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Multiple cues, including growth factors and circuit activity, signal to regulate the initiation and growth of mammalian dendrites. In this
study, we have asked how these environmental cues regulate dendrite formation, and in particular, whether dendrite initiation and
growth requires integrin-linked kinase (ILK) or its downstream effector, glycogen synthase kinase-3� (GSK-3�). In cultured sympathetic
neurons, NGF and neuronal depolarization activated ILK and promoted dendrite initiation and growth, and inhibition of ILK (either
pharmacologically, with a dominant-negative form of ILK, or by genetic knockdown) reduced depolarization-induced dendrite forma-
tion. In sympathetic neurons, ILK phosphorylated and inhibited GSK-3�, and inhibition of GSK-3� (either pharmacologically, with
dominant-negative GSK-3�, or by genetic knockdown) caused robust dendrite initiation. GSK-3� inhibition also caused dendrite initi-
ation in cultured cortical neurons and growth of hippocampal neurons in slice cultures. GSK-3� functioned downstream of ILK to
regulate dendrite formation, because inhibition of GSK-3� promoted dendrite initiation even when ILK was simultaneously inhibited.
Moreover, GSK-3� promoted dendrite formation in sympathetic neurons by regulating the activity of a key dendrite formation effector,
the MAP (microtubule-associated protein) kinase kinase (MEK)– extracellular signal-regulated protein kinase (ERK) pathway. Specifi-
cally, inhibition of GSK-3� led to increased ERK phosphorylation, and inhibition of MEK completely blocked the effects of GSK-3�
inhibition on dendrite initiation and growth. Thus, the ILK–GSK-3� pathway plays a key role in regulating dendrite formation in
developing mammalian neurons.
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Introduction
The development and maintenance of functional neuronal cir-
cuitry requires the regulated initiation and growth of a dendritic
arbor that can receive and process synaptic information. Al-
though significant progress has been made in identifying extrin-
sic cues that regulate dendritic morphogenesis, the underlying
signaling mechanisms are just now being elucidated. Two cues
that are known to play a key role in regulating dendrite formation
in multiple populations of mammalian neurons are neurotro-

phins and neuronal activity (Miller and Kaplan, 2003). For ex-
ample, sympathetic neurons in vivo require NGF and appropriate
connectivity to promote genesis of their dendritic arbor (Snider,
1988; Ruit et al., 1990; Ruit and Snider, 1991), and neonatal sym-
pathetic neurons cultured in NGF require coincident neuronal
activity for both the formation and maintenance of dendrites
(Vaillant et al., 2002). What are the signaling mechanisms that
allow extrinsic cues such as these to promote dendrite initiation
and growth? One set of signaling proteins essential for dendrite
growth is key regulators of the cytoskeleton such as members of
the Rho GTPase family (Van Aelst and Cline, 2004). In addition,
signaling proteins known to be downstream of growth factor
receptors and calcium influx, such as the microtubule-associated
protein (MAP) kinase (MAPK) kinase (MEK)– extracellular
signal-regulated protein kinase (ERK) pathway, calcium/
calmodulin-dependent protein kinase II (CaMKII), and a Wnt-
2–�-catenin pathway are also important regulators of dendritic
development (Miller and Kaplan, 2003; Yu and Malenka, 2003).

Integrin-linked kinase (ILK) is one signaling protein that has
recently been implicated in axonal growth (Mills et al., 2003) but
is not known to play a role in dendrite morphogenesis. ILK is a
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serine–threonine kinase that is activated in a phosphatidylinosi-
tol 3 (PI3)-kinase-dependent manner (Delcommenne et al.,
1998) and that functions downstream of �-integrins and growth
factor receptors to regulate cell growth, differentiation, and mi-
gration (Dedhar et al., 1999). The physiological importance of
this signaling protein has recently been demonstrated genetically;
mice lacking ILK are embryonic lethal (Sakai et al., 2003), and
neural precursor-specific deletion of ILK perturbs cortical lami-
nation (Niewmierzycka et al., 2005). Although ILK has several
known downstream targets, only one of these, glycogen synthase
kinase-3� (GSK-3�), is currently known to mediate the effects of
ILK during NGF-mediated axon growth (Arevalo and Chao,
2005). GSK-3� is a serine/threonine kinase implicated in a variety
of cellular functions (Doble and Woodgett, 2003; Arevalo and
Chao, 2005), including glycogen synthesis, microtubule dynam-
ics, and regulation of Wnt-mediated gene expression. ILK phos-
phorylates and inactivates GSK-3� (Delcommenne et al., 1998),
preventing GSK-3� from phosphorylating its downstream tar-
gets, which include �-catenin (Hinoi et al., 2000), kinesin light
chain (Morfini et al., 2002), and a number of microtubule-
associated proteins such as Tau, MAP2, and adenomatous polyp-
osis coli (APC) (Sanchez et al., 2000; Alvarez et al., 2002; Zhou et
al., 2004). GSK-3� also regulates neuronal polarity (Jiang et al.,
2005) and axonal growth and branching in hippocampal neurons
by phosphorylating the tubulin-binding protein collapsin re-
sponse mediator protein-2 (CRMP-2) (Yoshimura et al., 2005).

Here, we have asked whether an ILK–GSK-3� pathway is an
important mediator of dendritogenesis, as it is for axogenesis. We
demonstrate that this pathway is activated in response to cues
that promote dendrite formation, such as neurotrophins and
neuronal depolarization, and that it plays a key role in regulating
both the initiation and growth of dendrites in multiple popula-
tions of developing mammalian neurons.

Materials and Methods
Primary neuron cultures. Superior cervical ganglia (SCGs) were dissected
from postnatal day 1 (P1) Sprague Dawley rats, neurons were cultured
onto collagen-coated four-well chamber slides (20,000 cells per well) and
established for 5 d in 50 ng/ml NGF as per Vaillant et al. (2002). Neurons
were switched into 10 ng/ml NGF plus 50 mM KCl for 3–5 d to induce
dendrite formation. For low-density SCG cultures, ganglia were dis-
sected and cultured at a density of 10,000 cells per well of four-well
chamber slides and then treated as described above. Primary cortical
neuron cultures were cultured from embryonic day 16 (E16) to E17 CD-1
mouse or E17–E18 rat embryos as described previously (Lee et al., 2004).
To eliminate non-neuronal cells, 7 �M cytosine arabinoside was added to
the medium after 3 d. Treatments with kinase inhibitors or DMSO were
done at 5 d in vitro for 3 d. The following inhibitors were used (in �M): 40
QLT0254; 20 kenpaullone (Calbiochem, La Jolla, CA), and 1 alsterpaul-
lone (Calbiochem), 50 [2-(2�amino-3�-methoxyphenyl)-oxanaphthalen-4-
one] (PD98059; Calbiochem).

