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Development/Plasticity/Repair

Doublecortin Associates with Microtubules Preferentially in
Regions of the Axon Displaying Actin-Rich Protrusive
Structures

Irina Tint,"2 Daphney Jean,? Peter W. Baas,”* and Mark M. Black'*
'Department of Anatomy and Cell Biology, Temple University School of Medicine, Philadelphia, Pennsylvania 19140, and 2Department of Neurobiology and
Anatomy, Drexel University College of Medicine, Philadelphia, Pennsylvania 19129

Here we studied doublecortin (DCX) in cultured hippocampal and sympathetic neurons during axonal development. In both types of
neurons, DCX is abundant in the growth cone, in which it primarily localizes with microtubules. Its abundance is lowest on microtubules
in the neck region of the growth cone and highest on microtubules extending into the actin-rich lamellar regions. Interestingly, the
microtubule polymer richest in DCX is also deficient in tau. In hippocampal neurons but not sympathetic neurons, discrete focal patches
of microtubules rich in DCX and deficient in tau are present along the axonal shaft. Invariably, these patches have actin-rich protrusions
resembling those of growth cones. Many of the DCX/actin filament patches exhibit vigorous protrusive activity and also undergo a
proximal-to-distal redistribution within the axon at average rates ~2 wm/min and thus closely resemble the growth-cone-like waves
described by previous authors. Depletion of DCX using small interfering RNA had little effect on the appearance of the growth cone or on
axonal growth in either type of neuron. However, DCX depletion significantly delayed collateral branching in hippocampal neurons and
also significantly lowered the frequency of actin-rich patches along hippocampal axons. Branching by sympathetic neurons, which occurs
by growth cone splitting, was not impaired by DCX depletion. These findings reveal a functional relationship between the DCX/actin
filament patches and collateral branching. Based on the striking resemblance of these patches to growth cones, we discuss the possibility

that they reflect a mechanism for locally boosting morphogenetic activity to facilitate axonal growth and collateral branching.

Introduction

Different types of neurons in the CNS and PNS generate distinc-
tive morphologies that are critical for their unique functions.
Although environmental factors and cues are certainly important
for molding neuronal morphology, it is noteworthy that various
types of neurons when cultured identically retain many of their
unique morphological characteristics, suggesting that aspects of
neuronal morphology are endogenously determined. The mech-
anisms that generate neuronal morphology ultimately converge
on the cytoskeleton to establish the patterns of cytoskeletal orga-
nization that constitute the structural basis of neuronal form. A
growing body of evidence indicates that these patterns result
from a coordinated interaction of microtubules and actin fila-
ments. This is seen particularly well in the process of collateral
branch formation (Dent and Kalil, 2001) and in the growth cone,
which generates the motility required for axonal elongation and
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pathfinding (Dent and Gertler, 2003). There is an ever growing
list of proteins that can theoretically impact both cytoskeletal
elements and thereby integrate them, including structural pro-
teins such as MAP1b (Bouquet et al., 2007), motor proteins such
as cytoplasmic dynein (Myers et al., 2006), and signaling proteins
such as small G-proteins (Grabham et al., 2003).

In the present study, we have focused on a protein called
doublecortin (DCX), which has been shown in vitro to influ-
ence microtubule stability, bundling, and protofilament number
(Francis et al., 1999; Gleeson et al., 1999; Horesh et al., 1999;
Moores et al., 2004, 2006). In addition, DCX can interact with
actin filaments either directly or indirectly via neurabin II
(Tsukada et al., 2003, 2005, 2006; Shmueli et al., 2006). A poten-
tial role for DCX as an integrator of crosstalk between cytoskeletal
systems is further supported by observations that DCX can be
phosphorylated by a variety of kinases and can form complexes
with known signaling proteins (Gdalyahu et al., 2004; Graham et
al., 2004; Schaar et al., 2004; Tanaka et al., 2004; Shmueli et al.,
2006; Tsukada et al., 2006).

Many of the proposed axonal functions of DCX, particularly
with regard to microtubules and actin filaments, lead to specific
predictions about its detailed localization and subcellular associ-
ations. Although several groups have shown that DCX is present
in growing axons, in which is it enriched distally in the growth
cone (Friocourt et al., 2003; Gdalyahu et al., 2004; Schaar et al.,
2004), the data do not reveal whether DCX is associated with
microtubules, actin filaments, or other structures, nor do they
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reveal the relative abundance of DCX on these structures in spe-
cific domains of the growth cone. Here, we sought to thoroughly
analyze the distribution of DCX in both hippocampal and sym-
pathetic neurons, as well as the effects on axonal morphology of
depleting DCX with small interfering RNA (siRNA). Our results
reveal that the microtubule association of DCX is tightly regu-
lated in growing axons and that the actin system participates in
this regulation.

Materials and Methods

Materials. Culture dishes in which glass coverslips had been fixed to the
bottom over a hole of 14 mm were obtained from Matek. Culture media
were obtained from Invitrogen. Supplements for culture media were
obtained from Invitrogen, except for BSA, which was obtained from
Calbiochem, and fetal bovine serum, which was obtained from HyClone
Laboratories. Other reagents were obtained from Sigma-Aldrich unless
otherwise indicated.

Cell culture. Experiments used either primary cultures of sympathetic
or hippocampal neurons from rat. Sympathetic neurons were dissociated
from the superior cervical ganglia of 1- to 3-d-old rat pups using sequen-
tial treatments with collagenase and trypsin, followed by trituration. Dis-
sociated neurons were plated onto glass coverslips coated with polylysine
and subsequently laminin as described previously (Brown et al., 1992),
except that laminin was used at a final concentration of 25 ug/ml. For
studies on early stages of axonal growth, cells were plated on polylysine
alone. With this substrate, neurons attach but fail to extend axons during
the first couple of days in culture. However, rapid axonal growth can be
triggered by addition of laminin to the culture medium (Rivas et al.,
1992; Slaughter et al., 1997; Yu et al., 2001). Hippocampal neurons were
dissociated from hippocampi dissected from 18 d rat fetuses and plated
onto polylysine-coated glass coverslips as described by Yu et al. (2008).
Culture media were modified to contain astrocyte-conditioned media
using the procedure of Kaech and Banker (2006). To acutely depolymer-
ize actin filaments, cultures of neurons were treated with 25 um latrun-
culin (Invitrogen) for 3 or 10 min.

RNA interference. siRNA-mediated depletion of DCX was used to eval-
uate its role in axonal development and cytoskeletal organization. siRNA
was introduced into dissociated neurons using the Amaxa nucleofection
device as described previously (Hasaka et al., 2004; He et al., 2005; Myers
etal., 2006). Four different siRNA duplexes were designed against differ-
ent regions of the DCX sequence using the custom SMARTpool siRNA
service of Dharmacon (rat cytoplasmic DCX; GenBank accession num-
ber NM_053379). The nonspecific duplex III from Dharmacon was used
as control. siRNA was dissolved to 200 M, aliquotted, and stored at
—20°C. siRNA concentration at nucleofection was 18 pm. Initial exper-
iments using immunostaining and immunoblotting indicated that DCX
levels declined progressively over time, reaching =80% depletion in
most neurons by 3 d after nucleofection. Accordingly, nucleofected neu-
rons were plated at high density onto 35 mm plastic culture dishes and
maintained for 3 d, at which time they were dissociated by brief trypsin
treatment and then replated onto glass coverslips as described above (He
et al,, 2005; Myers et al., 2006; Qiang et al., 2006). In this way, neurons
were challenged to regrow axons after DCX was reduced by =80%.

Immunofluorescence procedures. Two procedures were used to fix cells
for immunostaining. In a limited number of experiments, cells were fixed
without extraction by immersion in cold (—20°C) methanol for 10 min
(Roy et al., 2000). Fixed cells were rehydrated with PBS and then stained
as described below. For most experiments, we used a combined fixation/
extraction procedure in which cultures were rinsed twice with PBS and
then fixed by immersion for 10 min in PEM (100 mm PIPES, 5 mm EGTA,
and 2 mm MgCl,, pH 6.8) containing 0.3% glutaraldehyde, 0.1% Igepal
CA-630, 10 uMm taxol, and 1 ug/ml phalloidin. Cells were then rinsed
extensively in PBS, pH 7.4, further permeabilized by incubation with
0.5% Triton X-100 in PBS for 15 min, and then treated twice with 10
mg/ml sodium borohydride in PBS, 7 min each time, to quench
glutaraldehyde-related autofluorescence. For staining, samples fixed by
either method were blocked by incubation for 30 min with 10 mg/ml BSA
plus 10% normal donkey serum in PBS and then incubated with primary
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antibodies, diluted in PBS for 60 min at room temperature, rinsed exten-
sively with PBS, and reblocked for at least 10 min before incubation with
secondary antibodies, diluted in PBS, for 45 min at room temperature.
After extensive rinsing in PBS, samples were mounted in a medium that
reduces photobleaching (0.212% N-propylgallate in 90% glycerol and
10% PBS).

