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Netrin-1-Induced Local 3-Actin Synthesis and Growth Cone
Guidance Requires Zipcode Binding Protein 1

Kristy Welshhans' and Gary J. Bassell'
Departments of 'Cell Biology and 2Neurology, Emory University School of Medicine, Atlanta, Georgia 30322

Local B-actin synthesis in growth cones of developing axons plays an important role in growth cone steering; however, the mRNA binding
proteins required for this process are unknown. Here we used Zbp1/Imp1 ~' ~ mice to test the hypothesis that zipcode binding protein 1
(ZBP1) is required for the regulation of B-actin mRNA transport and local translation underlying growth cone guidance. To address the
biological function of ZBP1, we developed a novel in vitro turning assay with primary cortical neuron balls having axons >1 mm in length
and demonstrate that growth cones of mammalian neurons exhibit protein synthesis-dependent attraction to either netrin-1 or brain-
derived neurotrophic factor (BDNF). Interestingly, this attraction is lost in ZbpI-deficient neurons. Furthermore, BDNF-stimulated
B-actin mRNA localization was attenuated in ZbpI-deficient neurons, which impaired enrichment of B-actin protein in the growth cone.
Finally, using a photoconvertible translation reporter, we found that ZBP1is necessary for netrin-1 stimulated local translation of B-actin
mRNA in axonal growth cones. Together, these results suggest that netrin-1- and BDNF-induced growth cone attraction required ZBP1-
mediated local translation of 3-actin mRNA, and therefore ZBP1 regulates protein synthesis-dependent axon guidance. Thus, mRNA
binding proteins regulating local translation can control spatiotemporal protein expression in response to guidance cues and directional

cell motility.

Introduction

During the development of the nervous system, growth cones
respond to molecular cues they encounter in their environment
with a repertoire of behaviors, which facilitates pathfinding over
extreme distances (Huber et al., 2003). Because axonal growth
cones contain mRNAs, polyribosomes, and translational factors,
cue-induced local translation is one way to directly regulate
growth cone steering and axon guidance (Lin and Holt, 2007).
Previous studies have demonstrated that protein synthesis is re-
quired for the well established in vitro growth cone guidance assay
using Xenopus neurons (Campbell and Holt, 2001; Ming et al.,
2002). In mammalian axons, the netrin-1 receptor, DCC, has
been shown to colocalize with translational machinery (Tcherke-
zian et al., 2010). While it is becoming increasing clear that axonal
mRNA translation is necessary for some forms of axon guid-
ance (Lin and Holt, 2008), the molecular mechanisms in-
volved remain uncharacterized. We have information on the
cis-acting elements involved; however, the trans-acting fac-
tors, mRNA binding proteins, which bind to mRNAs and are
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required for their transport and/or local translation, have
barely been examined.

Localization of B-actin mRNA is an excellent model to inves-
tigate the molecular mechanism of cue-induced growth cone
guidance. For example, both antisense oligonucleotides to the 3’
untranslated (UTR) zipcode sequence and morpholinos to block
new synthesis of B-actin abolished growth cone attraction in Xe-
nopus neurons (Leung et al., 2006; Yao et al., 2006). Zipcode
binding protein 1 (ZBP1) can bind this specific zipcode sequence
located within the 3"UTR of B-actin mRNA (Ross et al., 1997);
however, the requirement for ZBP1 in local B-actin synthesis has
not been examined in primary neurons using knock-out or
knockdown approaches. ZBP1 belongs to a family of highly con-
served RNA binding proteins, and there are three paralogs in
vertebrates: IMP1/ZBP1, IMP2, and IMP3/VgRBP (Yisraeli,
2005). Both ZBP1 and VgRBP localize to growth cones and asso-
ciate with B-actin mRNA in neurons (Zhang et al., 2001; Leung et
al., 2006; Yao et al., 2006). However, there are other predomi-
nantly nuclear proteins that bind B-actin mRNA and may also
play a role in the cytoplasmic regulation of B-actin mRNA local-
ization and/or translation (Gu et al., 2002; Glinka et al., 2010).
These studies suggest that there may be some redundancy and/or
cooperative roles played by these trans-acting factors, although
the requirement of any has not been studied.

We do not yet fully understand what effect a genetic null mu-
tation for an RNA binding protein may have on the transport or
local translation of specific mRNAs necessary for protein
synthesis-dependent growth cone guidance. Here we examine the
genetic requirement for ZBP1 in the transport and translation of
B-actin mRNA within the axon, using Zbp1/Impl knock-out
mice, and determine the functional relevance of this mechanism
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for growth cone steering in response to axon guidance factors.
Thus, this study provides insight into the role of RNA binding
proteins, and demonstrates that they may play a role in growth
cone steering via their regulation of local translation in axons.

Materials and Methods

Animals. Timed pregnant Sprague Dawley rats were obtained from
Charles River Laboratories. ZBP1 mice, with a gene trap insertion in the
Zbpl (Imp1) gene, were obtained from the Mutant Mouse Regional Re-
source Center. Because Zbpl ~/~ mice rarely survive beyond birth,
Zbp1™~ mice were crossed to obtain embryos of various genotypes and
of either sex. The day of the plug was counted as embryonic day 0 (EO0).
All experimental procedures were approved by Emory University’s Insti-
tutional Animal Care and Use Committee and were in accordance with
the federal Animal Welfare Act PL 89-544 (1966) and subsequent
amendments and the documents entitled “Guide for the Care and Use of
Laboratory Animals” and “Public Health Service Policy on Humane Care
and Use of Laboratory Animals.”

Cell culture and transfection. Cortical neuron cultures were prepared
from E18 rats and E17 mice, as previously described (Kaech and Banker,
2006; Sasaki et al., 2010). Specifically, rat cortical neurons were dissected
from Sprague Dawley E18 embryos of either sex. Mouse cortical neurons
were obtained from E17 embryos of either sex. Cortices were trypsinized
(Invitrogen), rinsed in HBSS (Cellgro), and dissociated in MEM (Cell-
gro) with FBS (Sigma). Cells were counted and plated on coverslips,
Bioptechs Delta T open chamber dishes, or 35 mm MatTek glass bottom
dishes at appropriate densities in MEM with FBS. Two to three hours
following plating, the media was changed to Neurobasal (Invitrogen)
with NS21 and GlutaMax (Invitrogen). NS21 was made according to the
previously described protocol (Chen et al., 2008). If needed, neurons
were transfected with the rat Amaxa nucleofection kit (Lonza). For
Amaxa nucleofection, 5,000,000 neurons were rinsed in HBSS and then
transfected using Amaxa’s rat neuron nucleofection kit and associated
program (O-003). Three micrograms of plasmid (mCherry-ZBP1-wt or
mCherry-ZBP1-Y396F) were used for each transfection. Following
nucleofection, neurons were recovered in RPMI with 10% horse serum,
and then plated in RPMI (Invitrogen) with NS21 and GlutaMax. The
following day, the media was changed to Neurobasal with NS21 and
GlutaMax.

Neuron balls were created by diluting dissociated neurons at 15,000
neurons per 20 ul drop in Neurobasal (with GlutaMax, NS21, and 10%
horse serum), as previously described (Sasaki et al., 2010). Specifically, 20
wl drops were plated on the lids of 100 mm dishes filled with 7 ml of
water. Neuron balls formed within 2-3 d in the hanging drop cultures,
and were then transferred to either Bioptechs open chamber Delta T or
MatTek dishes containing Neurobasal (with GlutaMax and NS21) and
2% horse serum. The following day, the media was changed to Neuro-
basal with 3 uM cytosine B-p-arabinofuranoside hydrochloride (Sigma).
Neurons extended long axons, usually =1 mm in length.

