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An essential role for p-actin mRNA localization and
translation in Ca%?*-dependent growth cone guidance

Jiaqi Yao!, Yukio Sasaki?, Zhexing Wen!, Gary ] Bassell? & James Q Zheng1

Axon pathfinding requires directional responses of growth cones to extracellular cues, which have been shown to involve local
synthesis of protein. The identity and functions of the locally produced proteins remain, however, unclear. Here we report that
Ca2+-dependent bidirectional turning of Xenopus laevis growth cones requires localized distribution and translation of p-actin
messenger RNA. Both p-actin mRNA and its zipcode-binding protein, ZBP1, are localized at the growth cone and become
asymmetrically distributed upon local exposure to brain-derived neurotrophic factor (BDNF). Inhibition of protein synthesis or
antisense interference with p-actin mMRNA-ZBP1 binding abolishes both Ca2*-mediated attraction and repulsion. In addition,
attraction involves a local increase in p-actin, whereas repulsion is accompanied by a local decrease in p-actin; thus, both produce
a synthesis- and ZBP1 binding—dependent B-actin asymmetry but with opposite polarities. Together with a similar asymmetry in
Src activity during bidirectional responses, our findings indicate that Ca2*-dependent spatial regulation of p-actin synthesis
through Src contributes to the directional motility of growth cones during guidance.

Precise wiring of neuronal circuitry requires developing neurons to
extend axonal fibers through a complex environment to seek out their
targets for specific connections. Motile growth cones at the tip of
elongating axons are responsible for sensing extracellular cues and,
subsequently, for steering and growth in specific directions. It is
thought that various attractive and repulsive molecules are present in
distinct spatiotemporal patterns and work in concert to guide the
growth cone to its specific target!. Growth cones typically react to
various guidance molecules with distinct responses, including accel-
eration of extension, inhibition and/or collapse, and turning toward or
away from attractive or repulsive molecules"2. Although the detailed
mechanisms underlying each of these distinct guidance responses are
unknown, the cytoskeleton and focal adhesions are thought to be the
main targets of intricate guidance signaling. It is conceivable, however,
that many other components of growth cone motility are also involved
and coordinated to generate distinct guidance responses®=.

Studies indicate that directional responses of growth cones to
guidance cues involve local protein synthesis and degradation®;
however, the identities of proteins that are locally synthesized and/or
degraded at the growth cone and their functions in growth cone
motility and pathfinding remain unclear. Recent work indicates that
local protein synthesis is involved in regulating guidance receptors on
the growth cone surface®19, but the presence of mRNA molecules
encoding signaling and cytoskeletal proteins in the growth cone!!~14
suggests that membrane receptors may represent only a few of the
proteins that are locally synthesized or degraded, or both. Here
we first establish that protein synthesis has a downstream role in
Ca**-dependent guidance responses. We then show that asymmetric

localization of B-actin mRNA and its translation at the growth cone
are required for Ca’"-dependent growth cone turning. We also
present evidence that asymmetric B-actin synthesis is likely to be
regulated by asymmetric activity of the Src family of kinases. These
findings thus provide important insight into the functional role of
spatially regulated B-actin synthesis in Ca?"-dependent bidirectional
growth cone steering.

RESULTS

CaZ*-dependent guidance requires local protein synthesis

To assess the role of protein synthesis in guidance, we used cultured
embryonic X. laevis spinal neurons as a model system and an in vitro
turning assay for examining growth cone responses to an extracellular
gradient of BDNF (Fig. 1). X. laevis growth cones from 6-h cultures on
glass coverslips coated with poly-p-lysine and laminin were subjected to
a BDNF gradient produced through pipette ejection of a BDNF
solution'>™17. As a control, X. laevis growth cones were subjected to
pulsatile pipette ejection of a modified Ringer’s solution and no effect
on the direction of growth cone extension was observed (Fig. 1a). By
contrast, X. laevis growth cones on the laminin substrate responded to a
gradient of BDNF (50 pg ml™! in pipette, ~50 ng mI™! at the growth
cone), with marked attraction toward the BDNF pipette (Fig. 1b). Over
a group of 23 neurons examined, a majority of growth cones turned
toward the BDNF pipette, resulting in a cumulative distribution of
turning angles that shifted to the positive side (Fig. 1d). The average
turning angle was 14.3 £ 4.3° (mean + s.e.m.) for the BDNF group
(Fig. 1e), which was significantly different from the control value (—0.4 £
6.0°% P < 0.01, Mann-Whitney test). By contrast, BDNF-induced
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attraction was completely abolished in the presence of cycloheximide
(25 uM), a ribosomal inhibitor (Fig. 1c). Similarly, BDNF attraction
was blocked by bath application of 40 uM anisomycin, another
inhibitor of protein synthesis. The blockade of BDNF attraction by
these synthesis inhibitors is better depicted by their cumulative
distributions of turning angles, which overlapped with that of the
control (Fig. 1d). The average turning angles of these two groups also
confirmed that no preferential turning was induced by BDNF in the
presence of either inhibitor (Fig. 1e).

Previous studies have shown that BDNF-induced growth cone
attraction is mediated by Ca?" and can be converted to repulsion by
inhibition of protein kinase A (PKA)!®. Accordingly, when PKA was
inhibited by 200 nM KT5720 in bath, a gradient of BDNF triggered
significant repulsion of X. laevis growth cones in culture (Fig. 1e). Bath
application of cycloheximide also prevented the repulsive turning
(Fig. 1e). Notably, neither of these treatments (protein synthesis
inhibition and PKA inhibition) had much influence on the growth
cone extension (Fig. le). Together, these results show that BDNF-
induced bidirectional turning, both attractive and repulsive, requires
protein synthesis.