Hippocampal slice cultures and biolistic transfections. Hippocampi from
P7 rats were dissected into cold medium containing 50% Medium 199
(Invitrogen, Carlsbad, CA), 25% HBSS (Invitrogen), 25% horse serum
(Invitrogen), 6.5 mg/ml glucose, 2 mg/ml sodium bicarbonate, 100 U/ml
penicillin, 100 �g/ml streptomycin, and 0.002% Fungizone (Invitrogen),
and immediately placed onto a McIlwain tissue chopper. Slices were cut
at a thickness of 350 �m, transferred onto a Millicell-CM 0.4 �m mem-
brane, and allowed to establish themselves for a minimum of 5–7 d.
Then, slices were transfected with an enhanced green fluorescent protein
(EGFP) expression plasmid (Clontech, Mountain View, CA) using the
Helios Gene Gun (Bio-Rad, Hercules, CA) and Gold-Coat cartridges.
Helium (150 –200 psi) was used to deliver the DNA.

Adenoviral infections, transfections, and siRNA knockdown in sympa-
thetic neurons. Established sympathetic neurons were switched overnight

to medium containing 10 ng/ml NGF, 50 mM KCl, and replication-
defective recombinant adenovirus at a multiplicity of infection of 50 –
100. Cultures were then washed free of the adenovirus and grown for 3 d
in 10 ng/ml NGF or 10 ng/ml NGF plus 50 mM KCl. Recombinant ad-
enoviruses used were dominant-negative ILK (dnILK) and wild-type ILK
(wtILK), both expressing EGFP bicistronically (Kumar et al., 2004). An
EGFP-expressing recombinant adenovirus (Pozniak et al., 2000) was
used as a control.

Sympathetic neurons were transfected on the day of plating using
Lipofectamine 2000 (Invitrogen). Transfection was performed at a 3:1
ratio of plasmid DNA encoding the gene of interest relative to an EGFP-
expressing plasmid. The DNA–Lipofectamine 2000 complexes were pre-
pared in Opti-MEM (Invitrogen) according to the manufacturer’s guide-
lines. To optimize the transfection rate, Ultraculture medium was
supplemented with 50 mM KCl. Twenty-four hours after transfection,
cells were switched to Ultraculture medium containing 50 ng/ml NGF
but no KCl and established for 5 d. Recombinant plasmids expressing
dominant-negative GSK-3� (dnGSK-3�) and constitutively activated
ILK were hemagglutinin (HA)- and V5-His-tagged, respectively. Trans-
fection with an EGFP expression plasmid (Clontech) was used as control.

For the ILK small interfering RNA (siRNA) transfection, two duplex
siRNAs against the rat ILK gene were used that specifically targeted the
kinase domain, ILK siRNA1, and the pH domain, ILK siRNA2. siRNAs
targeted to the homologous sequences in human ILK have been used
previously to silence the human ILK gene (Troussard et al., 2003; Ed-
wards et al., 2006). These two duplex siRNAs were designed and pur-
chased from Dharmacon (Lafayette, CO). They were as follows: for ILK
siRNA1, 5�-UGUAAAGUUUUCUUUCCAGUGdTdT-3� (sense) and
5�-CACUGGAAAGAAAACUUUACAdTdT-3� (antisense); and for ILK
siRNA2, 5�-CCUGGCAAAGCUCAACGAGAAdTdT-3� (sense) and 5�-
UUCUCGUUGAGCUUUGCCAGGdTdT-3� (antisense). For the
GSK-3� siRNA transfection, specific pooled siRNAs against rat GSK-3�
were purchased from Dharmacon. A nonspecific sequence was used as
the siRNA negative control (Qiagen, Valencia, CA). The target sequence
for this siRNA control was AATTCTCCGAACGTGTCACGT and does
not represent any gene accession number. The siRNA duplex sequence
for control siRNA was sense, UUCUCCGAACGUGUCACGUdTdT; an-
tisense, ACGUGACAGGUUCGGAGAAdTdT. Sympathetic neurons
were transfected with siRNAs on the day of plating using Lipofectamine
2000. Neurons were transfected overnight with 60 pmol of siRNA, main-
tained for 5 d in Ultraculture medium containing 50 ng/ml NGF, and
then switched for 3 d into 10 ng/ml NGF with or without 50 mM KCl,
QLT0254, kenpaullone, or DMSO. PC12 6-24 cells were maintained in
DMEM (BioWhittaker, Verviers, Belgium) supplemented with 100 U/ml
penicillin, 100 �g/ml streptomycin, 2 mM glutamine, 10% horse serum
(Invitrogen), and 5% bovine calf serum (Hyclone, Logan, UT). Cells
were transfected overnight with 200 pmol of siRNA using Lipofectamine
2000, according to the manufacturer’s instructions and as we have de-
scribed previously (Lin et al., 2006), and then lysed 48 h after being
transfected.

Immunocytochemistry. Immunocytochemistry was performed as de-
scribed by Vaillant et al. (2002). The following primary antibodies were
used: mouse anti-high-molecular-weight (HMW)-MAP2 (1:500; Sigma-
Aldrich, St. Louis, MO), mouse anti-�-tubulin (1:1000; Covance, Prince-
ton, NJ), rabbit anti-ILK (1:500; Millipore, Billerica, MA), mouse anti-
GSK-3� (1:500; BD Biosciences Pharmingen, San Diego, CA), rabbit
anti-GFP (1:400; Millipore), rabbit anti-V5 (1:1000; Sigma-Aldrich), and
rabbit anti-HA (1:400; Covance). Antibody binding was detected with
the conjugated secondary antibodies goat anti-mouse Alexa 555 (1:1000)
or goat anti-rabbit Alexa 488 (1:1000). Hoechst staining was performed
by incubating the cells with 1 �g/ml Hoechst.