Axon outgrowth and filopodial dynamics. Axon outgrowth and filopo-
dial dynamics were imaged on a Nikon TE-2000 microscope with a Cas-
cade 512B EMCCD camera (Photometrics). Dissociated neurons were
used for these two experiments at 3 d in vitro (DIV). Thirty minutes
before imaging, the media was changed to Neurobasal without phenol
red (Invitrogen), and supplemented with NS21 and GlutaMax as de-
scribed above. Neurons were kept at 37°C during experimentation
through the use of a Bioptechs FCS2 closed chamber system. Axon out-
growth was imaged every 10 min for 60 min, using a 20X objective
(Nikon Plan Fluor, NA 0.50) in combination with the 1.5 multiplier built
into the microscope (total magnification of 30X). Filopodial dynamics
was imaged every 5 min for 30 min, using a 60X objective (Nikon Plan
Apo, NA 1.40) in combination with the 1.5 multiplier built into the
microscope (total magnification of 90X). Phase images were captured
using NIS-Elements software (Nikon) and analyzed using Image] (NIH).
Axon outgrowth was analyzed by measuring the distance between the
center of the growth cone at = 0 min to + = 60 min. Only axons that
grew >5 um over the course of the experiment were included in the
analysis. Total axon and dendrite length was measured using the Neuron]
plugin for Image] (Meijering et al., 2004).
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Filopodial length was measured by measuring the length of each filop-
odium on the growth cone from the central domain out to the tip, and the
lengths of all the filopodia on one growth cone were averaged. Filopodial
number was calculated by counting the number of filopodia on the
growth cone at each time point. Filopodial data were tested for statistical
significance using a repeated-measures ANOVA. However, filopodia are
dynamic structures that can move in and out of the image plane, which
can result in missing measurements for certain time points. If a single
time point measurement is missing in a case, a repeated-measures
ANOVA discards the entire case. Therefore, the full dataset could not be
included in the statistical test. The graphs and the statistical tests repre-
sent only that data for which a growth cone has a measurement at every
time point (0, 5, 10, 15, 20, 25, and 30 min). However, the mean is
comparable between the two datasets (dataset 1: only growth cones that
have a measurement at every time point; dataset 2: all growth cones). For
example, in Figure 1, the mean of ZBP1 */* in dataset 1 is 6.51 and in
dataset 2 is 6.13. The same holds true for ZBP1 ~/~ in the same figure, as
the mean of dataset 1 is 4.96 and the dataset 2 is 5.04. Therefore, although
cases were removed to perform statistical analysis of the filopodial dy-
namics, this did not meaningfully change the data in any way.

In vitro turning assays. Axons extending out from neuron balls were
exposed to either netrin-1 (5 pug/ml; R&D Systems) or BDNF (10 pg/ml;
PeproTech) applied in a pulsatile fashion from a micropipette (1 um
opening). Micropipettes were pulled on a Narishige PC-10 pipette puller.
Micropipettes were placed 80—100 wm away and at a 45° angle to the
direction of the migrating growth cone and the appropriate solution was
applied using a Picospritzer II (General Valve Corporation) in combina-
tion with a square pulse stimulator (SD9; Grass Technologies), using the
following parameters: 3 psi, 2 Hz, 20 ms pulse duration. Experiments
were imaged using the same microscope and parameters as described
above, except that neuron balls were kept at 37°C through the use of a
Bioptechs Delta T open chamber system, and images were acquired every 5
min for 30 min using a 20X objective (Nikon Plan Fluor, NA 0.50) in com-
bination with the 1.5 multiplier built into the microscope (total magnifica-
tion of 30X). Only growth cones that grew >10 wm during the 30 min
experiment were included in the analysis. ImageJ was used to measure the
turning angle. The turning angle was calculated by measuring the angle
between the growth cone’s initial direction at 0 min and its final position at
30 min. When needed, anisomycin (40 um; Sigma) or vehicle control
(DMSO; Sigma) was added to the media 20 min before the start of the
experiment.

Quantitative fluorescent in situ hybridization and immunofluorescence.
For the quantitative fluorescent in situ hybridization (Q-FISH) experi-
ments, neurons were starved in Neurobasal without NS21 for 3 h before
the start of the experiment. Following starvation, neurons were stimu-
lated with BDNF or vehicle control for 15 min and then fixed. One
digoxigenin-labeled oligonucleotide probe was used to detect mouse
B-actin mRNA. The sequence of this probe was 5'-TGTTCAATGGG-
GTACTTCAGGGTCAGGATACCTCTCTTGCTCTGGGCCTCGTC-3'.
Q-FISH was performed as previously described (Sasaki et al., 2010). Spe-
cifically, cells were fixed in 4% paraformaldehyde, rinsed three times in
PBS/MgCl,, and equilibrated in 1X SSC. They were then briefly incu-
bated in 40% formamide/1X SSC and prehybridized with hybridization
buffer alone (10% dextran sulfate, 4 mg/ml bovine serum albumin, 2X
SSC, 20 mum ribonucleoside vanadyl complex, 1 X PBS) for 1.5 h at 37°C.
The coverslips were then incubated overnight with DIG-labeled oligonu-
cleotide probe in hybridization buffer overnight at 37°C. Cells were
rinsed with 40% formamide/1 X SSC 2 times (20 min each) at 37°C, and
then rinsed with 1X SSC alone 5 times (2 rinses for 15 min each and 3
rinses for 5 min each) at room temperature. 3-Actin mRNA was then
visualized using a Cy3-labeled mouse anti-DIG primary antibody (Jack-
son ImmunoResearch; 1:1000). As controls, DIG-labeled scrambled oli-
gonucleotide probe and DIG-labeled GFP oligonucleotide probe were
used. These controls did not show specific staining. Q-FISH images were
deconvolved using AutoQuant (Media Cybernetics).

For the quantitative immunofluorescence (QIF) experiments, neu-
rons were fixed in 4% paraformaldehyde, rinsed 3 times in PBS with
MgCl,, permeabilized in 0.3% Triton X-100, and then incubated in
blocking buffer for 1 h. Cells were exposed to primary antibody for 1 h at
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room temperature, which was followed by
multiple washes. Cells were then exposed to the

>

secondary antibody for 30 min at room tem- g% 18

perature, followed by multiple washes, and g ,% —
then mounted. The following primary anti- g e

bodies were used: guinea pig anti-ZBP1 (1:300; 2 E -

Sasaki et al., 2010), mouse anti-FMRP (1C3, T ‘_é’ :

Millipore; 1:200), mouse anti-tau (Millipore; 8§ é‘s ”

1:1000), rabbit anti-MAP2 (Millipore; 1:500), = a

mouse anti-tubulin (E7, Developmental Stud-
ies Hybridoma Bank; 1:1000), rabbit anti-
tubulin (Sigma; 1:1000), and mouse anti-f3
actin (AC15, Abcam; 1:1500).

Q-FISH and QIF experiments were imaged
on a Nikon Eclipse Ti microscope, in combina-
tion with a Nikon Intensilight excitation
source and Photometrics Coolsnap HQ2 cam-
era. Images were acquired with NIS-Elements
software (Nikon) using a 60X objective
(Nikon Plan Apo, NA 1.40) with the 1.5 multi-
plier built into the microscope (total magnifi-
cation of 90X). To quantify fluorescent
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For the B-actin QIF experiments, neurons I
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ing starvation, neurons were stimulated with g X ;':
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above. In this experiment, the fluorescent inten- 8 E o2 8 £0.2
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arate regions of interest. Using DIC images, the o/,'*" oo"" - \({3’ . o’;\
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the central region was defined as the thickened
center region of the growth cone. Hot spots or
enriched regions were defined as a region of in-
creased fluorescence intensity that was 1.5 times
the fluorescence of an adjacent, similarly sized re-
gion. In all experiments, the mean fluorescent in-
tensity was background subtracted by measuring
the mean fluorescent intensity in a region near,
but not encompassing, the growth cone.

