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Development, polarization, structural integrity, and plasticity of neuronal cells critically depend on the microtubule network and
its dynamic properties. SLAIN1 and SLAIN2 are microtubule plus-end tracking proteins that have been recently identified as
regulators of microtubule dynamics. SLAINs are targeted to microtubule tips through an interaction with the core components of
microtubule plus-end tracking protein network, End Binding family members. SLAINs promote persistent microtubule growth by
recruiting the microtubule polymerase ch-TOG to microtubule plus-ends. Here, we show that SLAIN1/2 and ch-TOG-proteins are
highly enriched in brain and are expressed throughout mouse brain development. Disruption of the SLAIN-ch-TOG complex in
cultured primary rat hippocampal neurons by RNA interference-mediated knockdown and a dominant-negative approach per-
turbs microtubule growth by increasing catastrophe frequency and inhibits axon extension during neuronal development. Our
study shows that proper control of microtubule dynamics is important for axon elongation in developing neurons.

Introduction
Neurons are polarized cells, which critically depend on the cyto-
skeleton for their development and maintenance. Neuronal mi-
crotubules (MTs) play a pivotal role in controlling cell shape,
actin organization, and the polarized distribution of proteins,
vesicles, and other organelles (Conde and Cáceres, 2009;
Hoogenraad and Bradke, 2009; Poulain and Sobel, 2010).

In mature neurons, both axons and dendrites contain bundles
of highly stabilized MTs that are cross-linked by the MT-
associated proteins (MAPs). At the same time, a proportion of
MTs remains dynamic and is crucial for the functional and struc-
tural plasticity of neurons (Conde and Cáceres, 2009; Hoogen-
raad and Bradke, 2009; Poulain and Sobel, 2010). Dynamic MTs
are especially important in developing neurons, and even mod-
erate changes in MT stability can affect neuronal polarity (Witte
et al., 2008).

An important group of factors that regulate different aspects
of MT dynamics are MT plus-end tracking proteins (�TIPs),
which associate specifically with growing MT plus-ends (Schuy-

ler and Pellman, 2001; Akhmanova and Steinmetz, 2008). End
Binding (EB) proteins are considered to be core �TIP complex
components as they can autonomously track growing MT plus-
ends and target to them many other �TIPs. In mammals, there
are three EB family members: EB3 is a brain-enriched protein,
whereas EB1 and EB2 are more widely expressed (Nakagawa et
al., 2000; Jaworski et al., 2009).

Recently, we identified the SLAIN family as novel �TIPs that
interact with EBs (van der Vaart et al., 2011). In mammals, two
SLAIN homologues exist, SLAIN1 and SLAIN2 (Hirst et al.,
2006). We showed that in nonneuronal cells, SLAIN2 is an EB-
dependent �TIP that also interacts with three other �TIP fam-
ilies: the CLIPs, CLASPs, and XMAP215/ch-TOG (van der Vaart
et al., 2011). By binding to multiple �TIPs, SLAIN2 can promote
formation of �TIP interaction networks. This property enables
SLAIN2 to enhance the accumulation of the MT polymerase ch-
TOG at the growing MT plus-ends and in this way stimulate
persistent MT growth (van der Vaart et al., 2011).

Although neurons are postmitotic cells, they often employ
molecular machinery used in dividing cells (Baas, 1999). ch-TOG
is the only mammalian member of the XMAP215 family of MT
polymerases that is generally assumed to be directly responsible
for the high rates of MT polymerization in vivo compared with in
vitro systems (Howard and Hyman, 2007). Despite the poten-
tially crucial role of ch-TOG in controlling MT dynamics, its
function has not been investigated in neuronal cells.

In this study, we addressed this gap in understanding of reg-
ulation of MT dynamics in neurons. We showed that both ch-
TOG and SLAIN1/2 are highly expressed in mammalian brain
and in cultured neurons. Disruption of the SLAIN-ch-TOG com-
plex affected MT growth by increasing catastrophe frequency and
led to a decrease in axon length. We conclude that the SLAIN-ch-
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TOG complex plays an important role in axon outgrowth. This
study provides new molecular insight into the role of proper
regulation of MT dynamics in neuronal development.