Neuronal imaging and analysis. Dendrites were analyzed either by
measuring HMW-MAP2-positive processes, as we have described previ-
ously (Vaillant et al., 2002), or by measuring dendrites morphologically
by phase-contrast microscopy in low-density cultures. For the MAP2
measurements, random HMW-MAP2-labeled fields were acquired. The
lengths of all of the MAP2-positive processes were then measured by
tracing the MAP2-labeled processes from the perimeter of the cell body
to the farthest extent of the labeled process using Northern Eclipse soft-
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ware (Empix, Mississauga, Ontario, Canada).
In each experiment, at least 150 –500 neurons
were measured for each condition. These values
were pooled for each treatment and divided by
the total number of cells measured (including
those with no detectable MAP2-positive pro-
cess) to give a mean dendrite length per neu-
ron � SEM. The number of neurons with no
detectable MAP2-positive process was also de-
termined. These are shown as percentages of the
total number of neurons for individual experi-
ments. For the distribution histograms of single
experiments, all MAP2-positive processes were
binned by length and plotted; these same values
were used to determine a mean dendrite length
per neuron in that particular experiment. For
morphological measurements, random HMW-
MAP2-labeled fields were acquired from low-
density sympathetic neuron cultures. The same
fields were also acquired in phase-contrast.
Dendrites were then distinguished by their
morphology and by their expression of MAP2.
The length of these dendrites was measured un-
der phase-contrast microscopy by tracing the
processes from the perimeter of the cell body to
the farthest extent of the process using North-
ern Eclipse software. The length of the same
dendrites, as indicated by HMW-MAP2 immu-
noreactivity, was also measured. In each experi-
ment, �25–50 neurons were measured for each
condition. Statistics were performed with the
paired Student’s t test. To determine survival,
neurons were Hoechst stained, and the percentage
with fragmented nuclei was determined.

For Sholl analysis, images of EGFP-positive
neurons in hippocampal slices were taken live
just before (day 0) and 3 d after (day 3) treat-
ment on a Zeiss (Thornwood, NY) Axiovert
200M inverted microscope. Digital images were
analyzed using Northern Eclipse software. Sholl
analysis was used to measure the growth of den-
drites of healthy, nonstellate neurons. To pro-
vide a measure of the rate of growth, the same
neurons were photographed on days 0 and 3,
and the extent of growth and branching at
these two time points was determined by Sholl
analysis. These values were then subtracted from
each other, and the mean difference was calcu-
lated. Statistics were performed using SigmaStat
2.03 (SPSS, Chicago, IL).

Western blot analysis. Western blot analysis of
sympathetic neuron lysates was performed as
described previously (Vaillant et al., 1999, 2002).
Antibodies used were as follows: rabbit anti-
phosphorylated GSK-3� (pGSK-3�) (Ser9;
1:1000; Cell Signaling Technology, Beverly, MA)
and mouse anti-GSK-3� (1:5000; BD Biosciences
Pharmingen). Other antibodies used were as fol-
lows: rabbit anti-phosphorylated Akt (pAkt;
S473; 1:1000; Cell Signaling Technology), rab-
bit anti-phosphorylated ERK (pERK; 1:1000;
Promega, Madison, WI), rabbit anti-ILK
(1:1000; Cell Signaling Technology), mouse
anti-phosphorylated Tau (pTau) (1:50; kind
gift from Dr. P. Davies, Albert Einstein College
of Medicine, Bronx, NY), rabbit anti-Akt (1:
1000; Cell Signaling Technology), rabbit anti-
ERK1 (C-16; 1:10,000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and mouse anti-Tau (1:

Figure 1. Dendrite growth is regulated by both neurotrophins and neuronal depolarization. A, Double-label immunocyto-
chemistry for total �-tubulin (green), which is present in all processes, and dendrite-specific HMW-MAP2 (red) in neonatal
sympathetic neurons grown in 10 ng/ml NGF with or without 50 mM KCl for 3 d (left and center) or for 5 d (right). The left and center
panels show the same fields, and arrows indicate the same neurons. Scale bar, 50 �m. B–D, Quantification of dendritic arbor
growth and complexity in sympathetic neuron cultures grown in NGF with and without KCl-mediated depolarization for 3 d (B, D)
or 5 d (C, D). Mean total dendrite length per cell (D) is calculated from the pooled data from three independent experiments, with
150 to 500 neurons per experiment. Error bars indicate SEM; ***p � 0.001 (Student’s t test). Distribution histograms (B, C)
represent the distribution of total MAP2-positive dendrite lengths per neuron from a single representative experiment of three
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1000; Millipore). After washing, blots were incubated with HRP-
conjugated goat anti-mouse (1:5000; Millipore) or goat anti-rabbit (1:
5000) secondary antibodies, and protein was detected using the ECL
chemiluminescent kit (GE Healthcare, Little Chalfont, UK).

Results
Depolarization increases GSK-3� phosphorylation during
activity-dependent dendrite formation
We have previously reported that neuronal activity, either KCl-
mediated depolarization or patterned electrical field stimulation,
is required to induce dendrite formation in cultured neonatal
sympathetic neurons (Vaillant et al., 2002). When neonatal sym-
pathetic neurons were plated on collagen in 50 ng/ml NGF, they
grew an extensive tubulin-positive axonal network but extended
no or rudimentary dendrites, as indicated by immunostaining for
the dendrite-specific HMW-MAP2 (Fig. 1A). However, when
neurons were depolarized in 50 mM KCl, this caused dendrite
formation that continued for at least 5 d, as indicated by measur-
ing the total length of MAP2-positive processes per neuron (Fig.
1A–D). We have shown previously that this KCl-mediated den-
drite formation is dependent on both L-type Ca 2� channels and
CaMKII (Vaillant et al., 2002). Thus, depolarization causes both
dendrite initiation and growth in developing sympathetic
neurons.