Methanol-fixed cells were double stained for microtubules and DCX.
For these analyses, cells were incubated first with antibody to DCX,
rinsed with PBS, and then incubated with antibody to tubulin, rinsed
extensively, and then incubated simultaneously with secondary antibod-
ies. Cells fixed/extracted with glutaraldehyde were triple stained to reveal
microtubules, DCX, and actin or tau, another microtubule-associated
protein present in axons. To triple stain for microtubules, DCX, and
actin filaments, cells were incubated first with antibody to DCX, rinsed
with PBS, incubated with antibody to tubulin, rinsed extensively, and
then incubated simultaneously with secondary antibodies and rhodamine-
labeled phalloidin. To triple stain for microtubules, DCX, and tau, cells
were incubated first with the tau antibody (tau 5') (Black et al., 1996),
rinsed, incubated with DCX antibody, rinsed again, and incubated with
tubulin antibody, rinsed extensively, and then incubated simulta-
neously with secondary antibodies. The following antibodies were
used for the present experiments. Microtubules were revealed using a
mouse monoclonal antibody against a-tubulin [DM1 «, provided by
Dr. V. Gelfand, University of Illinois, Urbana, IL (Blose et al., 1984)]. The
tau 5" antibody is a rabbit polyclonal raised against the N-terminal ~100
aa of rat tau and is specific for tau as assessed by immunoblotting against
extracts of brain and cultured neurons (Black et al., 1996). To reveal
DCX, most experiments used the C-18 antibody purchased from Santa
Cruz Biotechnology; this is a peptide antibody raised in goats, and we
used it typically at a dilution of 1:250 (4 ug/ml). In a limited number of
experiments, we also used rabbit polyclonal antibodies against DCX gen-
erously provided by Dr. Orly Reiner (Department of Molecular Genetics,
The Weizmann Institute, Rehovot, Israel) and Dr. Christopher Walsh
(Howard Hughes Medical Institute, Beth Israel Deaconess Medical Cen-
ter, Boston, MA). Comparable results were obtained with all three anti-
bodies against DCX.

Imaging and analysis. Imaging of fixed cells was performed with a Carl
Zeiss Axiovert 200M to which was interfaced a Cooke sensicam cooled
CCD camera. The camera, shutter, and motorized microscope compo-
nents were controlled using iVision software (Biovision Technologies).
Filter sets optimized for multiple labeling analyses using cyanine 2 and 5
and Rhodamine Red-X were obtained from Chroma Technology. Images
were acquired using the full usable area of the CCD chip, which measured
1376 X 1024 pixels and stored in full 12-bit format for processing and
analysis. To reveal the general morphology of neurons and to quantify
total axonal length, fluorescent images were obtained with a 25X/0.8
numerical aperture (NA) or 40X/1.3 NA Plan-Neofluar oil objective. To
avoid selection bias in these analyses, we predetermined a minimum
number of axons to analyze, usually 20—40, and took images of every
neuron encountered up to the predetermined number. Axonal length
was measured with the length-measuring tool in iVision. High-resolution
images of axons and growth cones were obtained with the 100X/1.3 NA
Plan-Neofluar oil objective. Image processing was performed with vari-
ous tools in iVision; ratio imaging and the segmented mask procedure,
which measures fluorescence intensity in user-defined segments along
the axon and in the growth cone, were performed with customized rou-
tines developed in Oncor Imaging Software (Brown et al., 1992). Images
were imported into Adobe Photoshop (Adobe Systems) to prepare fig-
ures for presentation (version CS3 extended); unless otherwise indicated,
linear methods were used to enhance image brightness and contrast for
presentation.

Time-lapse imaging was performed to determine the relationship of
focal axonal accumulations of DCX described here with “growth cone
like waves” described by Ruthel and Banker (1998). These latter struc-
tures consist of prominent lamellipodia that move within the axon at
rates of ~3 wm/min. Neurons were grown on gridded coverslips. Axons
with discrete lamellipodial structures along their length were identified
and imaged using time-lapse phase microscopy for 10 min intervals. The
neurons were then fixed and stained for actin and DCX as described
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Figure 1. DCX is associated with microtubules specifically in regions that stain prominently for actin filament assemblies
indicative of protrusive activity. Sympathetic neurons were fixed with glutaraldehyde in the presence of nonionic detergent to
preserve both microtubules and actin filaments and to remove unassembled pools of tubulin and actin. A-Cshow a large lamella
extending from a neuron stained for DCX, actin filaments, and microtubules, respectively. D shows a color overlay of these images
with microtubules in red, DCX in green, and actin filaments in violet. In such lamellae, which represent very early stages in axonal
formation (Yu et al., 2001), DCX is concentrated specifically on the distal parts of microtubules that extend into regions of strong
actin staining that are probably nascent growth cones. E-G show high-magnification views of a growth cone stained for DCX, actin
filaments, and microtubules, respectively. H shows a color overlay of these images with microtubulesinred, DCXin green, and actin
filaments in violet. DCX is concentrated on microtubules throughout the growth cone, including the portions that extend into its
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above. To directly establish the relationship be-
tween the focal accumulations of DCX and the
growth-cone-like waves, green fluorescent
protein (GFP)-DCX was expressed in neurons.
The GFP-DCX construct was generously pro-
vided by Dr. Orly Reiner. The construct was
introduced into dissociated neurons using the
Amaxa nucleofection device as described pre-
viously (Hasaka et al., 2004; He et al., 2005;
Myers et al., 2006). Focal accumulations were
identified in living neurons expressing GFP—
DCX. A fluorescent image was obtained of the
cell, followed by a time-lapse sequence using
phase optics (10 min duration), followed by
another fluorescence image. Time-lapse imag-
ing used the 40X/1.3 NA Plan-Neofluar oil ob-
jective; images were acquired at 2 s intervals
using an exposure time of 0.1 s.

Results

We used dissociated cultures of sympa-
thetic and hippocampal neurons to ex-
plore DCX functions in relation to axonal
morphogenesis. These two culture systems
exhibit distinctive growth behaviors. Sym-
pathetic neurons from the superior cervi-
cal ganglia are PNS neurons that are
specialized to extend long axons very rap-
idly, at rates of ~30 wm/h or more. The
axons also branch extensively, almost ex-
clusively via the process of growth cone
bifurcation. Furthermore, by manipulat-
ing the substrate and media composition,
the initiation of axonal growth can be
triggered at the experimenter’s discre-
tion (Rivas et al., 1992; Slaughter et al.,
1997; Yu et al., 2001), facilitating the ex-
amination of DCX localization at very
early steps in axonal formation. Hip-
pocampal neurons are CNS neurons that
undergo a fairly stereotyped sequence of
developmental events in culture that re-
sults in the generation of axonal and den-
dritic polarity (Dotti et al., 1988). In the
course of these events, the axon extends at
a modest rate by comparison with sympa-
thetic neurons, and axons branch princi-
pally by forming collaterals. In the present
studies, we have localized DCX in growing
axons of cultured sympathetic and hip-
pocampal neurons and determined the
effects of DCX depletion on axonal mor-
phology of these neurons.

<«

transition zone and peripheral domains. Ratio images depict-
ing the abundance of DCX relative to microtubules in this and
another growth cone are shown in /and J, respectively. These
ratio images clearly show that the abundance of DCX on micro-
tubules increases in a proximal-to-distal manner from the
base of the growth cone toward the peripheral domain, reach-
ing the highest concentration on the splayed microtubules in
the peripheral domain. Scale bars, 7.2 um (Capplies toA-D,J
applies to E-J).
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DCX is preferentially enriched on
microtubules in regions containing
prominent actin filament assemblies
Initial staining analyses using fixation
with cold methanol or glutaraldehyde re-
vealed prominent staining for DCX in the
cell body and growth cone, with little or
no staining apparent along the axonal
shaft (Fig. 1 and data not shown). Com-
parable results were obtained with the
three different DCX antibodies used in the
present studies. These results confirm
previously published results of DCX local-
ization in cultured neurons (Friocourt et
al., 2003; Gdalyahu et al., 2004; Schaar et
al., 2004).

