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SUMMARY

The essential organization of microtubules within neurons has been described, however, less is
known about how neuronal actin is arranged and the functional implications of its arrangement.
Here we describe in live cells an actin-based structure in the proximal axon that selectively
prevents some proteins from entering the axon, while allowing the passage of others. Concentrated
patches of actin in proximal axons are present shortly after axonal specification in rat and
zebrafish neurons imaged live, and mark positions where anterogradely traveling vesicles carrying
dendritic proteins halt and reverse. Patches colocalize with the ARP2/3 complex, and when
ARP2/3-mediated nucleation is blocked a dendritic protein mislocalizes to the axon. Patches are
highly dynamic, with few persisting longer than 30 minutes. In neurons in culture and in vivo,
actin appears to form a contiguous, semipermeable barrier, despite its apparently sparse
distribution, preventing axonal localization of constitutively active Myosin Va, but not Myosin V1.
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t =30 min

Balasanyan et al. find dynamic patches of actin in proximal axons of live neurons, mature and
newly differentiated, in culture and /n vivo. Patches contribute to a filter that sequesters some
proteins within the somatodendritic domain while allowing others to pass into the axon, leading to
polarized localization of proteins.

INTRODUCTION

Evidence from numerous experiments suggests that actin filaments and myaosins contribute
to the localization of proteins to the somatodendritic compartment (Arnold and Gallo, 2013).
Transmembrane proteins on the cell surface and large intracellular molecules are prevented
from moving between the somatodendritic and axonal compartments by a mechanism that
depends on intact actin filaments (Song et al., 2009; Winckler et al., 1999). Actin filaments
are also necessary for the localization of dendritic transmembrane proteins and mRNAS
(Balasanyan and Arnold, 2014; Lewis et al., 2009; Song et al., 2009). Interaction with
Myosin Va, a plus end-directed motor, is both necessary, and sufficient for somatodendritic
localization of transmembrane proteins and mRNAs (Balasanyan and Arnold, 2014;
Balasanyan; Lewis et al., 2009). Furthermore, vesicles carrying dendritic proteins halt and
reverse in the proximal axon, a process that is blocked by actin depolymerization and by
disrupting the function of Myosin Va (Al-Bassam et al., 2012). Conversely, vesicles carrying
nonspecifically localized proteins that are induced to interact with Myosin Va halt and
reverse. Finally, full length Kif17 localizes to dendrites in part as a result of interaction with
the actin cytoskeleton in the proximal axon, which stops its movement into the distal axon
(Franker et al., 2016).

Experiments using different modalities have found evidence for actin-based structures in the
proximal axon that could mediate differential trafficking of vesicles. Scanning electron
microscopy showed images of actin filaments concentrated in patches in the proximal axon
(Watanabe et al., 2012). Furthermore, results of functional experiments where myosin
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motors were inducibly attached to peroxisomes are consistent with actin filaments in the
proximal axon having an overall orientation with plus ends facing the cell body (Watanabe et
al., 2012). This orientation for actin filaments was corroborated by superresolution
microscopy of GFP-Actin (Jensen et al., 2014)(personal communication).

Thus, there is considerable evidence for a model where vesicles carrying dendritic proteins
are associated with a plus end-directed myosin motor, which then interacts with patches of
actin in the proximal axon that are oriented with plus ends facing the cell body. Nonetheless,
other observations have raised questions about this model: (1) Images obtained using
platinum replica TEM do not show AlS-specific patches of actin, but instead find actin
concentrations corresponding to protrusions throughout the axon and isolated stable actin
filaments (Jones et al., 2014). (2) Polarized trafficking occurs prior to assembly of the axon
initial segment, and possibly before the appearance of actin patches (Petersen et al., 2014).
(3) Although superresolution images taken of live, permeabilized neurons labeled with SiR-
Actin find patches in the proximal axon of many neurons, there is a significant minority
where patches were not observed (D'Este et al., 2015). (4) Actin may be necessary for
correct sorting of proteins into dendritic vesicles. Thus, depolymerizing actin may result in
the missorting of dendritic proteins into axonal vesicles, rather than in the elimination of an
actin-based barrier to vesicle movement in the proximal axon (Petersen et al., 2014).

