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Cellular/Molecular

Flotillin-Mediated Endocytic Events Dictate Cell
Type-Specific Responses to Semaphorin 3A

Ioana Carcea,' Avi Ma’ayan,” Roxana Mesias,' Bryan Sepulveda,' Stephen R. Salton,' and Deanna L. Benson!
'Fishberg Department of Neuroscience and Friedman Brain Institute, 2Department of Pharmacology and System Therapeutics, Mount Sinai School of
Medicine, New York, New York 10029

Cortical efferents growing in the same environment diverge early in development. The expression of particular transcription factors
dictates the trajectories taken, presumably by regulating responsiveness to guidance cues via cellular mechanisms that are not yet known.
Here, we show that cortical neurons that are dissociated and grown in culture maintain their cell type-specific identities defined by the
expression of transcription factors. Using this model system, we sought to identify and characterize mechanisms that are recruited to
produce cell type-specific responses to Semaphorin 3A (Sema3A), a guidance cue that would be presented similarly to cortical axons in
vivo. Axons from presumptive corticofugal neurons lacking the transcription factor Satb2 and expressing Ctip2 or Tbr1 respond far more
robustly to Sema3A than those from presumptive callosal neurons expressing Satb2. Both populations of axons express similar levels of
Sema3A receptors (neuropilin-1, cell adhesion molecule L1, and plexinA4), but significantly, axons from neurons lacking Satb2 internal-
ize more Sema3A, and they do so via a raft-mediated endocytic pathway. We used an in silico approach to identify the endocytosis effector
flotillin-1 as a Sema3A signaling candidate. We tested the contributions of flotillin-1 to Sema3A endocytosis and signaling, and show that
raft-mediated Sema3A endocytosis is defined by and depends on the recruitment of flotillin-1, which mediates LIM domain kinase

activation and regulates axon responsiveness to Sema3A in presumptive corticofugal axons.

Introduction

In the cerebral cortex, pyramidal neurons initiate their axonal
trajectories beneath the cortical plate contemporaneous with
neural migration. The path that axons take and their final desti-
nation characterize distinct neuron types, such that populations
of pyramidal neurons that send axons across the corpus callosum
to innervate contralateral cortical targets are distinct from those
that send axons to subcortical targets. Thus, cortical axons within
a shared environment must display differential sensitivities to
cues to generate distinct trajectories.

Semaphorin3A (Sema3A) is a potent guidance cue that can
repel cortical axons (Bagnard et al., 1998; Castellani et al., 2000).
Its localization within the developing neuroepithelium suggests
that all cortical projections are exposed to the cue (Skaliora et al.,
1998), but in vitro assays show that responses are not uniform
(Mintz et al., 2008), and in vivo analyses suggest that responses
may change over the course of development (Behar et al., 1996;
Taniguchi et al., 1997; Campbell et al., 2001; Sibbe et al., 2007;
Chen et al., 2008b). In cortical neurons, to transmit repelling
signals to the cytoskeleton, the Sema3A receptor neuropilin-1
(Npnl) uses a plexin-A4 (PlxA4) coreceptor (Tamagnone et al.,
1999; Suto et al., 2005; Yaron et al., 2005). PIxA activation can initiate
avariety of signals that converge on actin severing or depolymeriza-
tion (Aizawa et al., 2001; Terman et al., 2002; Toyofuku et al., 2005).
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The actions of additional coreceptors are required to generate full
responsiveness (Maness and Schachner, 2007; Law et al., 2008),
and in cortical neurons Sema3A-mediated repulsion requires
Npnl binding to the cell adhesion molecule L1 (LICAM) (Cas-
tellani et al., 2000). The signaling pathways initiated by LICAM
in response to Sema3A include a focal adhesion kinase—mitogen-
activated protein kinase cascade (Bechara et al., 2008) and regu-
lated interactions between ERM proteins and the actin
cytoskeleton (Mintz et al., 2008). Differential receptor/corecep-
tor expression would be an obvious mechanism for generating
cell type-specific responses, but mRNAs encoding Npnl,
L1CAM, and PIxA4 are expressed in nearly all developing cortical
neurons, making this unlikely (Peril4 et al., 2005; Morita et al.,
2006) (GenePaint database, Allen Brain Atlas). Alternate mecha-
nisms have not been identified.

Several cell types can selectively internalize receptors to regu-
late responsiveness to ligands, including guidance cues (Hong et
al., 1999; Piper et al., 2005). We hypothesized that receptor inter-
nalization could be used selectively to gate responsiveness to
Sema3A in different populations of cortical axons. We took ad-
vantage of previous work that has defined cortical neuron popu-
lations based on the selective expression of transcription factors
(Arlotta et al., 2005; Britanova et al., 2005) to generate an in vitro
assay in which we could identify cell type-specific responses to
Sema3A and test the underlying mechanisms. We show that ax-
ons from cortical neurons lacking the callosal projection neuron
marker Satb2 are more responsive to Sema3A and that this selec-
tive response requires Sema3A internalization via a lipid raft and
flotillin-dependent, dynamin-independent pathway that acti-
vates LIM domain kinase (LIMK). These findings extend earlier
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studies documenting the significance of membrane microdo-
mains for guidance receptor signaling (Guirland et al., 2004) and
further define an adaptable molecular pathway that can be used
to generate cell type-specific responses.

Materials and Methods

Dissociated cortical cultures. All use of animals conformed to guidelines
established by Mount Sinai’s Institutional Animal Care and Use Com-
mittee and those of the National Institutes of Health. Cortical neurons
were cultured as previously described (Mintz et al., 2008). Briefly, preg-
nant Sprague Dawley rats were killed by CO, exposure, and embryos
were removed from the uterus at embryonic day 18 (E18). The presump-
tive embryonic somatosensory cortex was dissected out in cold BSS (1X
HBSS, 1% HEPES, 1% PenStrep) and digested for 15 min at 37°C in
0.25% trypsin (Invitrogen). The tissue was then triturated to a single-cell
suspension and plated on poly-L-lysine-coated glass coverslips at a den-
sity between 20,000 and 40,000 cells per coverslip. Neurons were allowed
to adhere for ~3 h in media containing 10% fetal bovine serum, and then
they were transferred to Neurobasal Media containing B27 (Invitrogen)
or NS21 (Chen et al., 2008¢).