Ca’* is known to mediate BDNF-induced turning responses of
growth cones'®!8, [s protein synthesis involved downstream or
upstream of Ca?" in BDNF-induced turning? To address this question,
we examined growth cone turning induced by a direct local increase in
intracellular Ca?* concentration ([Ca®*];) generated by focal laser—

Figure 1 Inhibition of protein synthesis blocks BDNF-induced growth cone
turning. (a—c) Representative images of X. /aevis growth cones showing their
responses to pipette application of modified Ringer’s solution (a), BDNF
solution (b) or BDNF with 25 pM cycloheximide in bath (c). Dotted lines
indicate the corresponding positions of the growth cone at the beginning and
end of a 30-min turning assay. Dashed lines indicate the original direction of
growth cone extension. Scale bar, 20 pm. (d) Cumulative histograms showing
the distributions of turning angles from different groups of growth cones
exposed to modified Ringer’s solution (Ctrl) or a BDNF gradient. Each point
indicates the percentage of growth cones bearing a turning angle equal to or
less than the value indicated on the x-axis. To inhibit protein synthesis, the
indicated inhibitors were added in bath. (e) Average turning angles (top)

and lengths of net neurite extension (bottom) of growth cones examined in
different groups. Growth cone repulsion induced by BDNF was achieved

by inhibiting PKA with 200 nM KT5720 (gray bar). The number of growth
cones examined in each group is indicated. Error bars represent the s.e.m.
Cyclo, cycloheximide; Aniso, anisomycin. *P < 0.001 versus the control
(Mann-Whitney test).

induced photolysis (FLIP) of caged Ca’>* compounds'®?° (Fig. 2).
Repetitive FLIP of caged Ca?" (NP-EGTA) on one side of the X. laevis
growth cone induced marked attraction toward the side of focal Ca**
release (Fig. 2a). By contrast, control growth cones without NP-EGTA
loading did not show any directional preference in response to repetitive
laser exposure (Fig. 2a). Bath application of either cycloheximide or
anisomycin eliminated the attraction induced by a local increase in
[Ca®'];, as assessed by all three cumulative distributions of turning
angles (control, cycloheximide and anisomycin), which overlapped and
centered at 0° (Fig. 2a). The average turning angles from these groups
further showed that inhibition of protein synthesis attenuated the
attraction induced by a direct focal increase in [Ca®']; (Fig. 2c).

We also examined the involvement of protein synthesis in growth
cone repulsion induced by a direct local increase in [Ca?*];. Consistent
with previous results'>?, repetitive FLIP on NP-EGTA-loaded growth
cones in Ca?*-free bath caused the growth cone to turn away from the
FLIP side (repulsion), shifting the cumulative angle distribution to the
negative region (Fig. 2b). Similarly, cycloheximide and anisomycin
impaired the repulsion, as indicated by their cumulative angle dis-
tributions (Fig. 2b) and average turning angles (Fig. 2c). The length of
growth cone extension, by contrast, was not affected by these treat-
ments (Fig. 2c). These findings indicate that protein synthesis is
required for Ca**-dependent growth cone turning and is probably
involved in events downstream of receptor activation and cytosolic
Ca** signals.
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Figure 2 Growth cone turning by FLIP of caged Ca2* depends on protein synthesis. (a) Growth cone attraction induced by repetitive FLIP of caged Ca?* at the
growth cone. The cumulative distributions of turning angles show the turning responses under different conditions. (b) Growth cone repulsion induced by FLIP
of caged Ca?* in a Ca?*-free solution, as shown by the cumulative distributions of turning angles. (c) Average turning angles and lengths of extension of all
growth cones examined under different conditions. Cyclo, cycloheximide; Aniso, anisomycin; Ctrl, control. The number of growth cones examined in each group
is indicated. Error bars represent the s.e.m. *P < 0.001 versus the control (Mann-Whitney test).
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Localization of p-actin mRNA in X. /aevis growth cones

Studies in chicken forebrain neurons have shown that -actin mRNA is
transported to the growth cone in response to neurotrophin applica-
tion and that the zipcode-binding protein ZBP1 mediates the translo-
cation of B-actin mRNAZ?L. Three ZBP1 homologs, termed VICKZ
proteins, are expressed in the developing tissues of many species and
function in RNA regulationzz. In X. laevis, Vg1RBP, a member of this
VICKZ family, is involved in localization of Vg1 RNA in oocytes and in
migration of neural tube and crest cells?®. The role of these VICKZ
proteins in B-actin mRNA localization in X. laevis neurons, however,
has not been studied. We therefore examined the expression of ZBP1
and B-actin in X. laevis spinal neurons (Fig. 3).

We used western blotting to analyze purified X. laevis neural
tubes of embryos at stages 20-22 and detected a B-actin band of
42 kDa and a ZBP1 band of 65-70 kDa with a polyclonal antibody?*
(Fig. 3a). To examine the distribution of ZBP1 and B-actin mRNA in
X. laevis growth cones, we carried out immunostaining with a rabbit
antibody to ZBP1 (refs. 21,24) and fluorescence in situ hybridization
(FISH) with digoxigenin-labeled antisense probes for B-actin mRNAZ!.
Both B-actin mRNA and ZBP1 were detected in X. laevis neurons and
appeared as puncta throughout the growth cone, including the
filopodia and the axonal shaft (Fig. 3c). By contrast, FISH with the
reverse probes did not show appreciable signals in these X. laevis
neurons (Fig. 3b). Overall, there appeared to be more ZBP1 puncta
than PB-actin mRNA puncta in the growth cone. In unstimulated
X. laevis neurons, only a few B-actin mRNA puncta (10-30%) were
colocalized with ZBP1 signals (Fig. 3c).