Here we address these questions by performing live imaging of neurons in culture and in
vivo expressing Utrophin, a protein that specifically labels actin filaments, without
disrupting the balance between actin assembly and disassembly (Burkel et al., 2007; Galkin
et al., 2002; Ganguly et al., 2015). We find that virtually all neurons examined display
labeled actin in the proximal axon. Actin labeling appears as soon as the axon is specified,
prior to clustering of Ankyrin G at the axon initial segment. Furthermore, concentrations of
actin in the proximal axon mark loci where vesicles carrying dendritic proteins halt and
reverse. Actin within the proximal axon forms a barrier to the movement of constitutively
active Myosin Va, but not to constitutively active Myosin VI, both in culture and /7 vivo. In
addition, patches are highly dynamic. Patches colocalize with ARP2/3, and disruption of
ARP2/3 function leads to an increase in the amount of a dendritic protein, Transferrin
Receptor (TfR), in the axon.

Actin patches are present in neurons in culture and in vivo

In order to label actin in neurons without fixation or permeabilization we expressed the CH
domain of Utrophin (Utr), an actin binding domain that has been shown to label F-actin
specifically (Burkel et al., 2007; Ganguly et al., 2015), using a transcriptional regulation
system that incorporates negative feedback to ensure low, consistent expression (Figure S1).
GFP-Utr labeling colocalized with phalloidin labeling, consistent with GFP-Utr labeling
actin with high fidelity (Figure S1). Following expression of GFP-Utr for 3 days in 17 DIV
rat cortical neurons in dissociated culture, discrete clusters (patches) were present in 100%
of neurons imaged, with an average of 37 +/- 4 patches per neuron (Figure 1A) in the
proximal 30 pm of the axon. To determine whether patches are visible /n vivo, we expressed
GFP-Utr in motor neurons of 1.5-3 days post fertilization (dpf) larval zebrafish. Virtually all
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motor neurons examined showed patch-like concentrations of GFP-Utr within the proximal
axon (Figure 1B-D). The appearance of patches in zebrafish neurons only two days after
fertilization suggests that they appear shortly after axonal specification. Similarly, in 3 DIV
cortical neurons in culture we observed actin patches in all neurons examined with an
average number of 8 +/- 4 (Figures 1E, S2) within the proximal 30 pm of the longest
neurite. Thus, actin patches are present, both in culture and /in vivo, shortly following axonal
specification.

Vesicles carrying dendritic proteins halt and reverse at actin patches

To examine the functional significance of actin patches, we observed vesicles carrying
exogenous Transferrin Receptor tagged with mCherry (TfR-mCherry) in 13-16 DIV
dissociated cortical neurons co-expressing GFP-Utr. We found that 30 of 38 anterogradely
moving vesicles halted near sites of concentrated Utr labeling (Figure 1F-I, Movie S1),
consistent with actin patches forming barriers to vesicle movement. We observed similar
results in 3 DIV neurons, where 41 of 60 anterogradely moving vesicles halted near sites of
concentrated actin (Figure S2, Movie S2). Thus, our results are consistent with actin in the
proximal axon acting as a barrier to prevent vesicles carrying dendritic proteins from moving
into the axon. Furthermore, 6 of 7 neurons examined at 3 DIV did not have appreciable
Ankyrin G staining in the proximal axon, despite having actin patches, and vesicles carrying
TfR that halted and reversed. This result indicates that formation of actin patches can occur
independently of Ankyrin G, a critical organizer of the axon initial segment (Brechet et al.,
2008) that is necessary for maintenance of neuronal polarity (Hedstrom et al., 2008;
Sobotzik et al., 2009).