Materials and Methods
Constructs. p�actin-HA-�-galactosidase has been previously described
(Hoogenraad et al., 2005); GFP-SLAIN2-N1 (van der Vaart et al., 2011)
was cloned into neuronal GFP-GW1 expression vector (modified GW1-
vector; British Biotechnology) (Hoogenraad et al., 2005). The Cherry-
MT�TIP construct contains the two-stranded leucine zipper coiled-coil
sequence corresponding to GCN4-p1 (RMKQLEDKVEELLSKNYHLE-
NEVARLKKLVGER) fused to a glycine rich-linker sequence (GAGG)
followed by the C-terminal 43 aa peptide ETVPQTHRPTPRAGSRP-
STAKPSKIPTPQRKSPASKLDKSSKR of human MACF2 (E5455-
R5497; NP_899236), which binds to EB1 and tracks growing MT ends in
an EB1-dependent manner (Honnappa et al., 2009). The construct was
inserted in pBactin-16-pl expression vector. pSuper-based shRNA vec-
tors were directed against the following target sequences: mouse/rat ch-
TOG AGAGTCCAGAATGGTCCAA, rat/human SLAIN1 ATCTAT
CGACAGTGAGCTG; rat SLAIN2 CTCTATAGATAGTGAGTTA (van
der Vaart et al., 2011). shRNA lentiviral constructs were created by in-
serting the H1 promoter and shRNA sequences described above into the
XbaI and XhoI sites of pLentiLox3.7, which contained EGFP driven by a
human synapsin1 promoter (Rubinson et al., 2003; Nakagawa and
Hoogenraad, 2011).

Neuronal cultures, transfection, and lentiviral transduction. Primary
hippocampal cultures were prepared from brains of E18 rats of either
sex as described by Jaworski et al. 2(009) and transfected using Lipo-
fectamine 2000 (Invitrogen) for live imaging and immunofluorescent
staining. To generate Western blots of shRNA-expressing neurons,
neuronal cultures were transduced with lentiviruses as described pre-
viously (Rubinson et al., 2003; Nakagawa and Hoogenraad, 2011).

Antibodies, immunofluorescent cell staining, immunoprecipitation, and
Western blotting. Neurons were fixed with 4% PFA/4% sucrose in PBS for
10 min at room temperature to visualize neuronal morphology, and with
a combination of cold methanol and paraformaldehyde to stain for EB1,
ch-TOG, or SLAIN1/2. Extracts of tissues and primary hippocampal
neuron cultures and immunoprecipitation were done as described pre-
viously (Jaworski et al., 2009; van der Vaart et al., 2011).

We used rabbit polyclonal antibodies against SLAIN1/2 (van der Vaart
et al., 2011), �-galactosidase (MP Biomedicals), and ch-TOG (Charrasse
et al., 1998) (a gift from L. Cassimeris, Lehigh University, Bethelehem,
PA); mouse monoclonal antibodies against EB1 (BD Biosciences), MAP2
(Santa Cruz Biotechnology), �-tubulin, tau, and actin (Millipore Biosci-
ence Research Reagents). The following secondary antibodies were used:
alkaline phosphatase-conjugated anti-rabbit; anti-mouse or anti-rat an-
tibodies (Sigma-Aldrich); IRDye 800CW goat anti-rabbit, anti-mouse,
and anti-rat IgG (Li-Cor Biosciences); Alexa-350-, Alexa-488-, and
Alexa-598-conjugated goat antibodies against rabbit, rat, and mouse IgG
(Invitrogen).

Image acquisition and processing. Images of fixed cells were collected
with a Leica DMRBE microscope equipped with a PL Fluotar 100� 1.3
N.A. or 40� 1.00 – 0.50 N.A. oil objective, FITC/EGFP filter 41012
(Chroma) and Texas Red filter 41004 (Chroma), and an ORCA-ER-1394
CCD camera (Hamamatsu) or with a Nikon A1R confocal laser micro-
scope equipped with a 20� air Plan-Apo N.A. 0.75, a 40� oil Plan-Fluor
N.A. 1.3, and a 60� oil Plan-Apo N.A. 1.4 objective.

