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Cellular/Molecular

Activity-Dependent Regulation of Dendritic Complexity by
Semaphorin 3A through Farpl

Lucas Cheadle'? and ©“Thomas Biederer!
Department of Neuroscience, Tufts University School of Medicine, Boston, Massachusetts 02111, and Interdepartmental Neuroscience Program, Yale
University, New Haven, Connecticut 06520

Dendritic arbors are complex neuronal structures that receive and process synaptic inputs. One mechanism regulating dendrite differ-
entiation is Semaphorin/Plexin signaling, specifically through binding of soluble Sema3A to Neuropilin/PlexinA coreceptors. Here we
show that the protein Farpl [FERM, RhoGEF (ARHGEF), and pleckstrin domain protein 1], a Racl activator previously identified as a
synaptogenic signaling protein, contributes to establishing dendrite tip number and total dendritic branch length in maturing rat
neurons and is sufficient to promote dendrite complexity. Aiming to define its upstream partners, our results support that Farp1 interacts
with the Neuropilin-1/PlexinA1 complex and colocalizes with PlexinA1 along dendritic shafts. Functionally, Farpl is required by Sema3A
to promote dendritic arborization of hippocampal neurons, and Sema3A regulates dendritic F-actin distribution via Farp1l. Unexpect-
edly, Sema3A also requires neuronal activity to promote dendritic complexity, presumably because silencing neurons leads to a
proteasome-dependent reduction of PlexinAl in dendrites. These results provide new insights into how activity and soluble cues coop-

erate to refine dendritic morphology through intracellular signaling pathways.

Introduction

The architecture of dendritic arbors determines how synaptic
inputs are received and integrated. Arbor elaboration involves an
early stage of dynamic dendrite elongation, branch addition, and
retraction, followed by a later stage of slowed branch dynamics
(Dailey and Smith, 1996; Cline and Haas, 2008). Mechanisms
that regulate the development of dendritic trees include soluble
cues, adhesive interactions, and neuronal activity (Wong and
Ghosh, 2002; Polleux and Ghosh, 2008; Jan and Jan, 2010).

The class 3 Semaphorin Sema3A is a secreted chemotropic
protein with roles in axon guidance, neuronal polarity, and den-
drite development (Polleux et al., 1998; Fenstermaker et al., 2004;
Morita et al., 2006; Schlomann et al., 2009; Tran et al., 2009;
Shellyetal.,2011). The Sema3A receptor complex is composed of
neuropilin-1 (Nrp-1), the ligand-binding subunit, and a PlexinA
family member, the signal-transducing component (Takahashi et
al., 1999). Sema3A remodels the neuronal cytoskeleton through
the Rho family GTPase Racl as well as the actin-depolymerizing
factor cofilin (Jin and Strittmatter, 1997; Vistriket al., 1999;
Aizawa etal.,2001). This complements the Ras GTPase activating
function of the PlexinA cytoplasmic domain. Additional Sema
signaling mechanisms are being elucidated.
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The extent to which soluble cues such as Semaphorins rely on
neuronal activity remains to be determined. Studies in multiple
systems have demonstrated that neuronal activity plays key roles
in dendritic development. In the optic tectum of Xenopus laevis,
blockade of glutamatergic input or deprivation of visual experi-
ence simplifies the dendritic arbor (Sin et al., 2002; Haas et al.,
2006). In vitro, blocking activity in hippocampal neurons leads to
shorter branches and less complex arbors, whereas stimulating
neurons can increase dendrite length and complexity (Yu and
Malenka, 2003; Peng et al., 2009).

Activity and soluble cues may engage distinct pathways to
selectively control different aspects of outgrowth and branching,
or converge on the same regulators to shape dendritic develop-
ment in concert. Among Semaphorin signaling components are
Farp proteins [FERM, RhoGEF (ARHGEEF), and pleckstrin do-
main protein]. Although there are few reports on the functions of
these proteins, the avian ortholog of Farp1 is known to promote
outgrowth of developing motor neuron dendrites and Farp2 me-
diates axon guidance, both downstream of Sema/Plexin signaling
(Toyofuku et al., 2005; Zhuang et al., 2009). Additionally, Farpl
regulates excitatory synapse formation and morphology, and it
activates the GTPase Racl to promote F-actin assembly (Cheadle
and Biederer, 2012).

Here we analyze dendrite development and find that Farp1 is
required and sufficient to shape dendritic complexity in mamma-
lian neurons. Farp1 interacts with the Nrp-1/PlexinAl complex
and is an obligatory signaling partner of Sema3A in promoting
the arborization of hippocampal dendrites. Unexpectedly,
Sema3A also requires activity to increase dendritic complexity.
Consistent with this finding, the dendritic expression of its core-
ceptor PlexinAl is downregulated in silenced neurons. These re-
sults reveal a Farp1-dependent signaling pathway downstream of
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Sema3A/PlexinA1 and shed light on how extrinsic molecular cues
can converge with intrinsic activity-dependent mechanisms to
pattern dendritic arbors.

Materials and Methods

Antibodies and constructs. A polyclonal antibody (GP22) was raised in
guinea pig against the peptide CSRAHILSHKESHLY, which corresponds
to the extreme carboxyl-terminal sequence of rat Farpl with an amino-
terminal cysteine for coupling to beads. The serum was affinity purified
and used in immunoblotting at 1:1000, in immunostaining at 1:100, and
in immunoprecipitation at 1:100. Unlike the antibody YU891 we previ-
ously raised against this Farp1 epitope in rabbits (Cheadle and Biederer,
2012), purified GP22 is suitable for immunostaining of the endogenous
protein as validated by staining neurons in which Farpl had been
knocked down (see Fig. 3B). YU891 was only used in this study to per-
form Farpl immunoblotting in Figure 3F (1:500). A polyclonal rabbit
antibody that recognizes the Sema domain of rat and mouse PlexinAl
was used at 1:1000 in blotting and 1:200 in staining (PP1301, ECM Bio-
sciences; RRID: AB_2299835). Specificity in immunoblotting was con-
firmed by detecting PlexinAl heterologously expressed in COS7 cells,
and specificity in immunostaining of dissociated hippocampal neurons
was shown by loss of signal after peptide block (peptide PP1305, 1 wg/ml,
ECM Biosciences; data not shown). Other antibodies used in this study
were raised in chicken against SynCAM 1 (monoclonal clone 3EI,
CMO004-3, blot 1:500, MBL Laboratories; RRID: AB_592783), c-myc
(ET-MY100, stain 1:200, Aves; RRID: AB_2313514), and MAP2 (AB364,
Millipore; RRID: AB_571049); an antibody raised in rabbit against
PSD-95 (a gift from Dr. T. C. Stidhof (Stanford University, Palo Alto,
CA); L667, blot 1:2000; Irie et al., 1997); a mouse monoclonal antibody
against actin (clone C4, 69100, blot 1:4000, MP Biomedicals;
AB_367251); and a mouse monoclonal antibody against GAPDH (clone
6¢5, ab8245, blot 1:10,000; Abcam; AB_2107448).

