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Differential roles of a-, B-, and y-actin in axon growth
and collateral branch formation in motoneurons
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Axonal branching and terminal arborization are fundamental events during the establishment of synaptic connectivity.
They are triggered by assembly of actin filaments along axon shafts giving rise to filopodia. The specific contribution of
the three actin isoforms, Acta, ActB, and Acty, to filopodia stability and dynamics during this process is not well under-
stood. Here, we report that Acta, Actp, and Acty isoforms are expressed in primary mouse motoneurons and their
transcripts are translocated into axons. shRNA-mediated depletion of Acta reduces axonal filopodia dynamics and
disturbs collateral branch formation. Knockdown of Actp reduces dynamic movements of growth cone filopodia and
impairs presynaptic differentiation. Ablation of Actp or Acty leads to compensatory up-regulation of the two other iso-
forms, which allows maintenance of total actin levels and preserves F-actin polymerization. Collectively, our data pro-
vide evidence for specific roles of different actin isoforms in spatial regulation of actin dynamics and stability in axons

of developing motoneurons.

Introduction

Cytoskeletal dynamics plays a pivotal role in the establishment
of neuronal connections during development and in plasticity
in adults. Actin turnover is particularly crucial for axon elonga-
tion, guidance, arborization, and synapse assembly (Campbell
and Holt, 2001; Zhang and Benson, 2001; Luo, 2002). Actin
dynamics appears particularly important for axon arborization
in motoneurons, as motor axons establish several thousand
branches, each innervating a neuromuscular endplate (Hiro-
kawa et al., 1989). Axonal sprouting as a specific form of ar-
borization plays a major role in the plasticity of motor units
(Tam and Gordon, 2003; Gordon and Tyreman, 2010). In the
early stages of motoneuron disease, sprouting can compensate
for loss of motoneurons and delay disease onset, as shown in
a model of type III spinal muscular atrophy (SMA; Crawford
and Pardo, 1996; Simon et al., 2010). In addition, recent studies
in Caenorhabditis elegans neuronal development have shown
that actin reorganization at presynaptic sites allows simultane-
ous axonal branching and synapse formation, thus providing a
mechanism for synapse-directed sprouting (Chia et al., 2014).
Axonal branching initiates with polymerization of F-actin
at branch sites, which leads to filopodia formation. Subsequent
microtubule invasion and polymerization are then required for
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maturation of nascent filopodia into branches (Dent and Kalil,
2001; Gallo, 2011; Kalil and Dent, 2014). The dynamics of F-
actin polymerization is orchestrated by action of three actin iso-
forms, Acta, Actp and Acty, and several actin-binding proteins
(Dwivedy et al., 2007; Bergeron et al., 2010). The role of Actp
in this context has been extensively studied in different neuronal
subtypes. In sensory neurons, siRNA depletion of Actf leads to
reduced axon branching (Donnelly et al., 2013). In Xenopus reti-
nal ganglion neurons, axonally synthesized Actp mediates growth
cone turning in response to guidance cues (Leung et al., 2006).
In mature neurons, Actp contributes to synaptic plasticity and is
synthesized in response to nerve injury during axon regeneration
(Micheva et al., 1998; Zheng et al., 2001). In contrast, little is
known about the contribution of the other two isoforms, Acta and
Acty. Three actin isoforms are highly similar in their protein se-
quences and differ only in few amino acids at their N-terminal
end, and the corresponding mRNAs show about 90% sequence
identity within their coding regions (Vandekerckhove and Weber,
1978). However, the mRNAs for Acta, Actp, and Acty differ in
their 3" UTR regions, suggesting that subcellular transport and
translation depending on these 3’ UTR regions are differentially
regulated. These differences in localization of isoactin transcripts
and proteins as well as studies of actin isoform—specific knockout
mouse models imply that these isoforms can accomplish specific
cellular functions (Perrin and Ervasti, 2010).
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We have investigated the contribution of Acta, Actf, and
Acty to differential regulation of axonal branching and growth
cone dynamics in embryonic mouse motoneurons. Using
high-resolution in situ hybridization, we show that Acta, Actp,
and Acty isoforms are endogenously expressed in motoneurons
and all three actin isoform—specific mRNAs localize into axons.
Interestingly, we found that depletion of Acta associates with
disturbed filopodia dynamics and prevents formation of axonal
collateral branches, whereas depletion of Actp reduces dynam-
ics of axonal growth cones and impairs maturation of presyn-
apses. Depletion of Acty diminishes filopodia dynamics along
axons and impairs axonal elongation. Interestingly, depletion
of Acta or Acty caused a shift of Actp from the F-actin to the
G-actin pool, indicating that the stability of Actf-containing fil-
aments is determined by these two isoforms.

Importantly, our data also reveal that loss of Actp leads
to increased expression of Acta and Acty. In line with this, we
observed that the compensatory up-regulation of Acta and Acty
is sufficient to maintain the total actin levels and F-actin polym-
erization capacity in the soma. Collectively, these data point to
specific functions of Acta, Actp, and Acty in axon elongation
and plasticity and emphasize a specific role of Acta and Acty in
axonal branching in developing motoneurons.

Results

Acta, Actf, and Acty isoforms are
expressed in mouse motoneurons, and

their mMRNAs are targeted to axons

Based on studies that Actp and Acty isoforms are present in
all neuronal subtypes (Rubenstein, 1990) and that the mRNA
for Acta is detectable in hippocampal neurons (Cajigas et al.,
2012), we studied the expression of all three actin isoforms in
motoneurons from embryonic day 18 (E18) and adult mouse
spinal cord using laser capture microdissection followed by
quantitative RT-PCR analysis (Fig. 1 A). Transcripts for all
three isoforms were detected in microdissected motoneurons
from both E18 and adult mice. Absolute quantification revealed
that Acto is expressed at relatively low levels compared with
Actp, whereas the levels of Acty mRNAs are high but still lower
than those of Actp (Fig. 1, B and C). When compared with
Gapdh, the expression of all three actin isoforms is high during
embryonic stages and decreases in the adult. The identity of mi-
crodissected motoneurons was confirmed by quantitative RT-
PCR analysis of the motoneuron specific marker ChAT. ChAT
was detected in E18 and adult microdissected motoneurons, but
not in cultured cerebellar neurons and heart (Fig. 1 D). Previous
studies have shown that actin isoforms are differentially dis-
tributed within muscle cells, with Acta mRNA being present
predominantly in the perinuclear compartment and Actp mRNA
in lamellae at the cell periphery (Taneja and Singer, 1990), and
that only Actp, but not Acty, mRNA is transported into axons
of cortical and sensory neurons (Bassell et al., 1998; Zhang et
al., 2001; Willis et al., 2007). Because the zipcode domain in
the 3" UTR of the Actp mRNA was found to be necessary for
axonal transport of this specific mRNA (Kislauskis et al., 1993),
it was concluded that Actp is the predominant isoform of actin
that can be locally synthesized in the axonal compartment. The
transport mechanism for Actp appears specific and competes
with other mRNAs (e.g., the transcript for GAP-43), indicating
that the capacity for axonal translocation of specific mRNAs is
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limited and highly regulated (Donnelly et al., 2011). We rein-
vestigated the mRNA levels of Acta, Actp, and Acty in axons
of motoneurons that had been grown in compartmentalized cul-
tures using microfluidic chambers (Saal et al., 2014; Fig. 1 E).
After isolation of total RNA from the axonal compartment,
we applied quantitative RT-PCR to quantify the mRNA levels
of the different actin isoforms and found that all isoforms are
present in the somatodendritic compartment as well as in axons
(Fig. 1, F-H). As expected, 18s rRNA and Gapdh mRNA were
detectable in RNA samples both from somatodendritic and ax-
onal compartments, whereas Histone H1f0 was not detectable
in axonal RNA fractions. Absolute quantification revealed that
in the axonal compartment, levels of Actp mRNA were approx-
imately twofold and fourfold higher than the levels of Acta and
Acty mRNAs, respectively (P < 0.018; Fig. 1 H). However, we
observed a high enrichment of Acto mRNA in the axonal ver-
sus somatodendritic compartment, suggesting that this actin
isoform might have an axon-specific regulatory function in mo-
toneurons (P < 0.0003; Fig. 1 ).

To confirm the subcellular localization of the different
actin mRNAs, we used a high-resolution in situ hybridization
(FISH) technique (Taylor et al., 2010). Similarly, we found
low levels of Acta in the somatodendritic compartment but
relatively high levels in axons (Fig. 2 A). Because the cod-
ing regions of different actin mRNAs are highly identical, we
used probes mostly mapping to the divergent 3’ UTR regions
of these transcripts. Actp and Acty transcripts showed abun-
dant expression in the soma and were present in proximal
axons and growth cones (Fig. 2, B and C). The relative signal
intensity for Acta was lower than for Actp and Acty because
the 3" UTR regions of Actp and Acty are much longer (700
and 682 bp, respectively) than that of Acta (242 bp), so that
the corresponding probes could only cover this short domain
(Fig. 2, D-F). To exclude crosshybridization between probes,
we performed a triplex assay by simultaneous incubation of
cells with all three isoform-specific probes, each having a dif-
ferent fluorescent tag. As shown in Fig. 2 G, we did not detect
any overlapping fluorescence signals, confirming the specific-
ity of probes. Moreover, the different localization pattern for
Acta, Actf, and Acty mRNAs indicates that these transcripts
are present in different transport granules. In control assays,
probes for both Gapdh mRNA and 18stRNA gave rise to dis-
crete signals in motoneuron axons, whereas no signals were de-
tected using scrambled probes or in “no-probe” assays (Fig. S1,
A-D). To further verify the specificity of probes, we performed
shRNA-mediated knockdown of individual actin isoforms by
using a lentiviral transduction based approach. Compared with
control motoneurons, signal intensities of Acta, Actp, and Acty
transcripts were significantly reduced after repression of the
corresponding mRNAs, thus confirming the specificity of the
used isoform-specific probes (Fig. S1, E-G). Furthermore, we
confirmed the axonal localization of Acta with a different in
situ hybridization technique using a locked nucleic acid (LNA)
probe (Fig. S1, H and I). Next, we examined the protein lev-
els and localization of actin isoforms using isoform-specific
antibodies. In Western blot experiments, we detected all three
isoforms in lysates of cultured motoneurons (Fig. 3, A—C). We
validated the specificity of the respective antibodies using ly-
sates of actin isoform—specific knockdown motoneuron cultures
and observed 60% reduction in Acta (P < 0.004), 95% reduction
in Actf (P <0.002), and 85% reduction in Acty protein levels (P
< 0.005; Fig. 3 D). Furthermore, immunocytochemical analysis
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Figure 1. Acta, Actp, and Acty transcripts are found in motoneurons in vivo and in vitro. (A) Cresyl violet staining of spinal cord sections. Somata of
motoneurons (MNs; white circles) were cut from ventral horn of E18 embryos and adult mice using laser capture microdissection. Bars, 200 pm. RNA
was extracted and analyzed by quantitative RT-PCR. (B and C) Absolute copy numbers of mRNAs of actin isoforms were normalized to absolute copies of
Gapdh. Acta, ActB, and Acty mRNAs are detected in E18 stage (n = 3) and adult (n = 4) motoneurons (*, P < 0.05; **, P < 0.0016; ***, P < 0.0005).
(D) ChAT transcripts were detected in RNA samples of E18 and adult microdissected motoneurons but were undetectable in cultured cerebellar neurons and
heart tissues. (E) Motoneuron cultures in microfluidic chambers. Axonal growth toward the axonal compartment was supported by a BDNF gradient. RNA
was separately extracted from somatodendritic and axonal compartments and used for quantitative RT-PCR analysis. (F) Quantitative RT-PCR amplification
curves for Acta, Actp, Acty, Gapdh mRNAs, and 18sRNA obtained from somatodendritic and axonal compartments. Histone H10 mRNAs were detected
only in somatodendritic compartments. (G and H) Absolute quantification of quantitative RT-PCR data shows that the mRNA levels of Actp are higher than
mRNA levels of Acta and Acty in both somatodendritic (***, P < 0.0004) and axonal compartments (*, P < 0.018 for n = é). () Ratio of mRNA levels
of actin isoforms in somatodendritic versus axonal compartment revealed a relatively high enrichment of Acta transcripts in the axonal compartment
(***, P < 0.0003). Shown are mean + SEM. One-way ANOVA with Bonferroni post hoc test was used for statistical analysis.