More detailed inspection reveals several
additional features of DCX localization in
growth cones of cultured sympathetic
neurons. First, DCX clearly and unambig-
uously colocalizes with microtubules (Fig.
1). Furthermore, within the growth cone,
DCX was only detected in close associa-
tion with microtubules. We did not detect
any background of diffuse DCX staining
that exceeded that of controls using non-
immune antibodies in place of DCX
antibodies, nor did we detect any con-
centrated foci of DCX not colocalized
with microtubules. This was true for
cells fixed with cold methanol, which
should precipitate all DCX in the
growth cone and the combined fixation/
extraction procedure that is expected to
remove unassembled DCX. These results
are based on visual inspection of DCX
staining of many growth cones using three
different DCX antibodies and various en-
hancing procedures to accentuate DCX
staining. Second, most or all of the micro-
tubules in growth cones at the tips of long,
well developed axons appear to be deco-
rated with DCX (Fig. 1 E, G). Furthermore, visual inspection sug-
gests that the relative abundance of DCX on the microtubules
increases in a proximal-to-distal manner within the growth cone,
an impression confirmed by ratio imaging (Fig. 11,]). Growth
cones consist of a central domain (rich in microtubules and con-
tiguous with the neck region), a peripheral domain (the distal
actin-rich region, which includes the lamellae and filopodia of
the growth cone), and a transition zone between them. Thus,
within growth cones, the microtubule polymer at the axon—
growth cone neck region has the lowest relative abundance of
DCX, whereas the polymer extending into the transition zone
and peripheral domain of the growth cone has the highest relative
levels of DCX.

Cultured sympathetic neurons initiate axonal growth by ex-
tending large lamellae that elongate to become the nascent axon.
These nascent axons have a large diameter and are tipped by large
growth cones (Slaughter etal., 1997; Yu etal., 2001). Figure 1 A-D
shows a large lamella characteristic of very early axon initiation.
Although microtubules fill these structures, DCX is highly con-
centrated only on the portions of the microtubules that extend
into the distal reaches of select regions of the lamella, whereas

Figure 2.

A | B | C | D |

DCX in cultured hippocampal neurons is concentrated in the growth cone and at discrete sites along the axon.
Two-day-old cultures of hippocampal neurons were fixed extracted with glutaraldehyde and then triple stained to reveal micro-
tubules (A), DCX (B), and actin filaments (C). D shows an overlay of the three images with actin filaments in green, DCXin violet, and
microtubules in red; overlap of DCX with microtubules appears blue. As with sympathetic neurons, DCX is commonly highly
enriched in growth cones of cultured hippocampal neurons (arrowheads). In addition, focal accumulations of DCX are frequently
seen along axons of hippocampal neurons (¥). Sites of strong staining for DCX, including both growth cones and focal accumula-
tions along the axon, usually also stain strongly for actin filaments and vice versa (see also Fig. 4). The neuron shown in this figure
is somewhat unusual in having two axons. However, the staining patterns for microtubules, DCX, and actin filaments are repre-
sentative of those seen in neurons with one or two axons. We chose to show images of this neuron because it provided an
opportunity to illustrate multiple examples of the spatial association of DCX with regions staining strongly for actin filaments

within the confines of a relatively small figure. Quantitative analyses of staining intensity of microtubules, DCX, and actin filaments
along the shorter axon are shown in Figure 4. The small arrow in A shows a varicosity. Scale bar, 29 pm.
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comparatively little DCX is present on microtubules located
more proximally in these structures. The regions of the lamellae
in which the microtubules are rich in DCX also contain promi-
nent actin-based structures indicative of active protrusive activ-
ity. Collectively, these findings indicate the following: within the
axons and growth cones of cultured sympathetic neurons, DCX is
highly enriched in the growth cone, with little to none detectable
in the axonal shaft; within the growth cone, DCX staining was
only observed in association with microtubules; and the micro-
tubule polymer richest in DCX was localized to the transition
zone and peripheral domain of the growth cone, regions that also
display actin-rich structures indicative of vigorous protrusive
activity.

The localization of DCX in cultured hippocampal neurons
shows both similarities and differences with respect to that seen
in cultured sympathetic neurons. The principal similarity is that
DCX is usually very abundant in growth cones, in which it asso-
ciates with microtubules (Figs. 2, 3). Furthermore, the relative
abundance of DCX on microtubules increases progressively from
the axon—growth cone junction to the peripheral domain of the
growth cone (Fig. 3E) (see also Fig. 6 D) and the polymer richest
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Figure3. Higher-resolution analyses of microtubules, DCX, and actin staining in growth cones and focal axonal accumulations
of DCX. The figure shows the distal axon and growth cone of cultured hippocampal neurons. A shows, from left to right, images of
microtubule (MT), DCX, and actin filament staining. B—D show overlay images as indicated, with microtubule staining in red, DCX
staining in violet, and actin staining in green. DCX staining is strong in the growth cone and at a site along the axon a bit proximal
to the growth cone (these accumulations appear blue in the DCX/microtubule overlay image). Within the growth cone, DCX
staining primarily colocalizes with microtubules, and the polymer rich in DCX extends into the actin-rich region of the growth cone.
Note also that the region of the axon with the focal accumulation of DCX is also rich in actin filaments that form prominent
lamellipodia. E shows a ratio image depicting the abundance of DCX relative to microtubules; the white outline represents the
contour of actin staining. In the growth cone, the ratio increases progressively from the axon— growth cone neck region to the distal
extent of the microtubule array (for a ratio image of another neuron, see Fig. 6). The ratio of DCX staining to microtubule staining
is also elevated within the focal accumulation of DCX along the axon. Scale bar (in A): A-E, 7.2 um. F-G show zoomed images of
DCX (in green) and microtubule (in red) staining in three different growth cones. The colocalization of DCX with microtubules is
readily apparent. There is also glow in the DCX channel that is not microtubule associated. Note that nonlinear enhancing methods
were used to accentuate this glow without saturating that associated with microtubules. See Results for discussion of the possible
significance of this non-microtubule fluorescence. The arrowhead in H identifies a filopodia detected by phalloidin staining (data
not shown). Scale bars, 3.2 m.
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behind the growth cone. Of >700 growth
cones evaluated, 73% showed an obvious
accumulation of both actin and DCX,
whereas in 26%, staining for both actin
and DCX was dim and did not increase
above that in the axonal shaft immediately
proximal to the growth cone. Thus, for
99% of the growth cones examined, rela-
tively strong staining for DCX predicted
relatively strong staining for actin fila-
ments and vice versa, whereas relatively
weak staining for actin filaments pre-
dicted weak staining for DCX. Based on
morphological considerations, it is our
impression that growth cones that stained
strongly for both actin and DCX had been
actively extending, whereas those that
stained weakly for actin and DCX had not
been growing or had been retracting at the
time of fixation.

Two differences were observed in the
localization of DCX in hippocampal neu-
rons compared with sympathetic neu-
rons. First, we did note fluorescence in the
DCX channel in growth cones that was
not associated with microtubules (Fig.
3F-H). These images were processed us-
ing nonlinear methods to selectively en-
hance the brightness of this fluorescence
relative to that associated with microtu-
bules. Occasionally, DCX fluorescence was
observed in filopodia (Fig 3H, arrowhead).
However, more typically, it appeared dif-
fuse or punctate within the body of the
growth cone. This may represent unas-
sembled DCX that was not removed dur-
ing the combined fix/extract procedure
and/or DCX associated with components
of the growth cone other than microtu-
bules. It is also possible that some or all
of this fluorescence is nonspecific back-
ground. In this regard, cells stained with a
non-immune antibody instead of the DCX
antibody exhibited similar non-micro-
tubule fluorescence, although it is our im-
pression that the intensity was less than
with the DCX antibody. Additional infor-
mation is required to more fully evaluate
the significance of this non-microtubule
fluorescence.

The other difference in DCX staining
was observed in the axonal shaft. Whereas
the shafts of cultured sympathetic axons

in DCX localizes to peripheral growth cone regions that also stain
strongly for actin filaments. Visual inspection revealed that, al-
though most growth cones stained strongly for DCX, some
stained poorly. It was also our impression that the growth cones
that stained strongly for DCX also stained strongly for actin fila-
ments and, conversely, that growth cones that stained poorly for
DCX also stained poorly for actin (data not shown). To examine
these relationships in more detail, we evaluated all growth cones
for the presence or absence of an abrupt increase in staining
for DCX and actin relative to the axonal shaft immediately

exhibited little staining for DCX, we commonly observed one or
more discrete sites of relatively prominent DCX staining along
the shafts of axons of cultured hippocampal neurons (Figs. 2, *;
3). These were especially common in axons =100 wm in length
but were also encountered in shorter axons. These sites appeared
as very abrupt focal increases in DCX staining. The focal accumu-
lations of DCX were of variable length, ranging from a few mi-
crometers for the smaller accumulations to ~12—15 um for the
longer accumulations. This point can be seen by inspection in
Figures 2 and 3 and is also demonstrated quantitatively in Figure
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Figure4. Focal accumulations of DCX along axons coincide with focal accumulations of actin
filaments. Fluorescence intensity (in arbitrary units) attributable to microtubules (MT), DCX,
and actin filament staining was quantified in consecutive 2.5 m segments of the shorter axon
of the neuron depicted in Figure 2. The top shows fluorescence intensity for microtubules and
DCX along the length of the axon and in the growth cone. Relatively strong DCX staining is seen
at two discrete sites along the axon and in the growth cone. The arrow in the top identifies the
location of an axonal varicosity that stains very strongly for microtubules but comparatively
weakly for DCX (see Fig. 2). The middle shows the ratio of DCX-to-microtubule staining intensity
along the axon. Note that the ratio spikes sharply at the axonal sites of focal accumulations of
DCX and in the growth cone. The bottom shows fluorescence intensity for actin filaments and
DCX along the axon and in the growth cone. Note the strong coincidence between the locations
of focal accumulations of DCX and strong staining for actin filaments. It appears that the focal
accumulations of actin filaments are concentrated at the more distal regions of the focal DCX
accumulations, a view that is also apparent by visual inspection of higher-magnification views
of DCX and actin filament staining (see Fig. 3).