Expression vectors included pCAGGS-BGHpA GFP-Farpl (Cheadle
and Biederer, 2012), pCAGGS mCherry (Stagi et al., 2010), and pCS2
UtrCH-Cherry encoding a fusion protein of the Utrophin Calponin Ho-
mology domain that serves as the F-actin-binding probe and was a gift
from Dr. Bill Bement (University of Wisconsin-Madison, Madison, WI;
Burkel etal., 2007). pcDNA3.1 myc-PlexinAl, pcDNA3.1 myc-PlexinA4,
and pSec Nrp-1-HA were gifts from Dr. Elke Stein (Biomedical Associ-
ates, San Francisco, CA). Additionally, a short-hairpin construct ex-
pressed from a pGENECLIP-GFP vector that targets rat and mouse Farp1
orthologs (shFarpl) and coexpresses soluble GFP was used with a scram-
bled control hairpin (shScramble) construct and a shFarpl-resistant
Farp1 rescue construct (Farpl shresist, Cheadle and Biederer, 2012).

Cell culture. HEK293 cells from ATCC were cultured using standard
conditions and transfected using X-treme GENE 9 (Roche Applied Sci-
ence). HEK293 cells were treated with Sema3A (1.14 nm; catalog #5926-
§3-025, carrier free, R&D Systems) for 20 h before fixation. For imaging,
cells were plated onto coverslips at 30,000 cells/ml.

Primary hippocampal neurons were prepared from rats as described
previously (Biederer and Scheiffele, 2007), and dissociated cells were
plated on Matrigel (BD Biosciences). At 5-7 d in vitro (d.i.v.), neurons
were transfected using Lipofectamine LTX and PLUS reagent (Invitro-
gen). For pharmacological treatments, tetrodotoxin (TTX; 1 um, Tocris
Bioscience) and picrotoxin (PTX; 100 um, Tocris Bioscience) were added
to neurons at 14 d.i.v., and neurons were processed after 7 d of chronic
treatment. Where indicated, neurons were treated with purified Sema3A
(1.14 nm) for 20 h before fixation. The concentration was chosen because
it induces Sema3A-dependent dendrite branching (Morita et al., 2006).
Treatment with leupeptin (200 um; AB01108, American Bioanalytical)
and MG132 (10 um; 474790, EMD Millipore) was performed 2 h before
fixation as described previously (Ehlers, 2003; Jacob et al., 2012).

Biochemistry. To investigate the expression of proteins in cultured
neurons, neurons were lysed on ice in HEPES (25 mwm), pH 7.4, MgCl,
(10 mm), and Triton X-100 (1%) with PMSF (0.5 mm). Samples were
cleared by spinning at 20,800 X g for 15 min at 4°C and denatured with
2% SDS. Immunoprecipitation was performed from total forebrain ho-
mogenates of rats at 3 weeks of age. Brain tissue was homogenized on ice

Cheadle and Biederer ® Sema3A Regulates Dendrite Complexity via Farp1

shFarp1 shFarp1 + rescue

A shScramble

e i
B *% * C EX T T T
40— L | e— ,8\2000_ [ | ——
3
c =
e <
o S
3 304 — 2 1500+
c <@
.
<
a g g g
o 204 3 © 1000 3
£ o © S o o
2 2 + = 2 T
= £ ~— S £ ~—
S 10| © <3 2 500 W e
c 5] ] @ 5} @
[
(7] LL © (7] L
° 5 5 5 5 5
8
0 L 0
D - E
_\:3 80 < 54
< 5
5 g 4
L 60+ c
i — g
5 2 g 3 2
£ ]
S 404 2 £ ?
£ 2 2 2 ol e o
S Qo + [} Qo +
G 20 % b’y E % o
° G © g 14| o @
] (%] L S (%3] L
o2l < = = o =
g [ 0 S [ n
2 0 0
©

Figure 1. Farp1is required for increased dendritic complexity in maturing neurons. 4, Im-
ages of dissociated hippocampal neurons at 21 d.iv. expressing GFP (grayscale) from
shScramble control or shFarp1 knockdown vectors, or shFarp1 with the rescue construct
Farp1*" "t Scale bars, 15 wm. B, Farp1 was necessary for the high dendritic complexity at
21d.i.v. as shown by quantification of dendrite tip number per neuron fromimages asin A. The
reduction in tip number was rescued by knockdown-resistant Farp1. shScramble, 37 neurons;
shFarp1, 33; shFarp1 plus Farp1*" ™' 19, Data are from three independent experiments. €,
TDBL was lowered by knockdown of Farp1. shScramble, 19 neurons; shFarp1, 12; shFarp1 plus
Farp1*" "t 10, Data are from three independent experiments. D, No change in ADBL of neu-
rons after Farp1 knockdown. shScramble, 16 neurons; shFarp1, 10; shFarp1 plus Farp1 *" s,
10. Data are from three independent experiments. E, Farp1 had no effect on the number of
primary dendrites. shScramble, 26 neurons; shFarp1, 22; shFarp1 plus Farp1°" ™!, 15 Data are
from three independent experiments. *p << 0.05; **p << 0.01; ***p < 0.001.

in HEPES (25 mm), pH 7.4, and sucrose (320 mMm) with protease inhibi-
tors, cleared by centrifugation at 800 X g for 10 min at 4°C, and extracted
by Triton X-100 (1%) with NaCl added (50 mm). After centrifugation,
the brain extract was precleared by rotating with G-protein beads (Invit-
rogen) for 1 h at 4°C. Purified Farpl antibody GP22 was then added to
the precleared detergent extracts (1:100) and rotated for 2.5 h at 4°C,
followed by the addition of G-protein beads for 1 h. Beads were washed
with extraction buffer and eluted with 2% SDS. Western blotting was
performed using standard procedures, and proteins were either detected
by chemiluminescence or quantified using infrared dye-conjugated sec-
ondary antibodies with an Odyssey Imaging System (Li-Cor).
Immunocytochemistry. Immunocytochemistry was performed on cul-
tured hippocampal neurons at 21 d.i.v. and on HEK293 cells. After wash-
ing with PBS, cells were fixed with 4% paraformaldehyde and 4% sucrose
for 15 min at room temperature. Cells were washed again and blocked
and permeabilized in PBS adjusted to 3% FBS and 0.1% Triton X-100.
Cells were incubated with primary antibodies in blocking buffer over-
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using Volocity (PerkinElmer). Dendritic shaft
fluorescence intensities of UtrCH-Cherry were
measured as average fluorescence intensity in
ROIs of ~2 X 2 um in three adjacent areas
within 3 um of each other, and measure-
ments were additionally obtained from a
spine head within 4 um of these dendritic ar-
eas. This allowed for quantitative analysis of
the ratio of F-actin in dendrites versus spines.
Colocalization of Farp1 and PlexinA1l staining
in neurons was measured in Image] by calcu-
lating intensity correlation quotients to deter-
mine whether the intensity variance of
fluorescent signals changes in dependence on
one another, with values between 0 and 0.5 in-
dicating significant colocalization. As a mea-
sure independent of changes in pixel mean
intensities, we calculated the Pearson coeffi-
cient, with values 0—1 corresponding to greater
levels of colocalization.