Granule tracking imaging and analysis. Cells
were transfected using Amaxa Nucleofector
technology (see above) and allowed to express for 2-3 d before imaging.
Images were acquired using NIS-Elements at a rate of either 2 or 4 fps on
a Nikon A1R confocal microscope using the 561 nm laser and a 60X
objective (Nikon Apo TIRF, NA 1.49). Neurons were kept at 37°C
throughout the experiment via the use of an environmental chamber (In
Vivo Scientific). Thirty minutes before imaging, the media was changed
to Neurobasal without phenol red (Invitrogen), and supplemented with
NS21 and GlutaMax as described above. Only actively moving granules
in the distal axon and growth cone were included in the analysis. Analysis
was performed using the spot tracking feature in the software package
Imaris (Bitplane).

Lentivirus production and Dendra2 translation reporter. Lentivirus con-
structs used were based on pPFUGW (Lois et al., 2002) and lentivirus was
produced by the Viral Vector Core at Emory University. The sequence
encoding eGFP was removed, and two repeats of the GAP-43 palmitoyl-

Figure 1.

Zbp1-deficient embryos have reduced levels of ZBP1, but extend axons and dendrites normally. 4, QIF with a specific
BP1 antibody demonstrates only background expression of ZBP1 in the soma of neurons cultured from Zbp 7-deficient embryos.
*p = 0.05, Mann—Whitney. B, No visible protein levels of ZBP1 are seen in the cortical lysate from Zbp7 ~/~ embryos (ZBP1, 70
kDa). B-Tubulin demonstrates that equal amounts of lysate were loaded in each lane (3-tubulin, 55 kDa). €, QIF with a specific
ZBP1 antibody demonstrates significantly reduced levels of ZBP1 in the growth cones of Zbp7 ~/~ embryos. *p < 0.05, Mann—
Whitney. D, QIF with an anti-FMRP antibody demonstrates that it is not changed in growth cones of Zbp7 ~” ~ embryos. Mann—
Whitney. E~H, Neurons cultured from Zbp-deficient mice have numbers of axons (E), proportions of axons and dendrites (F), and total
axon (G) and dendrite (H) length similar to those of their wild-type counterparts from the same pregnant mother. Mann—Whitney. /,
Growth cone area is not significantly different between Zbp1

/™ mice and their wild-type counterparts. Student’s ¢ test.

ation sequence, dendra2, and the mouse B-actin 3'UTR were inserted
into the pFUGW vector to create pFUGW-Palx2-Dendra2 and pFUGW-
Palx2-Dendra2-$-actin 3"UTR. Viral stocks of pFUGW-PalX2-Dendra2
and pFUGW-PalX2-Dendra2-B-actin 3' UTR were added to dissociated
neurons immediately before neuron balls were created. After neuron
balls formed, they were plated onto 35 mm MatTek glass bottom dishes.
Neuron balls were used for experiments 2-3 d following plating, when
neurons had extended long axons. Neurons to be used for experimenta-
tion were starved for 3 h in Neurobasal without NS21 and phenol red.
Neurons were then exposed either to netrin-1 (500 ng/ml; R&D Systems)
or vehicle control. For some experiments, neurons were pretreated with
anisomycin (40 uM) or vehicle control (DMSO) for 20 min before the
start of the experiment. Growth cones and a portion of the distal axon
were photoconverted using the 405 laser of the Nikon AIR confocal
microscope, treated with netrin-1 (or vehicle control), and then imaged
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Results

ZBP1 regulates filopodial dynamics in
axonal growth cones, but not
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Time (min) Time (min) known to bind B-actin mRNA has not yet
been studied. Thus, in the current experi-
H I ments we used a genetic model organism,
_ 10 W ZBPIwtn=12 14, ~%ZBP1-wt, n=12 Zbp1/Imp1 knock-out mice (Hansen et
g TSRS I () 3 12 e Lk al., 2004). Although these mice have a low
£8 g- rooT survival rate and gross abnormalities in
g ] .,“; 10 i1 tissue development, potential defects in
2 5 8 S neuronal development have not been ex-
2 4 E amined. We first confirmed that ZBP1 is
= N | undetectable in the cortex of Zbpl /'~
o 5 10 15 2 25 30 "0 5 10 15 20 25 30 embryos by quantitative immunofluores-
Time (min) Time (min) cence (QIF) and Western blot (Fig. 1 A, B).
Figure2. Perturbation of ZBP1 affects filopodial length, but does not affect axon outgrowth. 4, B, Cortical neurons cultured for -~ Cultured cortical neurons from Zbpl '~

3DIVfromE17 Zbp1™+/* mice (A) and stained with [3-tubulin are morphologically indistinguishable from Zbp1 =/~ neurons (B).
Scale bar, 20 um. €, D, Axon outgrowth measured over 1 h is not significantly different between Zbp7 ~”~ neurons and their
wild-type counterparts (C) or between untransfected rat cortical neurons and those overexpressing ZBP1-wt or ZBP1-Y396F, a
nonphosphorylatable mutant form of ZBP1 (D). Student’s  test (€) and one-way ANOVA (D) demonstrate no significant difference
between groups. E, Overexpression of either ZBP1-Y396F or ZBP1-wt in rat cortical neurons results in similar expression levels in
the growth cone. Mann—Whitney. F~I, Growth cones from Zbp7 ~”~ mice or those overexpressing ZBP1-Y396F have signifi-
cantly shorter filopodia than their wild-type counterparts (F, H), but filopodial number s not different between the two groups (G,

1).*p = 0.05, repeated-measures ANOVA.

using the 488 and 561 nm laser every 5 min for 60 min. Growth cones
were imaged using NIS-Elements software, a 60X objective (Nikon Apo
TIRF, NA 1.49) and kept at 37°C throughout the experiment via the use
of an environmental chamber (In Vivo Scientific). In order for a growth
cone to be included in the analysis, the growth cone could not change in
area over the course of the experiment by >50%. Total fluorescent in-
tensity was measured in the entire growth cone at each time point,
divided by area, and background subtracted. These intensity measure-
ments were then normalized to the first image acquired following addi-
tion of netrin-1 and graphed as AF/F;, X 100.

Statistical analysis. Each experiment was repeated a minimum of three
independent times. A variety of statistical tests were performed using
SPSS (IBM), depending on whether the data were parametric or non-
parametric, and included Student’s ¢ tests, one-way ANOVA, repeated-

embryos also show significantly reduced
levels of ZBP1 in the growth cone (Fig.
1C). QIF demonstrated that levels of
ZBP1 in knock-out neurons were reduced
by 85% in the soma (Fig. 1A), but only
48% in the growth cone (Fig. 1C), which
was due to more prominent background
staining of the antibody in growth cones.
It is important to note that the reduction
was significant in both cases, and Western blot (Fig. 1B) un-
equivocally demonstrates the loss of ZBP1 protein in Zbpl ~/~
embryos. Importantly, another unrelated RNA binding
protein, Fragile X mental retardation protein (FMRP), did not show
reduced growth cone localization in Zbpl ~/~ mice (Fig. 1 D).

We first examined whether total neurite outgrowth or the
establishment of neuronal polarity and differentiation would be
affected by the loss of Zbpl. We analyzed the number of axons
and dendrites per neuron, the total axon and dendrite length, and
the growth cone area at4 DIV and found no significant difference
between dissociated cortical neurons cultured from Zbpl /'~
mice and wild-type embryos from the same pregnant mouse (Fig.
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1E-I). Furthermore, cortical neurons
cultured from Zbpl ~/~ mice for 3 DIV
were morphologically indistinguishable
from their wild-type counterparts at a
grosslevel (Fig. 2 A, B). Thus, we next used
live cell imaging to determine whether the
basal axon outgrowth rate of dissociated
cortical neurons would be affected by the
loss of Zbpl. The basal axon outgrowth

rate over 1 h was not significantly different G

between these two groups (Fig. 2C). We &

also examined whether stimulation with o 20

BDNF would affect the axon outgrowth g 15
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ulation (100 ng/ml) was not significantly
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using Zbp1 knock-out mice, in a separate
experiment, we overexpressed a nonphos-
phorylatable mutant form of ZBPI1,
termed ZBP1-Y396F, in wild-type rat cor-
tical neurons. This mutant form of ZBP1
cannot be phosphorylated by Src kinase at

L

Turning Angle (degrees) “T]
& >

|
the tyrosine 396 residue and therefore has g 20 .
a strong repressive effect on P-actin 91  —
mRNA translation (Hiittelmaier et al., % 10
2005). Under physiological conditions, ? &
this mechanism allows ZBP1 to repress & ©°
B-actin mRNA translation during its g s
transport to the growth cone, where phos- 2 ™% ElAniso & BDNF, n=17
phorylation of ZBP1 by Src kinase in the [IVehicle & BONF; n=18
growth cone stimulates local translation

Figure 3.