4. Also, the focal accumulations of DCX were associated with
focal accumulations of actin filaments (Figs. 2—4). These accu-
mulations of actin filaments were variable in appearance but
could be divided into two general categories based on the
presence of lamellipodia. Approximately 40% of the focal ac-
tin filament accumulations (of 398 examined) had prominent
lamellipodia extending from the sides of the axon, and these often
had filopodia as well. The remaining ~60% of the accumulations
lacked obvious lamellipodia, although filopodia were often
present (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). As described below, the focal accumula-
tions of DCX and actin that have obvious lamellipodia are highly
dynamic, undergoing a time-dependent proximal-to-distal re-
distribution, and their lamellar appearance changes constantly as
they advance within the axon.

We quantified the extent to which focal accumulations of
DCX coincided with focal accumulations of actin filaments. For
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these analyses, we only evaluated neurons that were completely
isolated from neighboring neurons to minimize the potential for
axonal fasciculation confounding the results. Of 379 axonal ac-
cumulations of DCX evaluated, 377 (>99%) were associated
with focal accumulations of actin filaments. Similarly, 95% of the
398 focal accumulations of actin filaments evaluated were asso-
ciated with focal accumulations of DCX.

More detailed inspection of the focal accumulations of DCX
and actin along the axon revealed that they do not overlap
perfectly. For most, the length of the focal accumulation of
DCX exceeded that for actin filaments, and the actin filament
accumulation was displaced toward the distal end of the DCX
accumulation (Figs. 2—4). Also, the accumulation of DCX mostly
colocalizes with the microtubule array of the axonal shaft, with
relatively little DCX staining extending into the actin-rich filop-
odia and lamellipodia. However, in most focal accumulations,
individual or small bundles of microtubules could be seen ex-
tending from the axonal shaft into the actin-rich accumulations,
and these were decorated with DCX (Fig. 5). It is also our impres-
sion that a direct relationship exists between the length and in-
tensity of the focal accumulations of DCX and the length and
intensity of the actin filament accumulations. For example, in
Figure 2, the three focal accumulations of DCX apparent in the
axons (*) differ in staining intensity and also in length, and a
corresponding difference also exists in the intensity and length of
their associated actin filament accumulations, and this can be
seen in the quantitative analyses of Figure 4 as well.

Finally, focal accumulations of both actin and DCX were ob-
served in the proximal, middle, and distal portions of the axon.
Generally, they were not located at sites in which well developed
branches emerged from the axonal shaft. However, as discussed
below, they do appear to be associated with the formation of
collateral branches.

Microtubule domains rich in DCX are deficient in tau

DCX is only one of several microtubule-associated proteins
(MAPs) present in axons. Another axonal MAP is tau, which is
present on microtubules all along the axon and in the growth
cone (Black et al., 1996; Kempf et al., 1996; Mandell and Banker,
1996). Comparison of DCX and tau association with growth cone
microtubules revealed that the portions of growth cone microtu-
bules especially rich in DCX are deficient in tau, whereas the
portions that stain well for tau are deficient in DCX, and this is
true for both cultured hippocampal (Fig. 6) and sympathetic
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material) neurons. Ratio imaging makes this point par-
ticularly clearly by showing that the tau-to-microtubule ratio
declines in a proximal-to-distal direction within the growth
cone as the DCX-to-microtubule ratio increases (Fig. 6) (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). The same point is also made by analyses using the
segmented mask procedure (Fig. 7), which show that the tau-to-
microtubule ratio peaks a bit proximal to the growth cone and
declines steadily from there to the distal extent of the microtubule
array, whereas the DCX-to-microtubule ratio begins to increase
near the axon—growth cone junction and increases steadily to the
end of the microtubule array (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The poor tau
staining on the very distal portions of growth cone microtubules
is not secondary to shielding or competition by the antibodies
used to visualize DCX because tau staining on these microtubules
also appeared very dim in control experiments in which a non-
immune antibody was used in place of the DCX antibody (Fig.
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Figure5.  Splayed microtubules atsites of focal accumulations of DCX along the axon. A shows actin filament staining associated
with a focal accumulation of DCX. B shows an overlay of DCX (green) and microtubule (red) staining in the same region; the white
lineisan approximate outline of the actin staining. Note that several microtubules splay out from the main microtubule bundle and
that these are decorated with DCX. Nonlinear methods were used to enhance the staining associated with the splayed microtubules
without grossly saturating the staining associate with the microtubule bundle of the axonal shaft. Scale bar, 3.6 um.

D DCX/MTs
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Figure 6. Tau and DCX have complementary distributions on growth cone microtubules. In these analyses, hippocampal
neurons were incubated with the tau antibody first, followed by that for DCX and then for tubulin. The cells were then incubated
with a mixture of the requisite secondary antibodies. A-C show microtubule (MT), DCX, and tau staining in the distal axon and
growth cone. D and E show ratio images depicting the relative abundance of DCX to microtubules or tau to microtubules, respec-
tively. The ratio of DCX-to-microtubules increases progressively from the axon— growth cone neck region to the distal end of the
microtubule array in the growth cone, whereas the exact converse is true for tau. F shows a ratio image of a control neuron triple
stained for microtubules, tau, and a non-immune antibody in place of the DCX antibody. Even in the absence of DCX antibodies, the
ratio of tau-to-microtubules declines in a proximal-to-distal manner in the growth cone. Thus, the proximodistal decline of tau
staining of growth cone microtubules is not a result of exclusion/competition attributable to binding of DCX antibodies.

6F) or in neurons just double stained for tubulin and tau
(Black et al., 1996). Tau staining is also diminished in the focal
accumulations of DCX seen along axons of cultured hip-
pocampal neurons (Fig. 7).
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Experimental actin depolymerization
disrupts DCX localization

The observations described above indi-
cate that the distribution of DCX is tightly
regulated in growth cones and along the
axonal shaft such that it is preferentially
concentrated on microtubules in regions
rich in actin filaments. An obvious issue
that arises from these observations is
whether the localization of DCX is in
some way dependent on the actin system.
To address this issue, we used latrunculin
to determine whether the localization of
DCX is altered by acute depolymerization
of actin filaments. Based on previous studies
showing that treatment of cultured hip-
pocampal neurons with high doses of la-
trunculin very effectively depolymerizes
actin filaments over a time course of sev-
eral minutes (Sankaranarayanan et al,
2003, Roy et al., 2008), we found that
treatment with 25 uM latrunculin for
times as short as 3 min reduced phalloidin
staining to negligible amounts (Fig. 8).
Time-lapse imaging revealed that such la-
trunculin treatments caused a rapid col-
lapse of the growth cone but little axonal
retraction after 3 or 10 min of treatment
(data not shown).

Representative low-magnification im-
ages of control and latrunculin-treated
neurons are shown in Figure 8. Control
neurons exhibit strong staining for both
actin and DCX in the growth cone and at
focal sites along the axon. At this magnifi-
cation, there were no detectable actin
structures in the axon or growth cone af-
ter 3 or 10 min of latrunculin treatment.
However, at higher magnification, many
neurons exhibited occasional actin con-
taining structures along the axon and its
tip (data not shown). These typically took
the form of discrete punctate or dash-like
structures. The pattern of DCX staining
changed in response to latrunculin treat-
ment. As early as 3 min of treatment, the
frequency of focal accumulations of DCX
along the axon was dramatically reduced,
and this reduction was even more pro-
nounced by 10 min of drug treatment
(Fig. 9A). The mean number of focal ac-
cumulations of DCX per axon was 0.78
0.71 (mean = SD; n = 50 axons) in con-
trol axons versus 0.20 = 0.40 (n = 50) and
0.10 * 0.30 (n = 50) in axons treated with
latrunculin for 3 or 10 min, respectively;
the differences between control and drug-
treated axons are statistically highly sig-
nificant (Student’s ¢ test, p < 0.0001). The

enrichment of DCX in growth cones also changed as a result of
latrunculin treatment but with a different time course (Figs. 8,
9B). Specifically, DCX was enriched in 92 and 82% of the growth
cones of control neurons (n = 50) and neurons treated with
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latrunculin for 3 min (n = 50), respec-
tively. However, by 10 min of drug treat-
ment, only 22% (n = 50) of the growth
cones were enriched in DCX, and this de-
crease was highly significant (x? test, p <
0.0001). After 10 min of drug treatment,
most axons exhibited relatively uniform
staining for DCX (Fig. 8), and it was our
impression that the overall intensity of
DCX staining along the axon was greater
than the low baseline seen along the length
of control axons.

