',\' frontiers

in Cellular Neuroscience

ORIGINAL RESEARCH
published: 17 July 2018
doi: 10.3389/fncel.2018.00195

OPEN ACCESS

Edited by:
Ludovic Martin,
Duke University, United States

Reviewed by:

Annalisa Buffo,

Universita degli Studi di Torino, Italy
Claudia Lodovichi,

Istituto Veneto di Medicina Molecolare
(VIMM), Italy

Xavier Nicol,

Centre National de la Recherche
Scientifique (CNRS), France

*Correspondence:
Friedrich Propst
friedrich.propst@univie.ac.at

tPresent Address:

Tatjana Kleele,

Ecole Polytechnique Fédérale de
Lausanne, SB IPHYS LEB BSP 428
(Cubotron UNIL), Lausanne,
Switzerland

Received: 25 March 2018
Accepted: 17 June 2018
Published: 17 July 2018

Citation:

Kiss A, Fischer I, Kleele T, Misgeld T
and Propst F (2018) Neuronal Growth
Cone Size-Dependent

and -Independent Parameters of
Microtubule Polymerization.

Front. Cell. Neurosci. 12:195.

doi: 10.3389/fncel.2018.00195

®

Check for
Updates

Neuronal Growth Cone
Size-Dependent and -Independent
Parameters of Microtubule
Polymerization

Alexa Kiss', Irmgard Fischer’, Tatjana Kleele?', Thomas Misgeld? and Friedrich Propst ™

" Department of Biochemistry and Cell Biology, Max F. Perutz Laboratories, University of Vienna, Vienna Biocenter, Vienna,
Austria, 2 Institute of Neuronal Cell Biology, Technical University of Munich, Munich Cluster for Systems Neurology (SyNergy)
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Migration and pathfinding of neuronal growth cones during neurite extension is critically
dependent on dynamic microtubules. In this study we sought to determine, which
aspects of microtubule polymerization relate to growth cone morphology and migratory
characteristics. We conducted a multiscale quantitative microscopy analysis using
automated tracking of microtubule plus ends in migrating growth cones of cultured
murine dorsal root ganglion (DRG) neurons. Notably, this comprehensive analysis failed
to identify any changes in microtubule polymerization parameters that were specifically
associated with spontaneous extension vs. retraction of growth cones. This suggests
that microtubule dynamicity is a basic mechanism that does not determine the polarity
of growth cone response but can be exploited to accommodate diverse growth
cone behaviors. At the same time, we found a correlation between growth cone size
and basic parameters of microtubule polymerization including the density of growing
microtubule plus ends and rate and duration of microtubule growth. A similar correlation
was observed in growth cones of neurons lacking the microtubule-associated protein
MAP1B. However, MAP1B-null growth cones, which are deficient in growth cone
migration and steering, displayed an overall reduction in microtubule dynamicity. Our
results highlight the importance of taking growth cone size into account when evaluating
the influence on growth cone microtubule dynamics of different substrata, guidance
factors or genetic manipulations which all can change growth cone morphology and
size. The type of large scale multiparametric analysis performed here can help to
separate direct effects that these perturbations might have on microtubule dynamics
from indirect effects resulting from perturbation-induced changes in growth cone
size.

Keywords: dorsal root ganglia, quantitative microscopy, microtubule-associated proteins, MAP1B, EB3, multiscale
analysis, image processing, growth cone
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INTRODUCTION

Continuous remodeling of the microtubule cytoskeleton has
long been recognized as essential for neurite outgrowth and
growth cone guidance in response to diverse attractive and
chemo-repulsive guidance cues (Letourneau and Ressler, 1984;
Challacombe et al., 1997; Kalil and Dent, 2005; Lowery and Van
Vactor, 2009; Dent et al., 2011). Measuring microtubule dynamics
in mammalian neurons via fluorescently labeled tubulin proved
to be challenging due to the high density of microtubules in
neurites and the comparatively small size of their growth cones.
With the discovery of proteins that bind specifically to plus ends
of polymerizing microtubules such as CLIP-170 (Perez et al.,
1999) and end-binding (EB) protein 1 (Mimori-Kiyosue et al.,
2000) it became more feasible to monitor microtubule dynamics
in cultured mammalian neurons (Stepanova et al, 2003).
Initially these experiments were conducted on primary neurons
transiently transfected or infected with constructs or viruses
encoding fluorescent protein-tagged end-binding proteins. More
recently, the generation of mice carrying a transgene encoding
YFP-tagged EB3 under the control of a promoter exclusively and
consistently active in neurons opened the possibility to study
neuronal microtubule dynamics during development in vivo
(Kleele et al., 2014). In addition, primary neurons derived from
these mice can be analyzed ex vivo under controlled conditions.
In combination with a recently developed microtubule plus-end
tracking software (Matov et al.,, 2010; Applegate et al., 2011),
large scale quantitative microscopy investigations of a potential
relationship between microtubule dynamics and growth cone
behavior are now possible.

Assessment of dynamic changes of microtubule
polymerization during mammalian growth cone migration
faces several challenges: first, growth cone motility concurrently
involves distinct spatial scales (molecular/macromolecular,
subcellular domains, the entire growth cone). Secondly,
microtubule polymerization rates are typically an order of
magnitude higher than the speed of growth cone displacement
(Geraldo and Gordon-Weeks, 2009). Furthermore, differential
measurements and comparison of microtubule dynamic
parameters in various spatial domains of individual growth cones
(peripheral or central domains) might be important (Lowery and
Van Vactor, 2009; Liu and Dwyer, 2014; Cammarata et al., 2016).
Therefore, short-term morphological changes in migrating
growth cones as well as microtubule polymerization dynamics
may best be captured by the simultaneous acquisition of a
number of different parameters over a range of spatiotemporal
scales. This type of multiscale, multiparametric quantitative
microscopy has recently been introduced, and employed to study
the migration of non-neuronal cells (Lock and Stromblad, 2010;
Lock et al., 2014; Kiss et al., 2015).

The aim of the present study was to detect potential
correlations between microtubule polymerization and changes
in growth cone migration. We performed a comprehensive,
quantitative analysis of microtubule polymerization properties
linked to morphological and migratory parameters of individual
growth cones. This investigation was carried out using adult
murine dorsal root ganglion (DRG) neurons which display

robust axon growth in culture and are well established as a
model of axon regeneration (Al-Ali et al., 2017). Based on the
assumption that features of microtubule dynamics which are
essential for proper growth cone migration might be altered
in mutant neurons defective in growth cone guidance, we
also included DRG neurons from mice lacking microtubule-
associated protein (MAP) MAPI1B.

MAPIB is one of the classical MAPs and is expressed at high
levels in the developing brain (Gordon-Weeks and Fischer, 2000;
Halpain and Dehmelt, 2006; Villarroel-Campos and Gonzalez-
Billault, 2014). It is essential for proper brain development and
axon guidance in vivo (Takei et al., 1997; Gonzalez-Billault et al.,
2000; Meixner et al., 2000). Ex vivo, cultured primary neurons
of various types display defects in axon growth, growth cone
migration and growth cone response to attractive as well as
repulsive axon guidance cues (Bouquet et al., 2004, 2007; Del
Rio et al., 2004; Gonzalez-Billault et al., 2005; Stroissnigg et al.,
2007; Meli et al., 2015). MAP1B binds to the lateral surface of
microtubules and has been shown to stabilize them (Halpain
and Dehmelt, 2006; Villarroel-Campos and Gonzalez-Billault,
2014). It can also interact with actin filaments (Halpain and
Dehmelt, 2006; Villarroel-Campos and Gonzalez-Billault, 2014).
Moreover, MAP1B directly influences microtubule dynamics,
although the results reported in two different studies were
partially contradictory (Tymanskyj et al., 2012; Tortosa et al.,
2013). Of note, based on genetic manipulations diminishing but
not completely abolishing MAP1B levels, MAP1B was reported
to decrease (Tortosa et al., 2013) or increase (Tymanskyj et al,,
2012) the rate of microtubule polymerization in axons of cultured
primary neurons, while no differences in growth rate were found
in growth cones. Thus, a further aim of the current study was
to perform a detailed analysis of microtubule polymerization in
growth cones of primary neurons completely lacking MAP1B
(Meixner et al., 2000).

We found an association between growth cone size and basic
parameters of microtubule polymerization. This correlation was
also seen in MAP1B-deficient neurons which overall displayed
reduced microtubule dynamics and an increase in growth cone
size. Our findings indicate that microtubule dynamic parameters
change as growth cones undergo the characteristic temporal
size changes during migration. Moreover, our results suggest
that effects of guidance cues, different substrata or genetic
manipulations on growth cone microtubule dynamics must be
interpreted in the context of the effects of such perturbations on
growth cone size. On the other hand, no fundamental differences
in microtubule dynamic parameters were found in extending vs.
retracting growth cones. Our results indicate that the dynamicity
of growth cone microtubules is a basic process which, in contrast
to our expectations, is not strictly linked to the polarity of growth
cone migration.