Analyses of dendritic complexity were per-
formed using Image]. Full dendritic arbors
were assembled by tiling images (see Fig. 7A for
examples). The Image]J cell counter plugin was
used to mark and count dendrite tips and pri-
mary dendrites, and dendritic branches were
traced in Image] using the segmented line tool.
Average dendritic branch length (ADBL) rep-
resents the average of the lengths of all den-
drites except primary dendrites, whereas total
dendritic branch length (TDBL) is the sum of
the length of all dendrites including primaries.
Primary dendrite lengths are excluded from
the ADBL measurement because they are much
longer than secondary and tertiary dendrites
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Figure 2.

Significance was determined by the Student’s ¢ test. *p << 0.05; ***p < 0.001.

night at 4°C and secondary Alexa Fluor dye-conjugated antibodies (In-
vitrogen) for 90 min at 4°C. Cells were washed and mounted on glass
coverslips in Vectashield medium (Vector Laboratories).

Microscopy and analysis. In most cases, imaging was performed on a
PerkinElmer UltraView VoX Spinning Disk microscope equipped with a
Hamamatsu C9100-50 camera and a Nikon Perfect Focus autofocus sys-
tem. Fluorochromes imaged include GFP (488 nm), mCherry (568 nm),
and Alexa 647 (Invitrogen). Images were acquired with either a Nikon
60X oil Plan Apochromat VC objective with 1.4 numerical aperture or a
Nikon 40X oil CFI Plan Apo with 1.0 numerical aperture. Images in
Figure 3, B, D, and E were obtained on a Zeiss LSM710 confocal micro-
scope equipped with a Lasos argon laser (Lasertechnik) and acquired in
Zen 2010 software. Images were acquired using a Zeiss 63X oil plan
Apochromat objective with 1.4 numerical aperture. Care was taken to use
the same acquisition settings for every condition.

Fluorescence intensity measurements along dendrites as well as line-
scan analyses of protein distribution in HEK293 cells were performed
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Nrp-1/PlexinA complexes recruit Farp1 to membranes. A, Confocal images of HEK293 cells expressing GFP-
Farp1 (green) alone or together with Nrp-1, myc-PlexinA4, or myc-PlexinA1 (all red). Where indicated, cells were treated
with soluble Sema3A before fixation. One optical section from the center of each cell is shown. Scale bar, 15 wm. B,
Expression of PlexinA4 or PlexinA1 recruited Farp1 to the cell membrane as shown by quantification of the fluorescence
ratio of plasma membrane localized to cytosolic GFP-Farp1 from images as in A. Low background fluorescence was
measured in untransfected cells and subtracted. In PlexinA4-expressing cells, Farp1 recruitment was not altered by coex-
pression of Nrp-1, but treatment with soluble Sema3A elevated recruitment. In contrast, coexpression of Nrp-1 increased
the recruitment of Farp1 by PlexinA1, and treatment with soluble Sema3A did not alter the already high fraction of
membrane-bound Farp1. GFP-Farp1 alone, 31 cells; GFP-Farp1 and Nrp-1, 27 cells; myc-PlexinA4, 46 cells; myc-PlexinA4
and Nrp-1, 29 cells; myc-PlexinA4 and Nrp-1 treated with Sema3A, 31 cells; myc-PlexinA1, 27 cells; myc-PlexinAT and
Nrp-1, 32 cells; myc-PlexinA1 and Nrp-1 treated with Sema3A, 28 cells. Data are from three independent experiments.

e og oF A and their lengths are highly variable across

neurons. Increases in tip number and TDBL
are reflective of higher dendrite complexity
and/or segment length (Uylings et al., 1986).
Spine density measurements were performed
using Image] as described previously (Cheadle
and Biederer, 2012).

Data and statistical analysis. All quantitated
analyses were performed with the researcher
blind to the conditions. Data analysis was per-
formed using GraphPad Prism 5 (GraphPad
Software). Statistical analyses were performed
as indicated using either the Student’s ¢ test
with errors corresponding to the SEM or
ANOVA.

Animal procedures. All animal procedures
undertaken in this study were approved by the
Institutional Animal Care and Use Committee
and were in compliance with NIH guidelines.

Results

The cytoskeletal regulator Farpl is required for the high
complexity of maturing dendrites

To investigate whether Farpl can regulate dendritic complexity
in hippocampal neurons, we knocked down Farp1 expression in
cultured neurons at 7 d.i.v. and analyzed their dendritic arbors at
21 d.i.v. Dendritic arborization was assessed by measuring the
number of dendrite tips per neuron, total dendritic branch length
(TDBL), and average dendritic branch length (ADBL) (Fig. 1A).
Images were tiled in all morphometric analyses of this study to
display the full dendritic arbor of transfected neurons for
quantification (see Fig. 7A for examples). We measured that
knockdown of Farpl reduces dendrite tip number in these
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maturing neurons (shScramble, 30.0 *+
1.5 vs shFarpl, 23.3 = 1.7; p = 0.005; Fig.
1B). This knockdown effect was rescued
by expression of a knockdown-resistant
Farpl*" ™' variant (shFarpl plus
Farpl" 7t 3] .8 + 3.4; p = 0.015), con-
firming that the effect is specific. TDBL
was also significantly decreased after
Farpl knockdown (shScramble, 1615 *
98 wm; shFarpl, 856 * 96; p < 0.0001;
Fig. 1C) and could be mostly rescued by
Farpl® ™t (shFarpl plus Farpl®" resist)
1315 = 57; p < 0.001). Although both a
decrease in TDBL and dendritic tip num-
ber can result from a reduction in den-
dritic branching, these two parameters of
dendritic complexity are not necessarily
correlated (Rajan and Cline, 1998). There
was no significant change in ADBL or the
number of primary dendrites (Fig. 1 D, E).
Our data support that Farpl shapes den-
dritic complexity in maturing neurons.