of cultured motoneurons revealed that the signal obtained with
these antibodies was markedly reduced after corresponding
shRNA-mediated knockdown (Fig. S2, C-E). The specificity of
Acta antibody was further validated by Western blot analysis
of HEK?*T cells transfected with HA-Acta, HA-Actp, or HA-

Acty expression vectors and immunolabeling of motoneurons
using HA antibody (Fig. S2, A and B).

Acta immunostaining assay showed that this isoform is
present at low levels in the soma or in axonal growth cone filo-
podia, but it accumulates at axonal branch points (Fig. 3 E). In
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contrast to Acta, Actf} and Acty are abundant in the soma and
localize to highly dynamic compartments, in particular to axo-
nal filopodia and axonal growth cone filopodia (Fig. 3, F and G).

This differential subcellular localization of Acta, Actf, and
Acty appears indicative of specific cellular functions of these
isoforms. We therefore asked whether these actin isoforms
contribute differentially to F-actin polymerization in different
subcellular compartments. We performed live-cell extraction
to remove soluble G-actin from motoneurons and stained them
with phalloidin and actin isoform—specific antibodies. As shown
in Fig. 3 H, filamentous Acta colocalized with phalloidin mostly
in the axon and axonal branch points but only poorly in the soma
or in the axonal growth cone. Actp showed high colocalization
with phalloidin, particularly in the growth cone and growth cone
filopodia, indicating that this isoform incorporates into F-actin
in highly dynamic regions (Fig. 3 I). Acty showed colocalization
with F-actin mostly in the soma and in axons (Fig. 3 J). The re-
moval of G-actin was confirmed by immunostaining using vita-
min D-binding protein (DBP), which specifically labels G-actin
pools (Lee et al., 2013; Fig. S2 F). In addition, we assayed the
removal of the globular protein Gapdh and observed a remark-
able reduction of corresponding signal (Fig. S2 G).

Acta, Actf, and Acty reporters are locally
translated in axonal growth cones and
within axons at branch points

Next, we performed FRAP experiments to investigate local
translation of the different actin isoforms at axonal branch
points and in axonal growth cones. We generated individual
eGFP™" lentiviral reporter constructs with the respective 3’
UTRs of Acta, Actp, and Acty mRNAs (Fig. 4 A). Motoneurons
transduced with these constructs expressed eGFP™" throughout
axons after 5 d in culture. Distal axons were bleached and eG-
FP™r fluorescence recovery was monitored for 1 h after bleach
(Fig. 4, B and F). Quantification of eGFP™* FRAP in defined
regions of interest within growth cones revealed a recovery
of ~60% for all three actin 3’ UTR reporters indicating that
mRNAs of all three different actin isoforms are translated in ax-
onal growth cones (Fig. 4, C-E). These data also show that the
distinct isoform-specific 3" UTRs are sufficient for their axonal
translocation. To exclude that the observed recovery of eGFP-
myr signal is caused by diffusion of proteins from the soma and
proximal axon or refolding of bleached GFP, we pretreated cells
with cycloheximide and anisomycin. As shown in Fig. 4 (C-E),
eGFP™" recovery was significantly reduced after treatment with
translation blockers (P < 0.001), confirming that the eGFP™"
reporters are locally translated.

In addition, we observed that reporters for all three actin
isoforms are also translated in translation hot spots within the
axonal branch points (Fig. 4, F-H). Notably, the recovery rate
of the Acta reporter was significantly higher than the recovery
rate of Actp (P < 0.01; Fig. 4 G) and Acty (P < 0.05; Fig. 4 H)
during the first 20 min after bleach suggesting that intra-axonal
synthesis of Acta in branch points might be involved in axon
arborization and sprouting.

Depletion of Actoa disturbs formation of
axonal collateral branches

Enrichment of Acta protein in the axonal branch points and its
high rate of local translation in this region prompted us to assess
the possible function of this isoform in axonal arborization. For
this purpose, we knocked down each of the three actin isoforms
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in primary motoneurons by lentiviral shRNA transduction. The
efficiency of the knockdown lentiviruses was verified by quan-
titative RT-PCR (Fig. S3, A—C) and Western blot experiments
(Fig. 3, A-D). Next, we analyzed the number of collateral
branches at 7 d in vitro (DIV7). Only neurites with a minimum
length of 40 um and positively stained for Tau or Tubulin were
considered as mature branches (Fig. 5 A). We found that deple-
tion of Acta impairs formation of axonal branches (Fig. 5 B), as
the proportion of axons without collateral branches increased (P
< 0.01) and the number of axons with three or more branches
decreased (P < 0.01). Unlike Acta, depletion of Actf} increased
the number of axonal branches (P < 0.01), and depletion of Acty
had no effects on branch formation (Fig. 5, C and D). These
results indicate that Acta plays an essential role in formation of
axonal collateral branches in motoneurons.

To rule out the possibility that Acta affects cell survival
and leads to selection of a subgroup of motoneurons with fewer
branches, we assessed the effects of depletion of each actin
isoform on cell viability, axon elongation, dendrite length, and
dendrite number (Fig. 5 E). We found that depletion of none
of the actin isoforms alone affected cell survival (Fig. 5, F-H).
Also dendrite length and number were not reduced (Fig. 5, I and
J). Intriguingly, we observed a significant reduction of ~20% in
the soma size in Acta-depleted neurons (P < 0.0001; Fig. 5 K).
Also, axon length was reduced by 29% after Acta depletion (P
< 0.0001), by 41% after Actp depletion (P < 0.0001), and by
19% after Acty deletion (P < 0.0001; Fig. 5, L-N). To exclude
the possibility of off-target effects, we designed multiple indi-
vidual shRNAs for targeting Acta (Fig. S3 A), Actp (Fig. S3
B), and Acty (Fig. S3 C) and analyzed axon length, branching,
and growth cone size in motoneurons expressing these con-
structs. shActa-2 transduction impaired axonal growth (P <
0.0001; Fig. S3 D) and collateral branch formation (P < 0.01
and P < 0.05; Fig. S3 E). shActp-2 transduction affected axon
elongation (P < 0.0001; Fig. S3 F) and growth cone matura-
tion (P < 0.0001; Fig. S3 G). Expression of both shActy-2 and
shActy-3 affected axon elongation (P < 0.012 and P < 0.004;
Fig. S3 H) confirming the target specificity of the applied shR-
NAs. In addition, we performed rescue experiments for Actp
by expressing a shRNA-resistant lentiviral construct of Actf in
motoneurons (Fig. S4 A). Expression of this rescue construct
restored Actp protein levels to 75% (P < 0.016; Fig. S4, B-D)
and rescued the observed defects in axonal growth (P < 0.0002;
Fig. S4, E and F) and growth cone maturation (P < 0.005 and P
< 0.0003; Fig. S4, G-I).

Acta and Acty modulate axonal filopodia
dynamics, whereas Actf regulates growth
cone movement and differentiation

Generation of axonal collateral branches requires the formation
of filopodia from the axon shaft (Spillane et al., 2011). Exten-
sion and dynamics of these filopodia depend on actin filaments.
After microtubule invasion, few filopodia mature into branches,
whereas the majority retract into the axon (Gallo, 2011). To
understand the role of different actin isoforms in this process,
we performed live-cell imaging experiments and analyzed the
dynamics of axonal filopodia. We transduced primary moto-
neurons with lentiviral particles that knockdown actin isoforms
and coexpress GFP. This allowed us to monitor the dynamics
of filopodia movement for 40 min using a GFP illuminator
(Fig. 6, A and B). We analyzed dynamics of filopodia by ex-
amining four parameters: (1) frequency of filopodia initiation,
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Figure 2. Subcellular localization of endogenous Acta, Actp, and Acty mRNAs in cultured motoneurons. (A) In situ hybridization signals for Acta (A), Actp
(B), and Acty transcripts (C) were detected in soma, axons, and axonal growth cones of cultured motoneurons. Cells were immunostained against Tau to
determine cell boundaries. (D-F) Quantification of FISH signals shows that Actp and Acty are detectable at similar levels in the soma, but Actp is more
abundant in the axon and axonal growth cone (***, P < 0.0001 by one-way ANOVA with Dunn'’s posttest for n = 6). Shown are mean + SEM. (G) In
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and G indicate Acta mRNA punctae. Bars, 10 pm.
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with phalloidin mostly in the soma and axons. Images are representative of three independent experiments. Bars, 10 pm.