(Sasaki et al., 2010). The axon outgrowth
rate over 1 h was not significantly different
between neurons overexpressing ZBP1-
Y396F, ZBP1-wt, and untransfected neu-
rons (Fig. 2D). Together, these results
with ZBP1 knock-out or functional per-
turbation demonstrate that ZBP1 does
not regulate axon outgrowth or the polar-
ity and differentiation of developing
neurons.

Because ZBP1 binds the B-actin mRNA
zipcode, and ZBP1 and B-actin mRNA are localized to growth cones
and filopodia (Zhenget al., 2001; Leung et al., 2006; Yao et al., 2006),
we examined a possible function of ZBP1 in regulating filopodial
dynamics. Filopodia, composed of bundled actin, are dynamic
structures that continuously extend and retract and act as the sensing
unit of the growth cone (Kater and Rehder, 1995). Using live cell
imaging, the length of filopodia and the number of filopodia per
growth cone were examined over 30 min. Here, we find that cortical
neurons cultured from Zbpl ~/~ mice or those overexpressing
ZBP1-Y396F had significantly shorter filopodia than those from
their wild-type counterparts (Fig. 2 F, H). Overexpression of ZBP1-
Y396F did not appear to have as dramatic of an effect on filopodial
length as complete loss of Zbp1, especially for the first 10 min of the
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Rat cortical neurons demonstrate a protein synthesis-dependent attractive turning response to either netrin-1 or
BDNF. A, B, Images of axonal growth cones, cultured from rat cortical neuron balls, before and after 30 min of exposure to a netrin-1
gradient (4, 0 min; B, 30 min). The tip of the micropipette can be seen in the upper left hand corner of the image. Axons subjected
to turning assays were >1mm in length (see Materials and Methods). Scale bar, 20 pem. €, Growth cones exposed to netrin-1or
BDNF exhibit positive turning angles, as compared to vehicle control. *p = 0.017, Kruskal-Wallis and Mann—Whitney post hoc
with Bonferroni correction (o = 0.017). D, Cumulative distribution plot of turning angles representing the individual growth
cones in C. E, The outgrowth rate over the time course of the experiment was not significantly different between the groups.
One-way ANOVA. F, I, Preincubation with a protein synthesis inhibitor, anisomycin (Aniso, 40 wum), abolishes the attractive turning
response of growth cones to netrin-1(F) and BDNF (/). *p = 0.05, Mann—Whitney. G, J, Cumulative distribution plot of turning
angles representing theindividual growth conesin Fand I. H, K, The outgrowth rate over the time course of the experiment was not
significantly different between the groups. Student’s ¢ test.

time course. However, it is important to note that filopodia are dy-
namic structures that rapidly change over time and the data were
nonetheless statistically significant (Fig. 2 H). The number of filop-
odia per growth cone was not affected by these perturbations (Fig.
2G,I). Importantly, we ensured that any differences between neu-
rons overexpressing ZBP1-Y396F and ZBP1-wt were not due to
variable expression levels between these two constructs (Fig. 2E).
Together, these data suggest that ZBP1 regulates filopodial dynam-
ics, perhaps through its local regulation of B-actin mRNA. Because
filopodia are essential to growth cone pathfinding (Bentley and
Toroian-Raymond, 1986; O’Connor et al., 1990; Chien et al., 1993;
Zheng et al., 1996), the current data suggest that ZBP1 may regulate
axon guidance.
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Movie 1. Examples of turning assays. A, Rat cortical neurons show an attractive turning
response to netrin-1 (5 r.g/ml). Images were acquired by time-lapse phase microscopy. Frames
were taken every 50 s for 20 min. B, Rat cortical neurons exhibit protein synthesis-dependent
attractive turning to netrin-1. Preincubation of rat cortical neurons with anisomycin (40 )
prior to application of netrin-1 (5 peg/ml) results in inhibition of the attractive turning response.
Images were acquired by time-lapse phase microscopy. Frames were taken every 5 min for 30
min. €, Mouse cortical growth cones from Zbp7™/™ embryos exhibit attractive turning in re-
sponse to netrin-1 (5 r.g/ml). Images were acquired by time-lapse phase microscopy. Frames
were taken every 5 min for 30 min. D, Mouse cortical growth cones from Zbp 1-deficient embryos
lose their attractive turning response to netrin-1 (5 g/ml). Images were acquired by time-
lapse phase microscopy. Frames were taken every 5 min for 30 min.

Cortical mammalian neurons demonstrate protein
synthesis-dependent growth cone turning, which is lost in
Zbp1~'~ embryos

Although in vitro turning assays, which are commonly used as a
model for growth cone guidance, have been well established us-
ing Xenopus spinal and retinal neurons (Lohof et al., 1992; de la
Torre et al., 1997), mammalian neurons have infrequently been
used in this type of turning assay [rat cerebellar and dorsal
root ganglion (DRG) neurons (Xiang et al., 2002; Li et al., 2005;
Gasperini et al., 2009; Murray et al., 2009)]. Furthermore, it has
yet to be examined whether growth cone turning of mammalian
neurons is protein synthesis dependent, as has been demon-
strated in Xenopus (Campbell and Holt, 2001). As such, we ap-
plied the well established Xenopus turning assay to rat cortical
neurons, cultured as aggregated neuron balls and having easily
identifiable axons >1 mm in length (see Materials and Methods)
(Sasaki et al., 2010). We used two factors, netrin-1 and BDNF,
which are commonly used in turning assays and are known to
signal synthesis of B-actin protein (Leung et al., 2006; Yao et al.,
2006; Sasaki et al., 2010). Netrin-1 is well established as a guid-
ance cue for a variety of neuronal types both in vitro and in vivo,
and although BDNF acts as a guidance cue in vitro, its role in vivo
has been described primarily as a survival and growth factor (Hu-
ber et al., 2003). Importantly, the receptor for each of these fac-
tors (DCC and TrkB, respectively) is expressed in embryonic
cortical neurons (Cheng and Mattson, 1994; Ren et al., 2004).
Following 30 min of repetitive application via a micropipette, rat
cortical axonal growth cones showed a significant attractive turn-
ing response to either netrin-1 or BDNF (Fig. 3A-D, Movie 1).
Growth cones exposed to netrin-1 or BDNF demonstrated mean
attractive turning angles of 12.3 * 4.0 and 11.7 * 3.4, respec-
tively, as compared to 0.94 = 2.1 for vehicle control (Fig. 3C).
Yet, the axon outgrowth rate over 30 min was not significantly
different between these groups (Fig. 3E). We next examined
whether these attractive turning responses were protein synthesis
dependent, via preincubation with a protein synthesis inhibitor,
anisomycin, for 20 min before application of the guidance cue.
We found that anisomycin abolished the attractive turning re-
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sponses to both netrin-1 and BDNF (Fig. 3F, G, I,], Movie 1), but
did not affect the axon outgrowth rate over 30 min (Fig. 3 H,K).
Previous studies have demonstrated the necessity of protein syn-
thesis for growth cone turning in Xenopus (Campbell and Holt,
2001). Here we show that mammalian neurons also demonstrate
protein synthesis-dependent turning in response to an attractive
guidance cue.