Farpl is recruited to membranes by the
Neuropilin-1/PlexinA1 receptor complex
Considering the roles of Semaphorin sig-
naling in regulating dendrite complexity,
we next analyzed whether members of the
PlexinA family and Farp1 interact. We ex-
pressed GFP-Farpl alone, with myc-
epitope-tagged PlexinA4 or PlexinAl, or
together with the coreceptor Nrp-1 in
HEK293 cells and quantified the fluo-
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Figure3. Endogenous Farp1is expressedin dendrites and spines, colocalizes with PlexinA1 along dendrites, and interacts with

itin the brain. 4, The Farp1 antibody raised in this study recognizes the protein in immunoblotting. Equal amounts of total lysates
from nontransfected HEK293 cells or cells expressing GFP-tagged Farp1 were probed for Farp1. Actin served as the loading control.
The asterisk marks a band that may correspond to endogenous Farp1 expressed at low levels in HEK293 cells. B, The Farp1 antibody
is specific in immunostaining applications. Shown are GFP-filled dendritic segments from neurons at 21 d.i.v. expressing
shScramble control or shFarp1 knockdown vectors that were immunostained for Farp1. Top, Merged images of GFP (green) and
Farp1 (red). Note Farp1 staining outside the dendritic segments caused by its expression in untransfected neurons. Bottom, Farp1
staining. Farp1 knockdown reduced staining along dendrites and in spines of transfected neurons by 64 = 3% (p < 0.001;
shFarp1, n = 41 dendritic segments; shScramble, n = 40). Scale bars, 2 wm. ¢, Immunoblots of total cell lysates prepared from
cultured neurons at 5, 14, and 21 d.i.v. probed as indicated for Farp1, PlexinA1, and actin as the loading control. Equal amounts of
20 g of protein were loaded per lane. D, Farp1 and PlexinA1 colocalize at 21 d.i.v. along MAP2-positive dendrites. Scale bar, 4
m. E, Farp1is also present at spines. Neurons were transfected with UtrCH-Cherry (red) to mark F-actin-rich spines and immu-
nostained at 21 d.i.v. for endogenous FarpT (green). Scale bar, 2 um. F, Farp1 and PlexinAT interact in the brain. Farp1 was
immunoprecipitated from forebrain homogenates of 3-week-old rats. Inmunoblotting for Farp1 showed its efficientimmunopre-
cipitation. PlexinA1 was detected in Farp1 immunoprecipitates but not in controls. Actin served as a negative control. The input
lane contains 1.5% of the brain extract amount used to obtain each loaded immunoprecipitate.

rescence ratio of GFP-Farpl in the

membrane versus the cytosol (Fig. 2). Co-

expression of Nrp-1 alone with GFP-Farpl did not affect the
extent of Farpl membrane localization, whereas expression of
PlexinA4 or PlexinA1l increased the fraction of membrane-bound
Farp1 significantly by 44 * 13% (p = 0.017) and 63 = 11% (p <
0.001), respectively. No difference in expression levels of myc-
tagged PlexinA4 and PlexinA1 was apparent after inmunostain-
ing for myc. Coexpression of Nrp-1 with PlexinA4 did not
significantly alter the amount of Farp1 at the membrane, whereas
coexpression of Nrp-1 with PlexinAl further increased the
membrane-localized fraction of Farpl to 172 = 22% (p <
0.0001). We next treated HEK293 cells coexpressing Farpl with
PlexinAl and Nrp-1, or PlexinA4 and Nrp-1, with soluble
Sema3A to analyze whether extracellular ligand binding to Nrp-
1/PlexinA complexes affects intracellular Farpl localization.
Sema3A treatment had no effect on the already strong Farpl
membrane recruitment in cells coexpressing PlexinAl and
Nrp-1, and this high Farpl fraction at membranes was also
reached in cells expressing PlexinA4 and Nrp-1 if they were
treated with Sema3A. These findings support that Farpl is
recruited to membranes by Nrp-1/PlexinA complexes.

Farp1 and PlexinA1 colocalize along dendrites and interact in
the brain

To investigate the localization of Farp1 in neurons, we raised and
purified an antibody against the extreme C terminus of the pro-
tein that detects the endogenous protein in immunoblotting and
immunostaining applications (Fig. 3A, B). Analyzing the expres-
sion profile of Farpl and PlexinAl, we found that both are ex-

pressed in cultured hippocampal neurons at 5 d.i.v. when
dendrites start to differentiate and remain expressed when den-
drites become mature at 21 d.i.v. (Fig. 3C). We costained disso-
ciated hippocampal neurons at 21 d.i.v. for Farpl and PlexinAl
and found Farpl in clusters along dendritic shafts positive for
MAP2 (Fig. 3D). Similarly, PlexinA1l appeared in clusters along
dendritic shafts at 21 d.i.v. While some PlexinAl appeared in
Farpl-negative puncta near dendritic shafts, Farpl and PlexinA1l
mostly overlapped within dendritic shafts. An intensity correla-
tion quotient of 0.22 * 0.01 and a Pearson coefficient of 0.90 =
0.007 supported their strong colocalization (n = 23 neurons).
Endogenous Farp1 was also detected in dendritic spines, the post-
synaptic specializations of excitatory synapses, which were posi-
tive for the F-actin probe UtrCH-Cherry (Fig. 3E). This
localization is consistent with our previous analysis of epitope-
tagged Farpl, which localizes to dendrites and spines but is not
detectable in axons (Cheadle and Biederer, 2012). Coimmuno-
precipitation of PlexinAl with Farpl from rat forebrain sup-
ported their biochemical interaction (Fig. 3F).