At higher magnification, the focal
accumulations that remained after la-
trunculin treatment resembled those in
control axons in terms of DCX staining
(data not shown). In terms of phalloidin
staining, very little remained in associa-
tion with focal accumulations of DCX, 0
and these axonal regions were not notably
different from neighboring regions with-
out accumulations of DCX in terms of the
presence of occasional phalloidin staining
structures. Control growth cones typically
were enriched in DCX, much of which lo-
calized with microtubules. As described
above, DCX was enriched in the tips of
axons treated with latrunculin for 3 min
but not for 10 min. Because the tips of
latrunculin-treated axons generally were
not well spread, it was difficult to deter-
mine whether the DCX therein was microtubule associated. In
particularly favorable preparations, it was our sense that some of
the remaining DCX was microtubule associated, but some also
appeared in regions without appreciable microtubule staining
(data not shown).

Figure7.

increase in DCX staining.

The focal accumulations of DCX in axons undergo slow
proximal-to-distal movement within the axon

The focal accumulations of DCX and actin filaments described
here bear a striking resemblance to structures originally described
by Ruthel and Banker (1998), which moved anterogradely at ~3
pm/min in axons of cultured hippocampal neurons (Flynn et al.,
2009). These contained abundant actin filaments relative to ad-
jacent axonal regions and also exhibited prominent filopodial
and lamellipodial extensions. These authors referred to these as
“growth cone like waves”— growth cone like because they exhib-
ited protrusive activity similar to that of the growth cone and also
were enriched in actin and GAP43, proteins typically enriched in
growth cones, and waves because of their proximal-to-distal
movement. We determined whether the focal accumulations of
DCX described here correspond to the “growth cone like waves”
described by Ruthel and Banker. First, we performed time-lapse
phase imaging of focal protrusive structures along the axon that
consisted of obvious lamellipodia and then fixed the imaged cells
and stained them for DCX and actin filaments. Of 27 lamellar
structures imaged in this manner, 12 underwent a proximal-to-
distal redistribution at an average rate of 2.1 * 0.89 um/min
(mean * SD; minimum, 1.55 wm/min; maximum, 3.95 wm/
min), and all of these stained relatively brightly for DCX and actin
filaments (data not shown). Of the 15 lamellar structures that did
not move during the time-lapse sequence, only six stained well
for both DCX and actin filaments, four others stained well for
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Tau staining is reduced in focal accumulations of DCX that occur along the axon and in the growth cone. A—Cshow a
hippocampal neuron triple stained to reveal microtubules (MT), DCX, and tau. The arrowheads identify sites along the axon that
have focal accumulations of DCX. Note that, in these regions, tau staining is diminished relative to that on either side of the
accumulations. The arrows identify growth cones, all of which stain prominently for DCX but weakly for tau. Scale bar, 29 wm. The
bottom show the ratio of DCX-to-microtubules (red circles) or tau-to-microtubules (blue squares) in consecutive 2.5 pm segments
intwo different axons. The left shows the longest axon of the neuron depicted in A-C; the arrowheads with * identify the location
of the focal accumulations of DCX. The right is derived from an axon of a different neuron that has two focal accumulations of DCX
(arrows). Note that, in both axons, tau staining declines in these regions and by an amount that is related to the magnitude of the

actin but not for DCX, and the remaining five stained weakly for
both actin filaments and DCX. We note that lamellar structures
were only observed for 10 min in these time-lapse imaging exper-
iments. Although this time is more than sufficient to reveal per-
sistent movement at rates =1 wm/min, the time may be too short
to unambiguously reveal lamellar structures that move apprecia-
bly more slowly than this or that undergo relatively prolonged
pauses in their movement. Thus, the frequency with which lamel-
lar structures move may be higher than indicated in these analy-
ses. Collectively, these observations suggest that the majority of
the moving protrusive structures correspond to the focal accu-
mulations of DCX described above. To directly evaluate whether
the focal accumulations of DCX undergo a proximal-to-distal
movement together with these protrusive structures, we per-
formed time-lapse imaging on neurons expressing GFP-DCX.

The distribution of GFP-DCX along the axons of expressing
neurons varied apparently in relation to the degree of expression.
In many neurons, GFP-DCX fluorescence was quite bright and
was present all along the axon and in the growth cone, and there
was little or no indication of focal accumulations along the axon.
In some of these cells, a notable increase in growth cone fluores-
cence was apparent, whereas in others, growth cone fluorescence
was bright but not appreciably enhanced relative to that of the
axon behind it. In a minority of neurons, GFP-DCX fluorescence
was relatively dim, and in these cells the pattern of fluorescence
resembled that of neurons stained for DCX. Specifically, GFP—
DCX fluorescence increased dramatically from the distal axon
into the growth cone, and a portion of the cells also exhibited very
clear focal accumulations of DCX (Fig. 10). The present analyses
focused specifically on neurons with this latter appearance.

For cells exhibiting obvious focal accumulations of GFP-DCX
along the axon, three images were obtained in the following se-
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Figure 8.

quence: first a fluorescence image, then a 10 min time-lapse se-
quence using phase microscopy, and finally another fluorescence
image. The fluorescence images would reveal the location of the
focal accumulation of GFP-DCX immediately before and after
the time-lapse sequence, whereas the time-lapse sequence would
reveal whether the focal accumulations of GFP-DCX corre-
sponded to axonal domains with abundant protrusive activity
and whether they underwent a proximal-to-distal redistribution.
We examined 37 axons in this manner. All focal accumulations of
GFP-DCX were associated with lamellipodia. In 15 cases, the
focal accumulation of DCX underwent little or no change in
position during the 10 min of imaging, and these also exhibited
relatively little lamellar activity. However, the remaining 22 ex-
hibited a clear proximal-to-distal redistribution, with 21 advanc-

Acute actin depolymerization induced by treatment with latrunculin leads to a loss of focal accumulations of DCX
along the axon and in the growth cone. Shown are images of microtubule (4, D, G), DCX (B, E, H), and phalloidin (C, F, /) staining
of a control neuron (A-C) and neurons treated with 25 wm latrunculin for 3 min (D—F) or 10 min (G—I). Arrowheads identify axon
tips; arrowheads with asterisks (B, €) identify a focal accumulation of DCX and actin filaments. Scale bar, 14 wm.

J. Neurosci., September 2, 2009 -+ 29(35):10995-11010 « 11003

ing anterogradely at an average rate of
1.57 = 1.45 um/min (mean * SD; mini-
mum, 0.34 pum/min; maximum, 7.47 pm/
min). Data from one such cell are shown
in Figure 10 and supplemental Movie 1
(available at www.jneurosci.org as supple-
mental material). The one focal accumu-
lation that moved retrogradely moved at
2.19 pm/min. All of the focal accumula-
tions of GFP-DCX that moved were asso-
ciated with lamellipodia that exhibited
very active protrusive activity, and the fo-
cal accumulation of GFP-DCX appeared
to advance in concert with the advancing
lamella. Retrospective analyses suggested
that focal accumulations of GFP-DCX as-
sociated with spread regions that exhib-
ited very active lamellar and/or filopodial
activity were likely to advance the axon
during the subsequent 10 min period,
whereas axonal regions enriched in GFP—
DCX but that were relatively quiescent in
terms of lamellar activity were unlikely to
move during the subsequent 10 min.

Experimental studies of DCX function
To explore functions of DCX, we used
DCX-specific siRNA to knock down DCX
in cultured sympathetic and hippocampal
neurons. For these experiments, freshly
dissociated neurons were transfected with
control or DCX siRNA and then cultured
for 3 d, which was sufficient to signifi-
cantly reduce DCX levels in many of the
neurons. The control and DCX-depleted
neurons were then dissociated and re-
plated under conditions that permitted
vigorous regrowth of axons (He et al.,
2005; Myers et al., 2006) and examined at
1-2 d after replating. With this culture
regimen, neurons are challenged to gener-
ate axons anew after depletion of DCX. In
the absence of any manipulations other
than replating, the cells survive well and
grow vigorously, recapitulating the nor-
mal developmental sequence, although as
shown below, a bit faster than freshly
plated cells. In other studies using this cul-
ture regimen, various manipulations have
been shown to enhance, retard, or have no effect on axonal
growth (He et al.,, 2005; Qiang et al., 2006; Yu et al., 2008). There
is thus ample precedent that the neurons tolerate this manipula-
tion well and can grow vigorously and that this culture regimen is
not in any way cytotoxic. Thus, when used in combination with
siRNA approaches to manipulate protein levels in the neurons, it
provides an effective experimental strategy to explore the func-
tions of these proteins.

