000 (Cell Signaling Technology), or mouse anti-plll tubulin 1/20,000
(Covance). The membranes were then incubated with a horseradish perox-
idase (HRP)-conjugated secondary antibody (Sigma), and antibody binding
was visualized by chemiluminescence (Immobilon Western, Millipore) in a
Luminescent Image Analyzer LAS-1,000 Plus (Fujifilm).

Surface Biotinylation

After 2 days in vitro, thalamic neurons were treated as indicated and incu-
bated for 20 min at 37°C during the treatments. The cells were washed twice
with ice-cold PBS containing MgCl, and CaCl, (PBS™; Sigma), and the cells
were then incubated with 0.5 mg/ml EZ-Link-Sulfo-NHS-SS-Biotin (Thermo
Scientific) diluted in PBS* at 4°C for 30 min. Excess biotin was quenched by
washing it off three times for 5 min each in PBS* with 50 mM NH,4CI. Finally,

(J and K) Robo1*/* rTCAs grow rostrally as a compact bundle (J), whereas they disperse to more intermediate regions of the vTel in Robo17~'~ brains (K).
(L) Quantification of the data represented in (J) and (K). rTCA dispersion at the vTel is normal in Robo2™~ brains. n > 6 brains per condition. **p < 0.01, two-

tailed Student’s t test.

(M) Scheme representing the topographic guidance of rTCAs and iTCAs in the ventral telencephalon. Corridor cells express overlapping gradients of
Slit1 and Netrin-1 [21]. The rostral positioning of rTCAs relies on the specific expression and function of FLRT3 in these axons that, via PKA, increase surface
DCC levels through the Slit1/Robo1 interaction, thereby enabling Netrin-1 attraction. The topographic arrangement of iTCAs depends on the repulsive

activity of Slit1, and, thus, it is independent of FLRT3.

(N) Scheme representing the mechanism by which responsiveness to Netrin-1 is achieved in TCAs. Only the combination of Slit1 plus Netrin-1 can activate a
downstream intracellular cascade in rTCAs that activates PKA, thereby producing an increase in surface DCC expression by activating vesicular transport,
ultimately favoring Netrin-1 attraction. This mechanism requires Robo1 and FLRT3 receptor activation, and it is not triggered in iTCAs because they do not

express FLRT3.

rTh, rostral thalamus. The data are presented as mean + SEM. Scale bar represents 300 um. See also Figure S7.
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the cells were washed twice with cold PBS*, lysed in biotinylation lysis
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1.25% Triton
X-100, 0.25% SDS, and 5 mg/ml iodoacetamide), and supplemented with
protease inhibitor cocktail (Roche). Immunoprecipitations were performed
with high-capacity NeutrAvidin resin (Thermo Scientific). Samples were
examined in western blots as described.

Quantification of the Growth of Axons in Collagen or Matrigel Pads
Explants were subdivided into four sectors, and the guidance effect
was quantified by calculating the P/D ratio for each explant, where P and
D represent the length of the 40 longest axons (measured with ImageJ
software) extending into the quadrants that are proximal and distal to the
COS7 cell aggregate, respectively. Once the mean P/D ratio for each condi-
tion was determined, a guidance index was calculated for each condition
as previously described [21]. Student’s t test was used for the comparisons
between conditions.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2014.01.042.
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