Colocalization analysis was carried out on X. laevis growth cones
without and with exposure to bath BDNFE. The number of colocalized
[-actin mRNA and ZBP1 puncta was small in the control growth cone, but
it increased markedly upon bath BDNF treatment (200 ng ml™!, 15 min;
Fig. 3d). To determine whether this increase in colocalized B-actin
mRNA-ZBP1 in the growth cone depended on B-actin mRNA binding
by ZBP1, we generated three antisense oligonucleotides to X. laevis
f-actin 3" untranslated region (UTR) zipcodes to block the formation
of mRNA-protein complexes?! (Supplementary Fig. 1 online).
To create control oligonucleotides, each of these sequences was synthe-
sized in the reversed 5'—3’ orientation. Application of all three
antisense oligonucleotides (1 pM each) largely attenuated the
BDNF-induced increase in colocalized B-actin mRNA-ZBPI1 puncta
in the growth cone (Fig. 3d). To quantify BDNF effects on the
localization of B-actin mRNA and ZBPl to the growth cone,
we first measured the average intensity of FISH signals of B-actin
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Figure 3 Spatial distribution of B-actin mRNA and ZBP1 proteins in X. /aevis
neurons and growth cones. (a) Western blots showing expression of B-actin
and ZBP1 in X. laevis neural tube tissues. (b,c) Spatial distribution of ZBP1
and B-actin mRNA in X. /aevis growth cones, as detected by fluorescence
immunostaining (left) and FISH (middle) with a reverse (b) or antisense (c)
probe. Right images are merged from two channels (green, ZBP1; red, B-actin
mRNA); colocalized signals appear in yellow-orange (arrows). Scale bars,

10 um. (d) Representative images of X. /aevis growth cones showing the
distribution of ZBP1 (green) and B-actin mRNA (red), and their colocalization
(yellow) under control (Ctrl), BDNF and BDNF plus antisense (AS)
treatments. Scale bar, 10 pm. (e) Average intensities of f-actin mRNA FISH
signals in growth cones under the same treatments as in d. (f) Percentage of
B-actin mRNA colocalized to ZBP1 signals in growth cones under the same
treatments as in d. The number of growth cones examined in each group is
indicated. *P < 0.05 versus the control (Student’s t-test). Error bars
represent the s.e.m.

mRNA and found that bath application of BDNF significantly
(P < 0.05, Student’s t-test) increased B-actin mRNA in the growth
cone (Fig. 3e). This increase was largely attenuated by the antisense
oligonucleotides (Fig. 3e). We then quantified the colocalization of
B-actin mRNA and ZBP1 in the growth cone. The percentage of B-actin
mRNA puncta that colocalized with ZBP1 was significantly increased
by BDNE and this increase was again largely attenuated by the
antisense oligonucleotides (Fig. 3f). The BDNF-induced increase in
B-actin mRNA and ZBP1 colocalization was more apparent in the
filopodia (Supplementary Fig. 2 online). Together, these data indicate
that BDNF facilitates localization of B-actin mRNA to the growth cone
through ZBP1 binding.

We next investigated whether the distribution of both ZBP1 and
B-actin mRNA in the growth cone can be regulated by localized BDNF
signals (Fig. 4). We found that growth cones exposed to local BDNF
application (5 min) showed a local increase in both -actin mRNA and
ZBP1 puncta on the near side of the growth cone to the BDNF pipette
(Fig. 4b). Notably, the overlapping B-actin mRNA and ZBP1 puncta
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Figure 4 Asymmetric distribution of B-actin mRNA and ZBP1 in growth
cones during response to local BDNF application. (a,b) Representative
images of a control growth cone (a) and a growth cone subjected to local
BDNF application through a micropipette (b). From left to right, the images
show morphology (phase contrast), ZBP1 distribution (immunostaining),
B-actin mRNA (FISH) and colocalization (yellow-orange) of ZBP1 (green)
and B-actin mRNA (red). Arrows indicate the BDNF gradient. Dashed lines
indicate the original direction of growth cone extension. Scale bar, 10 pm.
(c) Quantification of the asymmetry of colocalized particles (yellow) between
B-actin mRNA (red) and ZBP1 (green) in the growth cone. To evaluate the
asymmetry, a near/far ratio was calculated by dividing the number of
colocalized B-actin mMRNA-ZBP1 particles on the near side by that on the far
side. Bar graph shows the near/far ratios of colocalized p-actin mMRNA-ZBP1
particles in control (Ctrl) growth cones and growth cones subjected to local
BDNF exposure. The number of growth cones examined in each group is
indicated. *P < 0.01 versus the control (Student’s t-test).
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appeared to be preferentially distributed to the BDNF side of the
growth cone (Fig. 4b). By contrast, growth cones without BDNF
exposure showed a uniform distribution of B-actin mRNA and ZBP1
throughout the growth cone (Fig. 4a). We quantified the colocalized
-actin mRNA-ZBP1 puncta on the two sides of the growth cone and
calculated the near/far ratio (Fig. 4c). Local BDNF application was
found to increase significantly (P < 0.01, Student’s t-test) the near/far
ratio of colocalized B-actin mRNA and ZBP1 (ratio &~ 4), whereas the
control growth cones showed a symmetric distribution of colocalized
f-actin mRNA and ZBP1 (ratio = 1). These observations indicate that
local BDNF can induce the preferential distribution of f-actin mRNA-
ZBP1 to the side of the growth cone exposed to higher BDNF
concentrations. It is conceivable that dynamic translocation of
B-actin mRNA by ZBP1 may represent an important step in the
directional responses of growth cones to BDNF gradients.