(2) filopodia life time, (3) rate of filopodia dynamic movement
(how many times a filopodia grew or retracted during the total
imaging period), and (4) the total absolute changes in length for
individual filopodia. Notably, many filopodia did not show dy-
namic changes during imaging (35% in control, 47% in shActo
knockdown, 34% in shActp knockdown, and 57% in shActy
knockdown). Among those showing dynamic movements, we
found that knockdown of either Actx or Acty decreases the filo-
podia initiation rate by 60% and knockdown of Actf by 25%
(Fig. 6 C). Filopodia lifetime of Acta-depleted neurons was
significantly decreased compared with control (P < 0.010) and
Actp-depleted neurons (P < 0.0008; Fig. 6 D). Also, the rate of
filopodia dynamic movements was reduced after knockdown of
either Acta or Acty (Videos 1, 2, and 4). In the control group,
individual filopodia underwent on average 14 times dynamic

movements during the total imaging period, whereas Acta- and
Acty-depleted filopodia showed a frequency of seven times (P <
0.0001; Fig. 6 E). In contrast, the frequency of dynamic move-
ment of Actp-depleted filopodia was not significantly different
from control (Fig. 6 E and Video 3).

We also measured the total change in filopodia length by
summing up the absolute changes in filopodia length between
consecutive frames. As shown in Fig. 6 F, depletion of either
Acta or Acty caused a 57% reduction (P < 0.0001) in the total
change in filopodia length (10 and 11 um, respectively). Again,
Actp-depleted filopodia were similar to controls (17 um com-
pared with 23 pum in control group; Fig. 6 F). Furthermore,
we analyzed axonal filopodia in fixed phalloidin-labeled neu-
rons and found that suppression of Acta affects formation of
axonal filopodia (P < 0.043; Fig. 6 G). Together, these data
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Figure 4. 3’ UTRs of Acta, Actp, and Acty drive local franslation of reporter mRNAs in axonal growth cones and branch points. (A) Scheme of reporter con-
structs with coding sequence of myristoylated eGFP and respective 3" UTRs of actin isoforms. (B) Representative time-lapse images from FRAP in growth cones of
eGFP™-3’ UTR-expressing mofoneurons. eGFP™" was bleached and fluorescence recovery was monitored in defined regions of interest within the growth cone
indicated in red circles. Quantification of FRAP shows 60% recovery of fluorescence signals in growth cones of motoneurons expressing eGFP™-3" UTR of Acta
(C), eGFP™~-3’ UTR of Actp (D), and eGFP™~-3" UTR of Acty (E), and recovery is decreased after anisomycin and cycloheximide treatments (***, P < 0.001).
(F) Representative time-lapse images of FRAP sequences of branch points in the distal axon. (G and H) Quantification of FRAP in defined ROIs within branch
points (indicted in red circles) shows a faster recovery for eGFP™-3” UTR of Act in the first 20 min after bleach compared with eGFP™~-3" UTR of Actp (*, P <
0.05; **,P <0.01) and eGFP™-3" UTR of Acty (*, P < 0.05). Statistical analysis was performed by two-way ANOVA with Bonferroni post hoc test. Bar, 10 pm.
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Figure 5. Acta promotes formation of axonal collateral branches in motoneurons. (A) Motoneurons were transduced with lentivirus expressing shRNA
targeting 3’ UTRs of actin isoforms. Immunostaining with phalloidin and against Tau and tubulin labels axons and mature branches. GFP is coexpressed with
shRNAs to label transduced cells. (B) In Acta-depleted neurons, the number of axons without collateral branches increases, and the number of axons with
three or more branches decreases (**, P < 0.01 for n = 5). (C) Knockdown of Actp increases number of axonal collateral branches (*, P < 0.031; **, P <
0.01 for n = ¢). (D) Depletion of Acty does not affect branch formation (n = 4). Statistical analysis was performed using two-way ANOVA with Bonferroni
post hoc test. (E) Dendrites are immunolabeled against Tau and Map2. (F-H) Motoneuron viability is not affected by knockdown of actin isoforms (F: n = 6;
G and H: n = 5). Dendrite length (I) and number (J) are not altered by knockdown of individual actin isoforms (n = 5; sample size: I: shActa: 190, shActp:
116, shActy: 149, shCtrl: 136; J: shActa: 58, shActp: 38, shActy: 46, shCtrl: 49 cells). (K) Knockdown of Acta causes a reduction in soma size, whereas
knockdown of Actp and Acty does not affect soma growth (***, P < 0.0001 for n = 5; sample size: shActa: 76, shActp: 82, shActy: 83, shCtrl: 69 cells).
(L-N) Axon length is reduced after knockdown of Acta, ActB, or Acty (L: ***, P < 0.0001 for n = 5; sample size: shActa: 452, shCtrl: 380, untransduced:
328; M: *** P < 0.0001 for n = 5; sample size: shActp: 279, shCtrl: 227, untransduced: 219; N: *** P < 0.0001 for n = 4; sample size: shActy:
252, shCtrl: 228, untransduced: 180 cells). Statistical analysis in F-N was performed by one-way ANOVA with Dunn’s posttest. In B-H, data are shown
as mean + SEM. Bars: (A) 50 pm; (E) 10 pm.

920z Arenigad 20 uo31senb Aq ypd-/1 109102 A2l/€L¥86G1L/€6./€/91Z/4Pd-aonie/qol/Bi0"ssaidnu//:dny woly papeojumoq



y:Y 0imin

shActa shCtrl

shActp

&
3]
<
=
[
AN
B shctrl shActa shActp shActy C 80 D 4o0- -
s 700" o 35
“_:g 60 s 30
O.“:E50- 2,\ i
e EE o= a5
s .8 g 407 s = £ 20
T < 2 -g
8.E 30 . a 154
ST 204" T2 10
;.: A v S
10177 T 54
o EE M g
ol S5 4 3T ol
& & &8 A
F & F F F &
E ****** F G
454 — I 0.30+ *
T 404 ° — o &
L L o £ x 0.25{ ®* o
] ;
% € 3 51 :5 tg .
w“ 3 30 ¢ » £ $502{e , ., .
o >= 0% =
T £ 251 o° o E c
8 ] . . €5 3
E — E 20 ®ee . c 2 D
To . Se 85
Q_g 15| 4 | o 5 -8—
o © O
= > 10
€3 'L e3 S
£ 50 = =

Figure 6. Dynamics of axonal filopodia are reduced in Acta and Acty knockdown motoneurons. (A) Time-lapse sequences representing axonal filopodia
dynamics in motoneurons transduced with actin knockdown lentiviruses coexpressing GFP (Videos 1-4). Arrowheads mark dynamic filopodia. (B) Maxi-
mum projection of 120 frames representing alterations in filopodia length over time. (C) Rate of filopodia initiation is decreased by 60% after Acta or Acty
knockdown. (D) Lifetime of Acta-depleted filopodia is decreased compared with control (*, P < 0.010) and Actp-depleted filopodia (***, P < 0.0008).
Shown are mean = SEM. (E) Graph shows mean rate of filopodia dynamic movement. Rate of filopodia movement is decreased in Acto- and Acty-depleted
neurons. (F) Graph showing mean fotal changes in filopodia length. Filopodia growth dynamics is reduced after Acte and Acty knockdown (E and F:
*** P <0.0001, shActo: n = 4, shActp: n = 5, shActy: n =3, shCtrl: n = 6 for 50 filopodia per group). (G) Motoneurons were stained with phalloidin,
and filopodia were counted per micrometer of axon length. Depletion of Acta reduces number of axonal filopodia (*, P < 0.043). Statistical analysis was
performed using one-way ANOVA with Dunn’s posttest. Bars, 5 pm.
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suggest that Acta and Acty, but not Actp, modulate the dynam-
ics of axonal filopodia.

This finding was surprising on the basis of previous works
that emphasized the importance of locally synthesized Actf
for axon guidance (Leung et al., 2006) and elongation (Rossoll
et al., 2003). In our study, we also observed impaired axonal
growth in Actp-depleted motoneurons (Fig. 5 M). Never-
theless, this phenotype was not specific for Actf}, because we
also observed shorter axons in Acta- and Acty-depleted neu-
rons. Therefore, we investigated the maturation and dynam-
ics of axonal growth cones in Actp knockdown motoneurons.
First, we analyzed the growth cone size of DIV5 motoneurons
by phalloidin staining (Fig. 7 A). We cultured motoneurons
on a synapse-specific laminin (laminin 221), as this matrix
protein induces maturation of growth cones and formation of
presynaptic structures in cultured motoneurons (Porter et al.,
1995; Jablonka et al., 2007). Interestingly, we observed 50%
reduction in axonal growth cone size and number of growth
cone filopodia (P < 0.0001) after depletion of Actf, whereas
Acta- and Acty-depleted neurons could form normal growth
cones (Fig. 7, B and C). Next, we investigated the dynamics of
growth cone motility using time lapse imaging. We monitored
growth cone movements of actin isoform—specific knockdown
motoneurons for 40 min (Fig. 7 D) and analyzed the velocity
of filopodia and lamellipodia movements by creating multiple
kymographs (Fig. 7, E-H). Interestingly, we observed 50% re-
duction in growth cone movement velocity of Actp-depleted
neurons (P < 0.0001; Fig. 7 I and Videos 5 and 7), whereas
depletion of Acta and Acty had no effect (Fig. 7 I and Vid-
eos 6 and 8). Reduced growth cone size and motility upon
Actp depletion suggests a specific function for this isoform
in axon pathfinding and differentiation of growth cones into
functional synapses. Collectively, these data indicate that each
actin isoform accomplishes a distinct function in motoneuron
growth and differentiation.

