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Abstract

Genetically encoded filamentous actin probes, Lifeact, Utrophin and F-tractin, are used as
tools to label the actin cytoskeleton. Recent evidence in several different cell types indicates
that these probes can cause changes in filamentous actin dynamics, altering cell morphol-
ogy and function. Although these probes are commonly used to visualise actin dynamics in
neurons, their effects on axonal and dendritic morphology has not been systematically char-
acterised. In this study, we quantitatively analysed the effect of Lifeact, Utrophin and F-trac-
tin on neuronal morphogenesis in primary hippocampal neurons. Our data show that the
expression of actin-tracking probes significantly impacts on axonal and dendrite growth
these neurons. Lifeact-GFP expression, under the control of a pPBABE promoter, caused a
significant decrease in total axon length, while another Lifeact-GFP expression, under the
control of a CAG promoter, decreased the length and complexity of dendritic trees. Utr261-
EGFP resulted in increased dendritic branching but Utr230-EGFP only accumulated in cell
soma, without labelling any neurites. Lifeact-7-mEGFP and F-tractin-EGFP in a pEGFP-C1
vector, under the control of a CMV promoter, caused only minor changes in neuronal mor-
phology as detected by Sholl analysis. The results of this study demonstrate the effects that
filamentous actin tracking probes can have on the axonal and dendritic compartments of
neuronal cells and emphasise the care that must be taken when interpreting data from
experiments using these probes.

Introduction

Actin is a core structural component of all eukaryotic cells and is involved in a large variety of
cellular processes (for extensive reviews see [1-3]). In neurons, along with other cell types, the
organisation and structure of actin filaments in different subcellular compartments are regu-
lated by many actin-associated proteins [4-6]. This allows actin to continuously cycle between
monomeric or globular (G-actin) pool and a filamentous actin (F-actin) pool [4, 5].

Labelling and imaging the actin cytoskeleton, without interfering with normal cell function,
is crucial to many different areas of research. Fluorescently tagged phalloidin derivatives are
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commonly used to visualize F-actin but are not suited for live cell imaging as they are not cell
membrane permeable. They are also known to stabilise actin filaments and disturb their natu-
ral dynamics [7]. Until recently, genetic encoding was the only method to observe changes

in actin cytoskeleton organisation in living cells [8-10]. The discovery of a highly permeable
near-infrared silicon-rhodamine (SiR) fluorophore [11] now recently increased the tool

box for labelling of actin filaments with minimal toxicity. The fluorescence intensity of this
probe increases by 100-fold upon binding to actin [12]. However, genetic encoding is still a
powerful tool and widely used for live imaging studies in neurons [13-22].

The most commonly used filamentous actin probes are: Lifeact, the first 17 amino acids of
yeast actin binding protein 140 [9]; Utrophin, the first 261 amino acids of human utrophin
containing tandem calponin homology domains [8]; and F-tractin, a 43 amino acid peptide
from rat inositol triphosphate 3-kinase A [23]. These can be cloned as fusion constructs with
various fluorescent proteins, such as enhanced green fluorescent protein (EGFP), or mCherry
[8,9, 23]. It was anticipated that this form of actin filament probes would not interfere with
the normal functioning of the cytoskeleton. However, recent evidence has revealed that these
probes can alter normal actin filament dynamics, morphology of the cell, and provide incom-
plete labelling of the actin cytoskeleton [24-28]. In fission yeast cells, Lifeact has different
effects on actin filament dynamics depending on the which fusion fluorophore was used and
when expressed at high concentrations[25]. In a separate study, Lifeact was found to be con-
centrated in the lamellipodial actin network, but excluded from lamella and filopodia [24].
Lifeact also fails to bind to certain forms of stress-induced, twisted F-actin fibres [27] and can
induce abnormal F-actin assembly in somatic cell nuclei [26]. Utrophin probes provide a com-
prehensive picture of the actin cytoskeleton organisation in Xenopus laevis oocytes, without
causing any cell defects [8]. When used to visualise Drosophila oogenesis with high expression
levels, utrophin caused abnormal F-actin dynamics and female sterility [28]. Utrophin labels
actin filaments in the lamella but has much weaker recruitment to the lamellipodia [24]. In
Xenopus XTC, F-tractin was found to be labelling actin in a similar way to phalloidin. How-
ever, F-tractin induced a change in morphology and organization [24]. The exclusion of actin
probes in specific filament structures may be due to the incompatibility between the fluores-
cent protein tag and the concentration at which the construct is used [29].

Since each F-actin probe expression construct can cause specific morphological and func-
tional changes in different cell types, they each need to be systematically characterised in
the cell type of interest. To date, little is known about the effect of these filamentous actin
probes on the development of cultured primary neurons. Herein, we characterised the
expression of a number filamentous actin probes in primary hippocampal neurons, focusing
on the analysis of the developing axonal and dendritic compartments. We sought to address
the issues of using F-actin probes in neuronal cultures, a widely used model for studying
neuronal morphogenesis.

Methods and materials
Primary cell culture

Using a protocol that has been optimised by Fath et al. [30], cultures of primary hippocampal
cells were prepared from embryonal day 16.5 (E16.5) C57/BL6 mice. All procedures involving
animals were approved by the UNSW Animal Care and Ethics Committee and conducted in
accordance with national and international guidelines. In brief, the brains were removed from
E16.5 mouse embryos and the hippocampi were dissected with micro-scissors and placed into
a tube containing 2 mL of HBSS. 250 pL of Trypsin (Sigma-Aldrich) were added and the tube
was incubated at 37°C for 20 minutes.
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After incubation, 250 uL of Deoxyribonuclease I (DNasel, Sigma-Aldrich) were added to
the tube for 30 seconds, followed by adding 10 mL of Dulbecco’s Modified Eagle Medium
(Life Technologies) with 10% foetal bovine serum (DMEM/10% FBS, Hyclone). Once the tis-
sue had settled to the bottom, the supernatant was removed and replaced with another 10 mL
of fresh DMEM/10% FBS to thoroughly wash the tissue and remove the DNasel. The tissue
was allowed to settle to the bottom again and most of the supernatant was removed, leaving
only 1 mL in the tube. The tissue was then dissociated by slow speed trituration, using fire-pol-
ished Pasteur pipettes, to produce a homogenous cell suspension. Cells were plated at a density
0f 70,000 cells per well on poly-D-Lysine coated coverslips and incubated at 37°C and 5% CO,
for 2 hours. The DMEM/10% FBS culture medium was then replaced with 1 mL per well of
complete Neurobasal medium (NB/B27: Neurobasal, Life Technologies; supplemented with
2% B27, Life Technologies + 0.25% GlutaMAX, Invitrogen).

Calcium-phosphate transfection

Expression constructs: plasmids for transfections were purchased from Addgene or Clontech
Laboratories as shown in Table 1. Lifeact-GFP(2) was sub-cloned by inserting the Lifeact-
GFP sequence from plasmid Lifeact-GFP(1) into pAM-CBA (gift from Matthias Klugmann,
UNSW) using restriction sites BamHI and EcoRI. At 2 DIV, cells were transfected with the
actin probe constructs and the EGFP control (Table 1). The original NB/B27 medium was col-
lected from the coverslips and kept at 37°C. The NB/B27 medium was replaced with 150 L
per well of non-supplemented NB medium. Various volumes of NB media (100-500 uL) were
first tested to determine which volume yielded the highest transfection rate. Two Eppendorf
tubes were prepared; 1/8" volume of Solution A (per coverslip: 1 ug DNA + 3.1 uL 2 M CaCl,
+ sterile H,O to adjust total volume to 25 pL) was added at a time into Solution B (per cover-
slip: 25 pL 2X HBSS (pH 7.08), by quickly pipetting 3 times and gently vortexing for 2-3
seconds at 600 revolutions per minute. The DNA-Ca”* solutions were incubated at room tem-
perature for 20 minutes and then 50 pL were added dropwise to each coverslip.