MATERIALS AND METHODS

Ethics Statement

The current study does not contain in vivo experiments using
live animals. Newborn mice were sacrificed by decapitation
in compliance with the Austrian law regulating the use of
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animals in biomedical research, Tierversuchsgesetz, BGBI. Nr.
501/1989 and BGBL I Nr. 162/ 2005. Since no experiments
on live animals were performed, approval of the experiments
by the Institutional Animal Care and Use Committee was not
required according to the above cited law. Animals were housed
at the in-house animal facility of the Max F. Perutz Laboratories
which has been certified by the Austrian Federal Ministry of
Science, Research and Economy (permit number BMWEFW-
66.006/0012-WEF/I1/3b/2014). Individual breeding pairs for the
production of mice were held in breeding cages according to
the guidelines of the Federation of European Laboratory Animal
Science Associations (FELASA).

Animals and DRG Neuron Culture

To obtain MAP1B-deficient and corresponding wild-type control
mice carrying the YFP-EB3 transgene we crossed mice lacking
the MAP1B gene (Meixner et al., 2000) with mice transgenic
for the YFP-EB3 transgene (Kleele et al., 2014). For this
we selected mouse line J045, because this line expresses the
lowest levels of the transgene (Kleele et al., 2014). Both, the
MAPIB™/~ and the YFP-EB3 transgenic lines were on the
inbred C57BL/6 background. This breeding eventually yielded
females heterozygous for the MAP1B deletion and homozygous
for the YFP-EB3 transgene. These females were crossed with
males heterozygous for the MAPI1B deletion (but lacking the
YFP-EB3 transgene) on the inbred 129P2 background. This
breeding yields F1 hybrid offspring with identical genetic
background, all carrying a single copy of the YFP-EB3 transgene
and either wild-type, heterozygous or homozygous for the
MAPI1B deletion. Genotyping was performed by PCR with
appropriate sets of primers and the genotype of mice used
for DRG neuron preparations was confirmed again at time of
sacrifice.

Dissociated adult DRG neuronal cultures were prepared from
MAP1B+/HT6/0 and MAP1B~/—T6/% mice 4-5 months of age.
DRG neurons were isolated as described (Tonge et al., 1997)
and were grown at a density of ~100 cells/cm? on glass-bottom
35 mm ibidi imaging dishes coated with poly-l-lysine (10 pg/ml
Sigma) and mouse laminin (20 pg/ml, Sigma)) in DMEM/F-12
medium (Gibco) supplemented with N2, L-glutamine and 20%
horse serum for 20-24 h prior to live cell imaging.

Live Cell Imaging

High-resolution, multiscale imaging was performed on an
inverse microscope equipped with a Yokogawa CSUX1Al
Nipkow spinning disc unit using a PlanApochromat 63 x
/1.4 NA oil-immersion objective. Images were acquired for
30min repeating the 33 x 2 sinterval cycles (as described
in Figure 1) with a pixel resolution of 0.211 pm. The culture
medium was replaced with phenol-red free DMEM/F12 medium
(Gibco) 1h prior to imaging, and environmental conditions
of 37°C and 5% CO; were maintained throughout the

process.

Image Analysis
YFP-EB3 comets were automatically segmented using the
plusTipTracker software (Matov et al., 2010; Applegate et al,

2011) with the following tracking settings: Search Radius Range:
1.5-6 pixels; Minimum Track Length: 3 frames; Maximum
Gap Length: 3 frames; Maximum Shrinkage Factor: 1.4;
Maximum Forward Angle: 35° Maximum Backward Angle:
15° Fluctuation Radius: 1.25. The analyses included only
EB3-comets tracked for a minimum of 3 frames (6s) and
disappearing for a maximum of 3 frames (6s), to minimize
false positives. Most of these tracking parameters were defined
based on a study in Xenopus laevis growth cones (Stout
et al, 2014). Comets were labeled and tracked individually
(Figure S1) throughout their lifetime (from first until last
detection). Only comets appearing and disappearing within the
imaging interval (about 1min) were included in the comet
distance to growth cone front at comet birth or comet death
analysis. Comet intensity was not analyzed as part of this
study.

Growth Cone Segmentation

Individual growth cones were selected using the plusTipTracker
ROI (region of interest)-selection tool. Growth cone outlines
were segmented based on cytoplasmic YFB-EB3 background
signal using a custom-written MATLAB tool. Briefly, growth
boundaries were identified using a combination of Sobel edge
detection method and other morphological pixel operations
(dilation, filling holes, erosion) of the MATLAB Image Processing
Toolbox. Properties describing growth cone morphology were
extracted using the “regionprops” MATLAB function. In
order to confirm that cytoplasmic YFP-EB3 background-based
segmentation is a good approximation of the total growth
cone area, a number of growth cones were labeled with SiR-
actin in live neurons, imaged and segmented in parallel based
on YFP-EB3 and SiR-actin using the same methods. The
segmentation results of these different channels are consistent
(Figure S2).

Growth cone midline was determined based on distance
transform of the growth cone segmentation mask, using
the assumption that points on the midline have maximal
distance from the lateral growth cone boundaries. Then,
growth cone front was automatically calculated as boundary
coordinates corresponding to a 1:1.7 division rule of the
midline. Comet localization with respect to these growth cone
landmarks was defined as the minimal Euclidean distance
of the comet coordinates from the segmented curves (John
D’Errico; https://de.mathworks.com/matlabcentral/fileexchange/
34869-distance2curve).

Dataset Summary and Statistical Analysis

The final dataset contains measurements obtained in 6 wild-type
and 4 MAP1B-null biological replicates, respectively. Properties
were extracted on different spatial (individual growth cones
and their YFP-EB3 comets) and temporal (minutes vs. seconds
time resolution) scales, integrated on a single growth cone
level. Microtubule polymerization parameter statistics (e.g.,
growth rate, localization with respect to growth cone) were
assembled based on the trajectories of individual EB3-comets,
while growth cone statistics (e.g., number and density of
comets, median speed of microtubule polymerization) were
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FIGURE 1 | Graphical summary. (A) Imaging setup using multiple temporal scales. First, EB3-YFP expressing mouse DRG neuron growth cones are imaged for 1 min
in 2-s intervals, providing the time resolution necessary to assess microtubule polymerization parameters. The same imaging procedure is repeated every 10 min over
several cycles (magenta arrows), allowing visual scoring of net growth cone displacement (extension vs. retraction) of wild-type and MAP1B~/~ growth cones. (B)
Multiple quantitative parameters of EB3-comets and growth cones are extracted, describing EB3-comet morphological, spatial, and dynamic properties (e.g., speed,
lifetime) and growth cone morphology over time. Importantly, each of these properties is assigned to the corresponding individual growth cone and the observed
behavior of the particular growth cone (extension vs. retraction). (C) Spatial and temporal hierarchy of the dataset. Parameters are simultaneously recorded across all
of the indicated scales. Statistical measurements of entire growth cone populations are the top level of this data hierarchy, followed by the level of individual growth
cones. Each of the growth cones contains a group of YFP-EB3 comets, the properties of which are changing over time. Thus, the next data level captures aggregate
statistics of the growth cone comet population, for all time points (termed EB3-comet time scale, i.e., 2-s intervals), for each growth cone. The properties of individual
EB3-comets are also recorded, thereby providing the maximal spatial data disaggregation. Images are acquired for 30 min (growth cone observation time). Comet
data may also be disaggregated to reflect instantaneous dynamics at the 2-s sampling frequency, across all spatial scales. (D) Data stratification according to growth
cone size reveals associations between microtubule dynamicity and growth cone area.
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calculated per growth cone. Altogether, the dataset contains
26060 time-resolved observations of 783 growth cones and
141096 time-resolved observations of 18169 individual EB3-
comets. In total, 37 variables are associated with the growth
cone-level observations, and 21 variables with EB3-comet level
observations.

95% confidence intervals for the medians were determined
based on MATLAB’s “boxplot” function: lower CI: g2 —1.57* %;

upper CI: g2+41.57* % where q2 is the median (50th percentile),

IQR is the interquartile range (difference of 75 and 25 percentiles)
and n corresponds to the number of observations. Wilcoxon-
rank sum tests were used for pairwise comparisons of wild-
type and MAP1B~/~ growth cone and comet properties. In the
comparisons of extending vs. spontaneously retracting growth
cones—due to the low number of retracting growth cones per
growth cone area bin - p-values have been determined via
bootstrap sampling. All p-values were adjusted for multiple
comparisons with the Holm-Bonferroni correction method.

Unsupervised multivariate clustering was performed using
the principal component analysis tool of the Cell Adhesion and
Migration Analysis Toolbox (Shafqat-Abbasi et al., 2016).