Our next step was to investigate the role of the RNA binding
protein, ZBP1, in the process of axon guidance in culture. Inter-
estingly, we found that neurons cultured from ZbpI ~/~ embryos
do not show the attractive turning response to both netrin-1 (Fig.
4 A, B, Movie 1) and BDNF (Fig. 4 D, E). Outgrowth rate of axons,
however, was not affected (Fig. 4C,F). We found a similar result
when we overexpressed the nonphosphorylatable mutant form of
ZBP1, ZBP1-Y396F, in rat cortical neurons. Growth cones over-
expressing ZBP1-Y396F do not respond to netrin-1, as compared
to those overexpressing ZBP1-wt, but outgrowth rate was not
affected under these conditions (Fig. 4G-I). These results suggest
that ZBP1 and the phosphorylation of ZBP1 are essential for
guidance cue-induced growth cone steering of mammalian cor-
tical neurons.

Anterograde and retrograde traffic of ZBP1 throughout the
axon and growth cone
In neurons, mRNA binding proteins transport mRNA in both
anterograde and retrograde fashions (Kiebler and Bassell, 2006).
Complexes of RNA binding proteins, mRNAs, and associated
proteins are termed mRNP granules and are actively transported
along microtubules in neuronal processes at the rate of fast ax-
onal transport. We investigated whether ZBP1-containing gran-
ules exhibit fast axonal transport specifically within the growth
cones of cortical neurons. Although we have previously demon-
strated fluorescently labeled ZBP1 granules moving in the neu-
rites of chick neurons (Zhang et al., 2001), movements of ZBP1 in
a dynamic fashion into and out of growth cones would suggest a
direct role for ZBP1 in the regulation of growth cone motility.
Using live cell imaging, monomeric red fluorescent protein
mCherry-tagged ZBP1 exhibited bidirectional movements
throughout the axon, as well as within the axonal growth cone.
Although many granules were stationary throughout the acqui-
sition period, trafficking of ZBP1-wt granules in growth cones
ranged from oscillatory to long trajectories. ZBP1-wt granules
exhibited both anterograde (Fig. 5A,B) and retrograde move-
ments (Fig. 5C,D) throughout the distal axon and growth cone
(Movie 2). We found that 55% of all ZBP1-wt granules analyzed
were moving in an anterograde fashion, whereas 45% were ex-
hibiting retrograde movements. mCherry-ZBP1-Y396F, the
nonphosphorylatable mutant form of ZBP1, also exhibited an-
terograde and retrograde trafficking throughout the distal axon
and growth cone (Movie 2). Both ZBP1-wt and ZBP1-Y396F
exhibited long track durations and length, and the average speed
(1.8 = 0.4 um/s for ZBP1-wt and 1.7 * 0.4 um/s for ZBP1-
Y396F) was slightly faster than the rate of ZBP1 transport previ-
ously reported in chick forebrain neurites (Fig. 5E-G) (Zhang et
al., 2001). Here we demonstrate that ZBP1-wt traffics dynami-
cally in and out of the distal axon and growth cone, thus suggest-
ing a role for ZBP1 in B-actin mRNA regulation underlying
growth cone steering.

Stimulation-induced increases of 3-actin mRNA and protein
levels in the growth cone are dependent on ZBP1

We have previously demonstrated that neurotrophin stimulation
results in an increase in B-actin mRNA and protein localization
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showed a 66% increase in fluorescent sig-
nal for B-actin mRNA over control (Fig.
6 B, F).In comparison, growth cones from
Zbpl ~’/~ embryos that were starved and
stimulated with BDNF demonstrated only
a 15% increase in B-actin mRNA fluores-
cent signal over control (Fig. 6 D,F). Im-
portantly, we confirmed that growth cone area was not
significantly different between the groups (data not shown).
Thus, we found that loss of Zbp1 resulted in a significant reduc-
tion of BDNF-stimulated localization of B-actin mRNA to the
growth cone (Fig. 6 F).

To determine whether the loss of Zbp1 affects the BDNF-
induced localization of B-actin protein, neurons were cultured
and starved as described above, but then stimulated with BDNF
for 30 min and fixed, and QIF for B-actin protein was performed.
B-Actin protein staining appeared to be concentrated within the
peripheral region of the growth cone and localized in hot spots
within that region, in accordance with previous reports (Fig.
7A-D) (Spooner and Holladay, 1981; Forscher and Smith, 1988).
As such, fluorescence measurements were not taken over the en-
tire growth cone, but rather divided up into two regions. Fluo-
rescent intensity was measured separately in the peripheral
region, which encompassed the lamellipodia and filopodia, and

balls do not show the attractive turning response to netrin-1 (A) and BDNF (D) exhibited by wild-type neurons. *p =< 0.05,
Mann—Whitney. B, E, Cumulative distribution plot of turning angles representing the individual growth conesin Aand D. C, F, The
outgrowth rate over the time course of the experiments was not significantly different between the groups. *p = 0.05, Mann—
Whitney. G-I, Overexpression of ZBP1—Y396F in rat cortical neurons results in the loss of netrin-1-induced attractive turning
demonstrated by those neurons overexpressing ZBP1-wt (G, H); however, the outgrowth rate is not significantly different be-
tween the two groups (/). *p = 0.05, Mann—Whitney.

the central region of the growth cone. Furthermore, enriched
regions or hot spots of fluorescence were defined as a region of
increased fluorescence intensity that was 1.5 times the fluores-
cence of an adjacent, similarly sized region. Using these criteria,
we found that BDNF stimulation resulted in a 77% increase in
B-actin protein localization in the peripheral domain of Zbp1 ™"
growth cones, as compared to only a 30% increase in Zbpl ~/~
growth cones (Fig. 7E). Thus, BDNF stimulated B-actin protein
localization was significantly increased in Zbp1 /" growth cones
over those deficient in Zbpl. Importantly, we have previously
demonstrated that BDNF stimulated increases in 3-actin protein
in the growth cone are protein synthesis dependent (Sasaki et al.,
2010).

Unexpectedly, there was no difference in basal B-actin protein
fluorescence in the peripheral region of the growth cone between
Zbp1™*"* and Zbpl ~/~ neurons as analyzed after vehicle treatment
(Fig. 7F). Furthermore, BDNF stimulation resulted in a similar in-
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Figure 5.  mCherry-ZBP1-wt exhibits dynamic anterograde and retrograde movements within the axonal growth cone and distal axon. A—Aviii, mCherry-ZBP1-wt moves in an anterograde
fashion into an axonal growth cone. DICimage shown in A and inverted fluorescent images shown in Ai-Aviii. The arrow marks the granule in each image. The images in Ai-Aviii are 2.5 s apart.



9808 - J. Neurosci., July 6, 2011 - 31(27):9800-9813

Movie2. Anterograde and retrograde traffic of ZBP1 throughout the axon and growth cone.
A, Expression of mCherry-ZBP1-wt (green) in rat cortical neurons demonstrates fast antero-
grade and retrograde movements of ZBP1-wt into and out of the growth cone. Images were
acquired by time-lapse confocal microscopy. Frames were taken every 15 for 100 s. B, Expres-
sion of mCherry-ZBP1-Y396F (green) in rat cortical neurons demonstrates fast anterograde and
retrograde movements of ZBP1-Y396F into and out of the growth cone. Images were acquired
by time-lapse confocal microscopy. Frames were taken every 0.5 s for 90 s.

crease in B-actin protein localization in the central growth cone re-
gion of both Zbpl™* and Zbpl ~/~ mice (Fig. 7G), suggesting that
ZBP1 may be necessary to enrich 3-actin protein in peripheral mi-
crodomains within the growth cone in a stimulus-dependent man-
ner. When we examined enriched or hot spots of B-actin protein
after BDNF treatment, the fluorescence intensity was signifi-
cantly decreased in Zbpl ~/~ mice as compared to wild-type em-
bryos (Fig. 7H). Finally, there were many more enriched or hot
spots of B-actin protein in Zbpl™" growth cones, as compared
to those deficient for Zbp1 (Fig. 7I). Again in this experiment, we
confirmed that growth cone area was not significantly different
between the groups (data not shown). Thus, these data suggest
that local translation of B-actin in the growth cone is sensitive to
stimulation by growth and guidance factors, and regulated by
ZBP1 to influence spatiotemporal levels of B-actin within the
growth cone. Together, we find that although ZBP1 does not
regulate B-actin mRNA and protein localization under control
basal conditions, it does play an integral role in the BDNF-
stimulated localization of B-actin mRNA and protein into and
within the growth cone. Thus, the loss of Zbp1 can have a drastic
effect on a growth cone’s ability to rapidly respond to growth
and/or guidance cues to enrich B-actin protein in a compartmen-
talized fashion.