Immunostaining and immunoblotting revealed that the DCX
siRNA treatment resulted in significant decreases in DCX in both
sympathetic and hippocampal neurons after 3 d. The effect was
relatively uniform in cultures of sympathetic neurons, with only
trace amounts of DCX detected by immunoblotting, and most of
the DCX siRNA-treated cells exhibited no detectable DCX stain-
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Figure 9.  Quantitative analyses of the effects of latrunculin on focal accumulations of DCX
along the axon and in the growth cone. A shows frequency distributions of the number of focal
accumulations of DCX per axon in control axons and axons treated with latrunculin for 3 or 10
min (n = 50 axons per condition). B shows the percentage of growth cones of control and
latrunculin-treated neurons that exhibited an enrichment of DCX. This was determined by visual
inspection, comparing the staining intensity of the distal region of the axon with the region
immediately proximal to it. Growth cones were scored as having an enrichment of DCX if their

staining intensity increased abruptly from that of the axonal shaft.

ing above background; background was determined by staining
control neurons with a non-immune antibody in place of the
DCX antibody. In cultures of hippocampal neurons, immuno-
blotting also indicated a significant decrease in DCX, but immu-
nostaining revealed that depletion was variable among the
neurons. Specifically, 16—-31% of the neurons were very well de-
pleted, having no detectable staining for DCX, 41-47% were well
depleted, but exhibited dim staining that was just above back-
ground, and the remaining 28 -37% were poorly depleted in that
they clearly stained for DCX, although generally the staining was
notably less than that seen in controls (Table 1).

Axonal growth and branching by cultured sympathetic
neurons are unaffected by DCX depletion

Cultured sympathetic neurons are notable for extending axons
vigorously in culture and branching extensively by the processes
of growth cone bifurcation. DCX depletion had little discernable
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Figure 10.  Focal accumulations of DCX undergo a proximal-to-distal redistribution within
the axon. 4 is a low-magnification view of the neuron. The region outlined by the box was
evaluated by time-lapse imaging (see supplemental Movie 1, available at www.jneurosci.org as
supplemental material). The movie was 10 min long, with frames taken every 2 s.
B and Cshow the first and last frames of the time-lapse sequence, corresponding to t = 0 min
and t = 10 min, respectively. D shows a fluorescent image of GFP—DCX captured immediately
before starting the time-lapse sequence, whereas E shows an image of GFP—DCX taken imme-
diately after the end of the movie. F and G show the fluorescence images overlaid on the phase
images. The arrows show the distal extent of the lamellipodia and the GFP—DCX. For additional
details, see Results. Scale bar: A, 14 um; B—G, 9 pum.

effect on the morphology of cultured sympathetic neurons. By
visual inspection, the DCX-depleted neurons robustly extended
axons that branched extensively, and in these regards they were
not obviously different from control neurons. Quantitative anal-
yses confirmed these impressions. For example, at ~24 h after
replating, the length of the longest axon was 456 = 110 wm
(mean = SD; n = 23 axons) and 425 * 103 wm (n = 25 axons) in
control and DCX-depleted neurons, respectively, values that are
statistically indistinguishable (p > 0.1, t test). Similarly, total
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Table 1. Effects of DCX depletion on development of hippocampal neurons in
culture

Stages of development
(% of total cells)
# Cells % Total 1 2 3 4
Day 1
Control 679 100 5 15 76 4
DCX depletion
Poor 217 37 6 23 Ul 1
Well 273 47 7 22 77 0
Very well 95 16 26 23 51 0
Day 2
Control 401 100 1 8 72 19
DCX depletion
Poor 187 28 0 6 69 25
Well 270 4 1 n 78 10
Very well 205 31 7 10 81 1

Neurons treated with control sIRNA or DCX siRNA were cultured for 3 d, replated as described in Materials and
Methods, fixed 1or 2 d later, and stained to reveal microtubules and DCX. All cells in representative cultures treated
with control siRNA or DCX SiRNA were assigned to developmental states 1—4 according to Dotti et al. (1988). The
three categories for the extent of DCX suppression are described in the Results.

branch points per axon, 4.7 = 3.8 (n = 113 axons) and 4.9 * 4.3
(n = 102 axons) for control and DCX-depleted neurons, respec-
tively, were also statistically indistinguishable ( p > 0.1, t test).
Also, the general patterns of staining for actin and microtubules
in DCX-depleted cells were not notably distinguishable from that
seen in control neurons. The only effect of the DCX siRNA treat-
ment that we detected concerned tau. Whereas the very distal
ends of microtubules in growth cones normally stain strongly for
DCX but very weakly tau (see above), after DCX depletion, tau
staining of the distal portion of microtubules in the growth cone
increases dramatically (data not shown) (see also Fig. 12). These
latter findings suggest that tau is capable of binding to the micro-
tubule polymer in the peripheral domain of the growth cone, but
that the presence of DCX on this polymer normally prevents this
from occurring.

DCX depletion from cultured hippocampal neurons retards
development, delays axonal branching, and decreases the
number of focal actin accumulations along the axonal shaft
Cultured hippocampal neurons undergo a relatively stereotyped
sequence of morphological changes during development in cul-
ture (Dotti et al., 1988). This progression is slightly accelerated
after replating (Table 1, Control) compared with that described
for freshly plated cells. Table 1 also shows the development of
DCX siRNA-treated neurons, separating the results for cells that
were very well depleted, well depleted, and poorly depleted. Cells
that had detectable DCX remaining by immunostaining were
indistinguishable from controls in terms of the progression
through the stages of development. However, the very well de-
pleted cells, which had no detectable DCX staining above back-
ground, were slightly retarded in their development in culture.
Although many cells were in stage 3 at 1 d after replating, many
more remained in stages 1 and 2 compared with controls. By 2 d
after replating, most of the cells progressed to stage 3 and had
relatively long well developed axons. However, compared with
controls, many fewer of the very well depleted cells had obvious
dendritic processes (Table 1), consistent with recent reports that
depletion of DCX delays dendritic development by cultured hip-
pocampal neurons (Deuel et al., 2006; Cohen et al., 2008).
Because of the heterogeneity in the response of hippocampal
neurons to treatment with DCX siRNA, we selected for more
detailed analyses only those cells that exhibited no detectable
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staining for DCX. The only other selection criteria used in these
analyses was that the cells must be isolated from their neighbors
so that there was no possibility of fasciculation of axons from
neighboring cells. Although depletion of DCX modestly slows
development, those neurons in stage 3 after 1 d in culture have
typical morphology characterized by a single axon and multiple
minor processes. By visual inspection, the axons of DCX siRNA-
treated cells closely resemble those of controls, and measures of
axonal length revealed comparable lengths for control and DCX-
depleted cells (Table 2). However, the degree of branching was
reduced by DCX depletion (Table 2). The magnitude of this effect
was greater at 1 d after replating compared with 2 d (~43 vs
~32%) (Table 2). This together with the fact that considerable
branching still occurs after DCX depletion indicates that the im-
pact of DCX depletion is to delay branch formation. The results
on axonal length and branching indicate that the length of each
axon plus all of its branches will on average be somewhat greater
for control neurons compared with DCX-depleted neurons. This
is consistent with previous reports indicating that DCX depletion
modestly reduces the length of axons produced by CNS neurons
in culture (Deuel et al., 2006).

The only other notable effect of DCX depletion on the mor-
phology of hippocampal neurons concerned dendrites, which
were much less apparent in DCX-depleted cultures compared
with controls, especially at 2 d after plating (Table 1). We have not
pursued effects of DCX on dendritic development for the present
studies, although as indicated above, this result is expected based
on recent reports examining the contribution of DCX to den-
dritic development (Deuel et al., 2006; Cohen et al., 2008).