To confirm that measurements of HMW-MAP2-positive pro-
cesses reflected dendrite initiation and growth, we also per-
formed similar experiments measuring dendrites directly by
phase-contrast microscopy (Fig. 1E). Sympathetic neurons were
cultured at low density in 50 ng/ml NGF for 5 d, depolarized in 10
ng/ml NGF plus 50 mM KCl for an additional 3 d, and then
immunostained for HMW-MAP2. Analysis of the length of
MAP2-positive processes revealed that, under these low-density
conditions, basal dendrite formation in NGF alone was some-
what higher but that, as seen at higher density, coincident KCl-
mediated depolarization significantly increased the length of
MAP2-positive processes (Fig. 1E). Analysis of the same cultures
by phase microscopy confirmed that HMW-MAP2 immunore-
activity was limited to cell bodies and morphologically recogniz-
able dendrites and demonstrated that although the absolute
length of phase-positive dendrites was greater than the corre-
sponding MAP2-positive process length, the magnitude of the
increase in dendrite length induced by depolarization was similar
with both (Fig. 1E). Thus, measurement of MAP2-positive pro-
cesses is a valid reflection of alterations in dendrite initiation and
growth in sympathetic neurons.

ILK is a PI3-kinase substrate that has been implicated in ax-
onal growth. To ask whether ILK might regulate dendrite initia-
tion and/or growth, we first determined whether it was activated
by neurotrophins and/or neuronal depolarization by assaying
phosphorylation of its substrate, GSK-3� (Delcommenne et al.,
1998). Sympathetic neurons were established for 5 d in NGF,
washed, and stimulated with NGF, KCl, or NGF plus KCl for 15
min. Western blot analysis of lysates with an antibody for phos-
phorylated GSK-3� revealed that NGF and KCl both stimulated
GSK-3� phosphorylation, with maximal activation seen in NGF

plus KCl (Fig. 2A). We then asked whether ILK was present in
dendrites; sympathetic neurons were established, treated with
NGF plus KCl for 3 d, and double labeled for HMW-MAP2 and
ILK. This analysis revealed that ILK was present in cell bodies and
processes, including MAP2-positive dendrites (Fig. 2B) and
MAP2-negative axons (data not shown).

ILK is necessary for depolarization-induced dendrite
initiation and growth
Although depolarization induces phosphorylation of GSK-3�,
there are a number of GSK-3� kinases in addition to ILK. We
therefore asked whether ILK was required for the observed in-
crease in GSK-3� phosphorylation, using the specific pharmaco-
logical ILK inhibitor QLT0254 (formerly KP-392; Mills et al.,
2003; Yau et al., 2005). Neurons were established, pretreated for
1 h with or without the ILK inhibitor, and stimulated for 15 min
with NGF plus KCl. Western blot analysis demonstrated that
QLT0254 decreased the NGF-plus-KCl-induced stimulation of
GSK-3� (Fig. 2C) but had no effect on the phosphorylation of the
signaling kinases Akt or ERK (Fig. 2D,E), demonstrating its effi-
cacy and specificity. We also ensured that ILK inhibition did not
affect neuronal survival; established neurons were treated for 3 d
with NGF plus KCl with or without QLT0254. Hoechst staining
of neuronal nuclei revealed that neurons survived equally well in
all conditions (Fig. 2F).

We then used QLT0254 to ask whether ILK regulates dendrite
formation. Neurons were established and treated for 3 d with
NGF plus KCl with or without this inhibitor. Immunostaining
for HMW-MAP2 (Fig. 3A) revealed that ILK inhibition almost
completely inhibited depolarization-induced dendrite formation
(Fig. 3B–D). In particular, at 3 d in NGF plus KCl, total MAP2-
positive dendrite length was increased twofold to threefold, and
this growth was completely blocked by QLT0254 (Fig. 3B,C).
Moreover, dendrite initiation was also inhibited, as demon-
strated by considering the percentage of neurons in the popula-
tion with no dendrites at 3 d; QLT0254 increased the number of
neurons without dendrites in NGF alone and inhibited the
depolarization-induced decrease in neurons lacking dendrites
(Fig. 3D).

To ensure that the observed changes in MAP2-positive pro-
cesses reflected alterations in the number and length of dendrites,
we performed similar experiments, analyzing low-density cul-
tures by phase-contrast microscopy as well as HMW-MAP2 im-
munoreactivity. In these low-density cultures, QLT0254 led to a
small but significant decrease in the length and number of MAP2-
positive processes in the presence of NGF alone and, as seen in the
high-density cultures, almost completely blocked the increased
dendrite formation observed in NGF plus KCl (Fig. 3E). Analysis
of the same cultures by phase-contrast microscopy revealed that
although the length of morphologically recognizable dendrites
was greater than the MAP2-positive process length, the effects of
inhibiting ILK were similar (Fig. 3F). Moreover, both the num-
ber of dendrites per cell and the changes in dendrite number
elicited by QLT0254 were similar whether we measured phase-
contrast-positive dendrites or MAP2-positive processes (Fig.

3E,F). Thus, reducing ILK activity with
the pharmacological inhibitor QLT0254
blocked the enhanced dendrite initiation
and growth induced by sympathetic neu-
ron depolarization.

To confirm these pharmacological
studies, we used both dominant-negative
and genetic knockdown approaches. Ini-

4

that were performed. The data were normalized so that the total number of dendrites equaled 100%, and bin sizes are 2 �m.
Neurons with no detectable MAP2-positive processes were not included in these histograms. Numbers indicate the mean � SEM
of the measurements represented in the histogram. E, Phase-contrast image (top) and HMW-MAP2 immunostaining (bottom) of
sympathetic neurons grown at low density in 10 ng/ml NGF with or without 50 mM KCl for 3 d. Both panels show the same field.
Scale bar, 50 �m. Quantitation of the mean total length of phase-positive dendrites and of MAP2-positive processes is shown on
the right. Similar results were obtained in two independent experiments. Error bars indicate SEM; ***p � 0.001 (Student’s t test).
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tially, we transduced sympathetic neurons with a previously de-
scribed dnILK (Kumar et al., 2004) using a replication-defective
adenovirus that also expressed EGFP. As a control, we used an
adenovirus expressing EGFP only in the same adenoviral back-
bone. Initially, we confirmed that dnILK was expressed in trans-
duced sympathetic neurons by performing Western blot analysis
with an antibody to ILK (Fig. 4A). We then asked whether dnILK
inhibited depolarization-induced dendrite initiation and growth;
established neurons were infected overnight and then main-
tained in NGF plus KCl for 3 d. As seen with pharmacological
inhibition, neuronal survival was unaffected by expression of
dnILK (data not shown). Double-label immunocytochemistry
for HMW-MAP2 and for EGFP (Fig. 4B) revealed that dnILK
reduced the length of dendrites observed in NGF plus KCl, as
measured by MAP2 immunoreactivity (Fig. 4C,D). Dominant-
negative ILK also inhibited depolarization-induced dendrite ini-
tiation; the percentage of neurons with no dendrites increased
approximately threefold in neurons transduced with dnILK rel-
ative to those transduced with EGFP (Fig. 4E). In contrast to
dnILK, wtILK expression had no effect on dendrite initiation or
growth (data not shown), arguing that it is ILK activity, and not
levels, that are important.