Growth Cone Area Continuous Sampling

and Stratification

Time-resolved growth cone observations were sorted according
to increasing growth cone area. Using a moving window
sampling (window size: 300, overlap: 220 observations),
bootstrapped (resampling with replacement) median property
values per sampling window were calculated as described
(Kiss et al, 2015). The bootstrapped results were re-
aggregated according to equidistant growth cone area bins
(20 pm? incremental steps). The consecutive usage of fine-
and coarse-grained sampling allowed to determine that the
observed relationships between microtubule polymerization
parameters and growth cone size are not due to binning
artifacts.
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Differential Probability Calculations

Differences of YFP-EB3 comet properties in adjacent growth
cone area bins were calculated as described (Kiss et al.,
2015). Briefly, histograms having the same bin number
and bin width between the minima and 97th percentile
of YFP-EB3 comet features for each growth cone area bin
were calculated. Probability distributions were obtained by
dividing the histogram values of each feature by the total
number of comet observations within the particular growth
cone area bin. Proportional differences were calculated by
subtracting MAP1B™/~ proportional distributions from wild-
type proportional distributions of the corresponding wild-type
growth cone area bins.

RESULTS

DRG neurons were obtained from adult mice carrying a
transgene driving the neuron-specific expression of YFP-EB3
(Kleele et al., 2014). This system avoids potential problems of
transient transfection in that YFP-EB3 is expressed in all neurons
at low levels. YFP-EB3 serves as fluorescent marker of actively
polymerizing microtubule plus ends (Akhmanova and Steinmetz,
2008). Growing plus ends are visible as “comets” in live growth
cones. For the purpose of this report, the number, speed,
lifetime, and localization of comets will be used synonymously
for the number of actively growing microtubules and the
rate, duration and localization of microtubule polymerization,

respectively.

We simultaneously extracted parameters describing growth
cone behavior (extension vs. retraction) and organization
(e.g., growth cone morphology, comet parameters). YFP-EB3
comets were automatically segmented and tracked using the
plusTipTracker (Matov et al, 2010; Applegate et al., 2011),
growth cones were segmented using custom-written tools (see
Materials and Methods, Figure S1, S2 and Movies S1-2). Growth
cone behavior (extension vs. retraction) was determined based
on growth cone tip displacement between 10-min intervals.
Altogether, quantitative properties of 783 migrating (wild-type
and MAP1B~/~) growth cones and microtubule polymerization
properties of their associated 18169 YFP-EB3 comets were
extracted using imaging at two different time scales (Figure 1,
Figure S3 and Tables S1, S2).

First, we assessed the multivariate combination of microtubule
polymerization parameters and growth cone morphological
features of spontaneously extending wild-type and MAP1B~/~
growth cones using principal component analysis (PCA).
PCA-based clustering of extending growth cones revealed a
substantial overlap between wild-type and MAP1B~/~ growth
cone populations in the PCA space (Figure 2A). This overlap
is most likely due to considerable variability between individual
growth cones in each group, as multivariate trajectories of
individual growth cones are confined to a relatively small
area in feature space (Figure2B). PCA analysis identified
growth cone size-related and morphological features as the
main contributors of the total variance found in extending
growth cones (Figure 2C). These parameters are significantly

different in univariate comparisons of wild-type and MAP1B-
null extending growth cones (Figure2D). Notably, growth
cones can reach a much larger size in MAP1B™/~ neurons.
Nevertheless, the majority of MAP1B-null growth cones (90%)
correspond in size to their wild-type counterparts. This overlap
is also discernible from cumulative distribution functions (CDF)
of growth cone area for wild-type and MAP1B™/~ growth cones
(Figure S4A).

As one might expect as a result of deleting a MAP, parameters
associated with microtubule polymerization display significant
differences between wild-type and MAP1B-null growth cones
including number, density and the spatial distribution of comets.
Aggregate comparisons (including all extending growth cones) of
these properties between wild-type vs. MAP1B~/~ DRG neurons
revealed a 33% increase in growth cone size consistent with
previous reports (Gonzalez-Billault et al., 2002; Tortosa et al.,
2013), a 31% decreased density of comets and a 26% increased
distance of comets from the growth cone front (Figure 2D).
In contrast, the difference in microtubule growth rate, when
averaged over all growth cones of each group, appeared to be
modest. In wild-type growth cones we measured a median comet
speed of 0.11wm s~! which is in agreement with previous
measurements in DRG neurons (Harkcom et al., 2014; Kleele
et al,, 2014). In MAP1B~/~ growth cones the aggregate median
comet speed was slightly lower at 0.10 um s~!, a 9% decrease
(Figure 2D).

The finding that growth cone size-related features (perimeter
and area) are substantially different in wild-type and MAP1B-null
growth cones (Figure 2D) suggested that parameters describing
growth cone morphology and microtubule polymerization
should be re-examined in the context of growth cone size.
The unprecedented amount of quantitative data collected from
several hundreds of growth cones and their tens of thousands
of comets provided the unique possibility to explore these
relationships in detail. We stratified the dataset according to
growth cone area, choosing 8 bins of 20 pm? ranging from
10 to 170 pm?. The first 5 of these bins (size classes of
10-110 wm?) contain observations of wild-type as well as
MAP1B-null growth cones, whereas larger growth cones (110-
170 wm?) could only be observed in MAP1B-null neurons
(Figures S4B,C). Thus, for the subsequent analyses a direct
comparison between wild-type and MAP1B-null growth cones
could only be completed in the first 5 size classes. However, in the
next data presentations we will also include the measurements
obtained in very large MAP1B-null growth cones to explore
whether parameter values continue to display size-dependence
in very large growth cones albeit only for MAP1B-null
neurons.

We first examined size-dependent morphological differences
between wild-type and MAP1B-null growth cones, because
growth cone length and width featured prominently in the
PCA (Figure2C). As expected, growth cone length and
width increased in monotonic fashion with growth cone size,
both in wild-type and MAPI1B-null growth cones (Figures
S5A,B). However, MAP1B-null growth cones were significantly
shorter and wider compared to their wild-type counterparts
in almost all size classes. This is also reflected in the lower
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FIGURE 2 | Wild-type and MAP1B-null extending growth cones mainly vary in growth cone morphology. (A) PCA-based clustering of wild-type (blue) and MAP1B-null
(orange) extending growth cones. Principal component 1 (PC1) and PC2 are displayed, percentages show proportion of total variance included per PC. Outlined
circles indicate the population centers of mass. Note the substantial overlap between the two growth cone subpopulations in the multivariate feature space. Number
of growth cone observations: wild-type: 13553, MAP1B-null: 11443. (B) Each dot of the PCA scatterplot corresponds to a single time point (2 s) observation of an
individual growth cone. Multivariate trajectories over time (33 time points each) of a wild-type (blue) and a MAP1B-null (orange) growth cone are overlaid on the PCA
plot shown in (A). Image insets show single frames of the corresponding growth cone image sequences. Color scale corresponds to the development of the
trajectories over time in the PCA-space. Scale bars: 5 um. (C) List of top 15 growth cone and EB3-comet properties ranked by their contribution to PC1 (PCA
coefficient values). (D) Comparison of growth cone area, EB3-YFP comet density, EB3-YFP comet distance to growth cone front and microtubule growth rate
between wild-type and MAP1B-null extending growth cones. In the box plots, black lines and numbers indicate the median values; boxes show the interquartile range
(IQR, Q3-Q1), notches on the boxes indicate 95% confidence intervals for the median, whiskers mark the values of Q1(25th percentile) —1.5*IQR and Q3(75th
percentile) + 1.5*IQR, respectively. The indicated p-values were obtained from Wilcoxon rank-sum tests. Number of observations: as in (A).

values of growth cone eccentricity (Figures S5C,D). For both  change with increasing growth cone size. In wild-type growth
wild-type and MAP1B-null neurons, growth cone eccentricity ~ cones, the number of comets (Figure3A), the duration of
decreased with growth cone area. However, in wild-type  microtubule growth (Figure 3D) and the comet distance from
growth cones this decrease is only present between the two  the growth cone front (Figure 3E) and from the growth cone
smallest (10-30 and 30-50 wm?) size groups, indicating that  midline (Figure 3F) all increase with increasing growth cone
as growth cones increase in size, their length and width  size. In contrast, comet density (Figure3B) and the rate of
increase proportionally. In contrast, MAP1B-null growth cones  polymerization (Figure 3C) decrease with increasing growth
display a strong decrease in eccentricity with the gain in  cone size. In MAP1B-null growth cones, as expected from the
size resulting from a stronger increase in width relative to median values shown in Figure 2D, comet density is lower and
length. comet distance to growth cone front is higher than in wild-

Next we aimed to determine whether growth cone size  type growth cones (Figure 3). In general, the size-dependence
has an impact on microtubule polymerization parameters. observed in wild-type growth cones is also seen in MAPIB-
Stratification of the dataset according to growth cone area not  null growth cones. One exception to this is comet lifetime
only revealed that many microtubule polymerization parameters ~ which is longer in small and shorter in large MAP1B-null
differ between wild-type and knockout growth cones depending  growth cones, reaching a plateau in growth cones of 70-90
on growth cone area (Figure 3), but also that these parameters ~ pm? (Figure 3D). Moreover, comet speed is ~ 10% lower in
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small (area 10-70 wm?) and ~ 15% higher in larger (area
70-110 pm?) MAP1B-null growth cones compared to wild-
type growth cones of the corresponding size (Figure 3C). These
differences between wild-type and MAP1B-null growth cones
and the non-monotonic size dependence of microtubule growth
rate could not have been inferred from the aggregate data
shown in Figure 2D, which only revealed a 9% decrease in
comet speed in MAP1B-null growth cones. This 9% decrease
on aggregate may be due to the fact that most growth cones
of wild-type and MAP1B-null neurons are in the 10-70 jLm?
size range (Figures S4A,B). In small (area 10-70 um?) and large
(area above 110 wm?) MAPI1B-null growth cones the steady
decrease in comet speed with growth cone size mirrors what we
found in wild-type growth cones (area 10-110 wm?). Continuous
sliding window sampling and randomized binning of growth
cone area confirmed that the above detected associations
between growth cone size and microtubule dynamicity are not
artifacts introduced by our choice of growth cone area bins

(Figure S6).