Time-lapse live-cell imaging of Cherry-MT�TIP was performed on a
Nikon Eclipse TE2000E equipped with an incubation chamber (INUG2-
ZILCS-H2; Tokai Hit) mounted on a motorized stage (Prior). Coverslips
were mounted in metal rings, immersed in conditioned medium, and
maintained at 37°C and 5% CO2. To image fast MT dynamics, we per-
formed two color total internal reflection fluorescence (TIRF) micros-
copy using a Nikon microscope equipped with a 100� Apo TIRF N.A.
1.49 objective, 2.5� Optovar and EMCCD camera (QuantEM; Roper
Scientific). For excitation and imaging of GFP, we used 488 nm argon
laser (Spectra-Physics Lasers) in combination with ET-GFP filter set
(49002; Chroma) and for mCherry we used 561 nm diode-pumped solid-

state laser (Melles Griot) combined with Cherry ET-mCherry filter set
(49008; Chroma).

Image processing, kymograph analysis, and various quantifications
were performed using MetaMorph (Molecular Devices). Analysis of neu-
ron morphology was performed using SynD (Schmitz et al., 2011). Im-
ages were prepared for publication using MetaMorph and Adobe
Photoshop. Statistical analysis was performed using nonparametric
Mann–Whitney U test in Statistica for Windows and SigmaPlot.

Results
Expression of ch-TOG and SLAIN/2 in brain
Although initially identified in tumors, hence its name, colonic
and hepatic tumor-overexpressed gene (ch-TOG), ch-TOG is ubiq-
uitously expressed in healthy tissues, with elevated levels in the
brain (Charrasse et al., 1995, 1996). Using reverse-transcriptase
PCR (RT-PCR), we have previously shown that both SLAIN1 and
SLAIN2 are expressed in human brain (van der Vaart et al., 2011).
Based on a gene trap mouse-line and in situ hybridization,
SLAIN1 is predominantly expressed in the developing nervous
system (Hirst et al., 2006, 2010).

Using Western blot analysis, we found that ch-TOG is highly
enriched in a variety of different brain regions (Fig. 1A), in line
with previous RT-PCR results (Charrasse et al., 1995, 1996). This
expression pattern correlates with the high levels of �-tubulin
found in these regions. Using a pan-SLAIN antibody that recog-
nizes both SLAIN1 and SLAIN2 equally well (van der Vaart et al.,
2011), we observed multiple positive bands that likely correspond
to different splice isoforms and/or posttranslationally modified
forms of SLAIN1/2 in the different tissues tested (Fig. 1A). In
different brain regions, the double band at �80 kDa detected
with SLAIN1/2 antibodies (Fig. 1A) is similar to nonphosphory-
lated SLAIN2 seen in nonneuronal interphase cells (van der Vaart
et al., 2011).

Next, we looked in more detail at ch-TOG and SLAIN1/2
expression levels in different mouse brain regions during brain
development. We observed constant levels of ch-TOG, while
SLAIN1/2 expression was somewhat reduced in mature tissues
(Fig. 1B). These data indicate that ch-TOG and SLAIN1/2 are
expressed in the brain and suggest that SLAINs might be more
important at early developmental stages, in agreement with the
data on SLAIN1 transcription (Hirst et al., 2006, 2010).

We tested whether SLAIN1/2 and ch-TOG associate with
each other in brain tissues and found that this was indeed the
case: ch-TOG coprecipitated with SLAIN1/2 from extracts of
embryonic cortex and adult brain (Fig. 1C), similar to dividing
cultured cells (van der Vaart et al., 2011). Coprecipitation of
the two proteins was somewhat weaker from the adult tissue,
suggesting that the complex might be more prominent during
development.

To investigate the role of the SLAIN-ch-TOG complex in neu-
ronal development, we made use of rat hippocampal neuronal
cultures undergoing terminal differentiation (Banker and Goslin,
1988). In neuronal cultures, SLAIN1/2 and ch-TOG were present
at relatively constant levels throughout development (Fig. 1D).
Using immunofluorescent labeling, endogenous ch-TOG and
SLAIN1/2 could clearly be detected in cell body, neurites, and
axonal and dendritic growth cones of neurons at day 5 in vitro
(DIV5) (Fig. 1E,F). Colocalization of SLAIN1/2 and ch-TOG
with the plus-end marker EB1 was especially clear in the growth
cones (Fig. 1E,F), which are the sites where highly dynamic MTs
interact with the actin cytoskeleton to steer neurite growth
(Conde and Cáceres, 2009; Hoogenraad and Bradke, 2009; Pou-
lain and Sobel, 2010).
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Disruption of the SLAIN-ch-TOG complex affects MT growth
in neurons
To assess the function of the SLAIN-ch-TOG complex during neu-
ronal development, it was disrupted in two different ways. First, we
performed RNA interference-mediated knockdown of SLAIN1/2
and ch-TOG using previously described shRNAs against ch-TOG
and SLAIN2 (van der Vaart et al., 2011). SLAIN1 target sequence was
chosen in the region homologous to that of SLAIN2 shRNA. The
efficiency of protein depletion was tested by introducing shRNAs