We then performed a similar series of studies, using siRNA to
knock down ILK in sympathetic neurons. To do this, we used two
siRNA sequences (ILK siRNA1 and siRNA2) that have previously
been shown to be effective in targeting ILK (Troussard et al.,
2003; Edwards et al., 2006). To confirm their efficacy, we trans-
fected these siRNAs, or a control siRNA, into PC12 6-24 cells,

lysed the cells 48 h after transfection, and monitored ILK levels by
Western blots. This analysis revealed that total ILK levels were sig-
nificantly reduced relative to PC12 cells transfected with the con-
trol siRNA (Fig. 4F), despite the fact that only �40 – 60% of the
cells are transfected under these conditions. We then performed
similar transfections with sympathetic neurons; cultures were
transfected with ILK siRNA1 or siRNA2 or with control siRNA on
the day of plating, established for 5 d in NGF, and then switched to
NGF plus KCl for 3 d. Immunocytochemistry for ILK revealed that
in sympathetic neurons transduced with the control siRNA, all of
the neurons expressed similar, easily detectable levels of ILK (Fig.
4G). In contrast, in cultures transduced with one of the two ILK
siRNAs, although most of the neurons expressed easily detectable
levels of ILK, �23% did not express ILK at levels above background
(ILK-low neurons) (Fig. 4G, arrowheads). We then quantitated
dendrite formation in these ILK-low neurons relative to neu-
rons in sister cultures treated with the control siRNA. This anal-
ysis demonstrated that genetic knockdown of ILK significantly
reduced dendrite length in sympathetic neurons grown in NGF plus
KCl (Fig. 4H) and that the magnitude of this decrease was similar to
that observed with dnILK (Fig. 4C,H). These results, together with the
dominant-negative and pharmacological data, suggest that ILK activ-
ity is essential for dendrite formation in sympathetic neurons.

ILK activity is not required for maintenance of sympathetic
neuron dendrites
We have previously shown that activity is required for both growth
and maintenance of sympathetic dendrites (Vaillant et al., 2002).

Figure 2. ILK is localized to sympathetic neuron dendrites and is regulated by both neurotrophins and neuronal depolarization. A, Western blot analysis for phosphorylated GSK-3� in
sympathetic neurons stimulated for 15 min with medium alone or with medium plus 10 ng/ml NGF, 50 mM KCl, or NGF plus KCl. The same blot was reprobed for total GSK-3� as a loading control.
Similar results were obtained in three independent experiments. Both of these antibodies react with two GSK-3�-specific bands (Jiang et al., 2005; Yoshimura et al., 2005). B, Double-label
immunocytochemistry for HMW-MAP2 (MAP2; green; left) and ILK (red; center; right, merge of the two) in sympathetic neurons grown in NGF plus KCl for 3 d. Scale bar, 25 �m. C–E, Western blot
analysis for pGSK-3� (C) or pAkt or pERK (D, E) in sympathetic neurons pretreated for 1 h with QLT0254 (254) and stimulated for 15 min with 10 ng/ml NGF, 50 mM KCl, or NGF plus KCl. As controls,
cultures were treated with DMSO alone or stimulated in the absence of DMSO or inhibitors. Blots were reprobed for total GSK-3� (C) or total Akt or ERK (D, E) as loading controls. E shows short and
long exposures of the same pAkt blot. Note that QLT0254 suppresses GSK-3�, but not Akt or ERK phosphorylation. F, Quantification of the percentage of surviving sympathetic neurons in cultures
treated with QLT0254 for 3 d in the presence of NGF plus KCl, as monitored by counting intact, uncondensed Hoechst-positive nuclei. As controls, cultures were treated with DMSO alone or left
untreated. Error bars indicate SEM.
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We therefore asked whether ILK was also necessary for dendrite
maintenance; neurons were established in NGF, switched to NGF
plus KCl for 3 d, and then maintained in NGF plus KCl with or
without QLT0254 for 2 additional days (5 d total in NGF plus
KCl). Immunostaining for HMW-MAP2 at 3 and 5 d revealed
that depolarized dendrites continued to grow over this time pe-
riod in terms of total length per neuron, whereas neurons main-
tained in NGF for this length of time maintained only rudimen-
tary MAP2-positive processes (Fig. 4 I). Inhibition of ILK activity
with QLT0254 blocked the new dendrite growth seen between
days 3 and 5 in NGF plus KCl but had no effect on preexistent
dendrites (Fig. 4 I). Thus, ILK activity is essential for growth of
sympathetic neuron dendrites but is not apparently required for
their maintenance once established.

GSK-3�, an ILK target, regulates
dendrite initiation and growth in
sympathetic neurons
One target of ILK implicated in the estab-
lishment of neuronal polarity and axonal
growth is GSK-3�. To ask whether
GSK-3� was localized to dendrites, we es-
tablished sympathetic neuron cultures,
treated them with NGF plus KCl for 3 d,
and performed immunocytochemistry for
HMW-MAP2 and GSK-3�. This analysis
demonstrated that GSK-3� was expressed
in cell bodies and processes, including
MAP2-positive dendrites (Fig. 5A) and
MAP2-negative axons (data not shown).
We therefore asked whether GSK-3� was
important for dendrite development using
two potent GSK-3� inhibitors, kenpaul-
lone and alsterpaullone (Schultz et al.,
1999; Leost et al., 2000; Bain et al., 2003).
Initially, we confirmed that these inhibi-
tors reduced GSK-3� activity in sympa-
thetic neurons by assaying phosphoryla-
tion of the GSK-3� target Tau; neurons
were stimulated with NGF plus KCl with
or without one of the inhibitors for 15 min
or 3 d. Western blots revealed that the in-
hibitors reduced phosphorylated Tau lev-
els in both the short- and long-term exper-
iments (Fig. 5B). We also confirmed that
inhibition of GSK-3� using these pharma-
cological inhibitors had no effect on neu-
ronal survival (Fig. 5C).