Turning responses require -actin mMRNA-ZBP1 interactions

To determine whether B-actin mRNA binding by ZBP1 is involved in
growth cone guidance, we used the antisense oligonucleotides to
interfere with binding of B-actin mRNA to ZBP1. For effective blockade
of PB-actin mRNA-ZBP1 interactions without adversely affecting
growth cone motility, all three antisense oligonucleotides were
used but at a low concentration (1 pM each). Whereas the control

Figure 6 Asymmetric increase in B-actin in growth cones by local BDNF
application. (a,b) Representative images showing double immunostaining of
B-actin and y-actin in X. laevis growth cones with (b) and without (a) local
BDNF application. Left, for each growth cone, the first two images show
B-actin staining and the third shows y-actin. To visualize the asymmetry, a
threshold of 70% was applied to both B- and y-actin images, leaving the top
30% of intensities highlighted in red. Right, a horizontal line crossing the
growth cone was used to generate line profiles based on the original 16-bit
images. The fluorescence intensities for f-actin and y-actin (background-
subtracted) are shown in arbitrary units. Arrows in b indicate the BDNF
gradient. Scale bar, 10 um. (c,d) Representative images showing double
immunostaining of B-actin and p42/44 in X. laevis growth cones treated as
in a,b. (e) Quantitative analysis of B-actin asymmetry by the five-box method
(Supplementary Fig. 3 online). Bar graph shows the near/far ratios from
different groups of growth cones under control (Ctrl) and local BDNF
application with different bath treatments (None, nothing added; PSI, protein
synthesis inhibitors; AS, antisense oligonucleotides; CaF, Ca2*-free; PP2, Src
inhibitor; PP3, ineffective Src inhibitor). A ratio of 1 means no asymmetry
between the near and far sides; a ratio above 1 indicates more B-actin on the
near side than on the far side. The number of growth cones quantified for
each group is indicated. *P < 0.01 versus the control group (Student’s
t-test). Error bars in e represent the s.e.m.

Figure 5 Ca?*-dependent growth cone turning depends on p-actin mRNA-
ZBP1 interactions. (a) Growth cone turning induced by BDNF gradients in the
presence of antisense (AS) and control (RS) oligonucleotides. Average angles
(top) and lengths (bottom) were derived from all growth cones examined

in each group. The number of growth cones examined for each group is
indicated. BDNF-induced repulsion was achieved by inhibition of PKA
through bath application of KT5720 (200 nM). Repulsion is represented by
negative angles in gray bars. (b) Growth cone turning induced by repetitive
FLIP of caged Ca2*. Growth cone repulsion was induced by repetitive FLIP of
caged Ca?* when cells were placed in a Ca2+-free solution. Asterisks indicate
significant difference from the group without any oligonucleotide in bath
(None; P < 0.01, Mann-Whitney test). Error bars represent the s.e.m.

oligonucleotides (1 pM each) had no effects on BDNF-induced attrac-
tion, the antisense oligonucleotides abrogated the attraction (Fig. 5a).
We also examined BDNF-induced growth cone repulsion in the
presence of the PKA inhibitor KT5720. Addition of the antisense
oligonucleotides eliminated the repulsion, whereas the control oligo-
nucleotides did not (Fig. 5a). The effects of antisense oligonucleotides
on growth cone turning did not seem to result from nonspecific
impairment of the ability of the growth cone to move and turn:
growth cones subjected to the low concentrations of antisense
oligonucleotides still showed substantial extension and random
turning, without directional preference.

We also used the antisense approach to further evaluate the role
of B-actin mRNA-ZBP1 interactions in growth cone turning induced
by a direct focal increase in [Ca?*];. The control oligonucleotides did
not affect growth cone attraction or repulsion induced by repetitive
FLIP of caged Ca’* (Fig. 5b). By contrast, addition of the antisense
oligonucleotides blocked Ca?*-induced attraction and repulsion
(Fig. 5b). Together, these results show that interactions between
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Figure 7 Reverse asymmetry of B-actin distribution in growth cones during repulsion induced by a BDNF gradient under PKA inhibition. (a) Representative
fluorescence images of B- and y-actin in a X. /aevis growth cone exposed to a 5-min local application of BDNF (arrows) under global PKA inhibition by
KT5720. Scale bar, 10 um. (b) Quantitative analysis of B-actin asymmetry by the five-box method. Bar graph shows the near/far ratios from different groups
of growth cones under control (Ctrl) and local BDNF application with different bath treatments (None, nothing added; PSI, protein synthesis inhibitors; AS,
antisense oligonucleotides). A ratio of 1 indicates no asymmetry; a ratio below 1 indicates more B-actin on the far side than on the near side (reverse
asymmetry). The number of growth cones quantified for each group is indicated. *P < 0.01 versus the control group (Student’s t-test). (c) Quantification

of global B-actin and y-actin in X. /aevis growth cones in response to bath application of BDNF, KT5720 or BDNF plus KT5720. Immunostaining of

B-actin and y-actin and subsequent fluorescence imaging were identical for each group (Methods). For all groups, the intensities of B-actin and y-actin
immunofluorescence at the growth cones were normalized to the average of the corresponding control group. As a result, the control group yields a value of
100%. The number of growth cones analyzed for each group is indicated. *P < 0.02 versus the control (Student’s t-test). Error bars represent the s.e.m.