The cells were incubated with the DNA-Ca®* solution at 37°C and 5% CO, for 1 hour,
as this was found to be the optimal incubation time for high transfection efficiency. The
DNA-Ca®" solution was then aspirated off and the Ca** precipitate was dissolved by adding 1
mL per well of non-supplemented NB medium that had been pre-equilibrated in a 10% CO,
incubator. The cells were incubated with this medium at 37°C and 5% CO, for 20 minutes
before it was aspirated off and replaced with the original NB/B27 medium. The cells were
grown for a further 24 hours at 37°C and 5% CO,.

Immunocytochemistry

At 3 DIV (24 hours after transfection) the cells were fixed with 300 uL per well of 4% parafor-
maldehyde (ProSciTech) in PBS for 15 minutes at room temperature. The cells were washed
twice with PBS and then permeabilised for 5 minutes with 300 uL per well of 0.1% Triton X-
100 (Sigma-Aldrich) in PBS. After another PBS wash, the cells were blocked for 30 minutes at
room temperature with 300 pL per well of 2% FBS in PBS. The cells were then incubated with
the primary antibodies mouse Tau-1 (axonal marker; 1:500; Millipore no. mab3420) and
chicken B3-tubulin (pan-neuronal marker; 1:500, Millipore no. ab9354) for 1 hour at room
temperature. They were then washed 5 times with PBS and incubated with secondary antibod-
ies donkey anti-mouse Alexa-555 (1:500; Life Technologies no. A-31570) and goat anti-
chicken Alexa 647 (1:250; Life Technologies no. A-21449) for 45 minutes at room temperature.
After another 5 PBS washes, the coverslips were mounted with Prolong Gold antifade reagent
with DAPI (Life Technologies) onto glass slides (Universal).
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Table 1. Plasmid constructs used for transfection.

Insert Vector Promoter Reference
Lifeact-GFP(1) pTK92 pBABE Gift from lain Cheeseman (Addgene plasmid #46356)
Lifeact-GFP(2) pAM-CBA CAG Fath lab
Lifeact-EGFP pEGFP-C1 CMV Gift from Dyche Mullins (Addgene plasmid #58470)
Lifeact-7-mEGFP pEGFP-C1 CMV Gift from Michael Davidson (Addgene plasmid #54610)
Utr261-EGFP pEGFP-C1 CMV Gift from Dyche Mullins (Addgene plasmid #58471)
Utr230-EGFP pEGFP-C1 CMV Gift from Dyche Mullins (Addgene plasmid #58472)
F-tractin-EGFP pEGFP-C1 CMV Gift from Dyche Mullins (Addgene plasmid #58473)
none pEGFP-C1 CMV Clontech Laboratories, Inc.

https://doi.org/10.1371/journal.pone.0187979.t001

Imaging
The cells used for morphological analysis were imaged using an Achroplan 20x/0.45 objective
or an EC Plan-NEOFLUAR 40x/1.3 oil objective on a Zeiss Axioskop 40 fluorescent micro-

scope system with the Axiocam 506 mono high resolution camera and the ZEN 2 lite software
from Zeiss.

Morphological and statistical analysis

The images were processed and merged in Image] (version 1.47). The Tau-1 signal was placed
in the red channel, the B3-tubulin signal in the blue channel and the signal from the actin
probe constructs in the green channel. The axonal compartment was visually identified as the
overlap between the Tau-1 (axonal marker) and B3-tubulin signals, while the somato-dendritic
compartment was identified as the remaining Tau-1-negative and p3-tubulin-positive region.
The use of the Tau-1 antibody was validated as an appropriate axonal marker in all conditions
tested by confirming the decrease in signal intensity in distal to proximal direction (S1 Fig).
This also confirmed integrity of the axons in all conditions tested. Expression levels of each
fluorophore-tagged construct was confirmed by measuring GFP/EGFP fluorescence intensity
along 10 um length segments at the proximal and distal ends of the axons and dendrites in the
transfected cells (S2 Fig). The merged images were traced in Neurolucida (MBF Bioscience,
USA) using the AutoNeuron Workflow to mark the cell soma, the axon and the dendrites. The
centrifugal branch ordering system that is applied in Neurolucida by default was changed to
the shaft ordering system, where one primary neurite is selected for each tree. The tracings
were analysed in Neurolucida Explorer using the ‘Branched Structure Analysis’ for axon and
dendrite morphology and the ‘Sholl Analysis’ for dendritic complexity. The data was then col-
lated in Microsoft Excel and analysed for statistical significance in GraphPad Prism (v.6.00,
GraphPad Software, USA). The Kruskal-Wallis test (non-parametric one-way ANOVA) with
Dunn’s multiple corrections test was used to analyse the data collected from the Branched
Structure Analysis. Two-way ANOVA with Tukey’s multiple comparisons test was used to
analyse the Sholl analysis data.

The individual data points behind the figures in the manuscript can be found at https://osf.
io/n5mte/(DOI 10.17605/OSF.IO/N5MTE). All other relevant data are within the paper and
its Supporting Information files.

Results and discussion

The overall purpose of this study was to determine whether the expression of fluorescently-
labelled filamentous actin probes alters cell morphogenesis in primary mouse hippocampal
neurons. Based on previous literature, Lifeact is one of the most frequently used filamentous
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actin probes [14, 15, 17, 19, 21, 22, 31-34] hence; four different constructs of Lifeact with vary-
ing vectors and promoters were chosen in this study (Table 1). Two derivatives of Utrophin
(Utr230 and Utr261) and one F-tractin probe were tested in the pEGFP-C1 vector and CMV
promoter (Table 1). We used calcium-phosphate transfection for the transient expression in
this study [35].

Vector/promoter choice of Lifeact impacts on axonal growth and
dendritic outgrowth/complexity in hippocampal neurons

First, we tested the effects of the vector-systems on the expression of Lifeact constructs in cul-
tured hippocampal neurons. Specific combinations of vectors and promoters were based on
previous studies in non-neuronal [9, 24, 26, 27, 32-34] and neuronal [9, 14, 15, 17, 19, 21, 22]
cells. By 3 DIV the hippocampal neurons, transfected with the actin probes or the pEGFP-C1
control vector developed axonal projections (Figs 1, 2, 3 and 4), as confirmed by Tau-1 stain-
ing and displayed early dendritic outgrowth morphology (Figs 1, 2, 3 and 5). This is consistent
with late stage 3 and early stage 4 morphology of developing hippocampal neurons in culture
as characterised by Banker and Goslin [36].