Ex utero electroporation. Rat embryos were removed from the uterus at
either E15 or E17, and a mix of yellow fluorescent protein (YFP) plasmid
and Fast Green (1:20) was injected in the right lateral ventricle using a
pulled glass electrode. Approximately 5 ug of DNA was injected in each
brain. Four 50 ms pulses of 40 V were applied at 950 ms intervals to the
head of the embryo with the positive electrode placed on the right side.
The somatosensory cortex was then dissected in cold BSS and cultured as
described above (adapted from Hand et al., 2005).

Plasmids and RNA interference. Except for ex utero electroporation
(EUE) experiments, plasmids and RNA interference were introduced
into cortical neurons immediately after dissociation using the Amaxa
Nucleoporator. The following plasmids were used: YFP: pEYFP-N1 (BD
Biosciences); dynamin K44A in the plasma encoding enhanced green
fluorescent protein (GFP) vector (gift from Dr. P. DeCamilli, Yale Uni-
versity School of Medicine, New Haven, CT) (Takei et al., 1999); and
Flotl short hairpin RNAs (shRNAs) (AGAGAAGGCCCAGCTGAT-
CAT, CCTGACCTCAGCCAATAAGAT, and AGCTACACTTTGAAG-
GATATT) were purchased from SA Biosciences. The control sequence
was GGAATCTCATTCGATGCATAC. The plasmid also expresses GFP
to detect transfected cells.

Reagents and antibodies. Recombinant mouse Sema3A fused to a hu-
man Fc fragment was purchased from R&D Systems (see below, for
concentrations used). Filipin, monodansyl cadaverine (MDC), and dy-
nasore (Sigma) were used at 1 ug/ml, 10 um, and 80 uMm, respectively. The
Src family kinase inhibitor SU6656 (Sigma) was used at 10 um. Phalloi-
din, conjugated with Oregon Green, Texas Red, or Alexa 647 fluoro-
phores, was purchased from Invitrogen and used at 2 U/ml; 655 nm
Q-dot conjugated F(ab) anti-human-Fc was purchased from Invitrogen
and used as described below.

The following primary antibodies were used: mouse anti-Satb2 (Ab-
cam,1:400); rabbit anti-Ctip2 (Novus Biologicals, 1:100); chick anti-GFP
(recognizes YFP as well; Aves, 1:4000); rabbit anti-Npn-1 (Zymed,
1:100); rabbit anti-PlxA4 (Abcam, 1:50); mouse anti-L1CAM (Abcam,
1:500); rabbit anti-flotillin-1 (Abcam, 1:100); mouse anti-flotillin-1 (BD
Biosciences, 1:50); mouse anti-flotillin-2 (BD Biosciences, 1:50); rabbit
anti-LIMK (Abcam, 1:100); and phospho-LIMK (Abcam, 1:50). All
fluorophore-conjugated secondary antibodies were from Jackson Im-
munoresearch and were used at dilutions between 1:200 and 1:400.

Collapse assay. For the live collapse assay, neurons were plated in glass-
bottom dishes and imaged on an Olympus inverted microscope
equipped with a live-cell imaging chamber that maintained the environ-
mentat 37°C and 5% CO,. After the chamber equilibrated, control media
was added and growth cones imaged for 30 min followed by 100 ug of
Sema3A-Fc for another 30 min. The neurons were then fixed and processed
for Satb2 immunolabeling, as described below. Movies were analyzed and
quantified blind to the results of post hoc immunocytochemistry. Growth
cones that retracted or collapsed only during the Sema3A exposure but not
during the initial control incubation were considered collapsed. For fixed
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preparations, an equal number of coverslips were incubated in control me-
dia or in 100 ug of Sema3A-Fc media for 30 min, then fixed and immuno-
labeled. The coverslips were imaged on a Zeiss Axiophot microscope and the
collapsed growth cones counted blind to the conditions. Specific inhibitors
were added 15 min before and remained during the exposure to Sema3A.

Patterned substrates. Alternating stripes of Sema3A and control Fc
fragment were prepared on glass coverslips that had been coated first
with 1 mg/ml poly-1-lysine and then with anti-human Fc antibody
(Sigma, B3773, 1:1000). Silicon matrices with alternating 100 wm chan-
nels were stamped on top of the coated coverslips, and a solution of 4
pg/ml recombinant Sema3A-fused human Fc was injected in the channels of
this matrix (purchased from S. Lang, Max Planck Institute, Tiibingen, Ger-
many) (Knoll et al., 2007). The fusion protein was allowed to bind the
substrate overnight at 4°C, and then the matrix was removed. After wash-
ing, the coverslips were incubated with 10 pg/ml solution of Cy3 conju-
gated human Fc fragment for 2 h at room temperature (RT). The
fluorescent Fc fragment binds to the unoccupied anti-Fc antibodies,
highlighting the interstripes. For clarity, the colors were inversed in the
final images such that the Sema3A stripes appear red and the control
stripes appear black.

Sema3A-quantum dot uptake. The 100 ug/ml recombinant mouse
Sema3A—human Fc chimera was mixed 10:1 with a 1 um solution of quan-
tum dot (Qdot)-conjugated anti-human Fab fragment, and incubated for
1-3 h at RT in the dark. The mix was then resuspended in home media for a
final concentration of 4 ug/ml Sema3A. Cortical neurons plated in glass-
bottom dishes were first washed in warm L15 media and then incubated with
~75 ul of Sema3A-Qdot mix for 30 min at 37°. When endocytosis was
blocked, specific inhibitors were added 15 min before and during the entire
incubation with Qdot-conjugated Sema3A. Neurons were then washed once
with warm L15 (for 1 min) and then acid stripped with pH 2 DMEM (In-
vitrogen) for 1-2 min (Yap et al., 2008a). The neurons were washed three more
times with warm L15 media (Invitrogen) and then fixed with 4% paraformalde-
hyde (PFA) and 4% sucrose for 5 min. They were placed in cold PBS and imaged
soon thereafter.