into neuronal cultures by lentiviral transduction. Single SLAIN1 and
SLAIN2 depletions had only a mild effect on the SLAIN1/2 pool
(data not shown), while a combination of SLAIN1 and SLAIN2
shRNAs reduced this pool by �60% (Fig. 2A); ch-TOG was de-
pleted by �80% (Fig. 2A). The lower efficiency of SLAIN1/2 deple-
tion was likely due to the fact that the two proteins had to be depleted
simultaneously.

As an alternative approach, the SLAIN-ch-TOG complex was
disrupted by overexpression of a dominant-negative SLAIN2

Figure 1. ch-TOG and SLAIN1/2 are expressed and interact with each other in brain tissue. A, B, D, Western blot analysis of different adult rat tissues (A), mouse brain tissue of different
developmental stages (B), and extracts of primary hippocampal neuron culture extracts at different stages of development in vitro (D) using the indicated antibodies. C, Immunoprecipitations (IP)
from extracts of rat embryonic cortex or adult brain with either control IgG or SLAIN1/2 antibodies analyzed by Western blotting with the indicated antibodies. E, F, Images of neurons fixed on DIV5
and labeled with the indicated antibodies. The insets show enlargements of the boxed areas, which show a dendritic (E) and an axonal (F ) growth cone. In the overlay, EB1 is shown in green and
ch-TOG (E) and SLAIN1/2 (F ) in red. Endog., Endogenous; T., total.
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construct (GFP–SLAIN2–N1). The expression of this SLAIN2
fragment, which can bind to ch-TOG but not to EBs, CLIPs, or
CLASPs, has previously been shown to disrupt MT plus-end re-
cruitment of ch-TOG and inhibit MT growth similar to SLAIN2
knockdown in HeLa cells (van der Vaart et al., 2011).

Disruption of the SLAIN-ch-TOG complex in DIV1 neu-
rons by transfection of ch-TOG shRNA or GFP-SLAIN2-N1
construct strongly affected the number of growing MT ends as
observed by immunofluorescent labeling of DIV5 neurons
with EB1 antibody (Fig. 2 B–D). These results are similar to
those seen in nonneuronal cells after SLAIN2 or ch-TOG de-
pletion (van der Vaart et al., 2011). Knock down of SLAIN1
and SLAIN2 had a much milder effect, most likely because it
was less profound (data not shown).

Next, we set out to investigate MT dynamics in neuronal cells
after disruption of the SLAIN-ch-TOG complex. We used as a
marker of growing MT ends the dimeric version of the C-terminal
43-aa-long MT plus-end tracking fragment of the spectraplakin
MACF2 [MACF43-LZ (Honnappa et al., 2009)], which we named
mCherry-MT�TIP. Plus-end tracking behavior of mCherry-
MT�TIP could be readily observed in control GFP-expressing cells
as well as in cells expressing GFP-SLAIN2-N1, SLAIN1/2, or ch-
TOG shRNAs (Fig. 3A). However, when the SLAIN-ch-TOG com-
plex was disrupted, persistent MT growth was diminished due to a
strongly increased frequency of catastrophes (Fig. 3B,C). This effect
was similar in all neuronal compartments, including cell bodies, ax-
ons, dendrites, and axonal growth cones (data not shown). Instan-

taneous MT growth rate was reduced in ch-TOG depleted cells and
in cells expressing GFP-SLAIN2-N1 (Fig. 3D), in line with the role of
ch-TOG as a MT polymerization-promoting factor. SLAIN1/2 de-
pletion had no effect (Fig. 3D), likely because the knockdown was
incomplete. It should be noted that fast growth episodes were still
observed in all conditions (Fig. 3D), indicating that MT polymeriza-
tion rate is less sensitive to reduction in SLAIN and ch-TOG levels
than growth processivity. In conclusion, the disruption of the
SLAIN-ch-TOG complex in neuronal cells perturbs persistent MT
growth.