Neurons expressing Lifeact-GFP(1), cloned in a pTK92 vector, with expression under the
control of a pBABE promoter, displayed abnormal axonal morphology. There was a significant
decrease in the total length of the axon (Fig 4A), the total length of the primary shaft (Fig 4B)
and the total length of primary axon branches per cell (Fig 4D). No significant changes in den-
dritic morphology were observed (Fig 5), which was confirmed by Sholl analysis (Fig 6). Using
a construct, expressing Lifeact-GFP under the control of a CAG promoter (Lifeact-GFP(2)),
showed no axonal morphological phenotypes which was confirmed by quantitative analysis
(Figs 2 and 4). Interestingly analysis of fluorescence intensities in transfected neurons suggests
that expression levels of Lifeact-GFP(2) were higher than those of Lifeact-GFP(1) (S2 Fig).
Therefore, the observed phenotype is likely to be the result of the different promotor, rather
than differences in expression levels. However, unlike Lifeact-GFP(1) expression, where den-
dritic complexity was unchanged, expression of Lifeact-GFP(2) resulted in significantly altered
dendritic morphology. Quantitative analysis revealed that neurons, transfected with Lifeact-
GFP(2) displayed decreased total length of dendritic trees (Fig 5B), decreased mean length of
primary dendritic shaft (Fig 5C), decreased mean length of primary dendritic branches (Fig
5E) and decreased mean length of dendritic trees per cell (Fig 5H). These results were con-
firmed by Sholl analysis, where Lifeact-GFP(2) transfected neurons consistently had the lowest
number of intersections from0-60 um distance from the cell body (Fig 6). These results suggest
that the vector/promoter influences axon and dendrite outgrowth, since Lifeact-GFP(1) and
Lifeact-GFP(2) contain the same insert and fluorescent protein tag but differ in terms of neu-
ronal morphology. Therefore, these differences in morphogenesis and development may be
attributed to the respective vectors and promoters.

Neurons expressing Lifeact in a pEGFP-C1 vector under the control of a CMV promoter
(Lifeact-EGFP), also showed an altered axonal morphology. Analysis of Lifeact-EGFP express-
ing neurons revealed that the length of the primary axonal shaft was significantly decreased
when compared to neurons transfected with the EGFP control construct using the same vector
and promoter (Fig 4B). Branched structure analysis did not reveal any significant changes in
dendritic morphology between Lifeact-EGFP and the EGFP control construct (Fig 5), how-
ever, Sholl analysis in found an increase in dendritic complexity from 0-20 um and decrease
from 20-60 pm compared to EGFP control (Fig 6).

Lifeact-7-mEGFP, which has the same vector backbone as Lifeact-EGFP, but has a A206K
mutation, retaining EGFP in its monomeric form, was used as a further probe to test for the
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Fig 1. Effects of filamentous actin tracking probes on the morphology of primary mouse hippocampal
neurons [EGFP control and Lifeact-GFP(1)]. Representative images of neurons transfected with EGFP
(A-D) or Lifeact-GFP(1) (E-H). (A, E) expressed probes; (B, F) axonal marker Tau1; (C, G) pan-neuronal
B3-tubulin; (D, H) merged images. Scale bar = 50um.

https://doi.org/10.1371/journal.pone.0187979.g001
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Fig 2. Effects of filamentous actin tracking probes on the morphology of primary mouse hippocampal
neurons [Lifeact-GFP(2) and Lifeact-EGFP]. Representative images of neurons transfected with Lifeact-
GFP(2) (A-D) or Lifeact-EGFP (E-H). (A, E) expressed probes; (B, F) axonal marker Tau1; (C, G) pan-
neuronal B3-tubulin; (D, H) merged images. Scale bar = 50um.

https://doi.org/10.1371/journal.pone.0187979.g002
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Fig 3. Effects of filamentous actin tracking probes on the morphology of primary mouse hippocampal
neurons [Lifeact-7-mEGFP, Utr261-EGFP and F-tractin-EGFP]. Representative images of neurons transfected
with Lifeact-7-mEGFP (A-D), Utr261-EGFP (E-H) or F-tractin-EGFP (I-L). (A, E, |) expressed probes; (B, F, J) axonal
marker Taut; (C, G, K) pan-neuronal 3-tubulin; (D, H, L) merged images. Scale bar = 50um.

https://doi.org/10.1371/journal.pone.0187979.g003
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Fig 4. Quantitative analysis of axonal morphology at DIV3 after transfection with EGFP, Lifeact-GFP(1),
Lifeact-GFP(2), Lifeact-EGFP, Lifeact-7-mEGFP, Utr261-EGFP and F-tractin-EGFP expressing constructs.
Neurons transfected with Lifeact-GFP(1) show decreased total axon length (A), decreased primary axon total length
(B) and decreased total length of primary axon branches (D), compared to EGFP control. Neurons transfected with
Lifeact-EGFP and Utr261-EGFP show also show decreased primary axon total length (B). Neurons transfected with
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Lifeact-GFP(2), Lifeact-7-mEGFP and F-tractin-EGFP did not show any significant changes in axonal morphology
when compared to EGFP control (A-F). Between 17 and 47 cells, collected from at least 3 biological replicates, were
analysed per construct. Error bars represent standard error of the mean. Significance was determined by Kruskal-
Wallis Test (non-parametric one-way ANOVA) and Dunn’s multiple corrections test. *p<0.05, **p<0.01,
**¥p<0.001, *¥***p<0.0001.

https://doi.org/10.1371/journal.pone.0187979.9004

potential contribution of dimer formation and or protein aggregation to the observed pheno-
typic changes [37]. Branched structure analysis revealed no significant changes in axonal or
dendritic morphology (Figs 4 and 5) despite the higher expression of Lifeact-7-mEGFP com-
pared to Lifeact-EGFP. However, Sholl analysis revealed an increase in dendritic complexity
from 0-30 pm and a significant decrease from 30-40 pm distance from the soma.

Our results above show that the choice of vectors and promoters used in Lifeact constructs
may affect axonal growth and dendritic outgrowth/complexity in hippocampal neurons in
addition to the levels of expression. F-actin tracking probes can modify the dynamics and
function of F-actin in a concentration-dependent manner [25]. However, concentration differ-
ences alone cannot explain the variation in morphological phenotypes that we see in our trans-
fected neurons. Our study suggests that the choice of a particular vector expression system is
critical when using Lifeact to visualise and study F-actin dynamics in primary mouse hippo-
campal neurons. This may also apply to other filamentous actin probes. Furthermore, differ-
ences observed between Lifeact-7-mEGFP and the other Lifeact constructs may be due to
prevented dimerization properties of the mEGFP tag as compared to the EGFP and GFP tags.

Alterations to fluorescent tags fused to actin probes can change the properties of actin in
transfected cells. In a recent study, although mEGFP-Lifeact and Lifeact-mCherry did not
influence the distribution of actin or its appearance in fission yeast cells, the probes had differ-
ential effects on other properties [25]. mEGFP-Lifeact reduced endocytosis and cytokinesis at
high concentrations, but this negative impact was not seen at lower concentrations. Con-
versely, Lifeact-mCherry had a reduced affinity for G-actin and increased actin elongation and
nucleation even at low concentrations, whilst reducing elongation at high concentrations. The
increase of actin elongation by low concentrations of Lifeact-mCherry was minimised with the
addition of PEN1 or formins, as well as a combination of the two. The authors proposed that
while Lifeact-mCherry had a reduced affinity for G-actin, it may still bind to small oligomers,
hence increasing elongation and nucleation at low concentrations [25]. Although the identity
or position of the fluorophore did not impact the binding affinity to F-actin, it changed the
affinity for G-actin and possibly actin oligomers [25], which could account for the changed in
elongation and nucleation. Another study proposed that G-actin may be sequestered by Life-
act, hence impacting actin turnover and overall actin dynamics [28]. The study by Coutrte-
manche and colleagues also showed that cofilin could change the binding affinity of Lifeact-
mCherry and vice versa, without competing for binding sites. This change could be due to an
altered confirmation of F-actin [25]. It is possible that Lifeact could be sequestering G-actin,
therefore impacting the dynamics of actin filaments, resulting in the abnormal morphogenesis
observed in this study. However, this seems unlikely due to the lack of phenotype in cells
expression Lifeact-7-mEGFP.