Actin patches are highly dynamic

By imaging Utrophin in live cells we found that most patches are present for less than 30
minutes (Fig. 2A, B), and some are present for less than 1 minute (Fig. 2C-E). Analysis of
timelapse movies (Movies S3-S6) indicates that the rate at which patches disappear or move
can be fitted with two exponentials, consistent with 39% of patches being short-lived, with
an average lifetime of 39 +/- 8 seconds, and 61% being longer-lived, with an average
lifetime of 560 +/- 40 seconds (Figure 2F). Furthermore, kymographs of the actin patch
movies indicate that patches are stationary and tend to appear and disappear at the same
locations (Fig. S3).

Actin filaments within the proximal axon form a contiguous, semipermeable barrier

Depolymerizing actin filaments in neurons causes vesicles carrying dendritic proteins to
move anterogradely to the distal axon without stopping, consistent with elimination of an
actin-based vesicle filter (Al-Bassam et al., 2012). However, this change in trafficking could
occur as a result of miss-sorting of dendritic protein into axonal vesicles, rather than of
changes in the trafficking of dendritic vesicles (Petersen et al., 2014). To clarify the
interpretation of these results, we asked whether actin forms a contiguous barrier to the
movement of proteins in the proximal axon using an assay that does not involve vesicular
trafficking. Accordingly, we expressed a constitutively active form of Myosin Va
(caMyoVa), a plus end-directed motor (Krementsov et al., 2004) in dissociated cortical
neurons. After 24 hours of expression caMyoVa localized very specifically to the soma and
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dendrites (ADR = 0.1 +/- 0.02, Figure 3A-C). An ADR less than one indicates
somatodendritic localization whereas an ADR equal to one indicates nonspecific
localization. Many neurons in this analysis exhibited clustered caMyoVA in the
somatodendritic compartment. However, when diffuse labeling of caMyoVa was examined
we found that caMyoVa was also localized to the somatodendritic compartment (ADR = 0.2
+/-0.03, Fig. S4). Disruption of actin filaments using cytochalasin D causes caMyoVa to
distribute to axons, as well as to the somatodendritic compartment (ADR = 0.9 +/- 0.04;
Figure S4) in contrast to its somatodendritic localization in the presence of DMSO (ADR =
0.2 +/- 0.02; Figure S4), confirming that the polarized distribution of caMyoVa in wild-type
cells is a result of interaction with actin filaments.

If the barrier were formed by actin filaments predominantly oriented with plus ends facing
the cell body, one would expect that a myosin motor that moves to the minus end of actin
filaments would be able to enter axons. Following 24 hours expression in cortical neurons,
constitutively active myosin VI (caMyoV1) localized to both the axon and to the soma and
dendrites (ADR = 0.9 +/- 0.03; Figure 3D-F), with an ADR value significantly different
from that of caMyoVa (P < 0.001, Mann Whitney). These results are consistent with the
proximal axon containing a contiguous barrier comprised of actin filaments oriented
predominantly with their plus ends facing the cell body.

Selective dendritic transport occurs shortly after axonal specification (Petersen et al., 2014;
Silverman et al., 2001), and thus if the actin-based filter were to play a role in dendritic
transport, one would expect it to be present at a similarly early time in development
(Petersen et al., 2014). To test whether the actin filter acts as a contiguous barrier to
movement of proteins into the axon, we expressed caMyoVa in 3 DIV cultured neurons. We
found that caMyoVa localized almost exclusively within the somatodendritic compartment,
with virtually no expression in the axon (Figure 3G-I; ADR = 0.15 +/- 0.02). In contrast,
caMyoVI localized to both axonal and somatodendritic compartments following expression
in 3 DIV cultured neurons (ADR = 1.14 +/- 0.04; Figure 3J-L, P < 0.001, Mann Whitney).

To determine whether an actin barrier is present in vivo we expressed constitutively active
myosins in zebrafish motoneurons and examined their localizations at 2 dpf. caMyoVa-
mCherry localized specifically to the somatodendritic compartment (ADR = 0.11 +/- 0.01;
Figure 4A-C), whereas caMyoVI-mCherry localized in both the axonal and somatodendritic
compartments (ADR = 0.61 +/- 0.04; Figure 4D-F; P < 0.001, Mann Whitney). Together
these results are consistent with actin in the proximal axon forming a functional filter that
permits the entrance of a minus end-directed myosin motor, but blocks entrance of a plus
end-directed motor shortly after neuronal specification.