Immunolabeling. Cultured neurons were fixed in 4% PFA, 4% sucrose for
10 min at RT or 2% PFA, 2% sucrose for 20 min (nonpermeabilizing con-
ditions) (Kamiguchi and Lemmon, 2000; Wisco et al., 2003). For intracellu-
lar antigens, neurons were permeabilized with 0.1% Triton X-100 (Sigma)
for 1 min at RT. Nonspecific binding was blocked by incubation in 10%
bovine serum albumin (BSA) (Sigma) for 1 hat RT. Primary antibodies were
diluted in 1% BSA to the appropriate concentration and incubated for 12 h at
4°C or 2-3 h at RT. After washing the coverslips in PBS, fluorophore-
conjugated secondary antibodies were diluted in PBS and added for 1 hat RT
in the dark. The coverslips were then washed and mounted on slides using
Mowiol.

Embryonic brains were collected at E14.5, fixed in fresh 4% PFA for 12 h
at 4°C, and cryoprotected in 30% sucrose. The 50-um-thick sections were
cut on a cryostat and mounted on charged slides. The sections were blocked
in 3% BSA or 3% normal goat serum (NGS) for 1 h at RT. Primary antibod-
ies were then added in 0.5% BSA or NGS for 12—48 h at 4°C. The sections
were washed three times in PBS, and fluorophore-conjugated secondary
antibodies were added at the appropriate concentration for 1 h at RT. After
washing in PBS, the sections were coverslipped in Vectashield (Vector
Laboratories).

Image acquisition. Images were acquired on a Zeiss 510 laser scanning
confocal microscope, unless specified otherwise. The objectives used were
20X, 40X, and 100X, depending on the assay; larger fields were acquired
using a tiling function. For measurements of axonal length, images were
imported into Neurolucida, axons were traced in their entirety, and the measure-
ments were analyzed using Neuroexplorer (Microbrightfield). For Ctip2-
overexpressing neurons, axons were measured in Image]J (Rasband, 1997-2009).
All statistical analyses were made using Prism.

Results

Cortical projection neurons maintain their identities in
dissociated cultures

Projection neurons sharing particular pathways and targets can
be identified in vivo by their expression of particular transcription
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Figure 1.  Cortical neurons maintain their identity in dissociated cultures. A, Confocal images of cortical neurons grown in

culture, fixed at 0, 2, 4, or 6 DIV and then immunostained for Satb2 (blue) and Ctip2 (red). Phalloidin staining shows actin filaments
in green. Very few neurons expressing Satb2 have detectable levels of Ctip2 labeling. B, Bar graph plots the percentage of neurons
positive for Satb2 (blue) or Ctip2 (red). Between 2 and 4 DIV, ~25% are not labeled by either Satb2 or Ctip2. Error bars
represent SEM (n = 3 experiments). C, D, Confocal images of cultured cortical neurons in which populations of deep (C) or
superficial layer neurons (D) were labeled by EUE of a YFP expression vector at either E15 or E17, respectively. Neurons were
immunostained for Sath2 (blue), Ctip2 (red) and YFP (green). E, Equal proportions of E15 electroporated neurons label for
Satb2 or Ctip2, with little overlap. About 80% of E17 electroporated neurons are labeled for Satb2. Scale bars: 4, 100 m;

(inD)C, D, 50 pum.

factors. Satb2 is expressed in the majority of callosal projection
neurons, while Ctip2 or Tbr1 are expressed in neurons sending
axons to subcortical targets (Arlotta et al., 2005; Chen et al., 2005;
Alcamo et al., 2008; Britanova et al., 2008; Chen et al., 2008a). To
assess whether cortical neurons maintain their identities in cul-
ture, we immunolabeled for Satb2 and Ctip2 at the time of plating
and after 2, 4, or 6 d in culture. The percentage of neurons im-
munolabeled for Satb2 (Satb2P®) steadily increases from 26%
immediately after plating to a maximum of 62% at 4 d in vitro
(DIV) after which it rapidly diminishes (Fig. 1A4,B). Satb2P®®
neurons show little to no labeling for either Ctip2 or Tbrl, which
are expressed in a much lower proportion of cortical neurons (20
and 12% at 4 DIV, respectively) (Fig. 1 A, B). The gradual increase
in Satb2 expression in postmitotic neurons, its exclusion from
neurons labeled for Ctip2 or Tbr1, and its subsequent loss closely
resemble in vivo observations (Alcamo et al., 2008; Britanova et
al., 2008). The interval defining stable Satb2 expression, between
2 and 4 DIV, was used for all subsequent experiments.

All axons projecting corticofugally originate in deep cortical
layers 5 and 6, whereas neurons having callosal projections reside
mainly in superficial layers 2/3 and in 5a. We asked whether
transcription factor expression in cultured neurons also reflects
appropriate laminar destiny. To visualize lamina-specific cortical
neurons in culture, ex utero electroporation (EUE) (see Materials
and Methods) was used to deliver YFP into progenitors of the
ventricular zone at E15.5, when layer 5 neurons are born in the rat
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somatosensory cortex, or E17.5, when
layer 2/3 neurons are born (Bayer and Alt-
man, 1990; Koester and O’Leary, 1994);
cortices were dissociated immediately
thereafter, cultured for 3 d, and then im-
munolabeled for transcription factors.
Quantitative analysis indicates that half of
the E15-born neurons express Satb2 (Fig.
1C,E), and many neurons lacking Satb2
(Satb2"°®) express Ctip2. In contrast,
nearly 80% of the E17-born neurons ex-
press Satb2 (Fig. 1 D, E), and none express
Ctip2 alone. These results are consistent
with observations in vivo (Britanova et al.,
2008). Thus, cortical neurons express and
continue to develop key cell type-specific
characteristics when grown in culture, pro-
viding a tractable model system in which cell
biological mechanisms contributing to cell
type-specific responses can be identified and
evaluated.