Previous reports demonstrated that the rate of microtubule
polymerization is reduced near the cell edge of epithelial and
endothelial cells (Kumar et al., 2009; Matov et al., 2010; Applegate
et al.,, 2011; Nishimura et al., 2012). Here we wanted to test
whether a similar decrease of comet speed can be observed

near the growth cone front and whether this is influenced by
growth cone size. Stratification of instantaneous comet speed
data according to comet distance to growth cone front revealed
a reduction in comet speed near the front and that this was
independent of growth cone size and the presence of MAP1B
(Figure 4). However, in larger growth cones (70-110 pwm?) comet
speed was higher near the leading edge (and elsewhere) in
MAP1B-null growth cones compared to wild-type, reflecting the
higher values for median comet speed found in large MAP1B-null
growth cones (Figure 3).

One of the differences between wild-type and MAPIB-
null growth cones is the increased comet distance to growth
cone front (Figure 3E). To clarify the underlying reason and
structure of this increase, we generated differential probability
distributions by subtracting the normalized number of EB3-
comet observations of MAP1B-null from wild-type comet
observations, again stratified according to growth cone area (Kiss
et al., 2015). This shows the differences between wild-type and
the corresponding MAP1B-null growth cone size classes grouped
by comet distance from growth cone front. We found that
proportionally fewer comets are found in MAP1B-null growth
cones in a zone spanning the first 2 pum from the growth cone
front (Figure 5). This difference to wild-type growth cones is
independent of growth cone area, as it is present across all area
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bins. Thus, the width of the zone containing proportionally less
comets in MAP1B-deficient growth cones is similar in all growth
cone size classes analyzed. However, in larger (50-110 um?) but
not smaller MAP1B-deficient growth cones we observed a slight
increase in the proportion of comets very close to the growth cone
front (within 1 pm).

Visual inspection of the time-lapse analysis of comet
movement indicated, that most microtubule polymerization
proceeded in anterograde direction with only few cases of
comets moving sideways or in retrograde direction (Movie
S3). This was true for both wild-type and MAP1B-null growth
cones. Quantitative analysis of the angular distribution of
comet paths confirmed this supposition. For this analysis we
determined the paths between beginning and end positions
of individual comets and analyzed their angles relative to
the growth cone midline in growth cones of different size

classes. The majority of comets (between 82 and 88%) moved
in anterograde direction toward the leading edge with small
percentages of comets moving retrogradely or at an angle
with respect to the growth cone midline (Figure S7). These
percentages were similar in growth cones of all size classes.
In MAPIB-null growth cones the percentage of anterograde
comets was slightly reduced to between 74% in small and 85%
in large growth cones with a concomitant increase in retrograde
comets.

The experimental setup used here, consisting of
measurements of growth cone and comet parameters in
individual growth cones for 1min in 10-min intervals over
30min allowed us to associate growth cone and comet
parameters with individual growth cone behavior (extension
vs. retraction). Typically, extension or retraction lead to a
displacement of the growth cone centroid by 2.5 um in 10 min.
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PCA-based unsupervised clustering of extending and retracting
wild-type growth cones exposed again growth cone size-related
parameters (Figure S8). Therefore, we stratified the data again
according to growth cone area. Since 80% of retracting growth
cones are found in a size range of 5-20 wm? (Figure S8), we
applied a more refined binning focusing on small growth cones.
Using this refined size stratification, we found that the percentage
of retracting growth cones increases from 14% in the 15 to 20
wm? size class to 20% in the 10 to 15 wm? and 50% in the 5 to
10 jm? size classes (Figure S8) indicating an inverse correlation
between growth cone size and the propensity to retract. In
small extending growth cones (Figure 6)—as expected from the
data presented in Figure 3—comet number, density, distance
to front, distance to middle, and lifetime are size-dependent.
Retracting growth cones displayed similar relationships with the
individual parameters not significantly different from extending
ones. There was no significant difference in comet speed in

extending or retracting growth cones ranging from 5 to 20
2
pme.

DISCUSSION

Cytoskeleton rearrangements and in particular the regulation
of microtubule dynamics have long been recognized to play
key roles in neuronal growth cone migration and steering
(Lowery and Van Vactor, 2009). To obtain an accurate
picture of local and temporal regulation of growth cone
microtubule dynamics, direct quantitative measurement
of dynamic parameters in live growth cones is necessary.
This has been greatly facilitated by fluorescent labeling
of microtubule plus end-binding proteins EB1 and EB3
(Mimori-Kiyosue et al., 2000; Stepanova et al., 2003). The
development of automated microtubule plus-end tracking
software (Matov et al., 2010; Applegate et al., 2011) and the
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generation of transgenic mice expressing a YFP-EB3 fusion
protein in all neurons (Kleele et al., 2014) were additional
technical advances facilitating rapid quantitative analysis of
mammalian growth cone microtubule dynamics. For the
current study we employed a novel combination of these
advances. This enabled us to obtain an unprecedented large
dataset comprising spatial, temporal and kinetic information
of microtubule polymerization linked to morphological
and migratory characteristics of hundreds of individual
growth cones. The considerable size of the dataset permitted
stratification and re-sampling according to different variables
to reveal patterns and correlations which had not been seen
previously. To our knowledge, the current study represents
the first comprehensive quantitative analysis of microtubule

polymerization in growth cones of primary mammalian
neurons.

Microtubule Polymerization Parameters
Change With Size of the Growth Cone

One of the key findings of our study is that a number
of microtubule polymerization parameters display changes
associated with the increasing growth cone size. Migrating
growth cones are highly dynamic structures that undergo changes
in size at a time scale of tens of minutes to hours (Dent and
Gertler, 2003; Lowery and Van Vactor, 2009; Goodhill et al.,
2015). Microtubule dynamics are typically sampled at a much
shorter time scale (500ms to 2s) and hence will represent a
snapshot of microtubule dynamics at a given growth cone size.
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To evaluate a potential correlation between growth cone size
and microtubule polymerization parameters we selected wild-
type growth cones that extended over 20 min and grouped
them in 5 size classes ranging from 10 to 110 wm? (Figure 3).
Of note, the speed of migration of these growth cones was
independent of growth cone size at about 0.25 wm per min. We
found that as the growth cone size increases, the number of
comets increases as well, albeit not to the extent that it could
compensate for the increase in growth cone area. Thus, comet
density decreases with size. Likewise, the rate of microtubule
polymerization decreases in larger growth cones while the
duration of polymerization increases. While our analysis cannot
reveal the underlying molecular mechanism or a potential causal
relationship between microtubule polymerization parameters
and growth cone size, it clearly demonstrates the necessity of the
interpretation of microtubule dynamics parameter values in the
context of individual growth cones. This may be of particular
importance in the most frequent experimental scenarios where
effects of environmental conditions or other perturbations on
growth cone microtubule dynamics are to be determined and
compared. Various substrata on which neurons are plated
(Burden-Gulley et al., 1995), treatments with axon guidance cues
(Lowery and Van Vactor, 2009) or genetic manipulations (this
study, see below; Paglini et al., 1998; Gonzalez-Billault et al., 2002;
Tortosa et al., 2013) all can alter growth cone size and thereby
might indirectly influence microtubule dynamics, in addition to
their potentially more direct effects, for example through binding
to microtubules or modulating signal transduction pathways
which also regulate microtubule dynamics. The large scale
multiparametric analysis performed here can help to separate the
direct from the indirect, size-related effects of such perturbations
on microtubule dynamics.

Local Differences of Microtubule
Polymerization Parameters in Growth

Cones

Our analysis also revealed several features of growth cone
microtubule polymerization that are independent of growth cone
size. Microtubule polymerization is observed throughout the
growth cone with about 85% of comets proceed anterogradely
toward the leading edge. The rate of microtubule polymerization
is higher in proximal parts of the growth cone and declines
within 1-2pum of the leading edge whereas the duration of
polymerization is similar in the 2-pm zone and in more
proximal parts of the growth cone (not shown). Our finding
that the microtubule polymerization rate is reduced close to
the leading edge is reminiscent of what has been reported
previously for non-neuronal cells (Kumar et al., 2009; Matov
et al, 2010; Applegate et al, 2011; Nishimura et al, 2012)
and highlights the 2-pum zone as a special compartment in the
growth cone. A potential reason for the apparent reduction
in microtubule polymerization rate could be actin retrograde
flow, which is active at the periphery and could enforce the
retrograde movement of growing microtubules, diminishing the
apparent polymerization rate (Schaefer et al., 2008; Lowery et al.,
2013; Turney et al, 2016). In non-neuronal cells it was also

shown that polymerizing microtubule plus ends, after reaching
the cell periphery, undergo frequent transitions between short
phases of growth and shrinkage (Komarova et al., 2002; Straube
and Merdes, 2007). It was proposed that this dynamic behavior
serves to accommodate the rapidly changing shape of the leading
edge of migrating cells (Komarova et al., 2002). As we show
here, this might also apply to extending growth cones. Although
we could not directly visualize microtubule shrinkage with our
experimental setup, the observation of many short comet tracks
very close to the growth cone leading edge is consistent with the
above mentioned frequent transitions between short phases of
microtubule growth and shrinkage at the periphery.