ARP2/3 plays a critical role in the maintenance of actin patches

The actin nucleator ARP2/3 plays a major role in shaping the actin networks in dendritic
spines, which have web-like patterns that are similar to those seen in actin patches
(Korobova and Svitkina, 2010; Watanabe et al., 2012). To test whether ARP2/3 associates
with actin patches in the proximal axon, we immunostained dissociated neurons expressing
GFP-Utr with an anti-P16-ARC antibody and found colocalization between patches and
ARP2/3 (Figure 5A). In contrast, Formin 2, a member of a family of proteins involved in
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elongation of individual actin filaments, was not colocalized with either actin patches or
with ARP2/3 (Figure 5A).

To test whether ARP2/3 is necessary for maintenance of patches, we examined the same
cortical neurons expressing TfR mCherry and GFP-Utr before and after exposure to
CK-869, an ARP2/3 inhibitor, for 30 minutes. Following CK-869 exposure the number of
actin patches labeled by Utr in the proximal axon was substantially reduced (28 +/- 5
patches initially, to 16 +/- 4 for the same cells after exposure to CK-869; P < 0.01,
Wilcoxon; Figure 5B, C). A decrease in the number of patches was also found when
comparing neurons expressing EGFP-N-WASP-CA, a blocker of ARP2/3 function (Strasser
et al., 2004), to control neurons expressing EGFP (17 +/- 1 vs. 32 +/- 4, P < 0.001,
Wilcoxon; Figure 51). To investigate a possible functional significance of the reduction in
actin patches, we examined the distribution of exogenously expressed TfR-mCherry in the
same cortical neurons before and after exposure to CK-869 for 30 minutes. We found that
the ADR of TR in neurons exposed to CK869 was 3-fold higher vs. control neurons (ADR
=0.9 +/- 0.2 vs. 0.3 +/- 0.07; P = 0.003, Wilcoxon; Figure 5D, E). In addition, the ADR of
TFR in cells expressing EGFP-N-WASP-CA was significantly higher than in cells
expressing EGFP alone (ADR = 0.8 +/- 0.05 vs. 0.3 +/- 0.04, P < 0.001, Mann Whitney,
Figures 5J, S5). These increases in ADR are consistent with leakage of TfR into the axon,
which indicates a breach in the barrier between the somatodendritic and axonal
compartments. In contrast, exposure to DMSO alone caused no change in the number of
patches (24 +/- 4 patches before DMSO to 23 +/- 4 patches after exposure to DMSO; P >
0.4, Wilcoxon; Figure 5F, G). In addition, these cells did not show a change in the ADR of
exogenous TR in control cells vs. those exposed to DMSO (ADR = 0.3 +/- 0.08 vs. 0.3 +/
- 0.08, P > 0.3, Wilcoxon; Figure 5H). These results are consistent with ARP2/3 being
necessary for actin patches and for the patches being necessary for localization of TfR to the
somatodendritic compartment.

In contrast to results with ARP2/3, blocking Formin 2 using the inhibitor SMIFH2 did not
change the number of patches following 30 minutes of exposure (35 +/- 5 patches vs. 33 +/
- 3 patches, P > 0.8, Wilcoxon, Figure 5K, L). The ADR of TfR also was not significantly
different in control cells vs. those exposed to SMIFH2 (ADR = 0.3 +/- 0.03 vs. 0.3 +/- 0.03,
P > 0.8; Figure 5M), indicating that Formin 2 function is not necessary for dendritic
localization of TfR. We also asked whether actin patches are dependent on microtubules by
exposing neurons expressing GFP-Utr to 15 pM Nocodazole. We found that exposure to 15
UM Nocodazole for 30 minutes, which was sufficient to dramatically affect microtubule
integrity (Figure S5), did not affect the number of actin patches (26 +/- 3 with Nocodazole
vs. 25 +/- 2 without Nocodazole; P > 0.6, Wilcoxon, Figure S5), or the ADR of TfR
(ADRTir = 0.3 +/- 0.02; ADRT{R, nocodazole = 0.3 +/- 0.03; P > 0.8, Mann Whitney, Figure
S5). Thus, the number of actin patches is not changed by microtubule depolymerization.