Satb2"°® neurons respond more
robustly to Sema3A

We asked whether Sema3A differentially
affects axonal growth from cortical neu-
ron populations defined by Satb2. Layer 5
neurons were labeled with YFP using EUE
at E15, dissociated and exposed to
Sema3A for 72 h, and then immunola-
beled for Satb2. Axonal growth was com-
pared quantitatively by tracing axons in
their entirety. The data show that E15-
born Satb2"°® neurons have significantly
shorter axons when grown in the presence
of Sema3A compared with control condi-
tions (Fig. 2 A, B) and, consistent with pre-
vious work (Dent et al., 2004), axon branching is diminished
(30% reduction in branch number relative to control). In con-
trast, Sema3A has no significant effect on the length of axons
originating from E17-born neurons, the vast majority of which
express Satb2 (ANOVA, p > 0.05; n = 50).

Acute exposure to Sema3A can produce growth cone collapse
(Luo etal., 1993). To compare growth cone collapse in Satb2P* and
Satb2"°® neurons, axonal growth cones were imaged for 30 min be-
fore and following addition of Sema3A-Fc, after which cell bodies
were immunolabeled post hoc for Satb2. A significantly greater pro-
portion of Satb2"°® neurons show growth cone collapse (Fig. 2C).

Sema3A binds chondroitin sulfate proteoglycans and thus may
be presented to neurons as part of the extracellular matrix rather
than as a soluble cue (de Wit and Verhaagen, 2003). To test whether
cortical axon populations respond differentially to a substrate of
Sema3A, we plated neurons on stripes of Sema3A-Fc alternating
with control Fc stripes. A comparison of the number of border cross-
ings shows that axons of Satb2"°® neurons avoid Sema3A stripes,
while axons of Satb2P°* neurons grow equally well on Sema3A and
control stripes (Fig. 2D, F).

The data indicate that axons of Satb2"*® neurons respond
more robustly to the repulsive effects of Sema3A than axons of
Satb2P°® neurons. We next tested whether this difference is dic-
tated by the restricted expression of transcription factors. Over-
expression of Satb2 would be predicted to reduce responsiveness
to Sema3A, but it also increases cell death and could not be used
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for this. In mice lacking Satb2, Ctip2 ex-
pression is permitted in layer 2/3 neurons,
many of which send axons inappropri-
ately to subcortical targets (Alcamo et al.,
2008; Britanova et al., 2008). With this in
mind, we asked whether Ctip2 overex-
pression in a mixed population of cortical
neurons (Satb2P** and Satb2"°®) would
increase responsiveness to Sema3A. The
data show that Ctip2 overexpression in-
creases axon outgrowth over 72 h and that
Sema3A abrogates this effect (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material). Moreover, in a
stripe assay we see that axons of Ctip2-
overexpressing neurons avoid Sema3A
stripes (Fig. 2E, F). Thus, Ctip2 expression
enhances axon responsiveness to Sema3A.

All cortical neurons express similar
levels of Sema3A receptors
Guidance cue responsiveness can be regu-
lated by selective expression of receptors
and coreceptors (Hong et al., 1999; Liu et
al., 2005; Chauvet et al., 2007). While all
cortical neurons express Npnl, PlexA4,
and LICAM mRNAs, we asked whether
subcellular distribution of the receptors
could alter responsiveness. Immunocyto-
chemistry (Fig. 3A—C) and mean fluores-
cence intensity measurements (data not
shown) show that growth cones of Satb2P*
and Satb2"°® neurons express similar levels
of Npnl, PIxA4, and LICAM receptors.
Although the total pool of receptors is
similar, their availability on the growth cone
surface may differ. However, surface label-
ing for Npn1 and LICAM was also similar in
Satb2P** and Satb2"°® axons (Fig. 3D, E). It
remains possible that plexinA4 is differen-
tially maintained at the surface, but we were
unable to detect reliable plexinA4 labeling
under nonpermeabilizing conditions.

Axonal internalization of Sema3A
correlates with responsiveness

Sema3A induces endocytosis (Fournier et
al., 2000; Jurney et al., 2002; Castellani et
al., 2004; Piper et al., 2005), so we asked
whether different cortical neuron popula-
tions could be differentiated based on
their ability to internalize Sema3A. To ex-
amine Sema3A internalization directly,
we tagged recombinant Sema3A-hFc with
a Qdot-conjugated Fab fragment that
recognizes the hFc tail. Neurons were in-
cubated with Sema3A-Qdots, and the in-
ternalized pool was visualized selectively
by stripping surface ligands with an acidic
wash. Growth cones, dendrites, and cell
bodies all show internalized fluorescent
puncta, which are heterogeneous in shape
and size. To compare populations, we used
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Figure 2.  Sema3A triggers distinct responses in two populations of cortical neurons. A, Inverted fluorescence microscope
images of E15 neurons expressing YFP and grownin either control or Sema3A media, and then fixed and labeled for Sath2 (data not
shown). Axons from Sema3A-exposed Sath2"* neurons are notably shorter. Scale bar, 100 wm. B, Axonal length measurements
from neurons treated as in A were normalized to the mean values of Sath2"9 controls. Satb2"*9 neurons display significant axon
growth inhibition (n = 26 axons; t test, p = 0.035), while axons of Sath2P°* neurons have similar lengths in control and Sema3A
conditions (n = 29 axons; t test, p = 0.6; *significant difference). C, Differential interference contrast images are representative
snapshots of the same axonal growth cones taken after 30 min in control media (t = 0) and after 30 min in Sema3A. Afterimaging,
neurons were fixed and immunolabeled for Satb2 (data not shown). Quantitative analysis showed that 78.75 = 12.46% of
Sath2"® axonal growth cones collapse in response to Sema3A, whereas only 37.03 = 8.06% of growth cones from Sath2P**
neurons collapse (n > 35 growth cones per group; t test, *p = 0.015). Scale bar, 10 um. D, Confocal images show GFP-labeled
neurons plated on stripes of Sema3A (red) alternating with stripes of control Fc (black), and then fixed and immunostained for
Satb2 (data not shown). Axons of Sath2"? neurons (left) avoid Sema3A stripes, whereas axons of Sath2** neurons appear to
ignore the borders between Sema3A and control Fc stripes. The examples shown display stripes of different widths, but results
were similar with wide or thin stripes. Magnification as in A. E, As in D, with neurons transfected with Ctip2 or control (pcDNA3.1).
F, Results from multiple stripe experiments were quantified as the number of border crossings per axon, normalized to the values
for Sath2P* axons (D: n = 50 axons; t test, *p = 0.01) or for control, pcDNA3.1 expressing axons (E: n = 47 axons; t test,
*¥p = 0.003). Error bars represent SEM.
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EUE to label layer 5 or layer 2/3 neurons and then quantified the level
of internalized Sema3A in growth cones. E15-born neurons inter-
nalize twice the level of Sema3A-Qdots as E17-born neurons (Fig.
4A,B,G). To confirm that the enhanced internalization capacity re-
sides in layer 5 neurons lacking Satb2, neurons were immunolabeled
post hoc for Satb2, Ctip2, or Tbrl. As expected, Satb2"°® neurons
internalize significantly more Sema3A than Satb2P*® neurons (sup-
plemental Fig. 2 A, B, available at www.jneurosci.org as supplemen-
tal material), and these Satb2"°® neurons are either corticospinal or
corticothalamic projecting neurons as they express Ctip2 or Tbrl,
respectively (supplemental Fig. 2C,D, available at www.jneurosci.
org as supplemental material).