The formation of axonal branches by hippocampal neurons
occurs via the process of collateral branching. Early steps in this
process involve a local reorganization of actin filaments and mi-
crotubules, leading to the generation of an actin-based protrusive
structure that can become transformed into an axonal branch if it
is invaded by microtubules (Yu et al., 1994, 2008; Dent et al.,
1999). DCX is a bona fide microtubule-associated protein, and it
can also interact directly and indirectly with actin filaments.
Thus, knockdown of DCX may delay collateral axonal branching
by impacting the cytoskeletal reorganizations required to initiate
and/or sustain branching. In support of this possibility, we found
that DCX depletion also reduced the abundance and appearance
of the focal accumulations of actin along the axon. At 1 d in
culture, ~56% of axons have one or more focal accumulations of
actin along the axon, and this increases to ~80% by 2 d in culture.
DCX reduces this value to ~33% at both time points (Table 3).
We also evaluated the average number of focal accumulations of
actin in control and DCX-depleted neurons. Comparing control
and DCX-depleted axons that contain focal accumulations of
actin, the average number per axon is similar in both groups
(Table 3). However, the average value is significantly reduced by
DCX depletion when computed for the entire population of ax-
ons [i.e., those with and without focal accumulations (Table 3)],
and this is attributable to the fact that many more DCX-depleted
cells lack focal accumulations of actin entirely. In addition, the
character of the focal accumulations is altered by DCX depletion.
Asindicated above, two general categories of focal accumulations
can be distinguished, those with or without obvious lamellipodia,
with ~40% having obvious lamellipodia in control neurons. In
DCX-depleted neurons, only ~10% of the focal accumulations
have obvious lamellipodia. This difference is statistically highly
significant (Table 3). Figure 11 shows a graphical representation
of this effect derived from pooling the data from all of the indi-
vidual experiments included in Table 3; focal actin accumula-
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Table 2. Effects of DCX depletion on axonal length and branching of hippocampal neurons in culture

Experiment 1 Experiment 2
Day 1 Day 1 2
Control Depleted Control Depleted Control Depleted

Axonal length (um)
Branch points/axon

199 + 98 (23)*
1.14 = 1.5 (140)"

212 + 105 (31)*
0.65 = 1.1(134)"

191 =+ 70 (33)*
0.62 = 1.0 (141)F

169 = 71 (38)*

030 = 0.76 (127)* 1.02 = 1.5(111)° 0.69 = 1.2 (116)°

Data are shown as mean = SD, with n values shown in parentheses. *p > 0.1; ¥p = 0.0023; *p = 0.0063; °p = 0.0712. Axonal lengths were not measured at 2 d because the extent of axonal fasciculation was too great to allow for a
representative sampling of lengths. Analyses of branching are based on all cells in the dishes that were isolated from their neighbors. This precluded potential problems attributable to axonal fasciculation.

Table 3. Effects of DCX depletion on focal accumulations of actin in axons of hippocampal neurons

Experiment 2

Experiment 1 Day 1 Day2

Control Depleted Control Depleted p  Control Depleted p
Axons with =1 focal accumulation” 79 (56%) 43 (32%) 80 (56%) 39 (31%) * 93(80%) 38 (33%) *
Focal accumulations of actin per axon for axons 1.4 £0.7(79) 1.3+ 0.6 (43) 1.5+ 0.7 (80) 1.5+0.7(39) t 1.8+£1(93) 1.9 +1(38) t

with focal accumulations

Focal accumulations of actin per axon forall axons’ 1.2 = 0.8 (140) 0.5 = 0.7 (134) 08+09(141) 05*+08(127) + 14x£12(111) 06*=1(16) %
Focal accumulations with lamellipodia“ 49 (43%) 9 (16%) 44 (37%) 4(7%) § 62 (37%) 4(6%) §
Focal accumulations without lamellipodia® 64 (57%) 47 (84%) 74 (63%) 53 (93%) § 105 (63%) 67 (94%) §

“Data are shown as the total, with the percentage of total in parentheses.

“Data are shown as mean = SD, with n values in parentheses.

“Data are shown as the total, with the percentage of total in parentheses.

*p < 0.0001 (x* test); 'p > 0.1 (Student’s t test); ¥p < 0.0001 (Student’s t test); 5p = 0.0005 (X test).
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Figure 11.  Quantitative analyses of the effects of DCX depletion on the abundance of focal

actin accumulations in axons of hippocampal neurons. The data from the individual experi-
ments described in Table 3 were pooled together to generate this graph, which shows the total
number of focal accumulations of actin per axon of control or DCX-depleted cells, and the
number of focal actin accumulations with or without lamellipodia per axon of control or DCX-
depleted cells. DCX depletion reduces the frequency of focal actin accumulations with lamel-
lapodia by ~90%, whereas focal actin accumulations without obvious lamellipodia are
reduced by ~30%.

tions with lamellipodia are reduced by 90%, whereas those
without obvious lamellipodia are reduced by ~30%.

Actin filament containing structures are also very prominent
in growth cones, and this is also true in DCX-depleted cells. We
detected no difference in the relative abundance of growth cones
with prominent actin filament staining in control and DCX-
depleted cells; in both groups, 73% of the growth cones stained

strongly for actin filaments. The many images we captured of
growth cone staining for actin filaments and microtubules do not
reveal any consistent differences in overall morphology nor in
actin filament and microtubule organization that correlate with
DCX depletion. However given the natural variation in growth
cone morphologies combined with their three-dimensional
structure, conventional immunofluorescence imaging could eas-
ily miss differences attributable to DCX depletion. The one effect
we did observe concerned tau, which, as described above for
cultured sympathetic neurons, stained the distal portions of
growth cone microtubules much more prominently in DCX-
depleted cells compared with controls (Fig. 12).

Overexpression of DCX does not detectably alter the
frequency of focal actin accumulations or of branching

As discussed above, depleting DCX reduces the abundance of
focal actin accumulations and also delays the formation of collat-
eral axonal branches. To further explore these relationships, we
examined the effects of DCX overexpression on hippocampal
neurons, specifically testing whether overexpressing DCX will
lead to a gain of function manifested as an increase in focal actin
accumulations and/or collateral branching. Neurons transfected
with constructs encoding GFP only or GFP-DCX were cultured
for 3 d and then fixed and stained for GFP, tubulin, and actin
filaments. Images of the cells were then analyzed for total axonal
length, the degree of axonal branching, and the abundance of
focal actin accumulations. DCX-expressing cells were divided
into two groups, low and high expressors. In low expressing cells,
GFP-DCX was concentrated in discrete foci along the axon that
corresponded with prominent actin containing lamellas (Fig. 10)
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). In high expressing cells, GFP-DCX was present
at relatively high levels along the entire length of the axon. Focal
accumulations of actin were present at discrete sites in the axons
of many of these cells, and all of these were associated with rela-
tively strong staining for GFP-DCX. In some axons, the GFP—
DCX was more concentrated at sites of focal actin accumulations
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Figure 12.  DCX normally displaces tau from microtubules in the distal parts of the growth cone. Hippocampal neurons treated
with control or DCX siRNA for 3 d were replated and allowed to extend axons for ~1d, at which time they were fixed and then triple
stained to reveal microtubules, DCX, and tau. A and B show, from left to right, grayscale images of microtubules, tau, and DCX
staining in the distal axon and growth cone from cells treated with control siRNA (4) or DCX siRNA (B). (-G show overlay images
in which microtubule staining is depicted in red, whereas tau or DCX staining is depicted in violet; areas of overlap appear as blue
in such overlays. Cand D depict tau/microtubule and DCX/microtubule overlays, respectively, from the control neuron shownin 4,
whereas E shows the tau/microtubule overlay from the DCX-depleted cell depicted in B. F shows a tau/microtubule overlay from a
different DCX-depleted cell, whereas G shows tau/microtubule and DCX/microtubule overlays (left and right, respectively) from a
different control siRNA-treated neuron. In all control neurons, DCX staining is prominent in the growth cone, decorating the
microtubules therein to their distal extents, whereas tau staining is strongest in the distal axon and is relatively weak on growth cone
microtubules. In DCX-depleted cells, tau stainingis strong on microtubules throughout the growth cone. Scale bars: 4 (for 4, B), D (for (-G),
3.5 um.

relative to adjacent axonal regions, whereas in other axons, GFP—
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branching, and the abundance of focal ac-
tin accumulations. Thus, augmenting
DCX alone is not sufficient to affect the
abundance of focal actin accumulations
or collateral branches.