B-actin mRNA and ZBP1 are required for growth cone turning in
either an attractive or repulsive direction. Because turning induced
by extracellular BDNF gradients and turning induced by direct
local increase in [Ca?*]; were both blocked by antisense oligonucleo-
tides, our findings also indicate that ZBPl-mediated [-actin
mRNA translocation probably functions downstream of Ca?" in
growth cone steering.

Asymmetric distribution of p-actin in turning responses

Because ZBP1 not only is involved in B-actin mRNA translocation but
also regulates B-actin translation?®, B-actin mRNA—ZBP1 interactions
may give rise to asymmetric synthesis of B-actin proteins at the growth
cone for directional steering. We therefore carried out double immu-
nostaining to examine the distribution of B-actin and y-actin proteins
in growth cones exposed to local BDNF (Fig. 6). The specificity of
antibodies to B-actin and y-actin on X. laevis neural tube tissues was
verified by two-dimensional gel electrophoresis followed by western
blotting (data not shown). Simultaneous imaging of both fluorescence
channels of the growth cone was done to assess and to compare
accurately the spatiotemporal patterns of f-actin and y-actin in the
same growth cone (Methods). Local BDNF application induced an
asymmetric increase in B-actin across the growth cone as compared
with y-actin (Fig. 6b). Line intensity profiles of B-actin and y-actin
immunofluorescence showed that BDNF induced a much higher
increase in B-actin on the side near the BDNF pipette (Fig. 6b). The
slight local increase in y-actin might be attributed to copolymerization
of the B- and y-actin proteins. Growth cones that were not exposed to
BDNF gradients showed similar and even distributions of both B-actin
and y-actin immunofluorescence (Fig. 6a). Double immunostaining of
B-actin and p42/44 was also done to verify the P-actin asymmetry
induced by BDNF gradients. Consistent with this, a gradient of BDNF
induced a similar asymmetry in B-actin but not in p42/44 (Fig. 6d),
whereas the control growth cone showed a symmetric distribution of
both B-actin and p42/44 (Fig. 6¢).

To quantify the B-actin asymmetry, we placed five boxes of equal size
across the growth cone, measured the fluorescence intensities of both
[-actin and y-actin within these boxes, and then calculated two near/far
[-actin ratios normalized to the corresponding y-actin ratios (Supple-
mentary Fig. 3 and Supplementary Methods online). Control growth
cones showed no asymmetry: both ratios were close to 1 (Fig. 6e).

Local BDNF application increased the ratios to about 1.2, however,
indicating that more B-actin was detected on the side near the BDNF
pipette (Fig. 6e). A similar asymmetry was also observed when the
B-actin ratios were normalized to those of p42/44 (Supplementary
Fig. 3 online). This asymmetry in B-actin depended on protein
synthesis and was blocked by the protein synthesis inhibitors
(Fig. 6e). In addition, when the antisense oligonucleotides were
applied, the BDNF-induced asymmetric increase in [-actin was
abolished (Fig. 6e). Removal of extracellular Ca?* or inhibition of
the Src family of kinases by the pharmacological inhibitor PP2, but not
the ineffective PP3, also diminished the asymmetry in B-actin distribu-
tion (Fig. 6e). These results indicate that BDNF-induced growth cone
attraction involves an asymmetric increase in B-actin across the
growth cone, and this asymmetry probably involves ZBP1-dependent
translocation and translation of B-actin mRNA in a Ca’**- and
Src-dependent manner.

Does growth cone repulsion also involve an asymmetry in B-actin
distribution? Immunofluorescence imaging showed that the growth
cone also produced an asymmetric distribution of B-actin in response
to the BDNF gradient in the presence of KT5720. This asymmetry was
in a reversed orientation, however, with more B-actin observed on the
far side of the growth cone (Fig. 7a; hereafter referred to as ‘reverse
asymmetry’). Quantitative measurements and analysis by the five-box
method showed that the near/far ratios were significantly (P < 0.02,
Student’s -test) below the control value of 1, confirming the existence
of reverse asymmetry. This reverse asymmetry in B-actin was elimi-
nated by both the antisense oligonucleotides and the protein synthesis
inhibitors (Fig. 7b). Similarly, reverse asymmetry in B-actin was also
observed when the data were normalized to p42/44 (Supplementary
Fig. 3 online). This reverse asymmetry aligns with the direction of
growth cone repulsion, thus suggesting that the growth cone prefer-
entially steers to the side with more B-actin.