Utrophin and F-tractin in a pEGFP-C1 vector under CMV promoter

To study the effect of other filamentous actin probes on neuronal morphogenesis we trans-
fected primary hippocampal neurons with Utr230-EGFP, Utr261-EGFP or F-tractin-EGFP
expression constructs, using a pEGFP-C1 vector for transient expression under the control of
the CMV promoter. Consistently with previous reports in non-neuronal cells [26], we found

PLOS ONE | https://doi.org/10.1371/journal.pone.0187979 November 16, 2017 10/18


https://doi.org/10.1371/journal.pone.0187979.g004
https://doi.org/10.1371/journal.pone.0187979

Filamentous actin probe expression in neuronal cells

PLOS |one

20 YD o ° SRl o EED <, 3 | o
X i Qov« N | R
L %o Yo S, - L .&@@«&& ¥,
X, Y > S, * bR A, * * u
.vg.&\ \,oov\w\ * N9 \,mv.\w\ . V.&V.&\ \,mv%o\ » N7
> % O\&AQ ,Q\V > O\rAWv&A .&0 > » g .O\MWVA&A .%0 > vvvvvv .O\&v
« - /v.\OON ﬁ\O% < /vmu/vv, «,\,WW ¥ <ad /vmv/vv, «,\fﬁ | /vmuév
» E»AF_@\ g, W Yy ERER-" P o % B » > % &)
NN NN & 8,7
i IIE 73 OVV [ 73 Ow\V "= IIEqQ/vmv, 9 ¥ n l‘#' 7
% % % - Y %
= o O, %y Y5 TURCRES L o202 AMY o O, T 220 |o
° ° ) %o o
ST 3 oY, &I 3 oY, LTSI -oDY <LEZ8geo D
© < IV 192 Jad 831} oljLIpUBp SEREEES
[wmi] 120 Jad sayoueiq onLpusp [wn] 190 Jad sayouelq Jad sayouelq onupusp [wn] 190 Jad seayy
Arewnd jo yibus| uesy anpusp Atewnd jo yibus| [ejoL Aewd jo Jaquinu uesyy oiupuap o yibus| uesy
LL L O T
o i
? annw &\O/Vv L ﬂ.wg .&\O REY .&\OOV o ogec, HEHY %
S o %, o of o Wore %, T IS [,
IS¢ s o | /vv,\a,,wp ®eqe Ozvv,vmw.\x . g. 0@&%«\, %o oog 2
23 o &\&@n.vﬁzvx X 00“00*80000 .&\ N.,MV \Y o &\rwvry v . ¢ &MWV
N VW“'w"wv [ % i 3} &v&n& > > > i - (7 7 s
> " [Re ~DRRR o < B R X
<t 3 /VN\ \0% ¢ ! /VMV/W, X O/vv/ \Qv@ E « 2
<« ' < M**Am n\.&\ 0%%\ %\\V « < nﬂ#A \o&\ \rﬁ N M” mmws \.,NW\ e < mN\
EV<e 2 7 % X7 %
L ol RO BE A DN R .m%p\&% Ly I
% gﬂt o /v@w\ @\\V : s o oaoug o /v.muw\ ,\\V ° § ko O@V .\\V - e o oooo- o 0,
L] o %) oo
FEFcooVY $E232°°9% § 8 g o0% g553cse
© ® © ¥ « 4 =
190 Jad soa1) [w] s)j90 Jad seal [wn] 120 Jad yeys onLpusp [199 Jad sayoueuq oilIpusp
OljlIpUSp JO JBqUINN olpuap Jo yibus| [ejo) Arewud jo yibus| uespy Aewud jo JaquinN

< o0 @) (o)

11/18

Fig 5. Quantitative analysis of dendritic morphology at DIV3 after transfection with EGFP, Lifeact-
GFP(1), Lifeact-GFP(2), Lifeact-EGFP, Lifeact-7-mEGFP, Utr261-EGFP and F-tractin-EGFP expressing
constructs. Compared to EGFP control, neurons transfected with Lifeact-GFP(2) showed significant
decreases in the total length of dendritic trees (B), the mean length of primary dendritic shaft (C), the mean
length of primary dendritic branches (E) and the mean length of dendritic trees (H). Neurons transfected with
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Utr261-EGFP showed an increase in the number of primary dendritic branches (D) and mean number of
primary dendritic branches per dendritic tree per cell (G), compared to EGFP control. Neurons transfected
with Lifeact-GFP(1), Lifeact-EGFP, Lifeact-7-mEGFP and F-tractin-EGFP did not show any significant
changes in dendritic morphology when compared to EGFP control (A-H) Between 17 and 47 cells, collected
from at least 3 biological replicates, were analysed per construct. Error bars represent standard error of the
mean. Significance was determined by Kruskal-Wallis Test (non-parametric one-way ANOVA) and Dunn’s
multiple corrections test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.pone.0187979.9005

Utr230-EGFP accumulated in the soma of neurons, forming abnormal actin aggregates (S3
Fig), which may bind to the actin rings, surrounding the Golgi apparatus [24, 38].
Utr230-EGFP was not expressed in any neurites, which rendered this probe non-suitable for
visualising the neuronal actin cytoskeleton.

In contrast, Utr261-EGFP did not aggregate but distributed throughout the entire neuron,
including the soma, dendrites and axon. Neurons expressing Utr261 showed an increase in
the number of primary dendritic branches (Fig 5D) and mean number of primary dendritic
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Fig 6. Sholl analysis of dendritic complexity of mouse hippocampal neurons transfected with filamentous actin tracking probes. Dendritic
complexity was measured as number of intersections per shell as a function of distance from the soma. A Neurons transfected with Lifeact-GFP(1)
displayno significant changes in dendritic compliexity compared to EGFP control. Lifeact-GFP(2) transfected neuron consistently had the lowest number
of intersections per shell from 0—60 um from the soma. Lifeact-EGFP transfected neurons showed an increase in dendritic complexity from 0—20 um and a
decrease from 20—-60 um compared to EGFP control. Lifeact-7-mEGFP transfected neurons showed an increase in dendritic complexity from 0-30 pm
and a significant decrease from 30—40 pm. Utr261-EGFP also showed an increase in dendritic complexity from 0—30 pm. F-tractin-EGFP transfection
resulted in increased dendritic complexity at 0—20 um from the cell soma. Between 17 and 47 cells, collected from at least 3 biological replicates, were
analysed per construct. Error bars represent standard error of the mean. Significance was determined by two-way ANOVA with Tukey’s test for multiple
corrections. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Significant difference between EGFP and each actin tracking probe is indicated by the
following symbols: Lifeact-GFP(2) = #, Lifeact-EGFP = §, Lifeact-7-mEGFP = £, Utr-261-EGFP = *, F-tractin-EGFP = 1.

https://doi.org/10.1371/journal.pone.0187979.9006
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branches per dendritic tree per cell (Fig 5G). Sholl analysis also showed an increase in den-
dritic complexity from 0-30 pum distance from the soma (Fig 4). Unlike Lifeact, Utrophin does
not bind to G-actin [39], which indicates that the morphological changes in neuronal mor-
phology are caused by interactions between Utr261 and F-actin and/or other actin-associated
proteins. Utrophin may be altering the biochemical properties of the actin filaments to induce
branching, or promoting the action of actin related protein 2/3 (Arp2/3), a protein complex
which nucleates actin filaments to create branches [3].

These results do not support early reports that Utrophin-based probes can provide a com-
plete picture of the actin cytoskeleton, without altering actin filament dynamics [8]. Burkel
et al. (2007) only looked at the labelling of actin filaments by Utrophin in Xenopus oocytes [8],
whereas recent evidence from many other cell types, such as Drosophila cells, primary mouse
embryonic fibroblasts, MDCK epithelial cells and Hela cells, shows that Utrophin does cause
abnormal F-actin aggregation and defects [26, 28]. The results of the present study extend
these observations to neuronal cells and provide further evidence that Utrophin is not a reli-
able filamentous actin probe for many cell types.