Despite the similar distribution of Sema3A receptors in all
cortical growth cones, it is possible that Satb2"°® neurons can
bind more Sema3A. To test this, Sema3A—Qdot binding was as-
sessed in neurons that were cooled to 12°C, which prevents inter-
nalization. Satb2"*® growth cones bind a modestly greater
amount of Sema3A than Satb2P°® growth cones, but this differ-
ence is not significant (1.0 = 0.12 vs 0.71 * 0.2, respectively; ¢
test, p = 0.17; n = 9 per group). More notable is that surface-
bound Sema3A appears more diffuse in Satb2"°® neurons com-
pared with Satb2P°® neurons (Fig. 4 H). This observation suggests
that Sema3A receptors might be differentially clustered and/or
distributed within membrane domains of growth cones.

Raft-mediated endocytosis is the principal mode of Sema3A
internalization in responsive growth cones

Mammalian cells employ distinct endocytic paths to compartmen-
talize cargo within contexts that are significant for downstream
signaling, recycling, or degradation (Nichols and Lippincott-
Schwartz, 2001; Pelkmans and Helenius, 2002; Conner and
Schmid, 2003). To identify the route taken by Sema3A, we com-
pared the two most prominent pathways: clathrin-mediated en-
docytosis (CME) and raft-mediated endocytosis (RME). We first
confirmed that the two paths are present in cortical neurons by
comparing internalization of rhodamine-tagged Transferrin, a
marker for CME with FITC-tagged cholera toxin B, which binds
GM1 gangliosides and is used to tag sphingolipid-enriched mem-
brane rafts. As expected, there are endosomes tagged with Trans-
ferrin alone or Cholera toxin alone, in addition to a population
tagged with both (Pelkmans et al., 2004) (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

We next tested the impact of RME or CME blockade on
Sema3A internalization. In axonal growth cones of E15-born
neurons, filipin, an inhibitor of RME, dramatically reduces levels
of internalized Sema3A (Fig. 4A, C,G), while MDC, an inhibitor
of CME, has virtually no effect (Fig. 4A,E,G). In contrast, in
growth cones of E17-born neurons, which internalize much less
Sema3A overall, both filipin and MDC decrease levels of inter-
nalized Sema3A, suggesting that both endocytic routes contrib-
ute equally (Fig. 4B, D, F,G).

These findings suggest that RME may be responsible for the
repelling effects of Sema3A. To test this, we assayed Sema3A-
mediated growth cone collapse in neurons exposed to filipin.
Consistent with a critical role for RME, filipin prevents collapse
(Fig. 41) (Guirland et al., 2004).

Since CME contributes to Sema3A internalization in layer 2/3
neurons, we asked whether it counters the impact of RME. How-
ever, the data show that blocking CME in the less responsive
Satb2P®* neurons does not enhance Sema3A-mediated growth
cone collapse (Fig. 4]). Taken together, these data indicate that
Sema3A internalization via RME is required for its repulsive ef-
fects in Satb2"°® neurons.
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Molecular mechanisms controlling

the raft-mediated internalization

of Sema3A

To identify proteins that could contrib-
ute to Sema3A internalization, we first
assembled a list of proteins known to
function downstream of Sema3A, consist-
ing of Npnl, LICAM, and PlxAs (Fig. 54,
in red). Using Genes2networks (Berger et
al., 2007), we used this seed list to find
previously reported protein—protein in-
teractions identified experimentally in
mammalian cells that would “connect”
the seed list proteins through additional
intermediate proteins. This approach
generated a list of potential one-step
intermediate interactions between mem-
bers of the seed list. The candidate pro-
teins (Fig. 5A, in yellow and blue) were
ordered according to their calculated
z-scores, which were computed based on
the candidate protein links in the seed
subnetwork compared with the candi-
date’s known previously reported direct
physical protein interactions (supple-
mental Table 1, available at www.
jneurosci.org as supplemental material).
The higher the z-score of a protein, the
more likely the protein is to function spe-
cifically downstream of Sema3A. Of the
33 proteins identified having z-scores
>2.5, two proteins stood out because of
their known role in endocytosis: flotillin-1
and -2, also known as Reggie-2 and -1
(Bickel et al., 1997; Lang et al., 1998) (z-
scores, 3.9 and 6.2, respectively). Flotillins
are members of the SPFH domain family
of proteins, which bind lipid rafts. Signif-
icantly, Glebov et al. (2006) have shown
that in HeLa cells flotillins define and are
required for a caveolin-independent
RME pathway (Nichols and Lippincott-
Schwartz, 2001; Frick et al., 2007).