The reverse asymmetry in B-actin during repulsion could be
generated by two possible mechanisms: a decrease in B-actin on
the near side or an increase in B-actin on the far side. To explore
these mechanisms, we used quantitative immunofluorescence imaging
to determine the amounts of - and y-actin proteins in growth cones
exposed to global application of BNDF and BDNF plus KT5720. All
groups of cells were processed for immunostaining and imaged
identically, and the fluorescence intensities were normalized against
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Figure 8 Asymmetric activation of the
Src family of kinases by BDNF gradients.
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the corresponding control average (Methods). We found that bath
application of BDNF for 15 min (200 ng ml™) resulted in a significant
increase in B-actin at the growth cone (Fig. 7¢), whereas y-actin seemed
to be affected only modestly. By contrast, 15-min bath application of
BDNF to cells pretreated with KT5720 resulted in a reduction in -
actin at the growth cone without affecting y-actin (Fig. 7c). KT5720
treatment alone did not change the amounts of either B-actin or y-actin
at the growth cone. None of these short-term bath treatments seemed
to affect the morphology and motility of X. laevis growth cones
significantly, but whether long-term manipulations of PKA activity,
together with BDNF application, affect growth cones remains to be
determined. Nevertheless, these observations, together with the
observed opposite B-actin asymmetries, suggest that the BDNF gra-
dient induces a local increase in B-actin on the near side of the growth
cone during attraction, but deceases B-actin translation locally on the
near side when PKA is inhibited. In the latter case, the local decrease in
[-actin translation could generate a reverse asymmetry for repulsion.

Asymmetric Src activation during bidirectional responses

Studies have shown that B-actin translation is regulated by Src-
dependent phosphorylation of ZBP1 (ref. 25). Because Ca?*-dependent
growth cone turning (both attraction and repulsion) also requires Src
activities (data not shown) and BDNF is known to regulate Src
activities®®, we considered that BDNF gradients might induce asym-
metric phosphorylation of Src kinases to regulate B-actin translation,
thereby creating a specific pattern of B-actin asymmetry for distinct
turning responses. Such a hypothesis was partially supported by our
imaging data showing that Src inhibition attenuated the f-actin
asymmetry induced by the BDNF gradient (Fig. 6e). We therefore
used double immunostaining to examine the spatial distribution of
phosphorylated Src (phospho-Src) and total Src proteins in growth
cones undergoing attraction and repulsion induced by BDNF (Fig. 8).
We found that BDNF gradients alone (causing attraction) induced
an asymmetry of phospho-Src, with more on the near side of the
growth cone (Fig. 8b). In the presence of KT5720, however, local
BDNF induced a reverse asymmetry of phospho-Src, with more
phospho-Src observed on the far side (Fig. 8c). In both cases, the
staining for total Src did not show any asymmetry. Accordingly,
control growth cones showed an even distribution of phospho-Src
across the growth cone.

[
[]

ctrl (8)

(d) Quantitative analysis of asymmetry in p-Src
staining by the five-box method. Ctrl, control.

All intensity measurements were taken from the
original 16-bit images and background-corrected.
The equations state the calculation method used
to generate two near/far ratios. *P < 0.02 versus
the control (Student’s t-test). The number of
growth cones examined for each condition is
indicated. Error bars represent the s.e.m.

.

*

+None (7)  +KT (5)

Similar to our analysis of B-actin asymmetry, we used the five-box
method to determine the distribution of phospho-Src and calculated
the near/far ratios (Fig. 8d). In support of our hypothesis, BDNF
gradients alone induced a local increase in phospho-Src on the near
side of the growth cone, whereas KT5720 inhibition of PKA reversed
the asymmetry induced by BDNF (Fig. 8d). Together with the imaging
data on the B-actin asymmetry, our data support a model in which
BDNF gradients spatially regulate the synthesis of B-actin at the growth
cone through Ca?* and Src to create an asymmetry that aligns with the
direction of growth cone steering (Supplementary Fig. 4 online).

DISCUSSION

Increasing evidence indicates that local protein synthesis has an
important role in growth cone pathfinding during development and
regeneration, but the identities of the specific proteins that are
synthesized in the growth cone remain unknown®!%1327-30 1t is also
unclear which cellular events during growth cone guidance require
new protein production. Here we have used unique turning assays
involving extracellular guidance gradients and a direct increase in
[Ca®']; to examine the role of protein synthesis in Ca?"-dependent
growth cone guidance, and have obtained three main findings. First,
protein synthesis is involved in downstream of receptor activation and
Ca’" signaling during turning responses. Second, ZBPI-mediated
localization of B-actin mRNA and its translation are essential for
bidirectional turning. Third, guidance gradients induce an asymmetric
distribution of B-actin by increasing or decreasing local B-actin
synthesis through Src kinases to create an asymmetry of opposite
orientations for attraction or repulsion, respectively. These findings
highlight the importance of spatially regulated synthesis of cytoskeletal
proteins in directional control of growth cone steering during
axon guidance.

Among the many mRNA molecules in the growth cone, B-actin
mRNA is actively transported to the growth cone through the zipcode-
binding protein ZBP1 (refs. 21,31). Notably, translocation of B-actin
mRNA can be regulated by neurotrophin signaling?"32. In our study,
BDNF gradients induced asymmetric distribution of B-actin mRNA
and ZBP1, consistent with the increase in B-actin mRNA-ZBP1 puncta
observed in the growth cone on exposure to bath BDNE The
asymmetry of B-actin mRNA and ZBP1 during growth cone responses
to guidance gradients is also supported by live imaging work, in which
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the green fluorescent protein (GFP)-tagged ZBP1 homolog Vg1RBP
becomes dynamically localized in filopodia on exposure to a netrin-1
gradient®?, Such dynamic localization of B-actin mRNA and ZBP1 or
VgIRBP may underlie the asymmetric production of B-actin in the
growth cone for directional steering. Consistently, we found that
disruption of B-actin mRNA-ZBP1 binding by antisense oligonucleo-
tides blocked bidirectional turning responses induced by either BDNF
gradients or a direct local increase in [Ca?"];. Previous analyses have
shown that delocalization of B-actin mRNA by zipcode antisense
oligonucleotides in fibroblasts reduces cell migration and polariza-
tion*4, and similar antisense oligonucleotides promote retractive beha-
viors of chicken forebrain growth cones?!. The blockade of attraction
and repulsion observed here, however, is unlikely to result from the
effects of our antisense oligonucleotides on basal motility. The anti-
sense oligonucleotides were developed specifically for the zipcode
sequences of X. laevis B-actin mRNA and used at a low concentration.
X. laevis growth cones exposed to the antisense oligonucleotides
extended substantially and turned in random directions, and applica-
tion of a single antisense oligonucleotide did not block the turning
responses (data not shown), indicating that these oligonucleotides are
unlikely to have nonspecific effects. Because ZBP1 is associated with the
cytoskeleton and can translocate on either microtubules or microfila-
ments>®, we speculate that Ca?"-dependent reorganization of the
cytoskeleton might influence the docking of B-actin mRNA-ZBP1
ribonucleoproteins on the near side of the growth cone as a means to
bias directional steering further through local B-actin synthesis.