Lack of Actf is partially compensated by
elevated expression of Acta and Acty

We then asked whether Acta and Acty isoforms could compen-
sate for Actf loss in motoneurons. To address this question,
we quantified filamentous actin in Actp-depleted motoneurons
in the soma and axon by phalloidin staining (Fig. 8 A). Upon
Actp depletion, phalloidin intensity was not altered in the
soma (Fig. 8 B), whereas it was highly reduced in the axon (P
< 0.0001; Fig. 8 C). Notably, knockdown of Acta or Acty had
no effect on F-actin levels in the soma either (Fig. 8 B), indi-
cating that actin isoforms are functionally redundant in this
compartment. Nevertheless, in the axon, similar to Actf, de-
pletion of Acta impaired F-actin levels (P < 0.0018; Fig. 8 C).
These data refer to an important role of both Acta and Actp in
actin dynamics, particularly in the axon. Furthermore, we per-
formed Western blot analysis to measure the total actin levels
in protein lysates of cultured motoneurons in which individual
actin isoforms had been suppressed by lentiviral ShRNAs. As
shown in Fig. 8 (D and E), the levels of total actin remained
constant in Acta-, Actp-, or Acty-depleted motoneurons. Next,
we investigated the G- to F-actin ratio by ultracentrifugation
of the lysates and probed the separated G- and F-actin pools
with pan—actin antibody (Fig. 8 F). Knockdown of Acta, Actf,
or Acty did not cause any significant shift in the G- to F-actin
ratio, indicating that these isoforms can act redundantly and
thus compensate for each other’s loss (Fig. 8 G). We also
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investigated the G- to F-actin ratio using Actp-specific anti-
body (Fig. 8 H). Interestingly, knockdown of either Acta or
Acty resulted in increased levels of Actf in the G-actin pool
and decreased levels in the F-actin pool (P < 0.016; Fig. 8 ).
These data indicate that polymerization and/or stabilization of
Actp-containing filaments depends on Acta and Acty. Main-
tenance of the total actin levels after depletion of each actin
isoform might refer to a compensatory up-regulation of other
isoforms. To assess this possibility, we analyzed mRNA lev-
els of these isoforms by quantitative RT-PCR and found that
after depletion of Acta, the expression of Actf} or Acty did not
change (Fig. 9 A); however, the mRNA levels of these two
isoforms were increased in the axon (P < 0.011; Fig. 9 D). De-
pletion of Actf led to a 5.5-fold increase in total Actae mRNA
levels (P < 0.0005) and a 2.6-fold increase in total Acty mRNA
levels (P < 0.018; Fig. 9 B). Acta and Acty mRNA levels were
also increased in the axonal compartment of Actp-depleted
motoneurons (P < 0.014; Fig. 9 E). Similarly, knockdown of
Acty led to a 1.6-fold increase in Acta and a 2.6-fold increase
in Actp total mRNA levels (P < 0.0054; Fig. 9 C). Also in
the axonal compartment, depletion of Acty led to a 2.5-fold
increase in Acta mRNA levels (P < 0.002; Fig. 9 F). Next, we
asked whether such compensatory up-regulation of mRNA of
these isoforms corresponds to an increment in their protein
levels. Western blot analysis of lysates obtained from Actf-
depleted motoneurons showed a 2.5-fold increase in Acta
protein levels (P < 0.004; Fig. 9, G and J). Likewise, Actf
protein levels were increased in lysates of Acty knockdown
motoneurons (P < 0.0003; Fig. 9, H and K) and Acty protein
levels were increased in lysates of Actp knockdown motoneu-
rons (P <0.002; Fig. 9, I and L). Altogether, these results con-
firm that depletion of Actf isoform initiates a compensatory
response in motoneurons that results in up-regulation of both
Acta and Acty isoforms.

Axonal mRNA trafficking and translation

of actin isoforms are impaired in Smn-
deficient motoneurons

In previous studies, we have reported that both axonal lo-
calization and translation of Actp mRNA are impaired in
Smn-deficient motoneurons (Rathod et al., 2012). We now
asked whether Smn deficiency could also affect the axonal
mRNA transport of Acta and Acty isoforms. Thus, we inves-
tigated mRNA expression of actin isoforms in the soma and
axon of Smn knockdown motoneurons by quantitative RT-
PCR (Fig. 10, A—C). We found that in the somatodendritic
compartment, mRNA levels of all three actin isoforms were
not altered (Fig. 10 B), whereas mRNA levels of all three
isoforms were significantly reduced in the axonal compart-
ment (P < 0.021 for Acta and P < 0.013 for Actp and Acty;
Fig. 10 C). These results indicate that Smn protein is involved
in the axonal translocation of the transcripts for all three actin
isoforms. Moreover, we assessed the role of Smn in regula-
tion of the local translation of actin isoforms in growth cones
by FRAP experiments. We observed a significant reduction
in the fluorescence recovery of Acta (P < 0.001), Actp (P <
0.01), and Acty reporters (P < 0.05) in motoneurons isolated
from type I SMA mice, indicating that Smn is required for the
local translation of actin isoforms in the axonal growth cone
(Fig. 10, D-F). Nevertheless, this delayed recovery might also
be caused by decreased levels of Acta, Actf, and Acty mRNAs
in the distal axon of Smn-deficient motoneurons (Fig. 10 C).

920z Atenige 20 uo 1senb Aq pd /1L ¥0910Z Aol/EL¥865 L/E6.L/E/91 Z/3Pd-al0mue/qol/Bi0 ssaidny)/:dny wol pspeojumoq



shActa shAct| shAct *kk
A B v shCtrl B 250 M C -
(-0 Py «© 161
£ 5 2251 B4 .
B = 200 s "
2 £ 175 g129| =
g © 150 §1o-
S 125 = 8_ .
S 100+ € +
= J ) 5'
s o 75 <4
© = D 44
s > 504 s .
= S 254 o224 .
= o =
o % 0-\
o s 0‘6\ vs}. vs,&vgé
o & F & &

v

shActp shActa shCtrl

shActy

m
-

shCtrl
shActa
shActy I

velocity (pm/s)

7.2m

=

L el L 5] :

=600 s =600 s =600 s =600 s

Figure 7. Actp-depleted motoneurons show smaller growth cones and reduced growth cone motility. (A) Motoneurons were transduced with shRNA ex-
pressing lentiviruses targeting actin isoforms and plated on laminin 221. Cells were fixed at DIV5 and stained with phalloidin and against Tau. Bars, 10 pm.
(B and C) Growth cone area (B) and number of growth cone filopodia (C) are reduced after knockdown of Actp (***, P < 0.0001 for n = 6; sample size:
shActa: 96, shActp: 54, shActy: 67, shCirl: 70 cells). (D) Time-lapse images representing dynamics of filopodia in growth cones of actin isoform-specific
knockdown motoneurons (Videos 5-8). (E-H) Top panel shows maximum projection of 120 time-lapse images for measuring total changes in axonal growth
cone movement in shCirl (E), shActa (F), shActp (G), and shActy (H) transduced motoneurons, and lower panel shows multiple kymographs representing
changes in filopodia/lamellipodia length (ym) over 10 min (time shown in seconds) along the red line inserted above. (I) Knockdown of Actp reduces
velocity of growth cone movements (***, P < 0.0001 for n = 3; sample size: shActa: 17, shActp: 16, shActy: 13, shCrl: 15 cells). Statistical analysis was
performed using one-way ANOVA with Dunn’s post-test. Bars: (D-H) 5 pm.
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Figure 8. Depletion of Acta and Actp affects F-actin polymerization in axons. (A) Motoneurons transduced with respective shRNAs against actin isoforms
were fixed and stained with phalloidin and against Tau. Mean intensity of phalloidin staining was measured and normalized to mean intensity of phalloi-
din in shCtrl group. (B) In the soma, phalloidin intensity is not altered (P < 0.208 for n = 3; sample size: shActa: 55, shActp: 47, shActy: 53, shCtrl: 44
cells). (C) Phalloidin intensity is reduced in axons after knockdown of Acta and Actp (**, P < 0.0018 for shActa; ***, P < 0.0001 for shActp for n = 3;
sample size: shActa: 48, shActp: 46, shActy: 53, shCirl: 54 cells). Bars, 10 pm. (D) Western blot analysis of lysates from actin isoform—specific knockdown
motoneuron cultures probed with pan-actin antibody (n = 4). (E) Total actin levels remain constant after depletion of each actin isoform. (F) Immunoblots
of supernatant (G-actin) and pellet fractions (F-actin) of motoneuron lysates after ultracentrifugation probed with pan-actin antibody. (G) Quantification
shows no change in the G- to F-actin ratio after depletion of individual actin isoforms (n = 5). (H) Supernatant and pellet fractions of motoneuron lysates
were labeled with Actp antibody. (I) Quantification of the G- to F-actin ratio shows increased levels of Actp in the G-actin pool after knockdown of Acto and
Acty (*, P < 0.016 for n = 5). Statistical analysis was done using one-way ANOVA with Dunn’s posttest (B-E) or one-tailed Mann-Whitney test (G and |).
In E-I, data are shown as mean + SEM.
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Figure 9. Compensatory regulation of actin isoforms in the somatodendritic and axonal compartments after depletion of Acta, Actf, or Acty. (A-C)
RNA was prepared from actin knockdown and control motoneuron cultures and analyzed by quantitative RT-PCR. (A) mRNA levels of Acto are decreased
affer shRNA-mediated knockdown, whereas mRNA levels of Actp and Acty are not altered (**, P < 0.0037 for n = 5). (B) Depletion of Actp leads to a
70% decrease in Actp (***, P < 0.0005), a 5.5fold increase in Acto (***, P < 0.0005), and a 2.6old increase in Acty mRNA levels (*, P < 0.018 for
n = 7). (C) Depletion of Acty leads to a 80% decrease in Acty (**, P < 0.001), a 1.6fold increase in Acta, and a 2.6-fold increase in Actp mRNA levels
(**, P < 0.0054 for n = 5). (D-F) Quantitative RT-PCR analysis of RNA samples obtained from somatodendritic and axonal compartments of motoneuron
cultures transduced with actin shRNA constructs. (D) In Acto-depleted motoneurons, mRNA levels of Acta are decreased in both somatodendritic and axonal
compartments (**, P < 0.002), mRNA levels of Actp are decreased in the somatodendritic compartment (* P < 0.047) and mRNA levels of both Actp and
Acty are increased in the axonal compartment (*, P < 0.011 for n = 5). (E) In Actp-depleted motoneurons, mRNA levels of Actf are decreased in somato-
dendritic and axonal compartments (*, P < 0.014) and mRNA levels of Acta and Acty are increased in both somatodendritic (*, P < 0.028) and axonal
compartments (*, P < 0.014 for n = 4). (F) In Acty-depleted motoneurons, mRNA levels of Acty are decreased in somatodendritic (**, P < 0.002) and
axonal compartments (**, P < 0.001) and mRNA levels of Acta are increased in somatodendritic (*, P < 0.046) and axonal compartments (**, P < 0.002
for n = 5). (G-I) Western blot analysis of cultured motoneuron lysates probed with specific Acta (G), Actp (H), and Acty (I) antibodies. (J) Quantification of
blots in G showed 2.5-old up-regulation of Acta protein after knockdown of Actp (**, P < 0.004 for n = 4). (K) Quantification of blots in H showed 1.5-fold
up-regulation of Actp protein after knockdown of Acty (***, P < 0.0003 for n = 8). (L) Quantification of blots in | showed 1.7-fold up-regulation of Acty pro-
tein after knockdown of Actp (**, P < 0.002 for n = 6). Statistical analysis was performed using a one-tailed Mann-Whitney test. Shown are mean + SEM.
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Figure 10. Axonal transport and translation of Acta, Act, and Acty mRNAs are impaired in Smn-deficient motoneurons. (A) Immunoblot shows reduction
in Smn protein levels in motoneuron lysates after shRNA-mediated knockdown of Smn. Calnexin was used as loading control. A Western blot from two
independent knockdown experiments is shown (representative for n = 3). (B) shSmn transduced motoneurons were plated in microfluidic chambers, and
RNA was extracted and analyzed by quantitative RT-PCR. mRNA levels of actin isoforms are not altered in the somatodendritic compartment. (C) Axonal
mRNA levels of all three actin isoforms are reduced in Smn-depleted neurons (*, P < 0.021 for Acta; *, P < 0.013 for Actp and Acty for n = 4). Statistical
analysis was done using a one-tailed Mann-Whitney test. (D-F) On the left are representative time-lapse images of FRAP sequences of growth cones of
motoneurons isolated from type | SMA mice transduced with eGFP™-Acta3’UTR (D), eGFP™~-Actp3'UTR (E), and eGFP™-Acty3'UTR (F). (D) The graph on
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Discussion