DISCUSSION

We examined the distribution of actin in living neurons in culture and /77 vivo using an actin
binding domain of Utrophin as a vital label. Close to 100% of labeled neurons showed
patches of actin in the proximal axon. Possible discrepancies with results of previous
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experiments could be caused by fixation and/or permeabilization, which have been shown to
cause depolymerization of actin filaments (Small et al., 1999). Patches were found in both
mature neurons and those with newly formed axons, both in culture and /n vivo, indicating
that patch formation occurs early in axonal differentiation, even prior to expression of
Ankyrin G. Actin is present in discrete patches that mark spots in the proximal axon where
vesicles carrying a dendritic protein and moving anterogradely tend to halt and reverse,
suggesting that they form part of a barrier that prevents such vesicles from moving to the
distal axon in both young and mature neurons.

Note that although previous experiments are consistent with Utrophin not disrupting the
equilibrium between actin assembly and disassembly (Bement et al., 2007), and although we
found in neurons that Utrophin and Phalloidin staining overlap (Figure S1), it is difficult to
establish unequivocally that Utrophin had no effect on actin in these experiments.

To ask whether actin forms a contiguous barrier between the axonal and somatodendritic
compartments, we examined the distribution of exogenously expressed, constitutively active
Myosin Va. The absence of caMyoVa in the axon in both young and mature neurons in
culture, and /n7 vivo, would suggest that actin forms an impervious barrier to the movement
of some proteins. Furthermore, the presence of Myosin V1 in the axon would suggest that
actin acts as a filter. Importantly, this experiment did not rely on vesicular trafficking, and
thus its interpretation is not complicated by possible manipulation of protein sorting, as has
been suggested for previous experiments (Petersen et al., 2014). It is important to note that
the inability of constitutively active Myosin Va to enter the axon does not imply that full-
length Myosin Va does not enter the axon. As in the case of dynein, which enters the axon
despite microtubules that are oriented in a direction that prevents its entry, Myosin Va could
be transported into the axon directly by a kinesin motor (Twelvetrees et al., 2016).
Alternatively, it could be transported by slow axonal transport or on a vesicle in an inactive,
closed position.

One explanation for the discrepancy between actin’s apparent distribution and the efficiency
with which it mediates the somatodendritic localization of caMyoVa could be that the filter
is comprised of components other than patches that are difficult to visualize with standard
epifluorescence microscopy combined with Utrophin labeling. This idea is consistent with
the observation that some halting and reversing events take place in areas that appear to be
devoid of actin patches (Figures 1, S2). Interestingly, experiments using STED microscopy
or TEM of platinum replicas have noted the presence of relatively long actin filaments
within the proximal axon that one study referred to as actin bundles (D'Este et al., 2015;
Jones et al., 2014), and which could be part of the filter. The question of whether bundles or
other, as of yet undescribed, structures form part of the filter will require its visualization at
high resolution in a preparation where the integrity of actin filaments is preserved.
Nonetheless, all of our results are consistent with actin filaments in the proximal axon being
oriented such that overall their barbed ends face towards the cell body. This intrinsic polarity
causes anterogradely moving vesicles associated with plus end-directed myosins to halt and
reverse and retrogradely moving vesicles to slow down, and sometimes pause.
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In addition to documenting the presence and functional significance of actin patches, our
experiments suggested clues about their structural components. We found that a component
of ARP2/3, a complex that stimulates actin polymerization and is found in dendritic spines
(Wegner et al., 2008), is also present in patches. Furthermore, its presence is necessary for
maintenance of patches and for the localization of dendritic proteins. This finding is
consistent with the presence of branched arrangements of actin seen in electron micrographs
of both spines (Korobova and Svitkina, 2010) and patches (Watanabe et al., 2012). The actin
networks in spines and in patches have functions that are similar: directing proteins to
postsynaptic sites in the case of spines (Schulz et al., 2004), and to the somatodendritic
compartment in the case of patches (Al-Bassam et al., 2012).