ZBP1 is required for netrin-1-stimulated 3-actin mRNA
translation in the growth cone

The data shown in Figures 6 and 7 suggest that ZBP1 plays an
essential role in the stimulation-induced localization and enrich-

<«

Scale bar, 10 wm. B, Instantaneous velocity histogram of granule depicted in A (positive values
are anterograde and negative values are retrograde). Although only part of the granule track is
shown in A, the entire track is represented in the histogram in B. (~Cviii, mCherry-ZBP1-wt
movesin a retrograde fashion out of a growth cone and into the distal axon. DICimage shown in
C and inverted fluorescent images shown in Gi-Cviii. The arrow marks the granule in each
image. The images in CGi—-Cviii are 5 s apart. Scale bar, 10 wm. D, Instantaneous velocity histo-
gram of the granule depicted in C (positive values are anterograde and negative values are
retrograde). Although only part of the granule track s shownin (, the entire trackis represented
inthe histogramiin D. E-G, The track duration, track length, and average speed of ZBP1-wt and
ZBP1-Y396F granules are not significantly different from one another. Student’s ¢ test.

Welshhans and Bassell ® ZBP1 Regulates Growth Cone Guidance

B-actin
mRNA

Tubulin
A

Vehicle

m

pr1+/+
Vehicle

2.0

p=078

1

-
@a

B

Fluorescence Intensity
(Normalized to Zbp1**)
o -
o °

(o4
°

Zbp1**
BDNF

M
[o9)
w)
:|z
=

-
o

Fluorescence Ratio
(BDNF/Vehicle)
& &

e
>

Figure 6.  BDNF-induced localization of B-actin mRNA is significantly reduced in Zbp7-
deficientmice. A, C, NeuronsfromprIJr/+ (A)and Zbp1 (s embryos were starved for3h
and then treated with a vehicle control for 15 min. Q-FISH for 3-actin mRNA demonstrates only
asmall amount of staining in the growth cone (tubulin, left panel; 3-actin mRNA, right panel).
Images of 3-actin mRNA are shownin false color for ease of visualization. A false-color intensity
map is shown on the far right, with lowest intensities at the bottom of the bar and highest
intensities on the top (low intensity pixels are black and blue, and intensities increase from there
toyellow, red, and finally white). Scale bar, 5 um. B, Neurons cultured from pr1+/+ embryos
were starved for 3 h and then stimulated with BDNF for 15 min, which resulted in a visible
increase in B-actin mRNA fluorescent signal in the growth cone (tubulin, left panel; B-actin
mRNA, right panel). Scale bar, 5 m. D, Neurons cultured from Zbp7 ~/~ embryos were
starved for 3 h and then stimulated with BDNF for 15 min, which resulted in only a modest
increase in B-actin mRNA fluorescent signal in the growth cone (tubulin, left panel; B-actin
mRNA, right panel). Scale bar, 5 wm. E, Using Q-FISH, thereis no significant difference between
Zbp1*/* and ZbpT /" neurons that are starved and vehicle treated in terms of the -actin
mRNA fluorescent signal in the growth cone. F, Quantification of 3-actin mRNA FISH signal in
neurons from Zbp1™/* or ZbpT ~/~ embryos subjected to the above treatments. The fluores-
centsignal of growth cones treated with BDNF was normalized to vehicle-treated growth cones.
Treatment of neurons from Zbp7 ™/ embryos with BDNF results in significantly increased
localization of 3-actin mRNA fluorescent signal in the growth cone, as compared to those from
Zbp1~/~ embryos. *p =< 0.05, Mann—Whitney test.

ment of B-actin mRNA and protein to the growth cone. How-
ever, we wanted to take these experiments a step further to
determine whether ZBP1 regulates the local translation of
B-actin mRNA within the growth cone, which is implied by our
previous experiments (Figs. 6, 7) but not tested directly. No study
has yet examined a role for ZBP1 in local B-actin synthesis in
primary neurons using knock-out or knockdown approaches. In
fact, our knowledge about the requirement of any RNA binding
protein in the regulation of local protein synthesis within the
developing axon or growth cone is limited. However, we do know
that mRNA translation is regulated by the 5" and 3'UTR of the
mRNAs (Wilkie et al., 2003), and for B-actin mRNA, translation
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Figure 7.

BDNF-induced localization of 3-actin protein s significantly reduced in Zbp1-deficient mice. A-D, Neurons cultured from Zbp7™*/* (A, B)and Zbp7 ~/ ~ (C, D) embryos were starved
for 3 hand then stimulated with BONF (B, D) or vehicle control (4, €) for 30 min. Thereisalargerincreasein 3-actin protein fluorescent signal in Zbp

17/ growth cones (B) thanin Zbp7 ~/ ~ growth

cones (D) following BDNF stimulation. 3-Actin protein is shown in black and white (left panel) and false color (right panel) for ease of visualization. See Figure 6A legend for explanation of false color
scale. Scale bar, 5 wum. E, QIF demonstrates that BONF-induced localization of 3-actin protein s significantly reduced in the peripheral region of growth cones from Zbp7 ~/ ~ embryos. *p < 0.05,
Mann—Whitney test. F, QIF shows that there is no significant difference between Zbp7™/* and Zbp7 ~/~ neurons that are starved and vehicle treated in terms of the B-actin protein fluorescent
signal in the peripheral region of the growth cone. G, QIF demonstrates that BONF-induced localization of B-actin protein is not affected in the central region of growth cones from Zbp7 ~/~
embryos. *p = 0.05, Mann—Whitney test. H, /, Quantitative image analysis shows that BDNF-induced localization of 3-actin protein in enriched or hot spots is significantly reduced in growth cones

from Zbp1-deficient mice (H). Additionally, there is a reduction in the number of these spots in Zbp1-deficient mice (/). *p =< 0.05, Mann—Whitney test.

can be driven by its 3’ UTR (Leung et al., 2006; Sasaki et al., 2010).
We created a photoconvertible fluorescent protein translation
reporter that is linked to the B-actin 3'UTR (PalX2-Dendra2-3-
actin 3'UTR), in a manner similar to a previous report (Leung et
al., 2006). Our translation reporter also contained a dual palmi-
toylation sequence from GAP-43 (PalX2), which can limit diffu-
sion by anchoring to local membranes. We have previously used
this palmitoylation sequence in translation reporters using
dEGFP, and used FRAP to demonstrate negligible levels of fluo-
rescence recovery in axons or growth cones when the B-actin
3'UTR was lacking, suggesting limited diffusion or transport of
somatically synthesized reporter protein (Sasaki et al., 2010). In
contrast, recovery of dEGFP bearing the membrane anchor and
the B-actin 3’ UTR showed robust recovery in growth cones, even
after subtraction of the low levels of recovery observed in proxi-
mal axons. This suggests that over the time course of our exper-
iment, the palmitoylation sequence will ensure that only locally
translated protein will be visualized in growth cones. The photo-

convertible protein used, dendra2, which has been used recently
as a translation reporter (Wang et al., 2009), shows green fluores-
cence originally, but can be converted to its red fluorescent form
by illumination with ultraviolet light. Following conversion, any
new green fluorescence that is visualized is newly synthesized
protein.