SLAIN and ch-TOG play a role in axon extension
To assess the morphological effect of disrupting MT dynamics by
inhibiting SLAIN-ch-TOG complex formation, we analyzed the
length of axons and dendrites at DIV5 in neurons that were trans-
fected with different shRNAs or GFP-SLAIN2-N1 at DIV1. Im-
munofluorescent staining with antibodies against tau and MAP2
was used to distinguish axons and dendrites (Fig. 4A). Depletion
of SLAIN1/2 or ch-TOG and the overexpression of GFP-
SLAIN2-N1 caused a similar, significant decrease in axonal
length at DIV5 compared with control cells (Fig. 4B,C). Den-
dritic length was highly variable at this developmental stage and
showed no significant differences (Fig. 4C). From these exper-
iments, we conclude that MT growth dynamics regulated by
the SLAIN-ch-TOG complex is important for proper axon
outgrowth during development of primary hippocampal rat
neurons.

Figure 2. Disruption of the SLAIN-ch-TOG complex in neuronal cells. A, Western blots of extracts of hippocampal neuronal cultures transduced with lentiviruses expressing the indicated shRNAs.
SLAIN1�2—simultaneous transduction with shRNAs against SLAIN1 and SLAIN2. B, Quantification of the number of EB1 comets in the cell body per 100�m 2 surface area in control shRNA, ch-TOG shRNA, GFP
control, and GFP-SLAIN2–N1-expressing neurons (10 –15 cells were analyzed for each condition). Statistically significant differences are indicated (**p � 0.05, ***p � 0.001). Error bars indicate SD. C, D,
Images of neurons transfected at DIV1 with indicated constructs, fixed on DIV5, and labeled with antibodies against EB1. Asterisks in C and D indicate transfected cells. Endog., Endogenous.
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Discussion
Inthisstudy,weusedpostmitoticneuronstoanalyzetheexpressionand
role of ch-TOG and SLAIN1/2, factors previously shown to be critically
important for proper MT growth in dividing cells (van der Vaart et al.,
2011).Wefoundthatch-TOGandSLAIN1/2areexpressedthroughout

mouse brain development and in primary hippocampal neuron cul-
tures.DisruptionoftheSLAIN-ch-TOGcomplexbych-TOGdepletion
or overexpression of the dominant-negative SLAIN2 reduced the num-
berofEB1comets inneuronalcellbodiesandincreasedMTcatastrophe
frequency in cell bodies, axons, and dendrites. Simultaneous depletion

Figure 3. SLAIN-ch-TOGcomplexcontrolsMTgrowthinneuronalcells.A,LiveimagesofneuronstransfectedatDIV1withmCherry-MT�TIPtogetherwithGFP,GFP-SLAIN2–N1,orshRNAconstructsagainstSLAIN1and
SLAIN2orch-TOG.LiveimageswerecollectedatDIV5with0.5sintervals.Singleframesandmaximumprojectionsof61frames(bottom)areshown.B,KymographsillustratingMTgrowthusingmCherry-MT�TIPinneurons
coexpressingmCherry-MT�TIPtogetherwithGFP(control),GFP-SLAIN2–N1,SLAIN1�2,orch-TOGshRNAs.C,Quantificationofthecatastrophefrequencyincontrol,GFP-SLAIN2–N1-expressingcells,orcellsexpressingthe
indicatedshRNAsusingdatashowninAandB.ErrorbarsindicateSEM.Fiftyto200growthepisodesinfivetoninecellsobservedpredominantlyinthecellbodyandproximalneuriteswereanalyzedineachcondition.Datafor
GFPcontrolandcontrolshRNAshowednosignificantdifferencesandwerepooled.D,Meaninstantaneousgrowthrates(growthratesmeasuredbetweentwoframesacquiredwitha0.5sinterval)andhistogramsofMTgrowth
rate distributions based on the displacement of mCherry-MT�TIP comets in DIV5 neurons cotransfected at DIV1 with GFP (control), GFP-SLAIN2–N1, or the shRNA constructs. Values significantly different from control are
indicatedbyasterisks(**p�0.05,***p�0.001).
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of SLAIN1 and SLAIN2 also greatly increased the frequency of catastro-
phes, although it had no strong effect on the number of EB1 comets,
most likely because it was less efficient. These results indicate that the
SLAIN-ch-TOG complex promotes processive MT polymerization in
all neuronal compartments.