In addition to B-actin mRNA transport, ZBP1 regulates spatial
B-actin translation in a zipcode-dependent manner®. Localization of
B-actin mRNA and its regulated translation by ZBP1 could provide a
crucial mechanism for the asymmetric synthesis of B-actin in the
growth cone responsible for directional steering. Indeed, we show that
BDNF gradients induce an asymmetrical increase in B-actin proteins
during attractive responses but a reverse f-actin asymmetry during
repulsion (in the presence of PKA inhibition). Notably, both patterns of
B-actin asymmetry depend on protein synthesis and B-actin mRNA-
ZBP1 binding. Given that inhibition of protein synthesis or antisense
interference of B-actin—ZBP1 binding completely blocked attraction
and repulsion, these results support the notion that ZBP1-mediated
asymmetric translation of B-actin is required for bidirectional turning
of the growth cone.

How does the BDNF gradient produce B-actin asymmetry with
opposite orientations under attraction and repulsion settings? BDNF is
known to act through Ca?* to induce growth cone turning!®!8, and
different sizes of local Ca®" signals can mediate bidirectional turning
responses! 203637 Local Ca®* signals are thought to act on the balance
of phosphorylation and dephosphorylation of downstream targets to
direct the steering?®*. Because Src-dependent phosphorylation of
ZBP1 regulates B-actin translation?® and Ca?"-dependent bidirectional
turning depends on Src activity (data not shown), a local increase or
decrease in B-actin during attraction or repulsion could be induced by
local activation or inhibition of Src kinases. In support of this
hypothesis, BDNF gradients induced an asymmetric increase in phos-
phorylation of Src, with more on the near side of the growth cone. By
contrast, PKA inhibition resulted in a reversal of this BDNF-induced
asymmetry of phospho-Src.

In our current model (Supplementary Fig. 4 online), BDNF-
induced growth cone attraction involves local activation of Src to
elicit local B-actin translation (on the near side), whereas repulsion
(under PKA inhibition) involves local inhibition of Src to decrease
[-actin translation (on the near side). In both cases, an asymmetry in
Src phosphorylation and B-actin translation is generated (but in
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opposite orientations) that may underlie attraction and repulsion,
respectively. Studies have shown that phosphorylation of ZBP1 by
Src leads to loss of translational repression by decreasing the binding of
ZBP1 to B-actin mRNA, thereby facilitating local synthesis at the
membrane®. We speculate that, during attractive turning responses,
Src activation on the near side of the growth cone may lead to docking
and phosphorylation of ZBP1 at sites of activated Src, where activation
of B-actin mRNA translation may occur. During repulsive turning
responses, local inhibition of Src may lead to decreased phosphoryla-
tion of ZBP1 on the near side, favoring translational repression. A
prediction of this model is that there may be asymmetric regulation in
the localization of phosphorylated ZBP1 across the growth cone.
Future studies are required to validate this prediction and to evaluate
this model further.

Both the B- and y-isoforms of actin are expressed in the nervous
system, but the B-isoform seems to be preferred for rearrangement of
the actin cytoskeleton during signal transduction®3°. The unique
amino terminus of B-actin may facilitate its polymerization at sub-
membranous sites, where local synthesis can lead to focal accumulation
of nucleation sites*?. In addition, studies in non-neuronal cells indicate
that actin proteins are largely glutathionylated, which limits their
polymerization into filaments*!. Local synthesis of new B-actin pro-
teins could provide B-actin molecules, nuclei or both to elicit the local
assembly of actin that underlies preferential protrusion of lamellipodia
and filopodia during attraction*’. In agreement with this, filopodia
protrusion elicited by a KCl-induced increase in [Ca®* ]; (ref. 43) was
blocked by both the protein synthesis inhibitors and the antisense
oligonucleotides (Supplementary Fig. 5 online), suggesting that local
B-actin synthesis contributes to actin-based filopodia protrusion and
growth cone motility. Whereas repulsive turning could be driven by
local inhibition of motility through a local decrease in 3-actin synthesis
owing to Src inhibition. We therefore argue that local regulation of
B-actin synthesis could be an important mechanism for trigger-
ing directional motility responses of the growth cone to
extracellular cues. This model could also explain why global inhibition
of protein synthesis or B-actin translation does not impair normal
growth cone extension and random turning, which may depend on the
existing pool of actin proteins and fluctuations in their spatial
dynamics, respectively.