F-tractin-EGFP expression, on the other hand, showed no morphological differences com-
pared to EGFP control (Figs 3 and 5A) and quantitative analysis did not show any significant
alterations in axonal and dendritic morphology (Figs 4 and 5B). Quantification of expression
levels indicates that the lack of a pronounced phenotype is not due to reduced expression com-
pared to other F-actin probes, tested in this study (S2 Fig). However, Sholl analysis revealed
an increase in dendritic complexity at a distance of 0-20 pm from the cell soma (Fig 6). These
observations may be due to denser dendritic branching occurring closer to the soma in F-trac-
tin transfected cells. These data are consistent with the observations of Belin et al. (2014) and
Spracklen et al. (2014), where F-tractin appears to provide the least interference with the nor-
mal function of the actin cytoskeleton in several different cell types but produced some aberra-
tion in morphology. F-tractin does not bind to G-actin and likely has a lower binding affinity
for F-actin than both Lifeact and Utrophin [24, 28]. It also does not alter the polymerisation or
depolymerisation rates of actin in vitro [23], which could explain why F-tractin would not per-
turb the morphology of hippocampal cells.

Conclusions

The present study aimed to systematically characterise the effects of Lifeact, Utrophin and F-
tractin expression in hippocampal neurons to allow for the continued use of these probes for
neuronal morphogenesis and function. Our results (summarised in Table 2 and S4 Fig) clearly
demonstrate that F-actin tracking probes can alter axonal and dendritic morphology in pri-
mary mouse hippocampal cells. This altered morphology may be due to abnormal F-actin
organisation caused by the actin probes, however, this remains to be confirmed.

Lifeact-7-mEGFP and F-tractin-EGFP both appear to have weak effects on cell morphology
which are only revealed by Sholl analysis (Fig 6 and Table 2). As both constructs were
expressed in the same vector backbone under the same promotor, this clearly demonstrates
the two actin probes differentially influence cell morphogenesis. It is possible that certain
probes only have deleterious effects when used with different vectors and promoters, driving
their expression. The actin cytoskeleton is involved in many neurodevelopmental and neuro-
degenerative diseases, such as Autism Spectrum Disorders [40], Alzheimer’s disease [41] and
Parkinson’s disease [42, 43], it has been an important target for neuroscientific research and
will continue to be studied in the future.

For example, many recent studies have used Lifeact to examine F-actin dynamics involved
in synaptic plasticity and dysfunction, as these processes are implicated in many diseases [4,
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Table 2. Summary of quantitative morphological analysis.

Morphological Parameter
Total axon length
Primary axon total length per cell

Number of primary axon branches per cell
Total length of primary axon branches per cell

Mean length of primary axon branches per cell
Number of secondary axon branches per cell
Number of dendritic trees per cell

Total length of dendritic trees per cell

Mean length of dendritic trees per cell
Mean length of primary dendritic shaft per cell

Number of primary dendritic branches per cell

Total length of primary dendritic branches per cell
Mean length of primary dendritic branches per cell

Mean number of primary dendritic branches per

dendritic tree per cell
Dendritic complexity (Sholl analysis)

Lifeact-GFP |Lifeact-GFP |Lifeact- Lifeact- Utr261-EGFP | F-tractin-
1) (2) EGFP 7-mEGFP EGFP
l — — — — —
p<0.0001
! = ! i 1 it
p = 0.0006 p =0.0020 p=0.0175
l > R >
p=0.0327
«— «— «— «— «— «—
> > — Ed > >
> Ed «— > > >
Ed l R Ed R d R
p<0.0001
«— «— «— «— «—
p=0.0009
Ad > A R d Aand
p<0.0001
> > R Ed T R
p=0.0010
A «— «— A «— L
— l — — — —
p=0.0358
— — — — T —
p=0.0012
— Proximal | Proximal | Proximal | Proximal | Proximal |
Distal | Distal | Distal | Distal < Distal «

Arrow indicate: | = significantly decreased 7 = significantly increased < = not significantly different as compared to EGFP-expressing control. Where
significant changes were found, p-values for the significant change are provided in the respective cell.

https://doi.org/10.1371/journal.pone.0187979.t1002

14, 21, 44]. F-actin is enriched in dendritic spines [45], where it is involved in regulating syn-
aptic plasticity [46-48]. Based on the results of the current study, it is possible that the use of
Lifeact in these experiments may have resulted in abnormal F-actin dynamics at the synapse,
altering the structure of dendritic spines and hence, the function of the synapse. This could
ultimately mask results that would be seen if the actin cytoskeleton was undisturbed. There-
fore, the impact of these probes will need to be further confirmed in future studies for their use
in functional assays at different developmental stages, including the stage of synapse forma-
tion. Importantly, our study identified both Lifeact-7-mEGFP and F-tractin-EGFP as the most
appropriate tools for visualizing F-actin the functional analysis of early developing neurons.

Supporting information

S1 Fig. Axonal distribution of Tau in neurons transfected with F-actin tracking probes.
Trendlines for mean Tau-1 fluorescence intensities along axons are displayed in distal to prox-
imal orientation (A). For this, fluorescence intensities from 13-17 axons per experimental
group were averaged and trendlines generated using moving averages of 17 um. The lengths of
trendlines are dependent on the lengths of the axons analysed within each experimental group.
The black bar indicates the data used to calculate the slope of change in Tau-1 fluorescence
intensities along axons, plotted in (B). Please note the negative slope in axons of cells trans-
fected with both control and F-actin tracking probes, indicating overall integrity of the axonal
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compartment in each experimental group.
(TIF)

S2 Fig. Segregation of exogenously expressed protein into the axonal and dendritic com-
partment. Fluorescence intensities of fluorophore-tagged F-actin tracking probes and EGFP
control were measured in 10 um length segments at the proximal and distal ends of axons and
dendrites of transfected neurons. (A) Shown are mean fluorescence intensities of length seg-
ments (average from 30 neurons per experimental group). Significance was determined by
two-way ANOVA with Tukey’s test for multiple corrections. Depicted is the significant differ-
ence in expression levels between Lifeact-GFP(1) and Lifeact-GFP(2), **** p<0.0001(B) The
ratios of fluorescence intensities in the distal axon versus distal dendrites were calculated for
each neuron and mean values are shown. Please note that the lack of a pronounced morpho-
logical phenotype for F-tractin expression is not associated with reduced expression levels
and/or targeting of the expressed construct to the axonal and/or dendritic compartment. Sig-
nificance was determined by Kruskal-Wallis test (non-parametric one-way ANOVA) with
Dunn’s multiple corrections test. * p<0.05, **** p<0.0001.

(TIF)

$3 Fig. Utr230-EGFP accumulated in the soma of transfected neurons forming abnormal
actin aggregates. (A-D) There is no Utr230-EGFP expression in the neurites as it accumulated
in the cell soma (white arrows). DAPI staining in (D) reveals that the accumulation is not in
the nucleus of the cell (white arrowheads). (C) Merged image: Utr230-EGFP (green) axonal
marker Tau-1 (red) and pan-neuronal B3-tubulin (blue) (D) Merged image: pan-neuronal
marker B3-tubulin (blue), DAPI (DNA) (red), transfected Utr230-EGFP (green). Scale

bars = 20 pm.