Microtubule Polymerization Dynamics Are
Similar in Extending and Retracting Growth

Cones

Given the importance of a dynamic microtubule network for
growth cone migration and steering (Lowery and Van Vactor,
2009; Dent et al, 2011) we sought to determine whether
spatial and/or kinetic microtubule polymerization parameters are
fundamentally different in spontaneously extending vs. retracting
growth cones. We found that basic parameters of microtubule
polymerization such as rate and duration of growth or number
and density of growing microtubules are not significantly
different in retracting growth cones. Thus, we propose that
the dynamicity of microtubules which has been shown to be
essential for growth cone migration and steering (Lowery and
Van Vactor, 2009; Dent et al., 2011) constitutes a basic process
that enables the necessary microtubule rearrangements during
extension and retraction. Growing microtubule plus ends can
be viewed as mobile assembly platforms for protein complexes
termed +TIP networks (Akhmanova and Steinmetz, 2008).
Thus, while microtubule polymerization as a basic process could
ensure that these mobile assembly platforms sample most of
the growth cone compartments, other mechanisms, for example
locally restricted phosphorylation of individual +TIP network
components (Akhmanova and Steinmetz, 2008) in response to
attractive or repulsive axon guidance cues, could determine
the protein composition and the function of the local +TIP
network and thereby promote extension or retraction. While our
study indicates that regulation of microtubule polymerization is
not necessary to determine whether a growth cone extends or
retracts, we cannot exclude that stimuli such as axon guidance
cues promoting extension or inducing retraction also involve
changes in microtubule dynamicity.

Lack of MAP1B Leads to Changes in
Microtubule Polymerization Dynamics in a

Growth Cone Size-Dependent Manner

The effect of downregulation of MAPIB on microtubule
dynamics in primary neurons has been addressed in two previous
studies (Tymanskyj et al, 2012; Tortosa et al, 2013). For
these experiments the authors used embryonic hippocampal
(Tortosa et al, 2013) or cortical (Tymanskyj et al, 2012)
neurons in which MAP1B levels were downregulated, but not
completely abolished (Gonzalez-Billault et al., 2000; Tymanskyj
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et al, 2012; Tortosa et al, 2013). The two studies agree in
that they find a slight increase in retrograde comets in axons
(Tymanskyj et al., 2012) and growth cones (Tortosa et al,
2013) which we also find here (Figure S7). However, while
Tymanskyj et al. report a decrease in the rate of microtubule
polymerization after downregulation of MAPI1B expression,
Tortosa et al. find an increase in comet speed in axons, but
not in growth cones. Here we extensively analyzed the rate
of microtubule polymerization in growth cones of adult DRG
neurons completely lacking MAP1B (Meixner et al,, 2000).
Comparing microtubule polymerization measurements averaged
over all growth cones (irrespective of their size) we found
a modest decrease (9%) in comet speed in MAP1B-deficient
growth cones (Figure 2) which could be missed in a less extensive
analysis. However, stratification of the data according to growth
cone area provides a very different insight and reveals that
comet speed scales non-monotonously with area. In smaller
growth cones (10-70 um?) representing the majority of growth
cones, comet speed is reduced in a MAP1B-null background. In
contrast, comet speed is significantly increased in MAP1B-null
growth cones of 70-110 wm?, demonstrating the importance of
taking growth cone size into account. The reason for the non-
monotonous scaling of comet speed with growth cone size is not
clear at this point, but it is reminiscent of observations made
in a human osteosarcoma cell line (Nishimura et al., 2012). In
these cells downregulation of MAP1B causes a slight increase in
the percentage of slow comets, similar to the slight reduction
in average comet speed we found in smaller growth cones.
In contrast, when osteosarcoma cells express a constitutively
activated Racl protein, the downregulation of MAP1B causes a
strong increase in the percentage of fast comets, analogous to our
observations in large growth cones. It is tempting to speculate
that larger growth cones differ significantly from smaller ones in
the regulation of their cytoskeleton and that this could switch
the effect the deletion of MAP1B will have on microtubule
polymerization.

MAPIB could modulate microtubule dynamics in a number
of ways, for example by directly affecting microtubule stability
(Schoenfeld and Obar, 1994; Gordon-Weeks and Fischer, 2000)
or polymerization (Pedrotti and Islam, 1995; Noiges et al., 2002).
However, most of our observations in MAP1B-null growth
cones are consistent with the model put forward by Tortosa
et al. (2013) suggesting that MAP1B can sequester EB1 and
EB3 and that in the absence of MAPIB the concentration
of active EB1/3 in growth cones is increased (Tortosa et al,
2013). It has been shown that downregulation of EB1 in
neuroblastoma cells decreases the rate and increases the duration
of microtubule growth (Stepanova et al., 2010). In contrast,
deletion of MAP1B will increase the availability of EB1/3 (Tortosa
et al, 2013) and should have the opposite effects. Indeed,
as is best seen in larger growth cones (70-110 um?) in the
absence of MAPI1B the rate of polymerization is increased,
the duration is decreased (Figure3). Moreover, EB1 can
inhibit initiation of microtubule polymerization from stabilized
microtubule seeds in vitro (Wieczorek et al., 2015). Consistent
with an increase of EB1/3 in the absence of MAPIB, the

number of comets is reduced in MAP1B-null growth cones
(Figure 3).

One consistent difference in MAP1B-null growth cones is
the reduction of microtubule polymerization activity at the
leading edge. Thus, the average comet distance to growth
cone front is higher (Figure 3) and the proportion of comets
in a zone spanning the first 2pum from the leading edge is
lower in MAP1B-deficient growth cones (Figure 5). This raises
the question as to how MAP1B might promote microtubule
polymerization close to the leading edge. MAP1B has been
shown to bind both microtubules and actin filaments (Pedrotti
and Islam, 1996; Togel et al, 1998; Bouquet et al, 2004).
In growth cones, MAP1B localizes in the cytoplasm as well
as on microtubules and actin filaments (Bouquet et al.,, 2004;
Stroissnigg et al., 2007). Co-localization with F-actin has been
found predominantly at the leading edge (Bouquet et al., 2004).
An intriguing possibility is that MAP1B facilitates microtubule
polymerization close to the leading edge by acting as a
link between F-actin and microtubules as has been proposed
previously (Bouquet et al., 2004; Lowery and Van Vactor,
2009).

Extending previous findings (Gonzalez-Billault et al., 2002;
Tortosa et al.,, 2013), our results demonstrate that deletion of
MAPIB shifts the size distribution of growth cones toward
larger size classes. In addition, the shape of MAP1B-deficient
growth cones is changed, they are wider and shorter compared
to wild-type growth cones of the same size (Figure S5). How
could these changes be related to altered microtubule dynamics?
It has been shown in HeLa cells that dynamic microtubules
which polymerize all the way to the leading edge are essential
for homeostatic cell length control (Picone et al, 2010).
Moreover, interfering with DRG neuron microtubule dynamics
by downregulation of kinesin KIF 3C or treatment with taxol
leads to an increase in growth cone size (Gumy et al., 2013).
MAPI1B-null growth cones display an overall reduction in the
density of dynamic microtubules, a slight reduction in the
percentage of anterograde comets and a deficiency in dynamic
microtubules at the leading edge. It is conceivable that these
alterations impair homeostatic shape and size control in MAP1B-
null growth cones.

The capacity of growth cones to directionally migrate, to
respond to attractive and repulsive axon guidance cues and
to turn at borders between permissive and non-permissive
substrates all are contingent on dynamic microtubules (Dent and
Gertler, 2003; Lowery and Van Vactor, 2009). MAP1B knockout
growth cones are deficient in all these capacities (Bouquet et al,,
2004, 2007; Del Rio et al., 2004; Stroissnigg et al., 2007; Meli
et al., 2015). Our data show that most attributes of microtubule
polymerization (number and density of growing microtubules,
distribution within the growth cone, rate and duration of growth)
are reduced upon deletion of MAP1B. This is in agreement with
the assertion that MAP1B keeps microtubules in a dynamic state
(Goold et al., 1999; Gonzalez-Billault et al.,, 2002; Tymansky;j
et al, 2012). Our results suggest that reduced microtubule
dynamics caused by deletion of MAP1B might contribute to the
impaired growth cone performance of MAP1B-null neurons.
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Movie S1 | Microtubule polymerization in an extending wild-type growth cone
Wild-type mouse DRG neurons stably expressing YFP-EB3 (top panel) were
imaged in 2-s intervals for 1 min long repetitive cycles. After spinning disk imaging,
individual growth cones were segmented based on YFP cytoplasmic background
fluorescence (bottom panel: growth cone boundary is outlined by dark blue,
growth cone front is marked by cyan, magenta labels growth cone midline, green
“x” corresponds to growth cone centroid). Subsequently, EB3-comets (indicated
by red outlines and yellow ID numbers, bottom panel) within each growth cone
were segmented and tracked individually using plusTipTracker. Scale bar: 10 um.