Our findings that asymmetric regulation of B-actin translation
underlies directional responses of the growth cone are supported by
an independent study’’. Both studies indicate that local PB-actin
synthesis has a crucial role in growth cone guidance; however,
morpholino knockdown of B-actin does not seem to prevent netrin-
1-induced growth cone repulsion on a high-concentration laminin
substrate33, indicating some differences between the two studies on
repulsion. Although distinct cell types and repulsion conditions may
contribute to the apparent discrepancy between these results on
repulsion, the specific approaches used for interfering with B-actin
translation could be the key. Our antisense oligonucleotides target the
zipcode regions to prevent B-actin mRNA—-ZBP1 interactions and can
thus impair ZBP1 regulation of B-actin translation. As a result, a local
decrease in B-actin (presumably mediated by Src-ZBP1) during repul-
sion would be blocked by our antisense oligonucleotides, but probably
not by the morpholino. The finding that protein synthesis inhibitors
also removed the reverse asymmetry in repulsion suggests that a
baseline level of B-actin translation, together with the local decrease,
may underlie the reverse asymmetry for repulsion. Alternatively, local
synthesis of other proteins, such as the actin depolymerizing factor
ADF/cofilin*, could also contribute to the local decrease in B-actin
during repulsion. Because ADF/cofilin does not seem to have zipcode
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sequences, however, its translation cannot be affected by our antisense
oligonucleotides. A definite answer to the repulsion mechanisms awaits
further investigation.

Our study has identified B-actin as a key factor in mRNA localization
and translation in Ca?*-dependent growth cone guidance. Local
synthesis and degradation of other candidate proteins could also
contribute to growth cone motility and pathfinding. For example,
local translation of RhoA mediates Sema3A-induced collapse and is
proposed to provide the specificity for Sema3A signal transduction®>,
whereas B-actin synthesis is not involved in Sema3A-induced repul-
sion®3, In addition, ADF/cofilin is locally synthesized in the growth
cone collapse response to SLIT and Sema3A molecules*. It is con-
ceivable that local protein synthesis or degradation, or both, may
provide specificities to transduce different guidance signals. Future
challenges will be to identify those proteins that are locally synthesized
and required for growth cone motility and those that are involved in
specific signaling. A full understanding of the exact functions of these
newly produced proteins would significantly advance our knowledge
on growth cone pathfinding during development and provide strategies
to enhance axon regeneration and rewiring after injury and disease.

METHODS

Xenopus laevis neuronal culture and turning assays. X. laevis neurons
grown on poly-p-lysine and laminin were prepared as described*® and used
4-6 h after plating. Growth cone turning induced by BDNF gradients or by
focal release of caged Ca?* was done as described!®2%4¢ (see Supplementary
Methods online).

Western blotting. Neural tube tissues were dissociated from X. laevis embryos
at stages 20-24 and subjected to 1 mg ml~! of collagenase for 30 min, and then
the neural tube was separated from the myotome and notochord tissues®.
The isolated neural tubes were then homogenized and subjected to a standard
blotting procedure with a polyclonal rabbit antibody to ZBP1 (refs. 21,24)
and a monoclonal mouse antibody to P-actin (Sigma; see Supplementary
Methods online).

In situ hybridization and immunostaining. FISH with digoxigenin-labeled
probes for B-actin mRNA was done as described?!*1%2, followed by immu-
nostaining of ZBP1 with the polyclonal antibody to ZBP1 (see Supplementary
Methods online). To examine the effects of global BDNF treatment on B-actin
mRNA and ZBP1, X. laevis neurons were exposed to a bath medium containing
200 ng ml™! of BDNE with or without antisense oligonucleotides (1 uM each),
for 15 min, then were fixed and analyzed by FISH and immunostaining. To
study the distribution of ZBP1 and B-actin mRNA in response to local BDNE,
we used our pipette application approach modified so that the pipette
was placed 50 pm away from the growth cone at a 45° angle to the original
direction of growth cone extension. BDNF (100 pg ml™') was repetitively
pressure-ejected as described for turning (repetitive rate, 2 Hz; pressure, 3 psi;
pulse duration, 20 ms). For each culture dish, only one growth cone was
subjected to a 5-min local BDNF application, followed by rapid fixation and
processing for immunostaining and FISH. Quantitative imaging and analyses
of FISH and ZBP1 signals in the growth cones are described in Supplementary
Methods online.

Quantitative immunofluorescence imaging of p-actin. Quantitative immuno-
fluorescence microscopy was used to examine the global and local effects of
BDNF on B- and y-actin under different conditions. For global effects, X. laevis
neurons were exposed to a bath medium containing 200 ng ml™! of BDNF,
500 nM KT5720, or 200 ng ml™! of BDNF plus 500 nM KT5720 for 15 min,
then fixed and immunostained. For experiments involving coapplication of
KT5720 and BDNE, the cells were pretreated with KT5720 for 20 min. Each
experiment included all four treatment groups and was repeated two or three
times using different batches of cultures. To detect asymmetric distribution of
B- and y-actin, or Src-p418 and c-Src, induced by BDNF gradients, one growth
cone in each dish was subjected to a 5-min local BDNF application through a

micropipette, followed by rapid fixation and immunostaining. Different
inhibitors, antisense oligonucleotides or Ca>*-free buffer were applied to the
cells 20 min before the local BDNF application. Detailed experimental
procedures for fixation and labeling are provided in Supplementary Methods
online. To analyze the spatial levels of B-actin, quantitative measurements
were made on the original 16-bit images using Image] (US National Institutes
of Health). Detailed descriptions of the analyses are given in Supplementary
Methods online.

Note: Supplementary information is available on the Nature Neuroscience website.
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