Neurons from either Zbp1*/* or Zbpl =/~ mouse embryos
were transduced with PalX2-Dendra2-B-actin 3'UTR and then
cultured as neuron balls. Neuron ball culture (see Materials and
Methods) is unique in that the axons can extend >1 mm in length
(Sasaki et al., 2010). Because membrane-tagged proteins have
been shown to have a diffusion rate of ~50 um/h (Fivaz and
Meyer, 2003), it is highly unlikely that proteins could be synthe-
sized in the soma and transported down that length of axon over
the short time course of the experiment. This stipulation ensures
that any new green fluorescence that we visualize within the
growth cone is due to local translation at that location. Before
experimentation, neurons were starved for 3 h, and then dendra2
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was photoconverted. Netrin-1 was ap-
plied, due it its known role as a guidance
cue and in stimulating B-actin translation
(Huber et al., 2003; Leung et al., 2006),
and growth cones were monitored for the
recovery of green fluorescence for 60 min.
Green fluorescence significantly increased
in Zbp1™*’* growth cones transduced with
the PalX2-Dendra2-B-actin 3'UTR con-
struct following photoconversion (Fig.
8A,C,D). However, green fluorescence
did not increase over basal translation lev-
els in Zbpl ~/~ growth cones transduced
with the same construct (Fig. 8 B-D).
These data suggest that ZBP1 is necessary
for netrin-1-induced local translation of
B-actin mRNA within the growth cone.
Importantly, green fluorescence did not
increase over basal levels in either
Zbp1™" or Zbpl '~ growth cones trans-
duced with the PalX2-Dendra2-B-actin
3'UTR construct and given control vehi-
cle instead of netrin-1. Also, translation of
the reporter construct was not signifi-
cantly different between Zbpl*’* and
Zbpl ~/~ neurons under these control
basal conditions (Fig. 8C,D). These data
suggest that ZBP1 is not required for the
basal translation of B-actin mRNA within
the growth cone, but that stimulation-
induced translation is regulated by ZBP1.
Green fluorescence also did not increase
over basal levels in growth cones trans-
duced with a control construct that did
not contain the B-actin 3'UTR (Fig.
8C,D). In fact, the green fluorescence de-
creased due to photobleaching under
these control conditions, which suggests
that the netrin-1-induced increase in flu-
orescence may be slightly underestimated.

To further examine whether the deficit
in Zbpl =/~ neurons was due to a reduc-
tion in mRNA localization or translation
or both, we transduced the PalX2-
Dendra2-B-actin 3'UTR construct into
Zbp1™*’* and Zbpl =/~ neurons and then
performed quantitative FISH to dendra2
mRNA. We found that the average inten-
sity of dendra2 mRNA in Zbpl /~
growth cones was significantly reduced as
compared to wild-type neurons (Fig. 8 E).
However, we were still able to visualize
dendra2 reporter mRNA granules in
Zbpl ~’~ axons and growth cones, and as
such, these data suggest that there is most
likely a deficit in both 3"UTR-dependent
mRNA localization and translation in
Zbpl /" neurons. Finally, preincubation

with anisomycin before stimulation with netrin-1 significantly
reduced the increase in green fluorescence after photoconversion
(Fig. 8 F). Together, these data suggest that ZBP1 is required for
netrin-1-induced local translation of B-actin mRNA in the

growth cone.
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Figure 8.  ZBP1 is required for netrin-1 stimulated local translation of a B-actin reporter in growth cones. A, B, Neuron balls

from either Zbp7*/* (4) or ZbpT ~/~ (B) embryos were transduced with PalX2-Dendra2-B-actin 3’ UTR. Growth cones can be
seen before conversion in “DIC” (leftmost panel), followed by “Pre Conversion” (overlay of green and red channels, but green
fluorescence predominates), and also “Post Conversion” (overlay of green and red channels, but after UV conversion red fluores-
cence predominates). Following netrin-1 addition, the green fluorescence increases after 30 min in Zbp7 ™/ growth cones, but
notthose from Zbp7 ~/ ~ embryos (last two images in the series are the green channel only and shown in false color; see Figure 64
legend for explanation of false color scale). C, Application of netrin-1 results in an increase in green fluorescence in Zbp7™+/*
growth cones transduced with PalX2-Dendra2-3-actin 3' UTR, as compared to ZbpT ~/ ~ growth cones transduced with the same
construct. Neurons that received a vehicle control instead of netrin-1 or were transduced with a construct without the 3-actin
3'UTR did not show an increase in fluorescence over basal translation rates. Data are represented as Af/F, and then multiplied by
100. *p = 0.01, Repeated-measures ANOVA with Bonferroni post hoc and correction (ce = 0.01). D, Data shown in €, but only at
the 30 min time point. £, Q-FISH to dendra2 mRNA demonstrates that the average intensity of dendra2 mRNAin Zbp7 ~/ ~ growth
cones was significantly reduced as compared to wild-type neurons. Both neuronal types were transduced with the PalX2-Dendra2-
B-actin 3"UTR construct. *p = 0.05, Mann—Whitney. F, Preincubation with a protein synthesis inhibitor, anisomycin, before
stimulation with netrin-1 abolishes the increase in 3-actin reporter translation. All groups were treated with netrin-1 in this
experiment, and “+Vehicle” in the figure legend refers to the vehicle for anisomycin. Data are represented as Af/F, and then
multiplied by 100. *p =< 0.025, Repeated-measures ANOVA with Bonferroni post hoc and correction (cc = 0.025).

Discussion

Posttranscriptional regulation in the axon

It has been shown that the local translation of mRNA within the
axon regulates processes such as outgrowth, survival, and regen-
eration (Zheng et al., 2001; Verma et al., 2005; Cox et al., 2008;
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ZBP1 and p-actin mRNA
transported on microtubules
to the growth cone

Figure 9.

cascade, and thus can disrupt normal cell motility.

Hengst et al., 2009; Vogelaar et al., 2009). Few studies have dem-
onstrated a role of local axonal translation in growth cone steer-
ing and collapse in vitro. Netrin-1- and BDNF-induced attractive
turning in Xenopus required the asymmetric local synthesis of
B-actin (Leung et al., 2006; Yao et al., 2006). Another study dem-
onstrated that local translation of RhoA within the axon is neces-
sary for Sema3A-induced growth cone collapse of rat DRGs (Wu et
al., 2005). Protein synthesis is also required for Slit2-induced col-
lapse of Xenopus retinal growth cones (Piper et al., 2006). However,
it is important to note that not all cell types have been shown to
respond to guidance cues in a protein synthesis-dependent manner.
A recent paper suggests that chick neurons do not require protein
synthesis to respond to a number of different guidance cues, includ-
ing Sema3A and nerve growth factor (Roche et al., 2009). Thus,
protein synthesis-dependent responses to guidance cues may be cell
type specific, concentration dependent, or developmentally regu-
lated. In vivo, one study suggests that a guidance receptor, EphA2, is
locally translated in the distal axon during and after midline crossing,
which implies a role in axon guidance (Brittis et al., 2002). However,
the molecular mechanisms and trans-acting factors involved in the
above examples are unclear.