Semaphorin 3A requires Farpl to increase

dendritic complexity

Sema3A has important roles in dendritic differentiation and
growth during development and promotes complexity, similar to
our observations for Farpl (Polleux et al., 2000; Fenstermaker et
al., 2004; Morita et al., 2006; Shelly et al., 2011). To investigate a
functional relationship between Sema3A signaling and the Nrp-
1/PlexinAl partner Farpl, we treated neurons at 20 d.i.v. with
soluble, purified Sema3A (1.14 nm) for 20 h and analyzed their
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Figure 4. Semaphorin 3A requires FarpT and neuronal activity to promote dendritic complexity. 4, Grayscale images of GFP
from neurons at 21 d.i.v. expressing shScramble control or shFarp1 knockdown vectors, after treatment with either purified
Sema3A (1.14 nw) or vehicle control for 20 h. Scale bars, 15 wm. B, Quantification of dendrite tips from images as in A showed that
Sema3A treatment further increases dendritic complexity under control conditions in maturing neurons, but not when Farp1 is
knocked down. shScramble, 17 neurons; shScramble plus Sema3A, 15; shFarp1, 18; shFarp1 plus Sema3A, 19. Data are from three
independent experiments. C, Analysis of TDBL of neurons imaged as in A supported a requirement for FarpT in dendrite branching
downstream of Sema3A. shScramble, 23 neurons; shScramble plus Sema3A, 19; shFarp1, 23; shFarp1 plus Sema3A, 24. Data are
from three independent experiments. D, Measurement of ADBL showed no effect of Sema3A addition or Farp1 knockdown.
shScramble, 18 neurons; shScramble plus Sema3A, 15; shFarp1, 18; shFarp1 plus Sema3A, 19. Data are from three independent
experiments. Dotted linesin B—D mark values from respective control conditions. £, Grayscale images of GFP from neuronsimaged
at 21 d.i.v. as in A after chronic 7 d treatment with TTX to silence activity. Scale bars, 15 wm. F, G, No changes in dendritic
complexity occurred after Sema3A addition in the presence of TTX as measured by tip number (F) and TDBL (G), supporting that
Sema3A requires activity to promote branching. Dotted lines mark values from respective control conditions at an endogenous
activity level in B-D. Tip number data are as follows: shScramble, 16 neurons; shScramble plus Sema3A, 16; shFarp1, 13; shFarp1
plus Sema3A, 15. TDBL data are as follows: shScramble, 20; shScramble plus Sema3A, 19; shFarp1, 17; shFarp1 plus Sema3A, 20.
Data are from three independent experiments. H, No difference in ADBL resulted from Sema3A addition or Farp1 knockdown in
TTX, as at endogenous activity in D. shScramble, 16 neurons; shScramble plus Sema3A, 16; shFarp1, 14; shFarp1 plus Sema3A, 15.
Data are from three independent experiments. *p << 0.05; **p << 0.01; ***p << 0.001.
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dendritic arbors as described above.
Sema3A application resulted in an ex-
pected increase in arbor complexity (Fig.
4A-C). Specifically, neurons treated with
Sema3A and expressing the control vector
shScramble had 30 = 9% (p = 0.003)
more dendrite tips than untreated neu-
rons (shScramble, 26.9 * 0.8; shScramble
plus Sema3A, 35.1 = 2.5; p = 0.003; Fig.
4B). Knockdown of Farpl decreased tip
number compared with control, as ex-
pected. Importantly, neurons in which
Farpl had been knocked down and were
treated with Sema3A did not exhibit an
increase in dendritic complexity (shFarpl,
18.8 = 0.8; shFarpl plus Sema3A, 21.4 =
1.4 tips; p < 0.0001 and p = 0.002 relative
to shScramble, respectively; Fig. 4B).
TDBL was similarly affected (shScramble,
1875 =+ 132 um; shScramble plus
Sema3A, 2496 *+ 147; shFarpl, 1454 * 89;
shFarpl plus Sema3A, 1570 = 116; p =
0.003, p = 0.01, and p = 0.09 relative to
shScramble, respectively; Fig. 4C). No
other alterations in arbor shape were ob-
served, and ADBL was unchanged for all
conditions (shScramble, 86 * 5.7 um;
shScramble plus Sema3A, 82 * 6.8;
shFarpl, 84 = 3.7; shFarp1 plus Sema3A,
80 = 4.2; Fig. 4D). These data support that
Sema3A signaling requires Farpl to pro-
mote dendritic branching in maturing
neurons.

Activity is required for Sema3A-
dependent dendritic shaping
Neuronal activity is critical for the estab-
lishment and refinement of dendritic ar-
bors both in vivo and in vitro (Rajan and
Cline, 1998; Yu and Malenka, 2003).
However, little is known about how solu-
ble cues and activity are integrated to
shape dendritic complexity. We therefore
asked whether Sema3A requires neuronal
activity to increase dendritic arborization.
Chronic activity blockade with TTX in
hippocampal cultures at 21 d.i.v. simpli-
fied dendritic arbors as expected (Chen
and Ghosh, 2005), and neurons treated
with TTX had 25 * 6.0% fewer dendrite
tips and 24 = 8.4% lower TDBL than un-
treated controls (p = 0.0002 and 0.0074,
respectively; Fig. 4A,E and B,C,F, G, first
columns). Notably, blocking action po-
tentials with TTX abrogated the ability of
Sema3A to increase dendritic complexity
as determined by measuring tip number
and TDBL (Fig. 4F,G, first vs second
column). Knocking down Farp1 did not
further reduce dendrite complexity un-
der this condition. As observed at en-
dogenous activity levels, ADBL was
unchanged by Sema3A (Fig. 4H). These
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results support that neuronal activity is A
required for Sema3A-dependent den-
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dritic branching. Neurons were trans-
fected to coexpress the F-actin probe
UtrCH-Cherry with the shFarpl knock-
down vector or shScramble control (Fig.
5A), and the fluorescence intensity of this
actin marker was quantified in dendritic
shafts and adjacent spines. Interestingly,
Sema3A treatment significantly increased
the ratio of F-actin in the shaft versus
spines by 49 * 13% (p < 0.0001; Fig. 5B),
suggesting roles in modulating actin assembly. This effect of
Sema3A on F-actin distribution in dendrites required Farpl.
Knocking down Farp1 decreased spine numbers by half (Cheadle
and Biederer, 2012; and data not shown) but had no significant
effect on the distribution of F-actin between dendrites and the
remaining spines. This indicates that Sema3A signaling en-
gages Farpl to remodel the dendritic cytoskeleton.

Figure5.

Activity regulates PlexinA1l expression in a pathway involving
proteasomal degradation

Why does Sema3A require neurons to be active to increase den-
dritic branching? Using immunoblotting, we first tested whether
alterations in neuronal activity affect the expression of proteins
within the Semaphorin signaling pathway. Unexpectedly, lysates
of neurons treated chronically with TTX (1 uMm) contained no
detectable PlexinAl protein, whereas treatment with the GABA
blocker PTX (100 M) that results in overexcitation did not alter
PlexinAl amounts (Fig. 6A). Farpl, SynCAM 1, actin, and
GAPDH exhibited no changes in expression, whereas PSD-95
levels showed an apparent decrease after PTX and an increase
after TTX in our culture system, consistent with lowered and
elevated spine numbers, respectively (see Cherry-expressing con-
trol neurons in Fig. 7E, F).

We hypothesized that protein degradation pathways contrib-
ute to the decrease of PlexinAl in absence of activity. To test this,
we treated neuronal cultures with TTX or vehicle for 7 d as above
and then with the lysosomal peptidase inhibitor leupeptin (200
uM) or the proteasome inhibitor MG132 (10 uM) for 2 h before
fixation. Using quantitative immunostaining, we found that nei-
ther leupeptin nor MG132 affected baseline levels of PlexinA1l in
neurons (Fig. 6B,C; and data not shown). Consistent with the
immunoblotting results, immunostaining revealed a strong de-
crease in PlexinAl intensity by 60 = 11% (p < 0.0001) after TTX
treatment (Fig. 6C). Leupeptin did not affect the TTX-induced
decrease in PlexinAl (53 = 9%; p < 0.0001). Interestingly, treat-
ment with the proteasomal inhibitor MG132 prevented an effect
of TTX on PlexinA1l levels. Although protein degradation does

Dendritic F-actin distribution s requlated by Semaphorin 3A via Farp1. 4, Dendritic segments of hippocampal neurons
at21d.i.v., inwhich F-actin was marked by the UtrCH-Cherry probe (grayscale). Neurons coexpressed UtrCH-Cherry either with the
shScramble control or shFarpT knockdown vector and had been treated with vehicle control or Sema3A (1.14 nm) for 20 h before
imaging. Scale bar, 5 m. B, Sema3A treatment of shScramble control neurons significantly increased the dendrite-to-spine ratio
of F-actin intensity. Neurons in which Farp1 was knocked down exhibited no change in F-actin distribution after the addition of
Sema3A. Quantification of relative F-actin amounts was performed in dendritic shafts versus adjacent spine heads from images as
in A. shScramble control, n = 86 ROIs; shScramble plus Sema3A, 61; shFarp1, 59; shFarp1 plus Sema3A, 66. Data are three
independent experiments. Indicated significance values were determined by one-way ANOVA. ***p < 0.001.

not appear to significantly control PlexinA1 levels when neuronal
activity is normal, our data support that the proteasome pathway
contributes to the reduction in PlexinA1 that results from activity
blockade.