Having established the efficacy of these
inhibitors, we asked whether GSK-3� ac-
tivity regulated dendrite formation. Neu-
rons were established and then maintained
for 3 d in NGF or NGF plus KCl with or
without kenpaullone. Because phosphory-
lation of GSK-3� by ILK inhibits its activ-
ity, we predicted that GSK-3� inhibition
would promote dendrite initiation and/or
growth. As predicted, immunocytochem-
istry for HMW-MAP2 revealed that
GSK-3� inhibition increased the number
of dendrites per neuron (Fig. 5D). In NGF
alone, the number of MAP2-positive pro-
cesses was increased by kenpaullone to the
same level as it was by depolarization (Fig.

5E), whereas the number of neurons without dendrites decreased
(Fig. 5F). In NGF plus KCl, GSK-3� inhibition increased primary
dendrite number by approximately twofold (Fig. 5E) and ro-
bustly reduced the number of neurons without dendrites (Fig.
5F). GSK-3� inhibition also increased total dendritic growth
(Fig. 5G), primarily because of its effects on dendrite initiation.
Similar results were obtained with the second pharmacological
inhibitor, alsterpaullone (data not shown). The enhanced den-
drite initiation was not simply a result of increased cell size, be-
cause kenpaullone increased soma size by only 6.5 and 12% in
NGF and NGF plus KCl conditions, respectively.

We also performed similar experiments with low-density
sympathetic neuron cultures, analyzing them by both phase mi-
croscopy and HMW-MAP2 immunocytochemistry. Both ap-

Figure 3. Inhibition of ILK activity reduces dendrite initiation and growth. A, Immunocytochemistry for HMW-MAP2 in sym-
pathetic neurons cultured for 3 d in NGF plus KCl with or without QLT0254 (254). As controls, cultures were treated with DMSO
(center) or maintained in NGF plus DMSO (left). Representative images from one of three independent experiments are shown.
Scale bar, 50 �m. B–D, Quantitative analysis of cultures similar to those shown in A. B, Distribution histograms representing total
MAP2-positive dendrite lengths per neuron for cultures treated with NGF versus NGF plus KCl with or without QLT0254 for 3 d.
Results derive from a single representative experiment of three that were performed. The data were normalized so that the total
number of dendrites equaled 100%, and bin sizes are 2 �m. Neurons with no detectable MAP2-positive processes were not
included in these histograms. Numbers indicate the mean � SEM of the measurements represented in the histogram. C, Mean
total MAP2-positive dendrite length per cell calculated from pooled data deriving from three independent experiments. In each
experiment, 200 –300 neurons were measured, and all neurons, including those with no dendrites, were included in the calcu-
lations. Error bars indicate SEM; ***p � 0.001 (Student’s t test). D, The number of neurons with no dendrites in two independent
experiments similar to those shown in A, represented as a percentage of the total number of neurons measured. Exp., Experiment.
E, F, Mean total dendrite length and number of dendrites per cell in sympathetic neurons grown at low density in 10 ng/ml NGF
with or without 50 mM KCl plus or minus QLT0254 for 3 d and then measured by HMW-MAP2 immunoreactivity (E) or phase-
contrast microscopy (F ). Results in E and F derive from a single representative experiment of two that were performed. Error bars
indicate SEM; **p � 0.01; ***p � 0.001 (Student’s t test).
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proaches provided similar results with regard to dendrite initia-
tion; inhibition of GSK-3� caused a small but significant increase
in the number of dendrites in NGF alone and an approximately
twofold increase in dendrite number in NGF plus KCl (Fig.
5H, I). Moreover, although the absolute length of dendrites mea-
sured by phase contrast was greater than that measured by MAP2
immunoreactivity, in both cases kenpaullone caused an increase

in dendrite length of approximately the same magnitude (Fig.
5H, I). Thus, pharmacological inhibition of GSK-3� led to in-
creased dendrite initiation and growth.

We next confirmed that GSK-3� regulated dendrite initiation
using both dominant-negative and genetic knockdown ap-
proaches. Initially, we transduced sympathetic neurons with a
previously defined, HA-tagged dnGSK-3� (Liu et al., 2004).