In the present study, we observed that Acta, Actp, and Acty iso-
forms accomplish specific functions in axon growth and differ-
entiation in motoneurons. All three actin isoforms are expressed
in motoneurons, and their mRNAs are transported into distal
axons, indicating that in addition to Actf, intra-axonal protein
synthesis of Acta and Acty contributes to differential regula-
tion of motor axon growth and maturation. Motoneurons ap-
pear unique in this aspect, because the levels of Acta are much
lower in the axonal compartment of cortical neurons (Fig. S5).
Thus, developing motoneurons differ from other types of neu-
rons reported previously to contain only mRNAs for Actf in
the axon (Bassell et al., 1998; Zheng et al., 2001; Willis et al.,
2007; Minis et al., 2014). Of note, in differentiating myoblasts,
mRNAs for Actp localize to the leading lamellae and mRNAs
for Acta localize to perinuclear compartments (Taneja and
Singer, 1990; Kislauskis et al., 1993). In cultured cerebrocor-
tical neurons, mRNA for Actp is present in axons and growth
cones, whereas mRNA for Acty is not enriched in axons (Bas-
sell et al., 1998). Also in sensory neurons, GFP mRNA con-
taining the 3" UTR of Actp translocates into axons, whereas the
3’ UTR of Acty cannot drive the transport of GFP mRNA into
axons (Willis et al., 2007, 2011; Donnelly et al., 2011). How-
ever, in more recent studies using sensitive techniques, mRNAs
for Acty could be detected in hippocampal synapse—enriched
fractions, and mRNAs for both Acta and Acty were detected in
neuropil and somata layers of the CA1 region of the hippocam-
pus (Cajigas et al., 2012; Schreiber et al., 2015).

Knockout mouse models for the different actin isoforms
have provided evidence both for their specific and overlapping
cellular functions. Ablation of Actf from mouse embryonic
fibroblasts impairs cell division and migration, functions that
correlate with altered G- to F-actin ratio and gene expression
(Dugina et al., 2009; Bunnell et al., 2011). Nevertheless, im-
paired migration of these fibroblasts can be restored by Acta
and Acty if ROCK signaling pathway is inhibited, suggesting
that these actin isoforms can act redundantly (Tondeleir et al.,
2012). CNS-specific ablation of Actf causes perturbations in the
morphology of the cerebellum and hippocampus that correlate
with neuronal hyperactivity, poor cognitive performance, and
altered maternal behavior (Cheever et al., 2012). Also, knock-
out mouse models for Acta exhibit distinct phenotypes such as
growth defects, muscle weakness, and heart defects. These mice
die at early postnatal stages (Schildmeyer et al., 2000; Crawford
et al., 2002). In humans, point mutations in skeletal Acta gene
lead to congenital nemaline myopathy associated with pro-
nounced muscle weakness and hypotonia (Nowak et al., 1999;
Ohlsson et al., 2004; Wallgren-Pettersson et al., 2004). Acty
knockout mice are viable but exhibit developmental delays and
reduced survival, progressive muscle necrosis, myopathy, and
deafness (Sonnemann et al., 2006; Belyantseva et al., 2009).
Also, fibroblasts lacking Acty show reduced viability, impaired
growth, and reduced migration capacity (Dugina et al., 2009;
Bunnell and Ervasti, 2010). Moreover, conditional knockout of
Acty in hippocampus causes increased fear memory consoli-
dation, indicating a role of this isoform in memory formation
(Schreiber et al., 2015). Interestingly, in all these mouse mod-
els, a compensatory up-regulation of the remaining actin iso-
forms is observed. Actf knockout mice exhibit up-regulation of
Acto and Acty (Bunnell et al., 2011; Cheever et al., 2012; Ton-
deleir et al., 2012). In Acty knockout mice and Acty-depleted

fibroblasts, Actow and Actp are up-regulated (Belyantseva et
al., 2009; Dugina et al., 2009; Bunnell and Ervasti, 2010; Sch-
reiber et al., 2015). Likewise, knockout of cardiac Acta leads
to compensatory up-regulation of skeletal muscle Acta (Kumar
et al., 2004). Knockout of skeletal muscle Acta increases the
expression of both vascular and cardiac Acta isoforms (Craw-
ford et al., 2002), and knockout of smooth muscle Acta leads
to up-regulation of skeletal muscle Acta (Schildmeyer et al.,
2000). Intriguingly, in some of these actin isoform—specific
knockout mice, the phenotype is fully rescued by transgenic
overexpression of other isoforms (Perrin and Ervasti, 2010).
Overexpression of cardiac Acta in knockout mouse models of
skeletal muscle Acta rescues the lethality and improves muscle
performance (Nowak et al., 2009). Overexpression of smooth
muscle Acty only partially rescues the heart defects in cardiac
Acta knockout mice (Kumar et al., 1997), and overexpression
of Acty does not rescue the lethality of skeletal muscle Actx
knockout mice (Jaeger et al., 2009). These observations indicate
that some actin isoforms can functionally substitute other iso-
forms. In our study, we also observed an up-regulation of Actx
and Acty in Actp-depleted motoneurons and up-regulation of
Acta and Actp in Acty-depleted motoneurons so that the levels
of total actin were maintained. Consistent with this, Acto and
Acty could compensate for the loss of Actp and preserve the
F-actin polymerization capacity in the soma and maintain the
G- to F-actin ratio. Moreover, we observed enhanced axonal
branch formation in Actp-depleted neurons, which could be a
consequence of Acta up-regulation. However, defects in axonal
elongation and growth cone maturation observed in Actp-de-
pleted neurons could not be fully rescued in vitro. In contrast,
in vivo studies using a motoneuron-specific Actf conditional
knockout mouse model have shown that loss of function of this
isoform does not lead to functional and morphological motor
deficits (Cheever et al., 2011). This indicates that in motoneu-
rons, Acta and Acty can compensate for Actf deficiency in vivo
and thus completely rescue the loss of this isoform.

Functional differences between actin isoforms are mostly
caused by sequence differences in their N termini, which allow
them acquire diverse chemical and physical properties. Actin fil-
aments composed primarily of Acta show very high viscoelastic-
ity and can form highly elastic gels, whereas filaments with Acty
form less elastic structures, and filaments with Actf} cannot form
elastic gels (Allen et al., 1996). The phalloidin-binding affinity
is twofold higher for Actf} than for Acta, and the ATP hydrolysis
of Actf, in contrast to Actae monomers, happens before polym-
erization (Nyman et al., 2002). These differences in physical
properties directly translate into unique polymerization kinetics
of actin isoforms. Polymers with high ratio of Actp are highly
dynamic and depolymerize rapidly, whereas incorporation of
Acto or Acty slows down the turnover rate of actin filaments
and stabilizes them (Bergeron et al., 2010). The lower turnover
of actin filaments that include Actax could also be explained by
discriminative binding of actin regulatory proteins to specific iso-
forms, as both profilin and cofilin show higher binding affinities
to Actp monomer/filaments than to Acta (Larsson and Lindberg,
1988; De La Cruz, 2005). Thus, differences in polymerization
kinetics of actin isoforms may reflect differences in their cellular
functions. In line with these previous data, we found that deple-
tion of Acta or Acty causes a shift in the G- to F-actin ratio of
Actf and thus results in increased amounts of Actp in the G-actin
pool. These results show that the stability of Actp-containing
filaments is determined by Acta and Acty. Interestingly, although
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knockdown of all three actin isoforms impaired axon elongation,
depletion of Actp had a more prominent effect on this process
compared with the other two isoforms. This phenotype could
be explained by elevated levels of Acta and Acty observed in
Actp-depleted motoneurons, which might reduce the turnover of
the actin filaments in the axon and stabilize the cytoskeleton to
such an extent that this favors reduced growth cone movements
and reduced axonal elongation. Hence, a balance between dy-
namic and stability of the actin cytoskeleton in the axon appears
to be crucial for proper axon growth in neurons. Also in hip-
pocampal dendrites, increased synaptic protein levels of Acty
increases spine density and enhances short-term contextual fear
memory (Schreiber et al., 2015). In this cellular compartment,
incorporation of Acty into actin filaments apparently increases
F-actin stability and thus influences spine morphology.