We next asked whether neuronal inactivation reduces den-
dritic development via lowering PlexinA1, or whether the reduc-
tion in PlexinAl is only correlated with a block of activity. To
address this, we overexpressed PlexinA1l and analyzed dendrites
under control conditions and after TTX treatment. Neurons were
either sparsely transfected with the F-actin marker UtrCH-
Cherry alone to mark neurites or cotransfected to express both
UtrCH-Cherry and myc-tagged PlexinAl. Coimmunostaining
for PlexinA1 and myc confirmed that transfected, myc-positive
neurons expressed higher levels of total PlexinA1l than untrans-
fected cells (data not shown). As expected, treatment with TTX
reduced TDBL (no treatment, 1598 = 95.7 um; TTX, 1111 * 134
pm; p < 0.05; Fig. 6 D,E). Overexpression of myc-PlexinAl in
neurons was sufficient to increase TDBL in the absence of treat-
ment (PlexinAl, 2208 = 192 pum; p < 0.0001). Interestingly,
elevated PlexinA1 also counteracted the effect of TTX on TDBL
(PlexinAl plus TTX, 1863 * 202 uwm; p < 0.0001). ADBL was
unaffected by overexpression of PlexinA1 (Fig. 6F). These results
support a role for PlexinAl in the regulation of dendritic devel-
opment and indicate that an activity block affects dendrite com-
plexity, at least in part, through downregulating dendritic
PlexinA1l. This reduction in PlexinA1 may underlie the inability
of Sema3A to increase dendritic complexity in the absence of
activity.

Farpl promotes dendritic complexity and spine numbers
even in the absence of activity

Our findings that endogenous Farp1 contributes to making den-
dritic arbors complex and that Sema3A requires Farpl to acutely
promote this complexity supported a role for Farpl as a down-
stream signaling component of the Semaphorin/Plexin pathway.
We next asked whether Farpl is sufficient to promote dendritic
complexity and whether it, like Sema3A, requires activity to do
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Figure 6.  Neuronal inactivity decreases PlexinA1 expression. A, Immunoblot of total cell lysates prepared at 21 d.i.v. from

hippocampal neurons cultured under control conditions or after chronic 7 d treatment with PTX or TTX. Equal protein amounts of 30
g were loaded. Immunoblotting for PlexinA1 revealed a strong reduction in total protein expression after TTX treatment. Levels
of Farp1, SynCAM 1, actin, and GAPDH were not notably affected. PSD-95 levels showed an apparent decrease after PTX treatment
and an increase after TTX treatment. B, A strong reduction in endogenous PlexinA1 (green) after chronic TTX treatment was
confirmed by immunocytochemistry of cultured hippocampal neurons at 21 d.i.v. TTX still lowered PlexinA1 if lyosomal degrada-
tion was blocked by leupeptin. No decrease in PlexinAT protein in dendrites of silenced neurons was observed after the addition of
the proteasome inhibitor MG132. Cells coexpressed UtrCH-Cherry (red) to mark F-actin. Grayscale images show PlexinA1 staining
alone. Microscope settings as well asimage processing and analysis were identical for all conditions. Scale bars, 5 rm. €, Quanti-
fication of PlexinA1 staining intensity for conditions shown in B. Significance was determined by two-way ANOVA across all
conditions, and error bars represent SEM. D—F, Elevating PlexinA1 counteracts the effect of TTX on dendrite development. D,
Images of cultured neurons expressing UtrCH-Cherry (grayscale) at 21 d.i.v. that had been treated with vehicle or TTX. Where
indicated, neurons coexpressed PlexinA1. Scale bars, 15 um. E, Quantification of images as in D showed that elevating PlexinA1is
sufficient to promote dendrite development and that TTX treatment did not reduce TDBL in neurons overexpressing PlexinA1. F,
ADBL was unaffected by TTX addition or PlexinAT overexpression. *p << 0.05; ***p << 0.001.

so. Cultured neurons were transfected to express soluble Cherry
alone or with GFP-Farpl and imaged at 21 d.i.v. Images were tiled
to visualize full dendritic arbors using Cherry as volume marker
(Fig. 7A), and dendritic morphologies were measured. At endog-
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enous activity levels, the exogenous ex-
pression of Farpl was sufficient to
increase dendrite tip number (Cherry
alone, 28.2 £ 1.3 tips; plus GFP-Farpl,
36.5 * 2.0; p < 0.01; Fig. 7B). Although
PTX had no effect on the dendrites of con-
trol neurons expressing Cherry alone,
neurons coexpressing Farpl had simpli-
fied dendritic arbors under this overexci-
tation condition as determined by
measuring dendrite tips (PTX plus GFP-
Farpl, 19.4 = 1.2; p < 0.001 to PTX plus
Cherry). Block of action potentials by
TTX reduced dendrite tip number com-
pared with control neurons expressing
Cherry (TTX, 21.9 = 1.9; p < 0.05). No-
tably, elevating Farp1l expression was suf-
ficient in the presence of TTX to increase
dendrite tip number, making neurons re-
sistant to simplification of their dendritic
arbors after inactivity (TTX plus GFP-
Farpl, 38.7 £ 1.6; p < 0.001 compared
with Cherry-expressing neurons treated
with TTX or at endogenous activity). Sim-
ilarly, measurements of TDBL showed
that Farp1 still increased this parameter of
dendrite development in silenced neurons
(Fig. 7C). ADBL was not affected by Farp1
or manipulation of neuronal activity (Fig.
7D). Thus, unlike Sema3A, Farpl does
not require activity to promote dendritic
complexity.