In nonneuronal cells, SLAIN1/2 and ch-TOG together with EBs
help support frequent and persistent MT outgrowth, which is
needed to maintain a radial MT array necessary for proper localiza-
tion of membrane compartments and cell polarity (van der Vaart et
al., 2011). In neurons, SLAIN1/2 and ch-TOG have a similar role:

when the SLAIN-ch-TOG complex is disrupted, MT growth epi-
sodes become less frequent and are more often interrupted by catas-
trophes. This change in MT dynamics is expected to have a negative
effect on the invasion of lamellipodia by MTs and MT stabilization
and elongation, processes critical for neurite initiation and extension
(Conde and Cáceres, 2009; Hoogenraad and Bradke, 2009; Poulain
and Sobel, 2010). The disruption of the SLAIN-ch-TOG complex in
the first days of neuronal development (DIV1–DIV5) led to a reduc-
tion of axonal length. This is in line with the data obtained using
MT-targeting drugs: application of low doses of nocodazole, vin-

Figure 4. ch-TOG and SLAIN1/2 are necessary for axon extension. A, Images of neurons transfected at DIV1 with the control GFP construct, fixed at DIV5, and labeled with tau or MAP2 antibodies.
B, Images of neurons transfected with the indicated constructs and GFP as a neuronal morphology marker at DIV1 and fixed at DIV5. C, Quantification of the total length of axons and dendrites in DIV5
neurons transfected at DIV1 with the indicated constructs. GFP was used as a morphology marker, and tau and MAP2 staining were used to distinguish axons and dendrites. Nine to 12 cells were
analyzed for each condition. Statistically significant differences are indicated (**p � 0.05). Error bars indicate SEM.
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blastine, or taxol has been shown to slow down the axonal growth
cone propagation (Tanaka et al., 1995; Yu and Baas, 1995; Rochlin et
al., 1996; Williamson et al., 1996; Gallo and Letourneau, 1999). In
our experiments, axon extension was reduced but not abolished,
most likely due to the timing of our inhibitory treatments (transfec-
tion at DIV1) and the incomplete disruption of SLAIN1/2 and ch-
TOG function. Interestingly, the extent of reduction of axon length
in our experiments was similar to that observed in another study
where hippocampal neurons were treated with low doses of nocoda-
zole from DIV1 to DIV3 (Witte et al., 2008). Dendrite extension was
not significantly affected, most likely because, in contrast to axons,
dendrites do not undergo extensive elongation at the developmental
stage examined (DIV5) and are therefore likely less sensitive to alter-
ations in MT dynamics.

Recently, a general model of cell elongation showed that cell length
can be controlled by parameters of MT growth dynamics, such as po-
lymerization velocity and catastrophe frequency (Picone et al., 2010).
Our results are in agreement with this model because they show that an
increase in MT catastrophe frequency leads to shorter MT-dependent
cell extensions, axons of developing neurons.

The enrichment of ch-TOG and SLAIN1/2 in neuronal
growth cones suggests a role of this complex in growth cone
dynamics similar to the roles of CLIPs and CLASPs (Lee et al.,
2004; Neukirchen and Bradke, 2011). These protein families can
interact with SLAINs (van der Vaart et al., 2011), and it remains
to be determined whether SLAINs play a role in the accumulation
of these proteins at the MT tips in growth cones. Interestingly, in
Drosophila, the ch-TOG homolog Mini spindles interacts with
the CLASP homolog and can antagonize its function in axon
guidance (Lowery et al., 2010). In vertebrate cells, CLASPs can
both impede and promote axonal growth depending on whether
they bind to the MT lattice or the growing MT tips (Lee et al.,
2004; Hur et al., 2011), suggesting that they can either cooperate
with ch-TOG or antagonize its axon growth-promoting activity.

Together, our study has identified the SLAIN-ch-TOG MT tip
complex as an important regulator of axon growth in primary
hippocampal neurons, indicating that basic MT polymerization
machinery is important for a complex differentiation process
such as neuronal development.
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