Movie S2 | Microtubule polymerization in an extending wild-type growth cone
Wild-type mouse DRG neurons stably expressing YFP-EBS (top panel) were
imaged in 2-s intervals for one minute long repetitive cycles. After spinning disk
imaging, individual growth cones were segmented based on YFP cytoplasmic
background fluorescence (bottom panel: growth cone boundary is outlined by
dark blue, growth cone front is marked by cyan, magenta labels growth cone
midline, green “x” corresponds to growth cone centroid). Subsequently,
EB3-comets (indicated by red outlines and yellow ID numbers, bottom panel)
within each growth cone were segmented and tracked individually using
plusTipTracker. Scale bar: 10 um.

Movie S3 | Continuously extending wild-type DRG growth cones Wild-type
mouse DRG growth cones stably expressing EB3-YFP were imaged with a
10-min time resolution to capture growth cone displacements. In this movie,
several wild-type growth cones are visible, all of which are classified as extending.
The image sequence was combined from higher time resolution movies of
YFP-EBS3 comets, hence the 10-min time differences are indicated by jumps in the
image sequence. Scale bar: 10 um.

Figure S1 | Growth cone and EB3-comet segmentation. Montages of wild-type
(A) and MAP1B~/~ (B) DRG growth cones and EB3-YFP comets are displayed.
The upper panels show the raw image sequence, the lower panels show
segmentation results. Note that YFP-EB3 comets have unique identifiers, allowing
tracing them throughout their lifetime and visual control of the segmentation
outcome. On the segmented images, growth cone outline is marked with dark
blue, light blue color indicates the growth cone front, magenta is the midline of the
growth cone, and the green crosses mark growth cone centroids. The last images

of each montage show a maximum time projection of the previous 11 frames.
Scale bar: 5m.

Figure S2 | Match between EB3 and SIR-actin segmentation. (A) In order to test
the growth cone area estimation accuracy based on YFP-EBS signal, DRG growth
cones were labeled with SiR-actin, and imaged with dual-channel spinning disc
microscopy. Images were independently segmented based on YFP and far-red
channels. (B-G) Cumulative distribution functions (CDF) of growth cone size and
morphological properties show a high degree of match between the
independently segmented channels. Numbers on subplots indicate median
property values. Significance values obtained from Kolmogorov-Smirnov tests are
also displayed. *, p < 0.05, n.s., not significant. Six hundred and seventy
observations of fifteen growth cones from 2 independent experiments were
included in these measurements. Scale bar: 5 um.

Figure S3 | Multivariate analyses confirm data reproducibility between and within
experiments. PCA analysis based on 37 growth cone-variables [(A), data points =
409 individual growth cones at single 2-s intervals] or 21 YFP-EB3 comet
variables [(C), data points = 9,577 individual YFP-EB3 comets at single
time-points)—color-coded with respect to the mouse from which the DRGs were
taken—reveal high overlap between growth cone and comet observations of
independent experiments (data of wild-type mice shown.) Similar analyses of
growth cone (B) or YFP-EB3 comet (D) data color-coded by measurements
performed at O, 10, and 20 min of observation time reflect temporal stability within
experimental conditions.

Figure S4 | Distribution of wild-type and MAP1B-null growth cones according to
growth cone size. (A) Cumulative distribution function of growth cone area of
wild-type and MAP1B-null growth cones. Red dashed lines indicate the selected
maximum of growth cone size bins (110 umz for wild-type, 170 umz for
MAP1B-null growth cones). Number of observations (B) and number of growth
cones (C) in the different growth cone size bins are shown. The number of
observations was applied in the statistical comparisons of Figures 3A-F and
Figures S5A,B.

Figure S5 | Growth cone morphological properties scale with increasing growth
cone area. Growth cone length (A) and growth cone width (B) are both increasing
as growth cone size increases. Note that wild-type growth cones are longer but
less wide than MAP1B-null growth cones of the corresponding size. (C) Growth
cone eccentricity was calculated in accordance with the MATLAB “regionprops”
function as the ratio of the distance between the foci (F1 and F2) and the major
axis of the ellipse fitted around the segmented growth cone. (D) Growth cone
eccentricity decreases with the increase of growth cone, but to a higher extent in
MAP1B-null growth cones than in wild-type. *, p < 0.05, **, p < 0.01, ***, p <
0.001, n.s., non-significant; according to Wilcoxon rank-sum test.

Figure S6 | Continuous, coarse-grained, and random sampling of growth cone
area. Microtubule growth rate is depicted as an example in these plots. The same
sampling procedure was performed for all variables presented in Figure 3 and
Figure S5. (A), Scatter plot of growth cone area vs. per growth cone median
comet speed in wild-type (blue) and MAP1B-null (orange) neurons. One circle
corresponds to a single time point observation of an individual growth cone. Next,
a sliding window sampling was performed (shown on inset). Briefly, comet speed
observations were sorted according to increasing growth cone size. Growth cone
area was divided into windows consisting of 300 observations. In iterative steps,
this sampling window was moved towards larger growth cone areas, so that it
contained 220 observations from the previous window (shown by overlapping
yellow rectangles). This method ensured continuous sampling of growth cone
area. (B) Observations within each sampling window were bootstrap sampled
(100 times resampling with replacement). Medians (circles) and 95% confidence
intervals (squares) of these samplings are depicted for wild-type and MAP1B~/~
growth cones. Re-aggregation of these bootstrapped results according to the
selected growth cone area-bins provided the basis of the statistics and plots
shown in Figure 3 and Figure S5. (C) To estimate the effect of aggregating bin
size on comet speed patterns, comet speed data was grouped by growth cone
area bins of 10 me2 width. Note that also this binning shows the monotonic
wild-type and the non-monotonic trend of the MAP1-null growth cones

(Figure 3C). #p < 0.05, xxp < 0.01, * *x xp < 0.001, n.s. = non-significant;
according to Wilcoxon rank-sum test. (D) When comet speed observations were
sorted based on a randomized order of growth cone size, the trends shown in (B)
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are not discernible. This indicates that growth cone area size impacts microtubule
growth rate to a degree beyond random association.

Figure S7 | Distribution of YFP-EB3 comet angles in wild-type vs. MAP1B-null
growth cones of different sizes. YFP-EB3 comet angles were measured between
the vector defined by the start- and endpoints of each EB3-YFP comet path and
the vector defined by the growth cone basis and growth cone tip. Only comets
tracked for at least 10's were included in this analysis. Comet angles were
classified as anterograde (comet moved toward growth cone front), retrograde
(backward, moved away from growth cone front) or lateral (moved sideways) as
follows: anterograde: 0° =<= “120°” 240° <= “comet” angle.

Figure S8 | Extending and retracting growth cones mainly vary in growth cone
morphology-related properties. (A) Principal component analysis of extending and
retracting wild-type growth cones. Percentages show the fraction of total variance
captured by principal component (PC). Outlined circles indicate the population
centers of mass. Each dot corresponds to a multivariate observation of a growth
cone at a single time point. Note the substantial overlap between the two growth
cone subpopulations in the multivariate feature space. Number of growth cone
observations: extending: 13553, retracting: 765. (B) List of top 15 growth cone
and YFP-EBS3 comet properties of PC1 (38% of total variance), ranked by their
contribution (PCA coefficient values in PC1). (C), Cumulative distribution function
of growth area of extending and retracting wild-type growth cones. Dashed
vertical line indicates the upper boundary (20 um2) of growth cone areas included
in this analysis. Data from at least 5 growth cones per growth cone size bin have
been included.