Colocalization with ARP2/3 is also a feature of actin patches that are found in the distal
axon (Spillane et al., 2011). These patches are similar to the patches in the proximal axon in
that they are made up of branched filaments, however the distal axon patches are associated
with filopodia, whereas the actin patches in the proximal axon are not (Loudon et al., 2006).
In addition, both types of actin patches are highly dynamic. The mean lifespan of distal actin
patches is roughly 40 seconds, almost identical to that of the 40% of proximal actin patches
that turn over quickly. The 60% that turn over slowly have an average lifetime closer to 9
minutes. In contrast to ARP2/3, Formin 2 was found not to be colocalized with the proximal
actin patches and blocking the function of Formin 2 with an inhibitor did not affect the
localization of a dendritic protein. In this manner proximal actin patches are different from
dynamic actin structures in the shaft of the axon, known as actin trails, which are associated
with Formins, but not with ARP2/3 (Ganguly et al., 2015).

Although actin plays an important role in targeting of dendritic proteins, it seems likely that
dynein also contributes to this process. In particular, experiments examining the trafficking
of full-length Kif-17 identified distinct roles for the two motor proteins (Franker et al.,
2016). Actin appears to be involved in halting Kif-17-mediated movement of peroxisomes
following entry into the proximal axon, in a manner similar to halting that was observed for
vesicles carrying dendritic proteins (Al-Bassam et al., 2012). However, subsequent
movements of the peroxisomes were mediated by dynein, which is consistent with our
previous observations that actin patches are comprised of relatively short fibers and myosin-
mediated movements in the proximal axon tend to be 1 um or shorter (Watanabe et al.,
2012). Together, our results and those related to Kif-17 trafficking would suggest the
following model (Figure S6): 1. Vesicles that are to be prevented from moving to the distal
axon are designated as such through association, directly or indirectly, with plus end-
directed Myosin motors. 2. Interaction of Myosin with the actin filter in the proximal axon
stops the movement of vesicles, likely by disengaging kinesin motors from microtubules. 3.
Halting of the kinesin-mediated vesicle movement allows dynein to engage microtubules
and move vesicles back to the somatodendritic compartment. In this manner interactions of
myosin and actin modulate the actions of kinesin and dynein, causing them to selectively
transport specific vesicles to the axon or dendrites.
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EXPERIMENTAL PROCEDURES

Patch quantification

To quantify patches in rat cortical neurons, live 12-17 day old dissociated cortical neurons
expressing regulated GFP-Utr for 48 hrs were imaged. Puncta of relatively uniform diameter
of less than 3 um in the proximal 30 pm of the axon were considered to be patches. In order
to observe actin /n vivo 4 zebrafish (3 dpf) were imaged live using confocal microscopy.
Roughly 300 motoneurons expressing GFP-Utr were examined using the same criteria that
were used to identify patches and bundles in dissociated cells.

Live imaging of neurons in culture

For live imaging experiments, coverslips with transfected or nucleofected neurons on them
were mounted on an open Warner Chamber using vacuum grease, and pre-warmed imaging
medium was added on top of neurons. Warner chambers were then fixed on a microscope
stage with environmental control to ensure viability of neurons, and left for 10-15 min. prior
to the start of imaging to ensure minimal drift. Live images were obtained using either a
60x/1.2 NA water objective or a 100%/1.4NA oil objective on an Olympus IX71 wide-field
microscope.