(TIF)

S4 Fig. Schematic representation of morphological changes in neurons, expressing F-actin
tracking probes. Depicted are the morphological changes caused by the expression of the
F-actin tracking probes Lifeact-GFP(1), Lifeact-GFP(2), Lifeact-EGFP, mEGFP-Lifeact-7,
Utr261-EGFP and F-tractin-EGFP as compared to EGFP control. These changes reflect the
changes shown in Table 2.

(TIF)

Acknowledgments

The authors thank the staff of the Biological Resources Center of the Wallace Wurth animal
facility for continuing support with mice. This work was supported by Project Grant
APP1083209 from the Australian National Health and Medical Research Council (NHMRC)
(T.F.).

Author Contributions
Conceptualization: Sandra Y. Y. Fok, Esmeralda Pari¢, Merryn Brettle, Thomas Fath.

Formal analysis: Shrujna Patel, Sandra Y. Y. Fok, Holly Stefen, Tamara Tomani¢, Esmeralda
Pari¢, Rosanna Herold, Thomas Fath.

Funding acquisition: Thomas Fath.

Investigation: Shrujna Patel, Sandra Y. Y. Fok, Holly Stefen, Tamara Tomani¢, Esmeralda
Pari¢, Rosanna Herold.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187979 November 16, 2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187979.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187979.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0187979.s004
https://doi.org/10.1371/journal.pone.0187979

@° PLOS | ONE

Filamentous actin probe expression in neuronal cells

Methodology: Sandra Y. Y. Fok, Holly Stefen, Esmeralda Pari¢, Rosanna Herold, Merryn Bret-

tle, Aleksandra Djordjevic, Thomas Fath.

Supervision: Sandra Y. Y. Fok, Thomas Fath.

Writing - original draft: Shrujna Patel, Sandra Y. Y. Fok.

Writing - review & editing: Merryn Brettle, Thomas Fath.

References

1.

10.

11.

12

13.

14.

15.

16.

Mishra M, Huang J, Balasubramanian MK. The yeast actin cytoskeleton. FEMS microbiology reviews.
2014; 38(2):213-27. Epub 2014/01/29. https://doi.org/10.1111/1574-6976.12064 PMID: 24467403.

Pollard TD, Cooper JA. Actin, a central player in cell shape and movement. Science (New York, NY).
2009; 326(5957):1208-12. Epub 2009/12/08. https://doi.org/10.1126/science. 1175862 PMID:
19965462.

Schevzov G, Curthoys NM, Gunning PW, Fath T. Functional diversity of actin cytoskeleton in neurons
and its regulation by tropomyosin. International review of cell and molecular biology. 2012; 298:33-94.
Epub 2012/08/11. https://doi.org/10.1016/B978-0-12-394309-5.00002-X PMID: 22878104.

Hotulainen P, Hoogenraad CC. Actin in dendritic spines: connecting dynamics to function. The Journal
of cell biology. 2010; 189(4):619-29. Epub 2010/05/12. https://doi.org/10.1083/jcb.201003008 PMID:
20457765.

Lowery LA, Van Vactor D. The trip of the tip: understanding the growth cone machinery. Nature reviews
Molecular cell biology. 2009; 10(5):332—43. Epub 2009/04/18. https://doi.org/10.1038/nrm2679 PMID:
19373241.

Schevzov G, Gunning P, Jeffrey PL, Temm-Grove C, Helfman DM, Lin JJ, et al. Tropomyosin localiza-
tion reveals distinct populations of microfilaments in neurites and growth cones. Molecular and cellular
neurosciences. 1997; 8(6):439-54. Epub 1997/01/01. https://doi.org/10.1006/mcne.1997.0599 PMID:
9143561.

Dancker P, Low |, Hasselbach W, Wieland T. Interaction of actin with phalloidin: polymerization and sta-
bilization of F-actin. Biochimica et biophysica acta. 1975; 400(2):407—14. Epub 1975/08/19. PMID:
126084.

Burkel BM, von Dassow G, Bement WM. Versatile fluorescent probes for actin filaments based on the
actin-binding domain of utrophin. Cell motility and the cytoskeleton. 2007; 64(11):822—-32. Epub 2007/
08/10. https://doi.org/10.1002/cm.20226 PMID: 17685442.

Riedl J, Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D, Bista M, et al. Lifeact: a versatile marker
to visualize F-actin. Nature methods. 2008; 5(7):605—7. Epub 2008/06/10. https://doi.org/10.1038/
nmeth.1220 PMID: 18536722.

Riedl J, Flynn KC, Raducanu A, Gartner F, Beck G, Bosl M, et al. Lifeact mice for studying F-actin
dynamics. Nature methods. 2010; 7(3):168—9. Epub 2010/03/03. https://doi.org/10.1038/nmeth0310-
168 PMID: 20195247.

Lukinavicius G, Umezawa K, Olivier N, Honigmann A, Yang G, Plass T, et al. A near-infrared fluoro-
phore for live-cell super-resolution microscopy of cellular proteins. Nature chemistry. 2013; 5(2):132-9.
Epub 2013/01/25. https://doi.org/10.1038/nchem.1546 PMID: 23344448.

Lukinavicius G, Reymond L, D’Este E, Masharina A, Gottfert F, Ta H, et al. Fluorogenic probes for live-
cell imaging of the cytoskeleton. Nature methods. 2014; 11(7):731-3. Epub 2014/05/27. https://doi.org/
10.1038/nmeth.2972 PMID: 24859753.

Falnikar A, Tole S, Liu M, Liu JS, Baas PW. Polarity in migrating neurons is related to a mechanism
analogous to cytokinesis. Current biology: CB. 2013; 23(13):1215-20. Epub 2013/06/25. https://doi.org/
10.1016/j.cub.2013.05.027 PMID: 23791725.

Frandemiche ML, De Seranno S, Rush T, Borel E, Elie A, Arnal |, et al. Activity-dependent tau protein
translocation to excitatory synapse is disrupted by exposure to amyloid-beta oligomers. The Journal of
neuroscience: the official journal of the Society for Neuroscience. 2014; 34(17):6084—97. Epub 2014/
04/25. https://doi.org/10.1523/jneurosci.4261-13.2014 PMID: 24760868.

Ladt K, Ganguly A, Roy S. Axonal actin in action: Imaging actin dynamics in neurons. Methods in cell
biology. 2016; 131:91-106. Epub 2016/01/23. https://doi.org/10.1016/bs.mcb.2015.07.003 PMID:
26794509.

Marsick BM, Flynn KC, Santiago-Medina M, Bamburg JR, Letourneau PC. Activation of ADF/cofilin
mediates attractive growth cone turning toward nerve growth factor and netrin-1. Developmental neuro-
biology. 2010; 70(8):565-88. Epub 2010/05/28. https://doi.org/10.1002/dneu.20800 PMID: 20506164.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187979 November 16, 2017 16/18