REFERENCES

Akhmanova, A., and Steinmetz, M. O. (2008). Tracking the ends: a dynamic
protein network controls the fate of microtubule tips. Nat. Rev. Mol. Cell Biol.
9, 309-322. doi: 10.1038/nrm2369

Al-Ali, H., Beckerman, S. R, Bixby, J. L, and Lemmon, V. P. (2017).
In vitro models of axon regeneration. Exp. Neurol. 287, 423-434.
doi: 10.1016/j.expneurol.2016.01.020

Applegate, K. T., Besson, S., Matov, A., Bagonis, M. H., Jagaman, K., and
Danuser, G. (2011). plusTipTracker: quantitative image analysis software for
the measurement of microtubule dynamics. J. Struct. Biol. 176, 168-184.
doi: 10.1016/j.jsb.2011.07.009

Bouquet, C., Ravaille-Veron, M., Propst, F., and Nothias, F. (2007). MAP1B
coordinates microtubule and actin filament remodeling in adult mouse
Schwann cell tips and DRG neuron growth cones. Mol. Cell. Neurosci. 36,
235-247. doi: 10.1016/j.mcn.2007.07.002

Bouquet, C., Soares, S., von Boxberg, Y., Ravaille-Veron, M., Propst, F.,
and Nothias, F. (2004). Microtubule-associated protein 1B controls
directionality of growth cone migration and axonal branching
regeneration of adult dorsal root ganglia neurons. J. Neurosci. 24, 7204-7213.
doi: 10.1523/JNEUROSCI.2254-04.2004

Burden-Gulley, S. M., Payne, H. R., and Lemmon, V. (1995). Growth cones are
actively influenced by substrate-bound adhesion molecules. J. Neurosci. 15,
4370-4381. doi: 10.1523/JNEUROSCI.15-06-04370.1995

Cammarata, G. M., Bearce, E. A., and Lowery, L. A. (2016). Cytoskeletal social
networking in the growth cone: how +TIPs mediate microtubule-actin cross-
linking to drive axon outgrowth and guidance. Cytoskeleton 73, 461-476.
doi: 10.1002/cm.21272

Challacombe, J. F., D. M., and Letourneau, P. C. (1997).
Dynamic microtubule ends are required for growth cone turning
to avoid an inhibitory guidance cue. J. Neurosci. 17, 3085-3095.
doi: 10.1523/JNEUROSCI.17-09-03085.1997

Del Rio, J. A., Gonzélez-Billault, C., Urefia, J. M., Jiménez, E. M., Barallobre,
M. J., Pascual, M,, et al. (2004). MAPIB is required for Netrin 1 signaling
in neuronal migration and axonal guidance. Curr. Biol. 14, 840-850.
doi: 10.1016/j.cub.2004.04.046

Dent, E. W., and Gertler, F. B. (2003). Cytoskeletal dynamics and transport
in growth cone motility and axon guidance. Neuron 40, 209-227.
doi: 10.1016/S0896-6273(03)00633-0

in

Snow,

Table S1 | Definition of variables. This table describes the quantitative properties
measured in this study on diverse spatial scales: growth cone-level (Sheet 1) and
YFP-EB3 comet-level (Sheet 2). Corresponding units, detailed descriptions and
calculation methods are also included.

Table S2 | Growth cone and EB3-comet datasets. Available at: https://figshare.
com/s/a33f8e0a30df1e0cObcf. This table includes the quantitative multiscale data
underlying this manuscript. Variables are described in Table S1. In addition to
these variables Table S2 contains the coordinates of the growth cone and
YFP-EBS3 comet centroids. Additionally, the first 9 columns are index columns
containing: 1: File name (structure: date_coating_dish_field_channel_time
point_time interval_number in image sequence); 2: Growth cone ID; 3: Growth
cone behavior; 4: Time point of the 1-min comet measurement. t1 =time 0, t2 =
10 min later, t3 = another 10 min later; 5: ID of ibidi dish used in the specific
experiment; 6: The microscope field ID within the given dish; 7: The ID of the
mouse the DRG neurons were isolated from; 8: Mouse genotype; 9: Mouse sex.
These index columns match between Sheet “growth cone” and Sheet
“EB3-comet.” For example, the rows belonging to Growth cone ID = 1 of Sheet 2
contain all data of the YFP-EB3 comets detected within Growth cone ID = 1.
Hence, data between the different spatial scales (growth cones and comets) were
connected and filtered for the calculation of growth cone level comet statistics (for
example, median distance to front) according to these index columns. In the
EB3-comet data sheet (Sheet 2), an additional index “Comet counter” (column 10)
is added. “No data” (due to no comets present or derivative calculations of rate of
change type of data) is indicated by NaN.

Dent, E. W., Gupton, S. L., and Gertler, F. B. (2011). The growth cone cytoskeleton
in axon outgrowth and guidance. Cold Spring Harb. Perspect. Biol. 3:a001800.
doi: 10.1101/cshperspect.a001800

Geraldo, S., and Gordon-Weeks, P. R. (2009). Cytoskeletal dynamics in growth-
cone steering. J. Cell Sci. 122, 3595-3604. doi: 10.1242/jcs.042309

Gonzélez-Billault, C., Del Rio, J. A., Urefia, J. M. Jiménez-Mateos, E.
M., Barallobre, M. J., Pascual, M., et al. (2005). A role of MAPIB
in Reelin-dependent Neuronal Migration. Cereb. Cortex 15, 1134-1145.
doi: 10.1093/cercor/bhh213

Gonzélez-Billault, C., Demandt, E., Wandosell, F., Torres, M., Bonaldo, P.,
Stoykova, A., et al. (2000). Perinatal lethality of microtubule-associated protein
1B-deficient mice expressing alternative isoforms of the protein at low levels.
Mol. Cell. Neurosci. 16, 408-421. doi: 10.1006/mcne.2000.0880

Gonzalez-Billault, C., Owen, R., Gordon-Weeks, P. R., and Avila, J. (2002).
Microtubule-associated protein 1B is involved in the initial stages of
axonogenesis in peripheral nervous system cultured neurons. Brain Res. 943,
56-67. doi: 10.1016/S0006-8993(02)02534-9

Goodhill, G.J., Faville, R. A., Sutherland, D. J., Bicknell, B. A., Thompson, A. W.,
Pujic, Z., et al. (2015). The dynamics of growth cone morphology. BMC Biol.
13:10. doi: 10.1186/s12915-015-0115-7

Goold, R. G, Owen, R, and Gordon-Weeks, P. R. (1999). Glycogen synthase kinase
3b phosphorylation of microtubule-associated protein 1B regulates the stability
of microtubules in growth cones. J. Cell Sci. 112, 3373-3384.

Gordon-Weeks, P. R., and Fischer, I. (2000). MAP1B expression and microtubule
stability in growing and regenerating axons. Microsc. Res. Tech. 48, 63-74.
doi: 10.1002/(SICI)1097-0029(20000115)48:2<63::AID-JEMT2>3.0.CO;2-1

Gumy, L. F.,, Chew, D. J., Tortosa, E., Katrukha, E. A., Kapitein, L. C., Tolkovsky,
A. M, etal. (2013). The kinesin-2 family member KIF3C regulates microtubule
dynamics and is required for axon growth and regeneration. J. Neurosci. 33,
11329-11345. doi: 10.1523/JNEUROSCI.5221-12.2013

Halpain, S., and Dehmelt, L. (2006). The MAP1 family of microtubule-associated
proteins. Genome Biol. 7:224. doi: 10.1186/gb-2006-7-6-224

Harkcom, W. T., Ghosh, A. K., Sung, M. S., Matov, A., Brown, K. D., Giannakakou,
P., et al. (2014). NAD+ and SIRT3 control microtubule dynamics and reduce
susceptibility to antimicrotubule agents. Proc. Natl. Acad. Sci. US.A. 111,
E2443-2452. doi: 10.1073/pnas.1404269111

Kalil, K., and Dent, E. W. (2005). Touch and go: guidance cues signal
to the growth cone cytoskeleton. Curr. Opin. Neurobiol. 15, 521-526.
doi: 10.1016/j.conb.2005.08.005

Frontiers in Cellular Neuroscience | www.frontiersin.org

14

July 2018 | Volume 12 | Article 195



Kiss et al.

Growth Cone Size-Dependent Microtubule Polymerization

Kiss, A., Gong, X., Kowalewski, J. M., Shafqat-Abbasi, H., Strémblad, S., and Lock,
J. G. (2015). Non-monotonic cellular responses to heterogeneity in talin protein
expression-level. Integr. Biol. 7, 1171-1185. doi: 10.1039/C4IB00291A

Kleele, T., Marinkovi¢, P., Williams, P. R., Stern, S., Weigand, E. E., Engerer, P.,
et al. (2014). An assay to image neuronal microtubule dynamics in mice. Nat.
Commun. 5:4827. doi: 10.1038/ncomms5827

Komarova, Y. A., Vorobjev, I. A, and Borisy, G. G. (2002). Life cycle of MTs:
persistent growth in the cell interior, asymmetric transition frequencies and
effects of the cell boundary. J. Cell Sci. 115, 3527-3539.