Axon to dendrite ratio (ADR) calculation

To calculate the ADR the mean amount of fluorescence per pixel in all of the dendrites that
were present in a particular image, as well as in the axon was measured (with background
subtracted from both). ADR was calculated as the ratio of mean fluorescence in the axon to
that in the dendrite. This value was used for quantifying the localization of TfR (Figure 5).
To normalize, the value calculated above was divided by the ratio of the mean fluorescence
per pixel in the axon to the mean fluorescence in the dendrites of a nonspecifically localized
protein such as GFP. This value was used for quantifying the localization of caMyoVa and
caMyoVI (Figures 3 and 4). In cells where the ADR of diffuse caMyoVa was calculated
regions of diffuse staining in the dendrites were used (Fig. S4). All analysis was done by
blinded observers.

Statistical Methods

No statistical methods were used to predetermine sample size. Nonparametric tests were
used throughout, as the data are not normally distributed. Data are represented as mean +
SEM. Statistical comparisons are between groups with similar variances.

Preparation of zebrafish embryos and dissociated cultures of rat neurons

Experimental protocols were conducted according to the US National Institutes of Health
guidelines for animal research and were approved by the Institutional Animal Care and Use
Committee at the University of Southern California.

Detailed methods can be found in Supplemental Experimental Procedures.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Dynamic actin patches are present in the proximal axon of live neurons
Patches are present shortly after axonal specification in culture and /n vivo
Constitutively active plus end-directed myosins localize to the soma and dendrites

ARP2/3 is present in patches and is necessary for localization of dendritic proteins
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Figure 1.
Actin patches are found in the proximal axons of live neurons and mark positions where

vesicles carrying dendritic proteins halt and reverse. (A) 15 DIV cortical neuron in
dissociated culture expressing the actin label GFP-Utr (green) and mCherry (purple). The
proximal axon is contained within the boxed area. (Inset, lower left) Ankyrin G labeling of
the proximal axon (arrowhead). (Right) Upper panel shows magnified image of boxed area.
Lower panels show similar areas from other cortical neurons in culture expressing GFP-Utr
under similar conditions. N = 20 neurons, 3 cultures. (B) Live 2 dpf zebrafish expressing
GFP-Utr in motoneurons. N = 295 cells, 4 fish. (C, D) Higher magnification of area shown
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in boxed region of (B, C). (D) Arrowheads point to patches of actin in the proximal axon.
(E) Proximal axon of 3 DIV cortical neuron expressing GFP-Utr showing actin patches
(arrowheads). N = 15 neurons, 4 cultures. (F) 14 DIV cortical neuron in culture expressing
TfR-mCherry (arrowheads point to the proximal axon). (G) Straightened image of proximal
axon showing GFP-Utr labeling of actin patches. (H) Kymograph of vesicles carrying TfR-
mCherry (purple) and actin patches (green). White arrowheads indicate places where TfR
containing vesicles halted near actin patches, yellow arrowheads indicate places where
halting took place away from patches. (I) Ankyrin G labeling of the axon initial segment of
neuron in (F-H). Scale bar 10 um unless otherwise indicated. See also Figures S1, S2,
Movies S1, S2.
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Figure 2.
Actin patches are dynamic. (A) A series of timelapse images of the proximal axon of a

cortical neuron expressing GFP-Utr taken 30 minutes apart. (B) Merge of the image att =0
(purple) and t = 30 minutes (green). White puncta represent patches that have persisted,
purple puncta represent patches that have disappeared or moved from that location. Green
puncta represent patches that have appeared or moved to that location. (C) Similar images to
those in (A) taken 1 minute apart. (D) Merge of image from (C) att =0 (purple) andt=1
minute (green). (E) Merge of timelapse images of GFP-Utr att =0 (purple) andt=1to 11
minutes (green). (F) Graph of the number of patches that have persisted from t = 0 over
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time. Solid line corresponds to the fit of 2 exponentials, Tau 1 = 0.7 +/= 0.1 minutes, Tau 2 =
6.5 +/- 0.4 minutes, R2 = 0.9979. Roughly 40% of patches have kinetics corresponding to
the shorter Tau, the rest have kinetics corresponding to the longer Tau. Results are a
compilation of data from 3 neurons, 3 separate cultures. Scale bar 5 um. See also Figure S3,
Movies S3-S6.