Figure 4. ILK is essential for depolarization-induced sympathetic neuron dendrite growth but not for maintenance of preformed sympathetic neuron dendrites. A, Western blot analysis for ILK
in sympathetic neurons transduced with recombinant adenoviruses expressing EGFP or EGFP plus dnILK. B, Double-label immunocytochemistry for EGFP (green) and HMW-MAP2 (red) in
sympathetic neurons transduced with adenoviruses expressing EGFP or EGFP plus dnILK and cultured in NGF plus KCl for 3 d. Representative images from one of three independent experiments are
shown. Each set of left and right panels shows the same field, and arrows indicate transduced neurons. Scale bar, 50 �m. C–E, Quantitative analysis of cultures similar to those shown in B, in which
neurons were transduced with EGFP alone or EGFP plus dnILK. C, Mean total MAP2-positive dendrite length per cell calculated from pooled data deriving from three independent experiments. In each
experiment, 90 –120 neurons were measured, and all neurons, including those with no dendrites, were included in the calculations. Error bars indicate SEM; ***p � 0.001 (Student’s t test). D,
Distribution histograms representing total MAP2-positive dendrite lengths per neuron for cultures transduced with EGFP or dnILK for 3 d. Results derive from a single representative experiment of
three that were quantitated. The data were normalized so that the total number of dendrites equaled 100%, and bin sizes are 2 �m. Neurons with no detectable MAP2-positive processes were not
included in these histograms. Numbers indicate the mean � SEM of the measurements represented in the histogram. E, The number of neurons with no dendrites in two independent experiments
similar to those shown in D, represented as a percentage of the total number of neurons measured. Exp., Experiment. F, Western blot analysis for ILK in rat PC12 6-24 cells transfected for 48 h with
ILK siRNA1, ILK siRNA2, or a control siRNA. The same blot was reprobed for total ERK1 as a loading control. G, ILK immunocytochemistry in sympathetic neurons transfected with ILK siRNA1 or control
siRNA and cultured in NGF plus KCl for 3 d. The arrow indicates a neuron expressing ILK, and the arrowheads indicate neurons that do not express ILK at levels above background. Scale bar, 50 �m.
H, Mean total MAP2-positive dendrite length per cell calculated from pooled data deriving from cells transfected with ILK siRNA1, ILK siRNA2, or control siRNA. A total of 70 –100 neurons were
measured. Similar results were obtained with both ILK siRNAs independently. Error bars indicate SEM; ***p � 0.001 (Student’s t test). I, Quantitative analysis of sympathetic neuron cultures that
were established for 5 d in NGF, switched to NGF plus KCl for 3 d (day 3), and then maintained in NGF plus KCl plus or minus QLT0254 for an additional 2 d (day 5). In some controls, neurons were
treated for the final 2 d with DMSO alone, and in others, neurons were maintained in NGF alone. Total MAP2-positive dendrite lengths per neuron in each condition were derived from one of three
independent experiments, in each of which 200 – 600 neurons were measured per condition. Error bars are SEM; ***p � 0.001 (Student’s t test).
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Sympathetic neurons were cotransfected with plasmids encoding
EGFP and dnGSK-3� on the day of plating, established for 5 d,
and then switched to NGF plus KCl for an additional 3 d. We
confirmed that neurons were cotransfected by performing im-
munocytochemistry for EGFP and the HA tag on dnGSK-3�
(data not shown) and then analyzed dendrite growth. Immuno-
staining for HMW-MAP2 (Fig. 6A) confirmed that GSK-3� in-
hibition enhanced dendrite initiation; the number of dendrites
per neuron was increased (Fig. 6B), and the number of neurons
without dendrites was greatly decreased (Fig. 6C). This increased
initiation was also reflected in an enhancement of total dendritic
length (Fig. 6D).

As a second approach, we used a pool of GSK-3� siRNAs to

knock down GSK-3� levels in sympathetic
neurons. To do this, we first confirmed
that these siRNAs targeted GSK-3� in rat
cells; PC12 6-24 cells were transfected with
either the pool of GSK-3� siRNAs or a
control siRNA. Forty-eight hours after
transfection, cells were lysed, and GSK-3�
levels were analyzed by Western blot. This
analysis revealed that the pooled siRNAs
significantly reduced GSK-3� levels (Fig.
6E). We then performed similar transfec-
tions with sympathetic neurons; SCGs
were transfected with GSK-3� siRNA or
control siRNA on the day of plating, estab-
lished for 5 d in NGF, and then switched to
NGF plus KCl for 3 d. Immunocytochem-
istry for GSK-3� revealed that in sympa-
thetic neurons transduced with the control
siRNA, all of the neurons expressed simi-
lar, easily detectable levels of GSK-3� (Fig.
6F). In contrast, in cultures transduced
with the GSK-3�-pooled siRNAs, al-
though most of the neurons expressed eas-
ily detectable levels of GSK-3�, �32% did
not express GSK-3� at levels above back-
ground (GSK-low neurons) (Fig. 6F, ar-
rowhead). We then quantitated dendrite
formation in these GSK-low neurons rela-
tive to neurons in sister cultures treated
with the control siRNA. This analysis
demonstrated that genetic knockdown of
GSK-3� significantly increased the num-
ber and length of sympathetic neuron den-
drites in NGF plus KCl (Fig. 6G,H) and
that the magnitude of these increases was
similar to that seen with the dnGSK-3�
(Fig. 6B,D). Thus, activated GSK-3� is a
negative regulator of dendrite initiation
and growth, and when GSK-3� is phos-
phorylated and inactivated by ILK, this
negative regulation is suppressed.

GSK-3� regulates dendrite growth and
initiation in isolated cortical neurons
and in hippocampal neurons in slice
cultures
To determine whether GSK-3� is a general
negative regulator of dendrite growth, we
analyzed cultured cortical neurons. Im-
munocytochemistry and image analysis

revealed that inhibition of GSK-3� with the pharmacological in-
hibitor kenpaullone for 3 d significantly increased the number of
primary MAP2-positive cortical dendrites relative to DMSO-
treated controls (Fig. 6 I, J), results similar to those observed in
sympathetic neurons. We then asked whether GSK-3� played a
similar role in polarized neurons within an intact synaptic system
by examining hippocampal neurons in slice cultures. Hip-
pocampi were dissected from P7–P9 rats, sliced at 350 �m, cul-
tured for 5–7 d, and then biolistically transfected with a plasmid
encoding EGFP. This led to the selective labeling of a subpopula-
tion of pyramidal and nonpyramidal neurons of the CA1, CA3,
and dentate gyrus regions. Two days later, slice cultures were
treated with kenpaullone for 3 d (ending on the equivalent of