In addition to affecting the dendritic
arbor, TTX increased the number of den-
dritic spines (Cherry alone, 7.2 * 0.5
spines/10 wm; plus TTX, 9.6 = 0.6; p <
0.001; Fig. 7E, F), as reported for matur-
ing neurons (Lauri et al., 2003; Wierenga
et al., 2006). Farpl promoted spine num-
bers at endogenous activity levels (Fig.
7F) as described previously (Cheadle and
Biederer, 2012), while not reaching signif-
icance in the presence of PTX. Farpl in-
creased spine density also in the presence
of TTX (TTX plus GFP-Farpl, 12.1 £ 0.5
spines/10 uwm dendrite; p < 0.001 com-
pared with TTX plus Cherry). Both func-
tions of Farpl in promoting dendrite
complexity and spine number therefore
do not require neuronal activity, consis-
tent with activity acting upstream of
Farpl on PlexinAl expression.

Discussion

Here we delineate a Semaphorin-dependent
signaling pathway that promotes den-
dritic complexity via the actin regulatory
protein Farpl. Our results support that
Farp1 signaling is necessary for the high
extent of arborization of maturing den-

drites. Aiming for mechanistic insight, we show that Farpl is
recruited to plasma membranes by the Nrp-1/PlexinAl receptor
complex and that Farpl and PlexinA1 colocalize along dendrites
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of maturing neurons. Notably, Farp1 is an
obligatory signaling partner that pro-
motes Sema3A-dependent increases in
dendrite complexity in maturing neu-
rons, and our data support that Sema3A
also modulates F-actin distribution in
dendrites via Farpl. Moreover, blockade
of action potentials abrogates Sema3A-
induced dendrite remodeling, concurrent
with a strong reduction of the Sema-
phorin coreceptor PlexinAl. Elevating
PlexinA1l levels in neurons prevents this
TTX-dependent dendritic simplification.
Consistent with activity regulating steps
upstream of Farpl, elevating Farpl ex-
pression is sufficient to increase dendritic
complexity even in TTX-silenced neurons.
These results support a model that Nrp-1/
PlexinA1l localize Farpl to dendrites where
it acts downstream of Sema3A to promote
dendritic complexity and F-actin assembly
and that a reduction of the PlexinA1/Farpl
complex in dendrites limits dendrite ar-
borization (Fig. 8).

Linking Farp1 to Neuropilin/Plexin
signaling

Secreted cues provide important signals for
dendrite development and include neu-
rotrophins such as BDNF, Wnt signaling
through B-catenin, Slit/Robo interactions,
and Semaphorins (McAllister et al., 1997;
Polleux et al., 2000; Whitford et al., 2002;
Yu and Malenka, 2003; Rosso et al., 2005;
Wayman et al., 2006; Rauskolb et al.,
2010; de Anda et al., 2012). Specifically,
Sema3A binds Nrp/PlexinA receptor
complexes to control distinct aspects of
dendrite development, including neuro-
nal polarization, dendritic growth and
complexity, and synapse number, in addi-
tion to its well defined roles in growth
cone collapse and axon guidance (Pas-
terkamp, 2012; Yoshida, 2012). Several
intracellular partners mediating Sema3A/
Plexin functions have been elucidated.
Sema3A can cause growth cone collapse
and dendrite branching through the ki-
nases Cdk5 and Fyn (Sasaki et al., 2002;
Morita et al., 2006). Activation of Cdk5 by
Sema3A mediates the phosphorylation of
focal adhesion kinase (FAK), and knock-
ing down Cdk5 or FAK leads to simplified
dendritic arbors as also seen in neurons
lacking Neuropilins (Ng et al., 2013) and
upon loss of Farpl1 (this study). Given that
Sema3A has several signaling partners, it

was unexpected that Farpl is required for Sema3A-mediated in-
creases in dendrite complexity and that its knockdown is not
compensated by an alternate partner. This Farpl-specific role
may reflect that we analyzed dendrite arborization in maturing
neurons, whereas Sema3A may guide earlier stages of dendrite
development through other signaling partners. This is supported
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Figure 7. Farp1 is sufficient to promote dendritic complexity and spine numbers in the absence of activity. 4, Images of

dissociated hippocampal neurons at 21 d.i.v. expressing soluble Cherry (gray) as the volume marker either alone (top row) or with
GFP-Farp1 (bottom row). Images were tiled to show entire dendritic arbors. Scale bars, 15 wm. B, The ability of Farp1 to increase
dendritic branching persisted after activity blockade by TTX and was sensitive to overexcitation by PTX . Dendrite tips were
quantified from images as in A. Untreated control at endogenous activity, n = 25 neurons; untreated GFP-Farp1, 22; PTX-treated
control, 25; PTX-treated GFP-Farp1, 23; TTX-treated control, 22; TTX-treated GFP-Farp1, 23. Data are from three independent
experiments. C, TDBL was increased by elevated Farp1 both at endogenous activity and in the absence of activity. n = 10 neurons
for all groups. Data are from three independent experiments. D, ADBL was unchanged by activity manipulation or elevated Farp1.
Untreated control, n = 24 neurons; untreated GFP-Farp1, 25; PTX-treated control, 25; PTX-treated GFP-Farp1, 23; TTX-treated
control, 22; TTX-treated GFP-Farp1, 25. Data are from three independent experiments. E, Confocal images of dendrites of neurons
expressing soluble Cherry alone (red) or with GFP-Farp1 (green) at endogenous activity levels or after PTX or TTX treatment as
indicated. Scale bars, 5 um. F, Quantification of spine densities fromimages as in E showed the expected increase in spine numbers
after Farp1 overexpression under untreated control conditions. Farp1 overexpression further increased spine numbers after TTX
treatment. Untreated control, n = 83 spines; untreated GFP-Farp1, 110; PTX-treated control, 76; PTX-treated GFP-Farp1, 77;
TTX-treated control, 49; TTX-treated GFP-Farp1, 65. Data are from three independent experiments. Two-way ANOVA was used to
determine significance for all comparisons. *p << 0.05; **p << 0.01; ***p < 0.001.

by the finding that Farp1 does not reduce dendrite complexity in
immature neurons (Cheadle, data not shown; Mlechkovich et al.,
2014).

The finding that the binding of Farpl to PlexinAl but not
PlexinA4 is enhanced by coexpression of Nrp-1 points to differ-
ent and possibly cooperative recruitment mechanisms of Farp1.
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Figure 8.  Model of activity-dependent Sema3A signaling through a PlexinA1/Farp1 com-
plex to promote dendritic complexity. The model depicts how maturing neurons undergo an
increase in dendritic complexity that is enhanced by Sema3A, PlexinA1, Farp1, and activity.
Dendritic shaft segments with a spine are enlarged in red boxes below. Bottom left, At endog-
enous activity Sema3A (red circle) can bind Neuropilin-1 (blue)/PlexinA1 (red) complexes that
recruit Farp1(green) to the membrane. Farp1is required for Sema3A-induced dendritic branch-
ing and F-actin distribution changes. Bottom right, PlexinA1 expression is strongly reduced in
silenced neurons, impeding Semaphorin signaling via pathways that include Farp1.