https://doi.org/10.1111/1574-6976.12064
http://www.ncbi.nlm.nih.gov/pubmed/24467403
https://doi.org/10.1126/science.1175862
http://www.ncbi.nlm.nih.gov/pubmed/19965462
https://doi.org/10.1016/B978-0-12-394309-5.00002-X
http://www.ncbi.nlm.nih.gov/pubmed/22878104
https://doi.org/10.1083/jcb.201003008
http://www.ncbi.nlm.nih.gov/pubmed/20457765
https://doi.org/10.1038/nrm2679
http://www.ncbi.nlm.nih.gov/pubmed/19373241
https://doi.org/10.1006/mcne.1997.0599
http://www.ncbi.nlm.nih.gov/pubmed/9143561
http://www.ncbi.nlm.nih.gov/pubmed/126084
https://doi.org/10.1002/cm.20226
http://www.ncbi.nlm.nih.gov/pubmed/17685442
https://doi.org/10.1038/nmeth.1220
https://doi.org/10.1038/nmeth.1220
http://www.ncbi.nlm.nih.gov/pubmed/18536722
https://doi.org/10.1038/nmeth0310-168
https://doi.org/10.1038/nmeth0310-168
http://www.ncbi.nlm.nih.gov/pubmed/20195247
https://doi.org/10.1038/nchem.1546
http://www.ncbi.nlm.nih.gov/pubmed/23344448
https://doi.org/10.1038/nmeth.2972
https://doi.org/10.1038/nmeth.2972
http://www.ncbi.nlm.nih.gov/pubmed/24859753
https://doi.org/10.1016/j.cub.2013.05.027
https://doi.org/10.1016/j.cub.2013.05.027
http://www.ncbi.nlm.nih.gov/pubmed/23791725
https://doi.org/10.1523/jneurosci.4261-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24760868
https://doi.org/10.1016/bs.mcb.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26794509
https://doi.org/10.1002/dneu.20800
http://www.ncbi.nlm.nih.gov/pubmed/20506164
https://doi.org/10.1371/journal.pone.0187979

@° PLOS | ONE

Filamentous actin probe expression in neuronal cells

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Neukirchen D, Bradke F. Cytoplasmic linker proteins regulate neuronal polarization through microtubule
and growth cone dynamics. The Journal of neuroscience: the official journal of the Society for Neurosci-
ence. 2011; 31(4):1528-38. Epub 2011/01/29. https://doi.org/10.1523/jneurosci.3983-10.2011 PMID:
21273437.

Roche FK, Marsick BM, Letourneau PC. Protein synthesis in distal axons is not required for growth
cone responses to guidance cues. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2009; 29(3):638-52. Epub 2009/01/23. https://doi.org/10.1523/jneurosci.3845-08.2009
PMID: 19158291.

Saengsawang W, Taylor KL, Lumbard DC, Mitok K, Price A, Pietila L, et al. CIP4 coordinates with phos-
pholipids and actin-associated proteins to localize to the protruding edge and produce actin ribs and
veils. Journal of cell science. 2013; 126(Pt 11):2411-23. Epub 2013/04/11. https://doi.org/10.1242/jcs.
117473 PMID: 23572514,

Sun 'Y, Bamiji SX. beta-Pix modulates actin-mediated recruitment of synaptic vesicles to synapses. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2011; 31(47):17123-33.
Epub 2011/11/25. https://doi.org/10.1523/jneurosci.2359-11.2011 PMID: 22114281

Tanokashira D, Morita T, Hayashi K, Mayanagi T, Fukumoto K, Kubota Y, et al. Glucocorticoid sup-
presses dendritic spine development mediated by down-regulation of caldesmon expression. The Jour-
nal of neuroscience: the official journal of the Society for Neuroscience. 2012; 32(42):14583-91. Epub
2012/10/19. https://doi.org/10.1523/jneurosci.2380-12.2012 PMID: 23077044.

Wilson C, Nunez MT, Gonzalez-Billault C. Contribution of NADPH oxidase to the establishment of hip-
pocampal neuronal polarity in culture. Journal of cell science. 2015; 128(16):2989-95. Epub 2015/06/
24. https://doi.org/10.1242/jcs.168567 PMID: 26101350.

Johnson HW, Schell MJ. Neuronal IP3 3-kinase is an F-actin-bundling protein: role in dendritic targeting
and regulation of spine morphology. Molecular biology of the cell. 2009; 20(24):5166—80. Epub 2009/
10/23. https://doi.org/10.1091/mbc.E09-01-0083 PMID: 19846664.

Belin BJ, Goins LM, Mullins RD. Comparative analysis of tools for live cell imaging of actin network
architecture. Bioarchitecture. 2014; 4(6):189-202. Epub 2015/09/01. https://doi.org/10.1080/19490992.
2014.1047714 PMID: 26317264.

Courtemanche N, Pollard TD, Chen Q. Avoiding artefacts when counting polymerized actin in live cells
with LifeAct fused to fluorescent proteins. Nature cell biology. 2016; 18(6):676—83. Epub 2016/05/10.
https://doi.org/10.1038/ncb3351 PMID: 27159499.

Du J, Fan YL, Chen TL, Feng XQ. Lifeact and Utr230 induce distinct actin assemblies in cell nuclei.
Cytoskeleton (Hoboken, NJ). 2015; 72(11):570-5. Epub 2015/11/06. https://doi.org/10.1002/cm.21262
PMID: 26538385.

Munsie LN, Caron N, Desmond CR, Truant R. Lifeact cannot visualize some forms of stress-induced
twisted F-actin. Nature methods. 2009; 6(5):317. Epub 2009/05/01. https://doi.org/10.1038/nmeth0509-
317 PMID: 19404250.

Spracklen AJ, Fagan TN, Lovander KE, Tootle TL. The pros and cons of common actin labeling tools
for visualizing actin dynamics during Drosophila oogenesis. Developmental biology. 2014; 393(2):209—
26. Epub 2014/07/06. https://doi.org/10.1016/j.ydbio.2014.06.022 PMID: 24995797.

Chen Q, Nag S, Pollard TD. Formins filter modified actin subunits during processive elongation. Journal
of structural biology. 2012; 177(1):32-9. Epub 2011/11/08. https://doi.org/10.1016/j.jsb.2011.10.005
PMID: 22056467.

Fath T, Ke YD, Gunning P, Gotz J, Ittner LM. Primary support cultures of hippocampal and substantia
nigra neurons. Nature protocols. 2009; 4(1):78-85. Epub 2009/01/10. https://doi.org/10.1038/nprot.
2008.199 PMID: 19131959.

Brock AR, Wang Y, Berger S, Renkawitz-Pohl R, Han VC, Wu Y, et al. Transcriptional regulation of Pro-
filin during wound closure in Drosophila larvae. Journal of cell science. 2012; 125(Pt 23):5667—76. Epub
2012/09/15. https://doi.org/10.1242/jcs.107490 PMID: 22976306.

Deibler M, Spatz JP, Kemkemer R. Actin fusion proteins alter the dynamics of mechanically induced
cytoskeleton rearrangement. PloS one. 2011; 6(8):e22941. Epub 2011/08/19. https://doi.org/10.1371/
journal.pone.0022941 PMID: 21850245.

Inoue S, Frank V, Horning M, Kaufmann S, Yoshikawa HY, Madsen JP, et al. Live cell tracking of sym-
metry break in actin cytoskeleton triggered by abrupt changes in micromechanical environments. Bio-
materials science. 2015; 3(12):1539—44. Epub 2015/09/09. https://doi.org/10.1039/c5bm00205b PMID:
26347909.