To determine whether developing cor-
tical axons express flotillins, we immuno-
labeled E14.5 neocortex for flotillin-1 or -2.
Immunolabeling for both flotillins can be
seen throughout the neocortex. The overly-
ing pia and blood vessels show the highest
levels of immunolabeling, while lower lev-
els are observed throughout the cortical
plate, intermediate zone, and ventricular
zone. In the intermediate zone and inter-
nal capsule, where corticocortical and
corticofugal axons travel, flotillin labeling
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experiments; ¢ test, p > 0.05; one-way ANOVA showed no differences between control and MDC groups). Error bars represent SEM.

compartments in response to epidermal growth factor (EGF)

colocalizes with F-actin-labeled fibers (Fig. 5B—E). In axonal
growth cones of dissociated neurons, where flotillin localization
can be examined at a higher resolution, labeling is primarily
punctate (Fig. 5F, G).

Flotillin-1 responds to Sema3A stimulation
In non-neuronal cells, flotillins relocalize from smaller patches
on the plasmalemma to larger and brighter clusters in endosomal

(Neumann-Giesen et al., 2007; Riento et al., 2009). Thus, to de-
termine whether flotillins respond similarly to Sema3A, we used
an imaging-based approach. In Satb2"¢ neurons, flotillin-1 ap-
pears less clustered than flotillin-2 in unexposed growth cones. In
response to Sema3A, only flotillin-1 responds, becoming more
clustered (Fig. 6A). In axons from Satb2P°® neurons, the distri-
bution of both flotillins appears similar to Satb2"°¢ growth cones,
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but neither changes in response to
Sema3A (Fig. 6A). These observations
were analyzed quantitatively by plotting
the mean intensity vs the area labeled in
growth cones, and the data show that
Sema3A selectively increases the appear-
ance of low-to-medium-intensity clusters
of flotillin-1 in Satb2"°¢ neurons (Fig. 6 B).

The Sema3A-stimulated increase in
fluorescence is prevented by preincuba-
tion with filipin (Fig. 6C) and is un-
changed by MDC (Fig. 6D), consistent
with flotillin-1 recruitment to cholesterol-
enriched membrane microdomains.
Based on previous work, the increased
flotillin-1 labeling most likely arises from
the clustering of a pre-existing pool
(Neumann-Giesen et al., 2007; Riento et al.,
2009), but it is also possible that flotillin is
newly synthesized. To test this, we assayed
Sema3A-dependent clustering when pro-
tein translation was blocked by anisomycin.
Anisomycin had no effect (supplemental
Fig. 4A,B,E,F, available at www.jneurosci.
org as supplemental material).

In Hela cells, EGF-mediated flotillin
recruitment requires the activation of Fyn
kinase (Neumann-Giesen et al., 2007;
Riento et al., 2009). Since Fyn activation
is also essential for Sema3A function
(Morita et al., 2006), we asked whether
exposure to the Src family kinase inhibitor
SU6656 would alter flotillin-1 recruit-
ment in response to Sema3A. Flotillin-1,
but not flotillin-2, acquires a diffuse ex-
pression in cortical axons in response to
SU6656, and exposure to Sema3A only
modestly increases its clustered appear-
ance from this low baseline level (sup-
plemental Fig. 4 A-D, available at www.
jneurosci.org as supplemental material).
These data suggest that the higher ca-
pacity of Satb2"°® neurons to internalize
Sema3A via a raft-mediated pathway
likely results from their ability to cluster
flotillin-1 in a Src-dependent manner in
response to Sema3A.

Flotillin-1 is required for

Sema3A internalization

Since flotillin-1 responds robustly to
Sema3A in Satb2"*® neurons, we asked
whether it is required for Sema3A inter-
nalization. To test this, we knocked down
flotillin-1 using an equal mix of three
shRNAs, each of which target different
regions of the mRNA (see Materials and
Methods) and together significantly de-
crease flotillin-1 levels to 48% of that in
neurons expressing control shRNAs
(supplemental Fig. 5A-C, available at
www.jneurosci.org as supplemental ma-
terial). Flotillin-1 knockdown signifi-
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cantly decreases Sema3A internalization in growth cones to  small molecule inhibitor of dynamin, dynasore (Macia et al,,

35% of control values (Fig. 7A, B).

Previous work suggests that flotillin-defined RME does not
require dynamin-mediated fission (Glebov et al., 2006). To test
whether the RME pathway used by Sema3A is also dynamin in-
dependent, we treated neurons with a specific and rapidly acting

2006), and then quantified Sema3A-Qdot internalization. Dyna-
sore treatment produced a modest, but insignificant, decrease in
Sema3A internalization (Fig. 7 A, B, and data not shown), support-
ing that this pathway is largely independent of dynamin. When dy-
nasore was combined with flotillin-1 shRINAs, there was a further, but



(arcea et al. o Raft-Mediated Endocytosis of Sema3A

A control dynasore
- = -
< /% ,
£ y
- /
(2]
9o
€|
ol
8] H——
< o
P
oc e
¥ =g
(2]
- -
Ke]
TH
B
con shRNA -
con shRNA
+ dynasore
%
Flot1 shRNA —_
n.s.
Flot1 shRNA _-l
+ dynasore
0 0.5 1.0 i5
Internalized Sema3A (normalized)
C control NEz
<
zZ
0
<
7]
£
C
]
o
<
P
oc N
<
[
=
Ke]
; A
D con shRNA 1
con shRNA ]
+ NEz %
Flot1 shRNA
n.s.
Flot1 shRNA
+ NEz
0 0.5 1.0 1.5

Internalized Sema3A (normalized)

Figure 7.  Flotillin-1is required for the dynamin-independent, ERM-dependent endocytosis
of Sema3A. 4, Images show that flotillin knockdown reduces the amount of internalized
Sema3A (in black) compared with growth cones expressing control shRNAs. Growth cone
boundaries are delineated by masks (green). Addition of dynasore 5 min before and during
incubation with Sema3A appears to modestly decrease uptake, but flotillin S\RNA more dra-
matically decreases Sema3A endocytosis. B, Bar graph compares mean area internalized
Sema3A per growth cone area, normalized to controls (n = 34 growth cones from 2 experi-
ments, p = 0.0058, one-way ANOVA; *p << 0.05 in a Bonferroni post-test). €, NEz inhibits
Sema3A internalization and flotillin knockdown does not add significantly to this effect. D, Bar
graph asin B (n = 34 growth cones from 2 experiments; p = 0.0031, one-way ANOVA; *p <
0.05 in a Bonferroni post-test). Scale bar: 4 (for A, €), 10 um. Error bars represent SEM.