In this study, we focused on the interaction of Farp1 with Nrp-1/
PlexinAl as strong baseline interactions with preassembled Nrp-
1/PlexinAl complexes may enable Farpl to rapidly signal after
Sema3A stimulation, and because overexpression of PlexinAl is
sufficient to promote dendritic branching. The additional
Sema3A-induced recruitment of Farpl to PlexinA4/Nrp-1/
PlexinA4 complexes suggests that Farpl may have multiple sig-
naling roles downstream of Sema3A that are temporally and
spatially regulated, which can now be elucidated. General func-
tions of Sema/Farp signaling in dendrite morphogenesis are con-
served across species, as findings in chick motoneurons show that
Farpl promotes dendritic outgrowth stimulated by Sema6A
(Zhuang et al., 2009). However, developing chick motoneurons
have simple morphologies, and it could not be tested in this pre-
vious study whether Farp1 alters dendrite arborization in chick
such as shown here in mammalian neurons.

Remodeling of the dendritic cytoskeleton by

Sema3A/Farpl signaling

Cytoskeletal regulators control the shape and dynamics of den-
dritic arbors. Sema3A can act on these regulators, and it engages,
for example, LIM kinase to regulate the phosphorylation of cofi-
lin, thereby controlling its ability to bind and depolymerize actin
(Aizawa et al., 2001). In addition, several functions of Sema3A,
including growth cone collapse and neuronal polarization, in-
volve Racl (Vistriket al., 1999; Lerman et al., 2007), a Rho family
GTPase that promotes dendritic complexity and drives spine for-
mation (Ruchhoeft et al., 1999; Li et al., 2000; Nakayama et al.,

J. Neurosci., June 4, 2014 - 34(23):7999 - 8009 * 8007

2000; Van Aelst and Cline, 2004; Tada and Sheng, 2006; de Curtis,
2008). We previously showed that Farpl specifically binds and
activates Racl and promotes F-actin assembly (Cheadle and Bie-
derer, 2012). In agreement with a role of Farp1 in linking Sema3A
to cytoskeletal changes in dendrites, our study now provides, to
our knowledge, the first description of a direct role of Sema3A in
controlling dendritic F-actin in maturing neurons. While this
finding does not demonstrate that Sema3A promotes dendrite
complexity via increased F-actin assembly in dendritic shafts, it
warrants future investigations of dendritic Racl signaling down-
stream of Sema3A/Farpl.

Sema3A shapes dendrites in dependence on neuronal activity
Developing dendrites undergo rapid branch addition and retrac-
tion, followed by a less dynamic period (Dailey and Smith, 1996).
These processes are tightly controlled by neuronal activity, and
glutamatergic input and sensory experience are required for the
proper growth of the dendritic arbor (Rajan and Cline, 1998; Sin
etal.,2002; Portera-Cailliau et al., 2003). Our results now provide
evidence that Sema3A requires neuronal activity to promote den-
dritic complexity. Our finding that TTX treatment reduces
PlexinAl protein expression via the proteasome pathway sug-
gests that it is the loss of PlexinAl that may render Sema3A un-
able to promote dendritic complexity when neurons are silenced.
To our knowledge, this is the first report that PlexinA1 levels are
regulated by neuronal activity. Moreover, the increased dendritic
arborization after PlexinA1 overexpression at endogenous activ-
ity levels indicates that this protein is a rate-limiting factor in
dendrite remodeling. The sufficiency of Farpl to increase den-
dritic maturation even in silenced neurons is consistent with a
role downstream of Sema3A/PlexinA1 signaling and a direct abil-
ity to regulate F-actin in dendrites. The effects of Sema3A and
Farpl on dendrites may themselves alter neuronal activity, as the
ability of dendrites to propagate action potentials is strongly in-
fluenced by the number of branch points (Vetter et al., 2001).
Notably, knocking down Farpl in the presence of TTX does not
further simplify dendritic arbors. This indicates that Farp1l does
not contribute to establishing the baseline of dendrite complexity
that is reached without activity-enhanced remodeling.

A role for Farpl in integrating dendrite and

synapse development?

In support of the synaptotrophic model that links dendrite devel-
opment with synapse formation, blocking glutamatergic activity
slows dendrite growth and retards arbor maturation (Cline and
Haas, 2008). Simultaneous monitoring of both synapses and den-
drites across development shows that dynamic, immature den-
drites are associated with nascent, immature synapses, whereas
stable dendrites contain more mature synapses (Lietal.,2011).In
fact, the maturation of synapses on immature dendrites precedes
dendrite stability, indicative that synapse development can in-
struct dendritic stabilization (Niell et al., 2004). Such coupling is
reflected on the molecular level, and trans-synaptic interactions
by neurexin/neuroligin complexes or EphB receptors, the Rac
GEF Tiam1 that binds EphB2, and Racl itself can mediate both
spine formation and dendrite outgrowth (Nakayama et al., 20005
Moreno-Flores et al., 2002; Tolias et al., 2007; Kayser et al., 2008;
Chen et al., 2010). Corresponding signaling functions may also
converge on Farpl in dendrites of mammalian neurons. In a
previous study, we identified Farpl as a binding partner of the
synaptic adhesion protein SynCAM 1 in dendritic spines that
promotes excitatory synapse formation (Cheadle and Biederer,
2012). This supports that Farpl acts, on the one hand, down-
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stream of Sema3A in shafts to control dendrite complexity and,
on the other hand, via postsynaptic SynCAM 1 to promote excit-
atory synapse development. It will be important to test whether
developmental alterations in the expression, localization, or
function of upstream partners such as SynCAM 1 and Nrp-1/
PlexinA1 underlie the ability of Farp1 to play different roles dur-
ing neuronal differentiation, from regulating synapse formation
in developing neurons to controlling dendrite complexity in ma-
turing neurons.

Future directions

Given the diversity of dendritic arbors across neuronal cell types,
it can now be elucidated to what extent Sema3A and Farpl sig-
naling contributes to determining the architecture of dendritic
trees in different neuronal populations. Moreover, aberrations in
dendritic morphology are strongly correlated with developmen-
tal and psychiatric diseases, including autism—spectrum disor-
ders, schizophrenia, and mental retardation (Kulkarni and
Firestein, 2012). Specifically, the brains of patients with mental
retardation exhibit misshapen dendritic protrusions across de-
velopment (Purpura, 1974), and dendritic arbors of neurons
from schizophrenic patients are smaller and less complex than
those of controls (Broadbelt et al., 2002). Altered Semaphorin
signaling may affect neuronal differentiation in these diseases
(Pasterkamp and Giger, 2009). Interestingly, a microdeletion
that includes the FARP1 gene has been linked to mental retarda-
tion (Amor et al., 2005), although a role of Farp1 in human brain
disorders has not yet been established. Together, our elucidation
of an activity-dependent Sema3A pathway that regulates den-
dritic complexity via Farpl can contribute to understanding
the maturation of neuronal morphology and its disease-linked
aberrations.
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