Discussion

We have identified the transition zone
and peripheral domain of the growth
cone as key sites of DCX enrichment in
growing axons. This distribution is not
consistent with the recent proposal that
DCX functions chiefly in the neck (or
“wrist”) of the growth cone, in which it
has been speculated to promote micro-
tubule bundling and thereby contribute
to axonal consolidation (Bielas et al.,
2007). Given that DCX depletion retards
the timetable of development of cultured
hippocampal neurons, it may be that the
observations made by the earlier authors
on microtubule spacing may have been
made on immature processes rather than
bona fide axons. Their own images actu-
ally support this view, with the processes
from DCX-deficient neurons displaying
elongated lamellae characteristic of earlier
developmental stages. They also exam-
ined older DCX-depleted neurons, and
these had definitive axons with no indica-
tion of abnormal splaying indicative of
impaired microtubule bundling. We also
did not detect enhanced splaying of mi-
crotubules in axons of DCX-deficient
neurons. Finally, the promotion of micro-
tubule bundling by DCX has only been
observed at very high stoichiometries of
DCX relative to tubulin (Horesh et al.,
1999; Moores et al., 2006). Thus, if DCX
functions to bundle microtubules in the
growth cone neck, we would surmise that
it should be present in this region at high
stoichiometries relative to tubulin. Our
ratio imaging shows that the stoichiome-
try of DCX on microtubules is actually
much higher in the distal growth cone
compared with the neck region. If the
stoichiometry in the neck is sufficient to
induce significant microtubule bundling,
then even more bundling should occur
more distally in the growth cone. Con-
trary to this, the microtubule polymer in
the growth cone thatis richest in DCX and
thus has the highest stoichiometry is not
bundled at all. Instead, the microtubules
are splayed and often widely separated
from each other. Thus, rather than func-

DCX did not appear preferentially concentrated at the focal actin
accumulations compared with adjacent axonal regions (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material). As shown in Table 4, cells strongly expressing GFP—
DCX were statistically indistinguishable from low expressing cells
and from cells overexpressing GFP in axonal length, axonal

tioning at the neck of the growth cone, it would appear that DCX
functions mainly at the opposite end of the growth cone, in which
microtubules splay and engage the actin cytoskeleton. This view
is consistent with observations that DCX can interact with both
microtubules and actin filaments (Tsukada et al., 2003, 2005,
2006; Shmueli et al., 2006).
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Table 4. Overexpression of DCX does not detectably affect axonal branching or the
abundance of focal accumulations

Branches Focal accumulations Total axon
per 100 m per 100 m length (pem)
GFP expressers (n = 92) 0.42 = 0.05 0.57 = 0.06 32215
DCX expressers
Low (n = 61) 0.32 £ 0.05 0.66 = 0.07 280 = 16
High (n = 90) 0.40 = 0.05 0.70 = 0.05 290 =12

Dissociated neurons were transfected with plasmids for GFP or GFP—DCX, cultured for 3 d, and then fixed and stained
for GFP, actin, and tubulin. Images were obtained from each cell that was well isolated from its neighbors. The
tubulinimages were used to quantify the length of the axon, including all of its branches, and the actin images were
used to quantify focal accumulations. For the latter, we only counted those with obvious lamellipodia. Data shown
are means = SEs. DCX expression was evaluated by visual inspection; low expressers exhibited little to no GFP
staining, whereas high expressers exhibited obvious staining for GFP that filled the cell body and the entire axon.
Data were compared statistically using Student’s ¢ test, and in all cases p > 0.06.

Whatever the specific functions of DCX in the growth cone,
our data suggest that it is not essential for axonal growth per se
because its depletion has only modest affects on axonal growth
(Deuel et al., 2006). This may reflect the activities of other pro-
teins in the growth cone that can compensate for the loss of DCX,
such as DCX-like kinase (Burgess and Reiner, 2000; Lin et al.,
2000; Kim et al., 2003; Edelman et al., 2005; Deuel et al., 2006; Shu
etal., 2006). It also seems reasonable that DCX may have unique
functions in axonal morphogenesis, but that revealing these
functions will require assays that examine more subtle features
than simply the extent of axonal growth. For example, DCX
seems well suited to participate in the steering of the growth cone,
by virtue of its location and ability to interact with both micro-
tubules and actin filaments, as well as its ability to interact with
scaffolding proteins for signal transduction pathways (Tsukada et
al., 2003, 2005, 2006; Gdalyahu et al., 2004; Shmueli et al., 2006).
The fact that the microtubule polymer richest in DCX is also
relatively deficient in tau may be important for regulating events
such as the severing of microtubules, given that microtubules
deficient in tau are more sensitive to severing by katanin (Qiang
et al., 2006; Yu et al., 2008).

In sympathetic neurons, little DCX is present along the axonal
shaft, whereas in hippocampal neurons, enrichments of DCX
occurred at discrete sites along the axon. The regions rich in DCX
are rich in actin filaments, exhibit vigorous filopodial and lamel-
lipodial protrusive activity, and undergo a proximal-to-distal re-
distribution over time. In all of these respects, they are identical to
the “growth cone like waves” originally described by Ruthel and
Banker (1998, 1999). These authors also showed that the waves
are rich in GAP43 and ERM proteins, proteins important in
growth cone function. In a more recent study published on these
waves, Flynn et al. (2009) confirmed their observations and iden-
tified several additional proteins in waves that are also enriched in
growth cones.

Given their striking resemblance to growth cones in so many
respects, it seems reasonable to suggest that, like growth cones,
these waves are specialized to generate motile behaviors that help
sculpt the shape of the axon. Flynn et al. (2009) showed that the
minor process of hippocampal neurons that will become the
axon begins to exhibit a higher frequency of waves shortly before
undergoing the burst of growth that identifies it as the axon, and
the increased frequency of waves apparently contributes to this
burst of growth. They also showed that waves can initiate collat-
eral branch formation by entering filopodia along the axonal
shaft and promoting their elongation and stabilization. If waves
normally facilitate these processes, then manipulations that re-
duce the frequency of waves should delay both of these processes.
In support of this, we showed that depleting DCX reduces the
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occurrence of focal actin accumulations, and it is the focal actin
accumulations that have prominent lamellipodia that are most
significantly affected (Fig. 11). Because these correspond to the
waves, we conclude that depleting DCX reduces the frequency of
waves, and concomitantly delays the differentiation of the axon
(Table 1), and also delays the formation of collateral branches
(Table 2).

Additional correlative evidence linking the waves to collateral
branching is the fact that axons of sympathetic neurons lack focal
accumulations of DCX and actin filaments, and we assume also
lack waves, and similarly undergo little or no collateral branch-
ing. We note that depleting DCX in hippocampal neurons re-
duces the occurrence of waves but does not eliminate them
entirely and, similarly, delays collateral branching but does not
suppress it completely. The waves remaining after DCX depletion
may be sufficient to sustain the branching that occurs under these
conditions, or, as discussed by Flynn et al. (2009), sometimes
axonal differentiation and collateral branching occur without de-
tecting any waves at all, indicating that, although waves can pro-
mote these processes, they are not essential for their occurrence.
Finally, it is curious that the leading process of migratory
neurons depleted of DCX actually undergo increased branch-
ing (Kappeler et al., 2006; Friocourt et al., 2007), indicating that
DCX can function rather differently in the process of branching
in different contexts (Bielas et al., 2007).

One of the novel findings reported here is the striking associ-
ation of DCX with microtubules preferentially in regions rich in
actin filaments. The focal concentrations of DCX in the waves
and growth cone are lost after acute depolymerization of actin
filaments. This result was surprising given that the majority of the
DCX localizes with microtubules and not actin filaments. In this
regard, components of various signaling pathways can interact
with actin filaments in a manner that influences their activity. It
may be that acute actin depolymerization alters the activity of
these pathways with a downstream affect on DCX that affects its
association with microtubules (Fukata et al., 2003; Schaar et al.,
2004; Pullikuth and Catling 2007). It is also noteworthy that de-
pleting DCX reduces the frequency of occurrence of the growth-
cone-like waves. This indicates a fundamental role for DCX in the
generation and/or maintenance of waves. In this regard, DCX has
binding activities for microtubules, actin filaments, and a variety
of other proteins (Friocourt et al., 2001, 2005; Kizhatil et al., 2002;
Tsukada et al., 2003, 2005; Gdalyahu et al., 2004; Reiner et al.,
2006), raising the possibility that it may function as a component
of a scaffold to bring together components necessary to form the
waves. Neurabin II, an actin-binding protein that also can bind
DCX (Tsukada etal., 2003, 2005, 2006; Shmueli et al., 2006), may
also be a component of this scaffold because it is also present in
the waves (D. Jean and M. M. Black, unpublished data).

At the onset of these studies on doublecortin, we had not
expected to rediscover the growth-associated waves originally
observed over 10 years ago but rarely discussed in the literature
since then. The recent work by Flynn et al. (2009) together with
the data reported here reveal the waves as highly sophisticated
structures capable of boosting the growth of the axon as well as
newly forming collateral branches. The entry of a wave into a
growth cone or a filopodia may enhance the sensitivity to local
morphogens and also provide cytoskeletal components that fuel a
burst of elongation. In this view, the waves function as mobile
growth boosters that provide growth-promoting materials to
sites of impending morphological change. The fact that certain
kinds of neurons display these waves whereas others do not may
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be a key determinant of the distinct growth behaviors and mor-
phologies exhibited by these different types of neurons.
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