In contrast to the axonal growth cone, the axon shaft
shows relatively low protrusive activity (Letourneau, 2009). In
sensory neurons, actin polymerization rate is different in growth
cone filopodia and axonal filopodia, as a 5-min NGF pulse rap-
idly increases the number of growth cone filopodia, whereas
the increase in the axonal filopodia is delayed and occurs only
after 30-min NGF treatment (Spillane et al., 2012). Using live-
cell imaging, we observed that the dynamics of axonal filopodia
extension/retraction are much lower than those of the axonal
growth cone filopodia, indicating that actin polymerization
differs in these two subcellular compartments. Also, our im-
munofluorescence experiments show that Acta predominantly
localizes to axonal branch points, whereas Actp is highly en-
riched in the growth cone filopodia and Acty in axonal filopo-
dia. Consistent with this, we found that knockdown of Acta or
Acty reduces the dynamics of axonal filopodia, whereas deple-
tion of Actf only impairs growth cone dynamic movements and
prevents maturation of the growth cone. These observations,
together with the fact that cofilin/actin-depolimerizing factor
has a lower binding affinity to Acta, suggest that Acta and Acty
contribute to polymerization of a stable F-actin in the axonal
filopodia and Actf contributes to polymerization of dynamic
F-actin in growth cone filopodia and lamellipodia.

After spinal cord lesion in adult rats, application of an-
tibodies against the growth inhibitory protein Nogo-A leads
to enhanced sprouting in corticospinal tract (Z’Graggen et
al., 1998; Chen et al., 2000; Blochlinger et al., 2001; Bar-
eyre et al., 2002; Schwab, 2004). The observed compensatory
sprouting is associated with up-regulation of growth factors
such brain-derived neurotrophic factor (BDNF), GAP-43, and
myosin. However, a relatively high up-regulation of Acta was
also observed in these studies (Bareyre et al., 2002). Intra-
axonal protein synthesis is required for axon sprouting in vivo
(McWhorter et al., 2003; Qiu et al., 2009; Buckmaster and
Wen, 2011), and diverse cytoskeletal proteins, including Actf,
subunits of the Arp2/3 complex, WAVEI, and the complex
stabilizer cortactin are locally translated at branch points in
vitro (Spillane et al., 2012, 2013). In isolated embryonic mo-
toneurons, we found that Acta protein is highly enriched in
the axonal branch points and the rate of its local translation
is much faster than for Actp and Acty at branch points. Inter-
estingly, ablation of Acta disturbs formation of axonal collat-
eral branches. Thus, the positive effects of antibodies against
Nogo-A on axon regeneration might involve mechanisms for
increased expression and axonal transport of Acta, allowing
formation of highly stable actin filaments and thereby stabiliz-
ing transiently formed sprouts.

JCB » VOLUME 2168 « NUMBER 3 « 2017

Studies on type I mouse models of SMA have revealed
that motoneurons isolated from these mice display defects in
axon elongation and growth cone formation (Rossoll et al.,
2003; Ning et al., 2010). Furthermore, Smn knockout mice
show altered clustering of voltage-gated Ca?* channels in the
growth cone, impaired maturation of neuromuscular endplates
and neurotransmitter release, and severe neuromuscular dener-
vation (Jablonka et al., 2007; Kariya et al., 2008; Kong et al.,
2009; Ling et al., 2012). Both in mild SMA patients and in type
IIT SMA mouse models, enhanced axonal sprouting is observed
that provides a compensatory mechanism for remaining intact
motor axons to reinnervate the denervated muscle fibers and
thus modulate muscle weakness in SMA patients (Crawford and
Pardo, 1996; Simon et al., 2010). However, this compensatory
sprouting is not observed in severe SMA patients and in type [
SMA mouse models (Cifuentes-Diaz et al., 2002; Murray et al.,
2008). Thus, therapeutic strategies that promote axonal growth
and sprouting could improve synaptic innervation and attenu-
ate disease phenotype in severe SMA patients (Bosch-Marcé
et al., 2011). Notably, we found that depletion of Smn protein
impairs both axonal translocation and translation of all three
actin isoforms. Thus, mislocalization of Acta and Actp mRNAs
could account for the lack of sprouting and defective active zone
formation, respectively, in Smn-deficient motoneurons and thus
could explain why these cells are predominantly affected in
SMA patients. Amyotrophic lateral sclerosis (ALS) is another
motoneuron disease characterized by degeneration of upper and
lower motoneurons, muscle weakness, and atrophy and death
from respiratory failure (Andersen and Al-Chalabi, 2011; Ferrai-
uolo et al., 2011). In familial ALS patients, autosomal-dominant
mutations in several genes have been reported (Ferraiuolo et al.,
2011). Interestingly, microarray and quantitative RT-PCR assays
have shown that the expression of Acty increases in sporadic ALS
patients (Baciu et al., 2012). Presuming that Acty contributes to
actin filaments with lower turnover (Bergeron et al., 2010), its
up-regulation in ALS patients might represent a compensatory
mechanism for actin cytoskeleton stabilization in mature axons,
thereby modulating axon maintenance during degeneration.

Collectively, our data suggest that differential distribution
of the mRNAs for different actin isoforms and the corresponding
actin filaments that are composed of distinct isoforms contributes
to specific functions during development of motor axons by spa-
tial regulation of actin dynamics and stability in various cellular
compartments. Acta and Acty stabilize F-actin polymers in the
axon shaft and at collateral branches, thereby promoting filopo-
dia extension, whereas Actp provides a highly dynamic cyto-
skeleton in the axon, particularly in axonal growth cones, which
seems to be essential for axon elongation and pathfinding. Fur-
thermore, our data suggest that up-regulation of Acta could make
a major contribution to the formation of new axonal branches
and sprouting during nerve injury and in neuromuscular diseases.

Materials and methods

Enrichment of embryonic mouse motoneurons and
compartmentalized culture

The isolation and enrichment of primary mouse motoneurons was per-
formed as previously described (Wiese et al., 2010). Lumbar spinal
cords were dissected from E13.5 mouse embryos, and motoneurons
were enriched by panning using a p”>NR antibody (Wiese et al., 1999).
Isolated motoneurons were transduced with lentiviruses in suspension
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and immediately plated on polyornithine- and laminin-coated plates.
Cells were maintained in neurobasal medium supplied with 2% B27,
2% heat-inactivated horse serum, 500 uM Glutamax (Invitrogen), 5
ng/ml BDNF, and ciliary neurotrophic factor (CNTF) for 5 or 7 DIV
in a humid CO, incubator. Medium was replaced 24 h after plating
and then every other day. Compartmentalized microfluidic chambers
were applied as described previously (Saal et al., 2014). In brief,
cells were plated into one side, which served as the somatodendritic
compartment. During the 7-d culture, axons grew through the micro-
grooves to the other compartment (the axonal compartment) as a re-
sponse to a BDNF gradient, which was applied at 20 ng/ml only to
the axonal compartment.

Cortical neuron culture

Cortices were dissected from E17 CD1 embryos and trypsinized (0.5%;
Worthington Biochemical Corporation) for 20 min at 37°C. Cortices
were washed three times with dissection medium (HBSS, 1x Na-py-
ruvate, 0.1% glucose, 10 mM Hepes), DNase (0.25%; Sigma-Aldrich)
was added, and cortices were incubated for 5 min at RT. After two
washes with dissection medium, trypsin inhibitor (0.5%; Sigma-
Aldrich) was added and triturated using a Pasteur pipette. Cells were
transferred into a new falcon tube, and the remaining suspension was
further triturated. Cells were centrifuged at 1,400 rpm for 3 min, re-
suspended, and plated on poly-L-lysine coated glass coverslips or in
microfluidic chambers. Cells were maintained for 5-7 d in a humid
CO, incubator in neurobasal medium supplied with 1x B27, 0.5% pen-
icillin/streptomycin, and 1% Glutamax.

Axonal RNA preparation and quantitative RT-PCR

Total RNA was isolated from somatodendritic and axonal compart-
ments separately. To avoid RNA loss, RNA extraction and reverse
transcription were performed in the same tube, as previously described
(Durand et al., 2006). Reverse transcription buffer was prepared using
10 mM Tris/HCI, pH 8.0, 2 mM dNTP (28406557; GE Healthcare),
1 mM Random Primer N6 11034731001; Roche), 1x First Strand
Buffer (18080093; Invitrogen), 10 mM DTT (18080093; Invitrogen),
0.5% NP-40 (11332473001; Roche), 20 pg glycogen (R055; Fermen-
tas), 5 U RNasin Plus RNase Inhibitor (N2611; Promega), and RNase-
free water. Cells were lysed directly in reverse transcription buffer and
transferred into 0.5 ml PCR tubes. Lysates were denatured at 70°C
for 2 min and immediately incubated on ice for 1 min. The tube con-
tents were collected by a brief centrifugation and incubated at 37°C
for random hexamer binding. 1 ul Superscript III Reverse transcription
(18080044; Invitrogen) was added and incubated at 38°C for 2 h. Re-
verse transcription reaction was continued for 8 h at 39°C. As buffer
components of the reverse transcription reaction might act as competi-
tive inhibitors in subsequent PCR reactions, cDNA was purified using
the QIAGEN II purification kit (20021). Isoform-specific intron-span-
ning primers were designed using Oligo 6.0 software (MedProbe).
Primer and MgCl, concentrations were optimized for different PCR
conditions. The specificity of PCR products was verified by analysis of
product melting curves, DNA gel electrophoresis, minus reverse tran-
scription, and sequencing of the corresponding amplicons. Absolute
quantification was performed to determine copy numbers of each actin
isoform. External calibration curves and data quantification were per-
formed as previously described (Durand et al., 2006). In brief, PCR am-
plicons of each actin isoform were cloned into TOPO-TA vector. Next,
cloned amplicons were cut out of the vector, purified, and quantified.
Serial dilutions of 2 to 10° molecules were made and used as template
for the quantitative RT-PCR reaction to generate external calibration
curves. Y-intercept and slopes were read from calibration curves, and
absolute copy numbers were determined using the following formula:

copy number = 10rosspoint =Y)/slope. Absolute copy numbers of Acta,
Actp, and Acty were normalized to absolute copy numbers of Gapdh.
Gapdh was also used for data normalization of knockdown samples
versus control. The purity of the axonal mRNA preparation was con-
firmed by the absence of Histone H1f0 transcripts in RNA fractions
obtained from this compartment. 18sTRNA and Gapdh were used for
quality control of both somatodendritic and axonal RNA preparations.