Cell Rep. Author manuscript; available in PMC 2018 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balasanyan et al.

Page 17

caMyoVa

caMyoVa mCherry

caMyoVI

caMyoVI mCherry

Figure 3.
Constitutively active Myosin Va, but not Myosin VI, is excluded from the axon in cultured

neurons. (A-C) caMyoVa expressed in a 16 DIV cortical neuron for 24 hours is localized
exclusively in the somatodendritic compartment. Inset shows Ankyrin G staining (h =9
neurons, 2 cultures). (D—F) caMyoVI expressed in a 16 DIV cortical neuron for 24 hours is
localized to both the axonal and somatodendritic compartments (n = 12 neurons, 4 cultures).
(G-I) Somatodendritic localization of caMyoVa expressed in a 3 DIV cortical neuron (n =
10 neurons, 3 cultures). (J-L) Somatodendritic and axonal localization of caMyoVI
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expressed in a 3 DIV cortical neuron (n =9 neurons, 3 cultures). Arrowheads point to axon.
Scale bar 10 um. See also Figure S4.

Cell Rep. Author manuscript; available in PMC 2018 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balasanyan et al. Page 19

Axonal

Axonal

Somato |
dendriti

Axonal

caMyoVI"

Figure 4.
Constitutively active Myosin Va, but not Myosin VI, is excluded from the axon in vivo.

Spinal motoneuron in 2 dpf zebrafish expressing (A) GFP, (B) caMyoVa-mCherry, (C)
caMyoVa-mCherry (purple) and GFP (green) (n = 9 neurons, 3 fish) (D) GFP, (E) caMyoVI-
mCherry, (F) caMyoVI-mCherry (purple) and GFP (green) (n = 9 neurons, 3 fish). Scale bar
10 pm.
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Figure 5.

Actin patches are dependent on ARP2/3, but not on Formin 2. (A) 13 DIV cortical neuron
expressing GFP-Utr and co-immunostained for P16 (red), Formin 2 (blue) and GFP (green)
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shows colocalization between actin patches and the ARP2/3 complex, but not Formin 2. (B)

Axon expressing GFP-Utr before and after exposure to CK-869 for 30 minutes. (C)
Numbers of actin patches in the proximal axon before and after exposure to CK-869 for 30
minutes (n = 11 neurons, 4 cultures). (D) ADR (axon to dendrite ratio) showing the relative

amount of TfR-GFP in the proximal axon before and after exposure to CK-869 (n = 11

neurons, 4 cultures). (E) Cortical neuron expressing TfR-GFP before and after exposure to
CK-869. Inset shows Ankyrin G staining. Arrowheads point to axon. (F) Proximal axon in
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cortical neuron expressing GFP-Utr before and after exposure to DMSO. (G) Number of
actin patches in proximal axon before and after exposure to DMSO (n = 10 neurons, 5
cultures). (H) ADR of TfR before and after exposure to DMSO (n = 10 neurons, 5 cultures).
(1) Number of actin patches in proximal axon of neurons expressing EGFP (n = 20 neurons,
3 cultures) and neurons expressing EGFP-NWASP-CA (n = 21 neurons, 3 cultures).
Neurons co-expressed TagRFP-Utr. (J) ADR of TR in cortical neurons co-expressing either
EGFP (n = 9 neurons 2 cultures) or EGFP-N-WASP-CA (10 neurons, 3 cultures). (K)
Proximal axon in neuron expressing GFP-Utr before and after exposure to SMIFH2. (L)
Number of actin patches in proximal axon before and after exposure SMIFH2 (n = 10
neurons, 2 cultures). (M) ADR of TfR before and after exposure to SMIFH2 (n = 10
neurons, 2 cultures). Scale bar 5 pm. See also Figure S5.
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