J. Neurosci., November 10, 2010 - 30(45):15317-15329 « 15325

not statistically significant, reduction in Sema3A internalization (Fig.
7A,B). Together, these data support that Sema3A uses a flotillin-
dependent, but dynamin-independent, endocytic pathway in
growth cones from Satb2"® neurons.

We have previously shown that ERMs can also regulate inter-
nalization of Npnl and L1ICAM in response to Sema3A, most
likely via their association with the intracellular tail of LICAM
(Mintz et al., 2008). To test whether flotillin-1-mediated endocy-
tosis functions in the same pathway as ERMs, we compared
Sema3A internalization in growth cones expressing an ERM
dominant negative, NEz, which acts as a pan-ERM dominant neg-
ative (Algrain et al., 1993; Dickson et al., 2002), alone or together
with flotillin-1 shRNAs. As expected, NEz greatly reduces
Sema3A internalization (Fig. 7C,D). Combined with flotillin
knockdown, there is a similar reduction in Sema3A internal-
ization. The absence of an additive effect suggests that flotillin
and ERMs function in the same pathway controlling the mag-
nitude of Sema3A internalization (Fig. 7C,D).

Flotillin-1 mediates signaling to the cytoskeleton and axonal
responsiveness to Sema3A

The data suggest that flotillin-1-mediated Sema3A internaliza-
tion could be important for mediating the repulsive effects of
Sema3A in axons from Satb2"*® neurons. To test this, we assayed
axonal growth inhibition in response to Sema3A in Satb2"*® neurons
expressing flotillin-1 shRNAs. The data show that axonal growth
inhibition is prevented (Fig. 8 A, B). Flotillin-1 knockdown also sig-
nificantly inhibited Sema3A-mediated growth cone collapse (57.8 =
3% vs 38.5 * 3%, respectively; n = 2 experiments; ¢ test, p < 0.01),
and in neurons growing on alternating stripes of Sema3A and con-
trol substrates, flotillin-1 knockdown produced a modest increase
in the frequency of border crossings per axon (1.7 = 0.4 vs 2.1 *
0.3, respectively; n = 2 experiments; 15 per group).

To mediate repulsion, flotillin-based RME would be antici-
pated to initiate signaling pathways to the growth cone cytoskel-
eton. It has been shown previously that Sema3A-mediated
growth cone collapse in dorsal root ganglia requires LIMK-1-
mediated inactivation of cofilin (Aizawa et al., 2001). LIM kinases
are positively regulated by phosphorylation, so we first asked
whether Sema3A stimulates LIMK phosphorylation in growth cones
from Satb2"® cortical neurons. As expected, 5 min exposure to
Sema3A increases phospho-LIMK labeling by nearly threefold,
while showing no change in labeling for total LIMK (Fig. 8C-E).
Flotillin-1 knockdown reduces this response by a third. Together,
the data show that in presumptive corticofugal axons, flotillin-1 is
required for the internalization of Sema3A-generating endosomes
that signal to the cytoskeleton via LIMK activation and thus can
initiate axonal responsiveness.

Discussion

While it has long been appreciated that axons can take different
trajectories while growing in a similar environment (Dodd and
Jessell, 1988; Fishell and Hanashima, 2008), the cellular mecha-
nisms that drive such differential responses are poorly under-
stood. Here, we show that cortical neurons grown in culture
retain their cell type-specific identities and thus, can be used as a
tractable model system to investigate the mechanisms mediating
cell type-selective responses. Using this system, we show that ax-
ons extending from cortical neurons lacking the transcription
factor Satb2 respond more robustly to Sema3A in a variety of
assays than those that express Satb2. This differential responsive-
ness cannot be accounted for by differences in Sema3A receptor
expression. Rather, the data show that axons from Satb2"“® neurons



15326 - J. Neurosci., November 10, 2010 - 30(45):15317-15329

use RME to internalize more Sema3A. We
identify flotillin-1 as a Sema3A signaling in-
termediate that defines this raft-mediated
pathway, and show that it can regulate
LIMK activity and is essential for generating
Sema3A responses in cortical neurons.

Response selectivity

Axonal growth cones employ a variety of
mechanisms to mediate spatial, temporal,
and cell type-specific responses. Most pre-
viously identified mechanisms regulate
the number or type of receptors available
on the surface. For example, PKC activa-
tion in hippocampal neurons leads to the
selective internalization of the UNC5H1
receptor for Netrin, converting Netrin-
based repulsion to attraction (Williams et
al., 2003); in the developing spinal cord,
commissural axons increase their expres-
sion of Robol receptors and become sen-
sitive to the repelling effects of midline
Slits after crossing the midline (Kidd et al.,
1998; Zou et al., 2000; Reeber et al., 2008).
In contrast, cortical axons express similar
levels of Sema3A receptors but use differ-
ent modes of internalization.