The following primers were used for quantitative RT-PCR: Acta,
5'-TAGACACCATGTGCGACGAAGA-3’" (forward), 5'-ACCTAC
CATGACACCCTGGTGA-3' (reverse); Actf, 5'-GATGACCCAGAT
CATGTTT-3' (forward), 5'-CGTGAGGGAGAGCATAG-3’ (reverse);
Acty, 5'-ATCGCCGCACTCGTCAT-3" (forward), 5'-GCCGTGTTC
GATAGGGTA-3" (reverse); Gapdh, 5'-AACTCCCACTCTTCCACC
TTC-3’ (forward), 5'-GGTCCAGGGTTTCTTACTCCTT-3' (reverse);
and histone H1f0, 5'-CCCAAGTATTCAGACATGAT-3’ (forward), 5'-
CGCTTGATGGACAACT-3’ (reverse).

Laser capture microdissection

Laser capture microdissection was performed as previously described
(See et al., 2014). In brief, lumbar spinal cords of E18 embryos and
12-wk-old mice were dissected and embedded in optimum cutting tem-
perature compound (Tissue-Tek), dipped shortly in isopentane, and im-
mediately frozen in liquid nitrogen. 15-um cross sections were prepared
using a cryostat (Leica Biosystems), transferred to 0.9-um polyester
membranes, and stained in Cresyl Violet solution. Somata of motoneu-
rons were cut from ventral horn of the spinal cord using a DM6000B
laser microdissection system (Leica Biosystems) equipped with a 20x
0.4-NA objective and lysed in reverse transcription buffer. cDNA was
made from total RNA using Superscript III and subsequently analyzed
by quantitative RT-PCR as described in the previous paragraph.

Cloning and lentivirus production

Myristoylated and palmitoylated eGFP (eGFP™") reporters were used
to investigate the local translation of actin mRNAs in axon shafts and
axon terminals of primary motoneurons (Rathod et al., 2012). 3" UTRs
of Acta, Actp, and Acty mRNAs were inserted into an eGFP™" expres-
sion cassette using an FU-based lentiviral vector (Fig. 3 A). Specific
shRNA oligonucleotides targeted against the 3’ UTRs of individual
actin isoforms were designed and cloned into pSIH-H1 shRNA vec-
tor (System Bioscience) according to the manufacturer’s instructions.
GFP was used as a marker to identify transduced cells. A luciferase
pSIH-HI1 vector was used as a control. The following antisense se-
quences were used for shRNA cloning: Acta-construct 1, 5'-CAG
GACGACAATCGACAAT-3"; Acta-construct 2, 5'-CAATCGACA
ATCGTGCTGT-3"; Actp-construct 1, 5-GCACACCTTACCTTA
CACA-3'; Actp-construct 2, 5-GTGCACACCTTACCTTACA-3';
Acty-construct-1, 5'-GCACGCTGTAGATGAGAAA-3"; Acty-con-
struct 2: 5'-GCACGATGAAGATTAAGAT-3; and Acty-construct 3,
5'-CTAGCACGATGAAGATTAA-3".

For expression vectors of actin isoforms, plasmids containing
coding sequence and 3" UTR of mouse Acta, Actf, and Acty were
purchased from Harvard plasmid database and subcloned into an FU-
based lentiviral vector containing an HA tag at the N terminus. For
generation of Actf rescue construct, the coding sequence and 3" UTR
of mouse Actf were amplified by PCR using HA-tagged Actf vector as
the template. To make the rescue construct resistant to sShRNA, the se-
quence within 3’ UTR of Actp mRNA which is targeted by the StRNA
was deleted. This sequence is located directly 3’ after the poly(A) site
and is not involved in binding of known RNA-binding proteins. The
PCR product was inserted into an expression vector containing ubiqui-
tin promotor. The ubiquitin-Actp-rescue cassette was then excised and
cloned into pSIH-H1 vector containing shActp.
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Lentiviral particles were packaged in HEK?>*T cells with pC-
MV-VSVG and pCMVARS8.91 helper plasmids as described previ-
ously (Rehberg et al., 2008). Cells were transfected with Lipofectamine
2000 (Invitrogen) in OptiMEM medium with 10% fetal calf serum for
12—-14 h, and viral supernatants were harvested 72 h after transfection
by ultracentrifugation. Virus titer was tested in NSC34 cells.

G- to F-actin separation and Western blotting

Approximately 300,000 primary motoneurons were plated on poly-
ornithine- and laminin-coated 24-well cell culture dishes for 7 DIV.
Cells were washed two times with prewarmed PBS and lysed by di-
rectly adding 2x Laemmli buffer (125 mM Tris, pH 6.8, 10% SDS,
50% glycerol, 25% p-mercaptoethanol, and 0.2% bromophenol blue).
Protein lysates were boiled at 99°C for 5 min and centrifuged briefly
at 4°C. Protein extracts were separated on SDS-PAGE gels and blotted
onto nitrocellulose membranes. For G- and F-actin separation, cells
were homogenized in actin stabilization buffer containing 0.1 M Pipes,
pH 6.9, 30% glycerol (vol/vol), 5% DMSO (vol/vol), I mM MgSO,,
1 mM EGTA, 1% Triton X-100 (vol/vol), I mM ATP, complete pro-
tease inhibitor, and phosphatase inhibitor for 10 min at 37°C. Protein
extracts were collected in a tube and centrifuged at 100,000 g in an
ultracentrifuge (Beckman TLA 12.2) for 75 min at 37°C. Supernatants
containing G-actin were recovered, and pellets containing F-actin were
collected separately. Pellets were resuspended in RIPA buffer, and
total protein concentration was quantified using a BCA protein assay
kit (Thermo Fisher Scientific). Equal amounts of proteins were loaded
for both G- and F-actin fractions. Membranes were probed with the
following primary antibodies overnight: mouse monoclonal anti-Smn
(1:4,000, 610646; BD), mouse monoclonal anti—pan actin (1:3,000,
MABI1501R; EMD Millipore), goat polyclonal anti-Calnexin (1:5,000,
AB0037-200; Acris), rat monoclonal anti-HA (1:5,000, 11867423001;
Roche), mouse monoclonal anti-Acta (5C5.F8.C7; Crawford et al.,
2002; 1:2,500, MAS5-12542; Thermo Fisher Scientific), mouse mono-
clonal anti-Actp (1:4,000, GTX26276; GeneTex), mouse monoclo-
nal anti-Acty (2—4; Schreiber et al., 2015; 1:8,000, sc-65634; Santa
Cruz Biotechnology, Inc.), mouse monoclonal anti-Gapdh (1:5,000,
CB1001; EMD Millipore), and secondary antibodies: goat anti-mouse
1gG (1:10,000, 115-035-003; Jackson ImmunoResearch Laboratories,
Inc.), donkey anti—goat IgG (1:10,000, 705-545-147; Jackson Immu-
noResearch Laboratories, Inc.), and goat anti-rat IgG (1:10,000, 112—
035-003; Jackson ImmunoResearch Laboratories, Inc.) for 1 h at RT
and developed using ECL systems (GE Healthcare).

High-resolution in situ hybridization and data analysis

High-resolution in situ hybridization was performed following the man-
ufacturer’s instructions (Panomics) with minor modifications. In brief,
cells were fixed with paraformaldehyde lysine phosphate (PLP) buffer,
pH 7.4, containing 4% PFA, 5.4% glucose, and 0.01 M sodium meta-
periodate for 10 min at RT and washed with RNase-free PBS. Cells
were permeabilized using a supplied detergent solution (Panomics) for
4 min at RT. To unmask mRNAs from bound proteins, proteinase K was
added at 1:8,000 dilution and incubated for 4 min. Next, isoform spe-
cific hybridization probes were diluted 1:100 in hybridization buffer and
incubated at 40°C overnight. In triplex assays, all three specific probes
detecting Acta, Actp, and Acty were added to the hybridization buffer,
and cells were incubated with this mixture. Three independent signal
amplification systems allowed fluorescent detection of all three actin
isoforms in a single experiment. Preamplifier, amplifier, and label probe
oligonucleotides were diluted 1:25 in corresponding buffers and incu-
bated each for 1 h at 40°C, respectively. Cells were then washed three
times with supplied wash buffer (Panomics) at RT. To visualize axons,
Tau immunostaining was performed (see immunofluorescence section
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for details). Antisense probes against mouse Acta, Actf, Acty, Gapdh,
18srRNA, and Escherichia coli-DapB transcripts were designed by and
obtained from Panomics. For in situ hybridization with an LNA probe,
cells were fixed with PLP buffer at RT for 15 min and then permeabilized
in 0.3% Triton X-100 for 5 min. Prehybridization solution containing
10% formamide, 10% dextran sulfate, 1x Denhart’s, 0.5 mg/ml salmon
sperm DNA, 0.5 mg/ml E. coli tRNA, and 0.05 M EDTA in 4x SSC was
added onto coverslips and incubated at 37°C for 1 h. 35 nM digoxigenin
(DIG)-labeled antisense Actoe LNA probe was diluted in hybridization
buffer, denatured at 80°C for 75 s, and hybridized at 37°C overnight.
Coverslips were washed three times for 10 min each with 1x SSC/0.1%
Tween-20 at 37°C followed by three 1-min washes with 0.1x SSC/0.1%
Tween-20 at RT. For immunofluorescence detection of DIG-labeled Acto
probe, cells were blocked with 15% goat serum, 2% BSA, and 5% su-
crose for 1 h at RT. Primary (mouse anti-DIG) and secondary antibodies
were incubated at RT for 1 h and washed three times for 10 min each with
PBS containing 0.1% Triton X-100. The probe sequence was 5'-AGT
CAATCTATGTACACGTCAA-3'. 12-bit images were acquired with an
Olympus Fluoview 1000 confocal system equipped with a 60x 1.35-NA
oil objective, at 1,024 x 1,024-pixel resolution. Maximum intensity pro-
jections were created of 4-pm z-stacks.