Jang Y, Soekmadii C, Mitchell JM, Thomas WG, Thorn P. Real-time measurement of F-actin remodel-
ling during exocytosis using Lifeact-EGFP transgenic animals. PloS one. 2012; 7(7):e39815. Epub
2012/07/07. https://doi.org/10.1371/journal.pone.0039815 PMID: 22768313.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187979 November 16, 2017 17/18


https://doi.org/10.1523/jneurosci.3983-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21273437
https://doi.org/10.1523/jneurosci.3845-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19158291
https://doi.org/10.1242/jcs.117473
https://doi.org/10.1242/jcs.117473
http://www.ncbi.nlm.nih.gov/pubmed/23572514
https://doi.org/10.1523/jneurosci.2359-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22114281
https://doi.org/10.1523/jneurosci.2380-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23077044
https://doi.org/10.1242/jcs.168567
http://www.ncbi.nlm.nih.gov/pubmed/26101350
https://doi.org/10.1091/mbc.E09-01-0083
http://www.ncbi.nlm.nih.gov/pubmed/19846664
https://doi.org/10.1080/19490992.2014.1047714
https://doi.org/10.1080/19490992.2014.1047714
http://www.ncbi.nlm.nih.gov/pubmed/26317264
https://doi.org/10.1038/ncb3351
http://www.ncbi.nlm.nih.gov/pubmed/27159499
https://doi.org/10.1002/cm.21262
http://www.ncbi.nlm.nih.gov/pubmed/26538385
https://doi.org/10.1038/nmeth0509-317
https://doi.org/10.1038/nmeth0509-317
http://www.ncbi.nlm.nih.gov/pubmed/19404250
https://doi.org/10.1016/j.ydbio.2014.06.022
http://www.ncbi.nlm.nih.gov/pubmed/24995797
https://doi.org/10.1016/j.jsb.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22056467
https://doi.org/10.1038/nprot.2008.199
https://doi.org/10.1038/nprot.2008.199
http://www.ncbi.nlm.nih.gov/pubmed/19131959
https://doi.org/10.1242/jcs.107490
http://www.ncbi.nlm.nih.gov/pubmed/22976306
https://doi.org/10.1371/journal.pone.0022941
https://doi.org/10.1371/journal.pone.0022941
http://www.ncbi.nlm.nih.gov/pubmed/21850245
https://doi.org/10.1039/c5bm00205b
http://www.ncbi.nlm.nih.gov/pubmed/26347909
https://doi.org/10.1371/journal.pone.0039815
http://www.ncbi.nlm.nih.gov/pubmed/22768313
https://doi.org/10.1371/journal.pone.0187979

@° PLOS | ONE

Filamentous actin probe expression in neuronal cells

35.

36.
37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

Jiang M, Chen G. High Ca2+-phosphate transfection efficiency in low-density neuronal cultures.
Nature protocols. 2006; 1(2):695—700. Epub 2007/04/05. https://doi.org/10.1038/nprot.2006.86 PMID:
17406298.

Banker G, Goslin K. Culturing Nerve Cells. 2nd ed: Massachusetts: The MIT Press.; 1998.

Zacharias DA, Violin JD, Newton AC, Tsien RY. Partitioning of lipid-modified monomeric GFPs into
membrane microdomains of live cells. Science (New York, NY). 2002; 296(5569):913—-6. Epub 2002/
05/04. https://doi.org/10.1126/science. 1068539 PMID: 11988576.

Goins LM, Mullins RD. A novel tropomyosin isoform functions at the mitotic spindle and Golgi in Dro-
sophila. Molecular biology of the cell. 2015; 26(13):2491-504. Epub 2015/05/15. https://doi.org/10.
1091/mbc.E14-12-1619 PMID: 25971808.

Winder SJ, Hemmings L, Maciver SK, Bolton SJ, Tinsley JM, Davies KE, et al. Utrophin actin binding
domain: analysis of actin binding and cellular targeting. Journal of cell science. 1995; 108 (Pt 1):63-71.
Epub 1995/01/01. PMID: 7738117.

Durand CM, Perroy J, Loll F, Perrais D, Fagni L, Bourgeron T, et al. SHANK3 mutations identified in
autism lead to modification of dendritic spine morphology via an actin-dependent mechanism. Molecular
psychiatry. 2012; 17(1):71-84. Epub 2011/05/25. https://doi.org/10.1038/mp.2011.57 PMID:
21606927.

Penzes P, Vanleeuwen JE. Impaired regulation of synaptic actin cytoskeleton in Alzheimer’s disease.
Brain research reviews. 2011; 67(1-2):184-92. Epub 2011/02/01. https://doi.org/10.1016/j.brainresrev.
2011.01.003 PMID: 21276817.

Esposito A, Dohm CP, Kermer P, Bahr M, Wouters FS. alpha-Synuclein and its disease-related mutants
interact differentially with the microtubule protein tau and associate with the actin cytoskeleton. Neurobi-
ology of disease. 2007; 26(3):521-31. Epub 2007/04/06. https://doi.org/10.1016/j.nbd.2007.01.014
PMID: 17408955.

Habig K, Gellhaar S, Heim B, Djuric V, Giesert F, Wurst W, et al. LRRK2 guides the actin cytoskeleton
at growth cones together with ARHGEF7 and Tropomyosin 4. Biochimica et biophysica acta. 2013;
1832(12):2352-67. Epub 2013/10/01. https://doi.org/10.1016/j.bbadis.2013.09.009 PMID: 24075941.

Tsushima H, Emanuele M, Polenghi A, Esposito A, Vassalli M, Barberis A, et al. HDAC6 and RhoA are
novel players in Abeta-driven disruption of neuronal polarity. Nature communications. 2015; 6:7781.
Epub 2015/07/23. https://doi.org/10.1038/ncomms8781 PMID: 26198811.

Matus A, Ackermann M, Pehling G, Byers HR, Fujiwara K. High actin concentrations in brain dendritic
spines and postsynaptic densities. Proceedings of the National Academy of Sciences of the United
States of America. 1982; 79(23):7590—4. Epub 1982/12/01. PMID: 6760199.

Bosch M, Hayashi Y. Structural plasticity of dendritic spines. Current opinion in neurobiology. 2012; 22
(3):383-8. Epub 2011/10/04. https://doi.org/10.1016/j.conb.2011.09.002 PMID: 21963169.

Segal M. Dendritic spines and long-term plasticity. Nature reviews Neuroscience. 2005; 6(4):277—-84.
Epub 2005/04/02. https://doi.org/10.1038/nrn1649 PMID: 15803159.

Yuste R, Bonhoeffer T. Morphological changes in dendritic spines associated with long-term synaptic
plasticity. Annual review of neuroscience. 2001; 24:1071-89. Epub 2001/08/25. https://doi.org/10.1146/
annurev.neuro.24.1.1071 PMID: 11520928.

PLOS ONE | https://doi.org/10.1371/journal.pone.0187979 November 16, 2017 18/18


https://doi.org/10.1038/nprot.2006.86
http://www.ncbi.nlm.nih.gov/pubmed/17406298
https://doi.org/10.1126/science.1068539
http://www.ncbi.nlm.nih.gov/pubmed/11988576
https://doi.org/10.1091/mbc.E14-12-1619
https://doi.org/10.1091/mbc.E14-12-1619
http://www.ncbi.nlm.nih.gov/pubmed/25971803
http://www.ncbi.nlm.nih.gov/pubmed/7738117
https://doi.org/10.1038/mp.2011.57
http://www.ncbi.nlm.nih.gov/pubmed/21606927
https://doi.org/10.1016/j.brainresrev.2011.01.003
https://doi.org/10.1016/j.brainresrev.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21276817
https://doi.org/10.1016/j.nbd.2007.01.014
http://www.ncbi.nlm.nih.gov/pubmed/17408955
https://doi.org/10.1016/j.bbadis.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24075941
https://doi.org/10.1038/ncomms8781
http://www.ncbi.nlm.nih.gov/pubmed/26198811
http://www.ncbi.nlm.nih.gov/pubmed/6760199
https://doi.org/10.1016/j.conb.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21963169
https://doi.org/10.1038/nrn1649
http://www.ncbi.nlm.nih.gov/pubmed/15803159
https://doi.org/10.1146/annurev.neuro.24.1.1071
https://doi.org/10.1146/annurev.neuro.24.1.1071
http://www.ncbi.nlm.nih.gov/pubmed/11520928
https://doi.org/10.1371/journal.pone.0187979