In many cases, cell type specificity or
graded responses can be directly attrib-
uted to the selective or graded expression
of the transcription factors that control
the expression of receptors or ligands
(Barbieri et al., 2002; Mui et al., 2002;
Herrera et al., 2003; Pak et al., 2004; Pol-
leux et al., 2007; Lee et al., 2008). While we
show that Satb2 expression correlates
with decreased sensitivity, and Ctip2
overexpression increases axon sensitivity
to Sema3A, we also provide data showing
similar levels of Npnl, LICAM, and
PlxA4 receptors in all cortical axons. Since
we observe that membrane-bound
Sema3A is more diffuse in axons of
Satb2"°® neurons, it is possible that in re-
sponsive axons, receptors form combina-
tions at the plasma membrane that are
more likely to reside in lipid rafts and/or
be internalized via RME. These data sug-
gest that Satb2 and Ctip2 regulate the ex-
pression of proteins affecting plasma
membrane organization, of binding pro-
teins that alter receptor distribution
within membrane microdomains, or of
signaling proteins that act downstream of
receptor binding. It will be important in
future experiments to identify the relevant
transcriptional targets.
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Sema3A has been shown previously to repel cortical axons
(Bagnard et al., 1998; Polleux et al., 1998), but before the current
study it was not clear how different cortical populations respond
to this cue. Knockout studies for Sema3A and its receptors offer
valuable but sometimes confounding information on cortical
axon guidance (Behar et al., 1996; Dahme et al., 1997; Taniguchi

et al., 1997; Demyanenko et al., 1999; Gu et al., 2003; Suto et al.,
2005; Yaron et al., 2005; Sibbe et al., 2007). In these models, the
manipulation is broad and chronic, allowing for non-cell-
autonomous effects and for homeostatic compensation. These
shortcomings have made it difficult to parse roles for particular
guidance cues in generating structures that rely on multiple si-
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multaneous cues (like the neocortex). Thus, while it has been
demonstrated that cortical axons are attracted by Netrin-1 (ex-
pressed in the basal telencephalon) and repelled by Semaphorin
5B (ventricular zone), Draxin (cortical plate), and Slit1 and Slit2
(basal telencephalon) (Metin et al., 1997; Richards et al., 1997;
Bagri et al., 2002; Lett et al., 2009), the selective influence of these
cues on molecularly defined neuronal populations at different
stages of development is poorly understood.

Endocytosis

In general, cells use several distinct modes of endocytosis to effi-
ciently control the spatial and temporal propagation of signals
from the plasma membrane to intracellular effectors. There is
substantial evidence for a large number of endocytic paths that
differ in their targets, the effectors and adaptors used, and their
regulation (Pelkmans et al., 2001; Pelkmans and Helenius, 2002;
Yap et al., 2008b). In retinotectal axons, CME is required for
growth cone adaptation to Netrin-1 and to Sema3A, and for re-
sponsiveness to Ephrins (Cowan et al., 2005; Piper et al., 2005).
The function of RME in axon guidance has received compara-
tively little attention, although, significantly, localization within
membrane microdomains can segregate guidance cue response
pathways (Marquardt et al., 2005), and guidance cue receptors,
including Npnl, can translocate to lipid rafts following ligand
binding, an event that is essential for the appropriate response
(Guirland et al., 2004; Ibanez, 2004).

Axonal growth cones of Satb2"°® neurons internalize Sema3A
via a pathway that is dependent on lipid raft integrity and on
expression of flotillin-1, a resident protein of rafts that actively
participates in membrane bending and internalization, indepen-
dent of clathrin, dynamin, and caveolin-1 (Glebov et al., 2006).
This mechanism is inherently adaptable as it permits neurons to
intrinsically control signaling downstream of a guidance cue by
an internalization switch. This strategy would allow neurons to
generate relevant signals in distinct cellular compartments and at
different developmental stages, and therefore to employ the same
cues and receptors for different outcomes. Satb2P°* neurons offer
an excellent example. While their axons do not respond to
Sema3A, they probably employ Npnl receptors to respond to
Sema3C (Piper et al., 2005; Niquille et al., 2009). At the same
time, their cell bodies and apical processes use Npnl for radial

Model for the role of RME in the response of corticofugal axons to Sema3A. Sema3A stimulation triggers the recruit-
ment of its receptors to lipid rafts (Guirland et al., 2004) and their consequent internalization in flotillin-1-positive endosomes. This
step leads to the activation of LIMK, which inactivates cofilin-1. Cofilin-1 regulation of the actin cytoskeleton stimulates CME of
adhesion sites (Chao and Kunz, 2009), allowing the detachment and retraction of the growth cone.

marginal zone (Chen et al., 2008b). It will
be interesting to determine whether inter-
nalization of Npnl is required for these
additional functions.

4 Sema3A

ﬁl Npn1-L1CAM

ﬂ adhesion sites

Relationship between RME and CME

O Flotillin-1 In previous work, we showed that ERM
Q Clathrin proteins could regulate L1CAM and
F-actin Npnl internalization in cortical axons

(Mintz et al., 2008), and in Cos cells it has
been shown that Npnl internalization re-
quires LICAM (Castellani et al., 2004).
Since the binding domains for ERMs and
the clathrin adapter AP2 on LICAM par-
tially overlap (Kamiguchi et al., 1998;
Cheng et al., 2005; Sakurai et al., 2008),
our interpretation was that ERMs most
likely prevent CME. However, despite
many attempts, we did not detect compe-
tition between the binding of ERM and
AP2 to LICAM, and the current data show that ERMs function in
the same pathway as flotillin-1. In non-neuronal cells ERM pro-
teins can associate with lipid rafts and control the translocation of
their transmembrane partners to these membrane domains
(Gupta et al., 2006; Chakrabandhu et al., 2007), suggesting that
ERM:s function upstream of flotillin-1 to promote Npn1 translo-
cation to lipid rafts (Guirland et al., 2004).

Sema3A can also induce CME (Piper et al., 2005), and block-
ing CME with MDC reduces Sema3A-mediated growth cone col-
lapse in cortical neurons (Mintz et al., 2008). However, since we
do not detect significant uptake of Sema3A via the CME pathway
in responsive growth cones, we hypothesize that Sema3A engages
CME indirectly. Cross talk between RME and CME has been
described in other cell types (Pelkmans et al., 2004), and while
speculative, our data fita model (Fig. 9) in which RME of Sema3A
leads to LIMK-1 activation, Cofilin inactivation (Aizawa et al.,
2001), and the stabilization of a pool of subplasmalemmal F-actin
necessary for CME (Merrifield et al., 2002; Romer et al., 2010).
CME could remove adhesive sites, an event that precedes the
plexin-initiated depolymerization of F-actin, but is equally im-
portant for growth cone detachment during retraction (Mikule et
al., 2002; Terman et al., 2002; Hung et al., 2010).
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