Live-cell extraction and immunofluorescence

For immunofluorescence detection, motoneurons were cultured on
laminin and polyornithine-coated glass coverslips for 5 or 7 DIV. Cells
were washed two times with prewarmed PBS and fixed with 4% PLP
buffer at RT for 15 min. For Acta immunostaining, cells were perme-
abilized with 0.1% Triton X-100 at RT for 15 min. For Actf} and Acty
staining, cells were first exposed to ice-cold methanol for 5 min at
—20°C and permeabilized with 0.3% Triton X-100 at RT for 10 min.
For DBP staining, cells were exposed to ice-cold acetone for 5 min at
—20°C. For all other antibodies, cells were permeabilized with 0.3%
Triton X-100 at RT for 20 min. After three washes in PBS, block-
ing solution containing 15% goat or donkey serum, 2% BSA, and
5% sucrose in PBS was added onto coverslips and incubated at RT
for 1 h. Acta antibody was incubated in blocking solution at RT for
3 h. Other primary antibodies were incubated in blocking solution at
4°C overnight. Secondary antibodies were added for 1 h at RT, and
nuclei were counterstained with DAPI. Alexa Fluor 546 phalloidin
(A22283; Invitrogen) was added at 1:50 in PBS after incubation with
secondary antibodies. Coverslips were washed and mounted using
Aqua Poly/Mount (18606; Polysciences) and subsequently imaged. For
live-cell extraction, cultured neurons were extracted either with 0.01%
saponin for 10 s or 0.25% Triton X-100 and 0.3% glutaraldehyde for
1 min in a cytoskeleton buffer (10 mM MES, pH 6.1, 150 mM NaCl,
5 mM EGTA, 5 mM glucose and 5 mM MgCl,) to maintain the actin
ultrastructure (Auinger and Small, 2008; Lee et al., 2013). After sapo-
nin extraction, cells were washed briefly and fixed with 4% PLP. After
Triton X-100 extraction, samples were postfixed for 15 min in 2% glu-
taraldehyde in cytoskeleton buffer. Samples were incubated with block
solution for 1 h at RT, and primary and secondary antibodies were ap-
plied as described above.

5 pg/ml DBP (345802; EMD Millipore) was used for labeling
of G-actin (Van Baelen et al., 1980; Lee et al., 2013). Other primary
and secondary antibodies used were polyclonal rabbit anti-Tau (1:1,000,
T6402; Sigma-Aldrich), monoclonal mouse anti—a-Tubulin (1:1,000,
T5168; Sigma-Aldrich), monoclonal mouse anti-Map2 (1:1,000,
M1406; Sigma-Aldrich), monoclonal mouse anti-Actax (5C5.F8.C7;
1:500, MAS5-12542; Thermo Fisher Scientific), monoclonal mouse an-
ti-Actp (1:1,000, GTX26276; GeneTex), monoclonal mouse anti-Acty
(2—4; 1:1,000, sc-65634; Santa Cruz Biotechnology, Inc.), monoclonal
mouse anti-DIG (21H8; 1:500, ab420; Abcam), monoclonal rat anti-HA
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(1:1,000, 1186742300; Roche), polyclonal rabbit anti-DBP (5 pg/ml,
PA5-19802; Thermo Fisher Scientific), monoclonal mouse anti-Gapdh
(1:1,000, CB1001; EMD Millipore), goat anti-rabbit IgG (H+L; Dy-
Light 405, 1:250, 111334; Jackson ImmunoResearch Laboratories, Inc.),
donkey anti-rabbit (H+L; Cy3, 1:400, 711-165-152; Jackson Immuno-
Research Laboratories, Inc.), goat anti-rabbit (H+L; Cy5, 1:400, A21070;
Invitrogen), donkey anti—rat IgG (H+L; Cy3, 1:500, 712-165-150; Jack-
son ImmunoResearch Laboratories, Inc.), goat anti-mouse IgG (H+L;
Cy3, 1:500, 115-165-146; Jackson ImmunoResearch Laboratories, Inc.),
goat anti-mouse IgG (H+L; Cy5, 1:500, 115-175-146; Jackson Immuno-
Research Laboratories, Inc.), goat anti-mouse IgM (DyLight 550, 1:500,
SAS5-10151; Thermo Fisher Scientific), goat anti-mouse IgM (Alexa
Fluor 488, 1:500, A-21042; Thermo Fisher Scientific), goat anti-mouse
IgG1 (Alexa Fluor 488, 1:500; A21121; Thermo Fisher Scientific).

Image acquisition and analysis of neurite growth

For viability assays, cells were plated on laminin- and polyorni-
thine-coated plastic surface in a four-well dish (627170; Greiner bio-
one) and counted 18 h after plating and again at DIV7. For growth
cone size analysis, cells were plated on a neuromuscular synapse spe-
cific laminin isoform (laminin 221) for 5 d and stained against Tau and
phalloidin. For soma size, length, and number of dendrites, images
were acquired with an Olympus Fluoview 1000 confocal system using
a 60x 1.35-NA oil objective. Single or multiple 12-bit image stacks
were taken with 800 x 800-pixel resolution. For axon length and
branching analysis images were acquired with a Keyence BZ-8000K
fluorescence microscope equipped with a standard color camera using
a 20x 0.7-NA objective.

Images were processed using Imagel 1.421 software (Schneider
et al., 2012). For better visibility, linear contrast enhancement was ap-
plied to Figs. 2-8, 10, S1, S2, S4, and S5 using Adobe Photoshop 7.0,
and the same stetting was used for both knockdown and control groups.
For all statistical analyses GraphPad Prism 5.02 software was used.
Data are depicted in box and whisker plots unless otherwise indicated.
The line inside the box indicates the median, and a plus sign indicates
the mean value. Boxes represent 10-90% of the data, and outliers are
plotted as individual dots.

FRAP

Primary motoneurons were transduced with isoform-specific eGFP-
myrreporter constructs and cultured on p-dishes (Ibidi) for 5 DIV in
presence of 10 ng/ul BDNF and CNTF. Fluorescence recovery after
photobleaching was measured as previously described with few modi-
fications in data analysis (Rathod et al., 2012). FRAP experiments were
performed with an inverted SP5 confocal microscope (Leica Biosys-
tems) using a 60x 1.35-NA oil objective. 8-bit images were taken with
512 x 512 pixel resolution. Prior to bleaching, eight images were taken
at 30-s intervals using 19% laser intensity. A 100-um segment of the
distal axon was bleached for 50 frames using 80% laser power (Leica
Biosystems 488-nm laser line) at ~3 Hz speed. Recovery was moni-
tored for 1 h after bleach at 30-s intervals. The after-bleach recovery
was calculated as the mean intensity of gray values per pixel in defined
regions of interest of axonal branch points and axonal growth cones
after background subtraction using LAS lite software (Leica Biosys-
tems). FO was defined as the mean of mean intensities from eight pre-
bleach images. The mean of signal intensities of 10 immediate after
bleach images was subtracted from measured after bleach signal inten-
sities to eliminate the remaining signal immediately after bleaching.
These values were then normalized to FO to calculate the percentage
recovery. In control experiments, cells were treated with protein synthe-
sis inhibitors (50 ng/ml anisomycin for 2 h before imaging or 10 pg/ml
cycloheximide overnight before the FRAP experiment).

Live-cell imaging and data quantification

Live-cell imaging was performed with an inverted epifluorescence
microscope (TE2000; Nikon) equipped with 60x 1.4-NA objective
and heated stage chamber (TOKAI HIT CO., LTD) at 37°C and 5%
CO,. Motoneurons were transduced with lentiviral constructs coex-
pressing GFP and shRNAs directed against individual actin isoforms
and cultured on p-dishes (Ibidi) for 6 DIV. Immediately before imag-
ing, medium was replaced with neurobasal medium without phenol
red supplied with 2% B27, 2% horse serum, and 10 ng/ml BDNF
and CNTF. Cells were then taken to the microscope and maintained
constantly at 37°C on a heated stage chamber. GFP was excited using
a 470-nm cool LED PE-100 light source at 2-4% light emission in-
tensity. Dynamics of growth cone filopodia or axonal filopodia were
monitored for 40 min at 20-s intervals by time-lapse imaging. 12-bit
images of 1,024 x 1,024 pixels were acquired with an Orca Flash
4.0 V2 camera (Hamamatsu Photonics), controlled by Nikon Element
image software (Nikon). For quantification of the axonal filopodia
dynamics, (1) frequency of filopodia initiation, (2) filopodia life
time, (3) rate of filopodia dynamic movement, and (4) total absolute
changes in length for individual filopodia were analyzed. For the rate
of filopodia dynamics, only filopodia extensions or retractions with
a minimum length of 1 um were included. The number of dynamic
movements was determined for each single filopodium, and the mean
frequency of 50 filopodia was represented in a box and whisker graph.
To determine the total change in filopodia length, the length of indi-
vidual filopodia was measured in all 120 frames. The total change in
length was calculated by summing absolute length changes between
subsequent frames that showed a change of at least 1 um. The mean
total changes in length of 50 filopodia were displayed in a box and
whisker plot. For quantification of filopodia dynamics in growth
cones, maximum projection of all 120 frames was used for generating
a multiple kymograph using an ImageJ plug-in. To obtain the cen-
tral point of the growth cone, all 120 frames were first staked into a
Z-projection image. The central point obtained from the stack image
was selected and copied back into the time-lapse movie. Using an
Imagel plugin, a multiple kymograph was created with time on the x
axis and distance on the y axis. To calculate the mean speed of growth
cone movement, the length of each pick (20 s) was measured from the
x axis and y axis. The velocity of filopodia/lamellipodia movement
was measured as delta length in micrometers divided by the time in
seconds for each pick (Sivadasan et al., 2016).

Online supplemental material

Fig. S1 shows high-resolution in situ hybridization. Fig. S2 shows val-
idation of Acto-, Actp-, and Acty-specific antibodies by Western blot
and immunocytochemistry experiments. Fig. S3 shows that shRNA
knockdown of actin isoforms generates distinct phenotypes that are
result of actin isoform—specific depletion and not off-target effects.
Fig. S4 shows that reexpression of Actp rescues axon elongation
and growth cone formation defects in Actf-depleted motoneurons.
Fig. S5 shows expression of actin isoforms in primary cortical neurons.
Video 1 shows axonal filopodia dynamics in cultured motoneurons.
Video 2 shows that depletion of Acta disturbs growth dynamics of ax-
onal filopodia. Video 3 shows that depletion of Actp does not affect
growth dynamics of axonal filopodia. Video 4 shows that depletion of
Acty reduces growth dynamics of axonal filopodia. Video 5 shows that
axonal growth cones show highly dynamic filopodia activity. Video 6
shows that knockdown of Acta does not disturb axonal growth cone
filopodia movements. Video 7 shows that dynamic movements of ax-
onal growth cone filopodia are reduced in Actp knockdown motoneu-
rons. Video 8 shows that Acty depletion does not impair axonal growth
cone filopodia dynamics.
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