Kumar, P., Lyle, K. S., Gierke, S., Matov, A., Danuser, G., and Wittmann,
T. (2009). GSK3beta phosphorylation modulates CLASP-microtubule
association and lamella microtubule attachment. J. Cell Biol. 184, 895-908.
doi: 10.1083/jcb.200901042

Letourneau, P. C., and Ressler, A. H. (1984). Inhibition of neurite initiation and
growth by taxol. J. Cell Biol. 98, 1355-1362. doi: 10.1083/jcb.98.4.1355

Liu, G., and Dwyer, T. (2014). Microtubule dynamics in axon guidance. Neurosci.
Bull. 30, 569-583. doi: 10.1007/s12264-014-1444-6

Lock, J. G., Mamaghani, M. J., Shafqat-Abbasi, H., Gong, X., Tyrcha, J., and
Strémblad, S. (2014). Plasticity in the macromolecular-scale causal networks
of cell migration. PLoS ONE 9:€90593. doi: 10.1371/journal.pone.0090593

Lock, J. G., and Strémblad, S. (2010). Systems microscopy: an emerging strategy for
the life sciences. Exp. Cell Res. 316, 1438-1444. doi: 10.1016/j.yexcr.2010.04.001

Lowery, L. A., Stout, A., Faris, A. E, Ding, L., Baird, M. A., Davidson, M.
W., et al. (2013). Growth cone-specific functions of XMAP215 in restricting
microtubule dynamics and promoting axonal outgrowth. Neural Dev. 8:22.
doi: 10.1186/1749-8104-8-22

Lowery, L. A., and Van Vactor, D. (2009). The trip of the tip: understanding
the growth cone machinery. Nat. Rev. Mol. Cell Biol. 10, 332-343.
doi: 10.1038/nrm2679

Matov, A., Applegate, K., Kumar, P., Thoma, C., Krek, W., Danuser, G., et al.
(2010). Analysis of microtubule dynamic instability using a plus-end growth
marker. Nat. Methods 7, 761-768. doi: 10.1038/nmeth.1493

Meixner, A., Haverkamp, S., Wissle, H., Fiihrer, S., Thalhammer, J., Kropf, N.,
et al. (2000). MAPI1B is required for axon guidance and is involved in the
development of the central and peripheral nervous system. J. Cell Biol. 151,
1169-1178. doi: 10.1083/jcb.151.6.1169

Meli, R., Weisov4, P., and Propst, F. (2015). Repulsive Axon Guidance by Draxin
Is Mediated by Protein Kinase B (Akt), Glycogen Synthase Kinase-3beta
(GSK-3beta) and Microtubule-Associated Protein 1B. PLoS ONE 10:e0119524.
doi: 10.1371/journal.pone.0119524

Mimori-Kiyosue, Y., Shiina, N., and Tsukita, S. (2000). The dynamic behavior of
the APC-binding protein EB1 on the distal ends of microtubules. Curr. Biol. 10,
865-868. doi: 10.1016/S0960-9822(00)00600-X

Nishimura, Y., Applegate, K., Davidson, M. W., Danuser, G., and Waterman,
C. M. (2012). Automated screening of microtubule growth dynamics
identifies MARK2 as a regulator of leading edge microtubules downstream
of Racl in migrating cells. PLoS ONE 7:e41413. doi: 10.1371/journal.pone.
0041413

Noiges, R., Eichinger, R. Kutschera, W., Fischer, I, Nemeth, Z.,
Wiche, G, al.  (2002). MAP1A and MAPIB: light
determine distinct functional properties. J. Neurosci. 22, 2106-2114.
doi: 10.1523/JNEUROSCI.22-06-02106.2002

Paglini, G., Kunda, P., Quiroga, S., Kosik, K., and Caceres, A. (1998). Suppression
of radixin and moesin alters growth cone morphology, motility, and
process formation In primary cultured neurons. J. Cell Biol. 143, 443-455.
doi: 10.1083/jcb.143.2.443

Pedrotti, B., and Islam, K. (1995). Microtubule associated protein 1B (MAP1B)
promotes efficient tubulin polymerisation in vitro. FEBS Lett. 371, 29-31.
doi: 10.1016/0014-5793(95)00842-W

Pedrotti, B., and Islam, K. (1996). Dephosphorylated but not phosphorylated
microtubule associated protein MAP1B binds to microfilaments. FEBS Lett.
388, 131-133. doi: 10.1016/0014-5793(96)00520-0

Perez, F., Diamantopoulos, G. S., Stalder, R, and Kreis, T. E. (1999).
CLIP-170 highlights growing microtubule ends in vivo. Cell 96, 517-527.
doi: 10.1016/50092-8674(00)80656-X

Picone, R.,, Ren, X, Ivanovitch, K. D., Clarke, J. D., McKendry, R. A,
and Baum, B. (2010). A polarised population of dynamic microtubules
mediates homeostatic length control in animal cells. PLoS Biol. 8:¢1000542.
doi: 10.1371/journal.pbio.1000542

et chains

Schaefer, A. W., Schoonderwoert, V. T. Ji, L., Mederios, N. Danuser,
G., and Forscher, P. (2008). Coordination of actin filament and
microtubule dynamics during neurite outgrowth. Dev. Cell 15, 146-162.
doi: 10.1016/j.devcel.2008.05.003

Schoenfeld, T. A., and Obar, R. A. (1994). Diverse distribution and function of
fibrous microtubule-associated proteins in the nervous system. Int. Rev. Cytol.
151, 67-137. doi: 10.1016/S0074-7696(08)62631-5

Shafqat-Abbasi, H., Kowalewski, J. M., Kiss, A., Gong, X., Hernandez-Varas,
P., Berge, U., et al. (2016). An analysis toolbox to explore mesenchymal
migration heterogeneity reveals adaptive switching between distinct modes.
Elife 5:¢11384. doi: 10.7554/eLife.11384

Stepanova, T., Slemmer, J., Hoogenraad, C. C., Lansbergen, G., Dortland,
B., De Zeeuw, C. 1, (2003).
growth in cultured neurons via the use of EB3-GFP (end-binding
protein  3-green fluorescent protein). J. Newurosci. 23, 2655-2664.
doi: 10.1523/JNEUROSCI.23-07-02655.2003

Stepanova, T., Smal, I, van Haren, J., Akinci, U., Liu, Z., Miedema, M., et al. (2010).
History-dependent catastrophes regulate axonal microtubule behavior. Curr.
Biol. 20, 1023-1028. doi: 10.1016/j.cub.2010.04.024

Stout, A., D’Amico, S., Enzenbacher, T., Ebbert, P., and Lowery, L. A. (2014). Using
plusTipTracker software to measure microtubule dynamics in Xenopus laevis
growth cones. J. Vis. Exp. 7:€52138. doi: 10.3791/52138

Straube, A., and Merdes, A. (2007). EB3 regulates microtubule dynamics at the
cell cortex and is required for myoblast elongation and fusion. Curr. Biol. 17,
1318-1325. doi: 10.1016/j.cub.2007.06.058

Stroissnigg, H., Trancikovd, A., Descovich, L., Fuhrmann, J., Kutschera, W.,
Kostan, J., et al. (2007). S-nitrosylation of microtubule-associated protein 1B
mediates nitric oxide induced axon retraction. Nat. Cell Biol. 9, 1035-1045.
doi: 10.1038/ncb1625

Takei, Y., Kondo, S., Harada, A., Inomata, S., Noda, T., and Hirokawa, N. (1997).
Delayed development of nervous system in mice homozygous for disrupted
microtubule-associated protein 1B (MAP1B) gene. J. Cell Biol. 137, 1615-1626.
doi: 10.1083/jcb.137.7.1615

Togel, M., Wiche, G., and Propst, F. (1998). Novel features of the light chain
of microtubule-associated protein MAP1B: microtubule stabilization, self
interaction, actin filament binding, and regulation by the heavy chain. J. Cell
Biol. 143, 695-707. doi: 10.1083/jcb.143.3.695

Tonge, D. A., Golding, J. P., Edbladh, M., Kroon, M., Ekstrom, P. E., and Ekstrom,
A. (1997). Effects of extracellular matrix components on axonal outgrowth
from peripheral nerves of adult animals in vitro. Exp. Neurol. 146, 81-90.
doi: 10.1006/exnr.1997.6498

Tortosa, E., Galjart, N., Avila, J., and Sayas, C. L. (2013). MAP1B regulates
microtubule dynamics by sequestering EB1/3 in the cytosol of developing
neuronal cells. EMBO J. 32, 1293-1306. doi: 10.1038/emb0j.2013.76

Turney, S. G., Ahmed, M., Chandrasekar, I, Wysolmerski, R. B,
Goeckeler, Z. M., Rioux, R. M., et al. (2016). Nerve growth factor
stimulates axon outgrowth through negative regulation of growth cone
actomyosin restraint of microtubule advance. Mol. Biol. Cell 27, 500-517.
doi: 10.1091/mbc.e15-09-0636

Tymanskyj, S. R., Scales, T. M., and Gordon-Weeks, P. R. (2012). MAP1B enhances
microtubule assembly rates and axon extension rates in developing neurons.
Mol. Cell. Neurosci. 49, 110-119. doi: 10.1016/j.mcn.2011.10.003

Villarroel-Campos, D., and Gonzalez-Billault, C. (2014). The MAPI1B case: an old
MAP that is new again. Dev. Neurobiol. 74, 953-971. doi: 10.1002/dneu.22178

Wieczorek, M., Bechstedt, S., Chaaban, S., and Brouhard, G. J. (2015).
Microtubule-associated proteins control the kinetics of microtubule nucleation.
Nat. Cell Biol. 17, 907-916. doi: 10.1038/ncb3188

et al Visualization of microtubule

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Kiss, Fischer, Kleele, Misgeld and Propst. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

15

July 2018 | Volume 12 | Article 195