Little is known about whether a defect in axon guidance may
result from the loss of an RNA binding protein. One example is
Musashil, which is an RNA binding protein that interacts with

Netrin-1 results in
local translation
of B-actin mRNA

Newly synthesized -actin

is enriched in microdomains
and results in

growth cone turning

OO p-actin
OOO Newly synthesized B-actin

ZBP1 regulates local B-actin synthesis and growth cone guidance. ZBP1 orchestrates a series of events that are
necessary for responses to attractive guidance cues. First, ZBP1 binds to 3-actin mRNA in the soma and transports it to the growth
cone on microtubules. Then, in response to a growth or guidance cue, Src kinase phosphorylates ZBP1, which results in the local
translation and enrichment of 3-actin. This newly synthesized (3-actin is locally integrated into the growth cone, resulting in a
change in growth cone dynamics and/or guidance. As we have demonstrated, the loss of ZBP1 results in the perturbation of this
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Robo3 mRNA either directly or indirectly

(Kuwako et al., 2010). This study demon-

& strated that in Musashil-deficient mice,
o axon midline crossing of precerebellar

W neurons is impaired, and Robo3 protein

levels are reduced. However, it is un-
known whether Musashil or Robo3
mRNA are present in the axon, and as
such, whether this process involves local
translation is unclear. In Drosophila, loss
of the mRNA binding protein, ELAV, re-
sults in defects in commissural axon mid-
line crossing (Simionato et al., 2007), and
loss of function of the Drosophila ho-
molog of FMRP results in guidance de-
fects (Morales et al., 2002; Michel et al.,
2004). However, not all studies conducted
thus far have shown that loss of an RNA
binding protein results in axon guidance
defects. The loss of cytoplasmic polyade-
nylation element binding protein 1
(CPEBL1), either by antisense morpholino
in Xenopus or use of the CPEB1 knock-out
mouse, does not result in retinal axon
pathfinding defects (Lin et al., 2009). Our
study reveals that the RNA binding pro-
tein, ZBP1, regulates axon guidance in
vitro, and its loss results in the local reduc-
tion of B-actin mRNA and protein levels.
Furthermore, we find that ZBP1 is re-
sponsible not only for 3-actin localization
but also its translational regulation lead-
ing to enrichment of B-actin in the growth
cone. Continuing work, although outside
the scope of the current study, is examin-
ing the role of ZBP1 in axon guidance in
vivo and will provide important insights
into the role of local mRNA translation in
the formation of proper neuronal cir-
cuitry in the developing nervous system.

ZBP1 regulates the spatiotemporal expression of 3-actin
under stimulated conditions

Here we demonstrate that although axon outgrowth is not af-
fected in Zbpl-deficient neurons, both filopodial dynamics and
axon guidance are impaired. It is likely that ZbpI-deficient neu-
rons are still able to transport 3-actin protein to growth cones by
protein transport mechanisms and so absence of a locally synthe-
sized pool of B-actin may have only a very modest impact on the
growth cone under basal conditions. Indeed, the only noticeable
impairment in ZbpI-deficient neurons under basal conditions
was a modest reduction in filopodial length. However, the phe-
notypes become more noticeable when the growth cone must
react to a cue; here even a modest defect in filopodial length,
coupled with loss of new (-actin synthesis, could lead to loss of
axon guidance. Thus, it is likely that local protein synthesis allows
the axon and growth cone to respond quickly and in a compart-
mentalized fashion to stimulation with growth and/or guidance
factors.

Our findings of defects in growth cone turning in ZBP1
knock-out neurons, but not axon outgrowth, imply a specific role
for ZBP1 to regulate actin dynamics. Axon outgrowth is largely a
microtubule-based process, whereas filopodial dynamics is
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largely actin based (Suter and Forscher, 2000). Because -actin
protein is highly enriched in growth cones, unlike y-actin (Bassell et
al., 1998), this enrichment may be controlled by ZBP1-mediated
local B-actin protein synthesis. Deficiency of ZBP1 may have only a
modest impact on 3-actin at steady state, yet could compromise the
ability of a growth cone to enrich B-actin in filopodia and lamellipo-
dia in response to external stimuli. Because ZBP1 does bind other
mRNAs in addition to B-actin, such as Arp proteins involved in actin
polymerization (Jenson et al., 2007; Gu et al., 2009), it will be inter-
esting to further assess how loss of ZBP1 could affect actin dynamics
needed for growth cone steering.

While our data do reveal a role of ZBP1 (IMP1) as a regulator
of stimulus-induced changes in B-actin mRNA, further work is
needed to assess redundant roles of other ZBP1 paralogs. ZBP1
does not seem to be necessary for steady-state maintenance of
B-actin mRNA in the growth cone (Fig. 6 E). Additionally, our
translation reporter demonstrated that basal levels of B-actin
mRNA translation in the growth cone are not affected by the loss
of ZBP1 (Fig. 8C,D). Because a previous study demonstrated
VglRBP granules moving within growth cones and filopodia of
Xenopus neurons (Leung et al., 2006), it will be important to
assess respective roles for ZBP1 and IMP3/VgI1RBP.

In terms of stimulation paradigms affecting -actin protein,
previous studies have demonstrated that a netrin-1 or BDNF
gradient results in an asymmetric distribution of B-actin across
the growth cone (Leung et al., 2006; Yao et al., 2006). This is
thought to provide a pool of newly synthesized B-actin at the
location where it is needed to affect actin dynamics and initiate
the turn. In the current study, we found that stimulus-induced
B-actin protein expression was not uniformly compromised by
loss of ZBP1 in the growth cone (Fig. 7E-I). Together, these data
suggest that the function of B-actin mRNA localization by
VICKZ/IMP proteins may not be to target B-actin protein, which
presumably can get to the growth cone by protein transport
mechanisms as well, but rather to enrich B-actin in a spatiotem-
poral manner needed for cue-induced turning. It may be that
there are microdomains of B-actin mRNA translation in the
growth cone, as suggested by our immunofluorescence data,
which allow for B-actin protein enrichment in microdomains
following stimulation. Thus, our data provide a unifying picture
as to how slow axonal transport mechanisms may be combined
with local translation to perform varying functions as needed
during axonal growth and guidance.

Signaling mechanisms underlying regulation of cue-induced
axon guidance by ZBP1

The phosphorylation state of ZBP1 is an essential component to
understanding how ZBP1 regulates its mRNA cargo. ZBP1 is
phosphorylated by Src kinase at its tyrosine 396 residue; this
phosphorylation acts as a switch to cause the release and subse-
quent translation of its 3-actin mRNA cargo (Hiittelmaier et al.,
2005). A recent study from our laboratory examined the impor-
tance of the phosphorylation state of ZBP1, using the same non-
phosphorylatable mutant ZBP1 construct used in the present
study (Sasaki et al., 2010). However, overexpression of this con-
struct does not demonstrate a physiologic role for ZBP1 because
the nonphosphorylatable mutant ZBP1 construct likely seques-
ters most of the B-actin mRNA in the cell and does not release it.
Thus, the current study, which employs a null organism, directly
demonstrates a genetic requirement for ZBP1 in axon guidance
and local translation of B-actin mRNA. Although we do not cur-
rently completely understand the cascade through which netrin-
1/DCC or BDNF/TrkB activates Src, which then leads to the
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phosphorylation of ZBP1, a recent study has shed some light on
the subject. In axons, DCC has been shown to colocalize with
translational machinery (Tcherkezian et al., 2010).

Here, we demonstrate that ZBP1 and the phosphorylation of
ZBP1 are required for attractive guidance of cortical neurons, and
appropriate filopodial dynamics. Thus, ZBP1 may orchestrate a
series of events that are necessary for responses to attractive guid-
ance cues: (1) ZBP1 transports B-actin mRNA from the soma to
the growth cone; (2) in response to a growth or guidance cue in
the growth cone, Src kinase phosphorylates ZBP1, which results
in the local translation of B-actin; and (3) this newly synthesized
B-actin is then locally integrated into the growth cone, resulting
in a change in growth cone dynamics and/or guidance (Fig. 9). As
we have demonstrated, the loss of ZBP1 results in the perturba-
tion of this cascade, and thus could disrupt the formation of
proper neuronal circuitry in the developing nervous system. Fur-
ther studies should reveal the diverse roles played by ZBP1 and
other paralogs in protein synthesis-dependent axon guidance.
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