Figure 5. GSK-3� inhibition is sufficient to promote dendrite initiation in sympathetic neurons. A, Double-label immunocy-
tochemistry for HMW-MAP2 (red; left) and GSK-3� (green; center; right, merge of the two) in sympathetic neurons grown in NGF
plus KCl for 3 d. Scale bar, 25 �m. B, Western blot analysis for the GSK-3� substrate pTau, in sympathetic neurons established in
NGF and stimulated for 15 min or 3 d in NGF plus KCl with or without kenpaullone, alsterpaullone, or DMSO. Blots were reprobed
for total Tau levels as a loading control. C, Quantification of the percentage of surviving sympathetic neurons in cultures treated
with kenpaullone (Ken) for 3 d in the presence of NGF or NGF plus KCl, as monitored by counting intact, uncondensed Hoechst-
positive nuclei. As controls, cultures were treated with DMSO alone. Error bars indicate SEM. D, Representative photomicrographs
of sympathetic neurons cultured for 3 d in NGF or NGF plus KCl with or without kenpaullone or DMSO and immunostained for
HMW-MAP2. Scale bar, 50 �m. E–G, Quantitative analysis of cultures similar to those shown in D. E, The mean number of
dendrites per neuron was calculated by determining the total number of HMW-MAP2 processes and dividing by the total number
of neurons measured. Results are pooled from three independent experiments, in each of which 100 –300 neurons were mea-
sured per condition. F, The number of neurons with no dendrites in two independent experiments similar to those shown in D,
represented as a percentage of the total number of neurons measured. Exp., Experiment. G, Mean total MAP2-positive dendrite
length per cell calculated from pooled data deriving from three independent experiments. In each experiment, 100 –300 neurons
were measured, and all neurons, including those with no dendrites, were included in the calculations. Error bars indicate SEM;
***p � 0.001 (Student’s t test). H, I, Mean total dendrite length and number of dendrites per cell in sympathetic neurons grown
at low density in 10 ng/ml NGF with or without 50 mM KCl plus or minus kenpaullone for 3 d and then measured by HMW-MAP2
immunoreactivity (H ) or phase-contrast microscopy (I ). Results in H and I derive from a single representative experiment of three
that were performed. Error bars indicate SEM; *p � 0.05; ***p � 0.001 (Student’s t test).
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P17–P20) to inhibit GSK-3� activity, and
images of live EGFP-positive neurons were
captured (Fig. 6K). Sholl analysis revealed
that the kenpaullone-treated hippocampal
neurons had increased dendritic length
and branching relative to DMSO-treated
slice cultures from the same hippocampi
(Fig. 6L). Moreover, a direct measurement
of the number of dendrites per hippocampal
neuron revealed that GSK-3� inhibition
promoted dendrite initiation; kenpaullone-
treated hippocampal neurons had a mean of
6.28 � 0.3 processes, whereas controls had a
mean of 5.05 � 0.2 (p � 0.01; n � 64 and
n � 39 for kenpaullone- and DMSO-treated
neurons, respectively). Thus, GSK-3� is a
negative regulator of dendrite initiation and
growth in multiple neuronal populations,
including those within intact networks.

ILK regulates dendrite initiation and
growth via GSK-3�
Because our biochemical data indicated
that GSK-3� is a downstream target of ILK
in neurons (Fig. 2C), we asked whether
ILK mediates its effects on dendrite forma-
tion via GSK-3�, by determining whether
GSK-3� inhibition was sufficient to over-
ride the effects of ILK inhibition. Estab-
lished sympathetic neurons were treated
for 3 d with NGF plus KCl with or without
ILK inhibitor QLT0254 and/or the
GSK-3� inhibitor kenpaullone. Immuno-
cytochemistry for HMW-MAP2 demon-
strated that GSK-3� inhibition promoted
dendrite formation whether or not ILK
was coincidently inhibited. Specifically,
for neurons treated with kenpaullone and
QLT0254, dendrite number and total
length were robustly increased in both
NGF and NGF plus KCl (Fig. 7A,B,D),
and the number of neurons without den-
drites was reduced to 5% or less (Fig. 7C),
as seen with kenpaullone alone (Fig. 5D–
I). Thus, suppressing GSK-3� activity res-
cues the effects of inhibiting ILK, arguing
that ILK signals via GSK-3� to regulate
dendrite initiation and growth.

GSK-3� inhibits dendrite initiation and
growth by negatively regulating
ERK activity
The MEK–ERK pathway has previously
been shown to be essential for activity-dependent dendrite for-
mation in sympathetic (Vaillant et al., 2002), cortical, and hip-
pocampal neurons (Wu et al., 2001; Redmond et al., 2002), and
GSK-3� has been shown to negatively regulate ERK activity
(Wang et al., 2006). We therefore asked whether GSK-3� de-
creased dendrite formation by inhibiting ERK. Initially, we con-
firmed our previous results that PD98059, a pharmacological
MEK inhibitor, blocked ERK phosphorylation in sympathetic
neurons (Fig. 8A) and inhibited KCl-mediated formation of
HMW-MAP2-positive dendrites (Fig. 8B,C) (Vaillant et al.,

2002). We then asked whether GSK-3� inhibited ERK phosphor-
ylation in neurons as it does in non-neuronal cells (Wang et al.,
2006); sympathetic neurons were established, pretreated for 1 h
with kenpaullone or PD98059, and then stimulated for 15 min
with NGF plus KCl. Western blot analysis revealed that
depolarization-mediated ERK activation was increased by the co-
incident inhibition of GSK-3� with kenpaullone (Fig. 8A). Con-
versely, Western blot analysis for phosphorylated Tau indicated
that MEK inhibition had no effect on GSK-3� activity under
these same conditions (Fig. 8A). Thus, GSK-3� normally inhibits

Figure 6. GSK-3� inhibition promotes dendrite initiation and growth in multiple neuronal populations. A, Representative
photomicrographs of sympathetic neurons cotransfected with EGFP and dnGSK-3� and immunostained for EGFP (left) and
HMW-MAP2 (right) after 3 d in NGF plus KCl. Arrows indicate transfected neurons and arrowheads indicate nontransfected
neurons. Scale bar, 50 �m. B–D, Quantitative analysis of cultures similar to that shown in A for number of dendrites per neuron
(B), number of neurons with no dendrites (C), and total MAP2-positive dendrite length per neuron (D). Exp., Experiment. Mea-
surements and calculations are similar to those shown in Figure 5E–G. Results in B and D are pooled from two independent
experiments, in which 76 EGFP- and 109 dnGSK-transfected neurons were measured, whereas C shows the results from these two
experiments graphed independently. Error bars are SEM; ***p � 0.001 (Student’s t test). E, Western blot analysis for GSK-3� in
rat PC12 6-24 cells transfected for 48 h with GSK-3� siRNA or with control siRNA. The same blot was reprobed for total ERK1 as a
loading control. F, GSK-3� immunocytochemistry in sympathetic neurons transfected with GSK-3� siRNA or control siRNA and
cultured in NGF plus KCl for 3 d. The arrow indicates a neuron expressing GSK-3�, and the arrowhead indicates a neuron that does
not express GSK-3� at levels above background. Scale bar, 50 �m. G, H, Number of dendrites per cell (G) and mean total
MAP2-positive dendrite length per cell (H ) of cultures similar to those shown in F. A total of 40 –50 neurons were measured for
each condition. Results derive from a single representative experiment of three that were quantitated. Error bars indicate SEM;
**p � 0.01; ***p � 0.001 (Student’s t test). I, Representative photomicrographs of cortical neurons treated for 3 d with
kenpaullone (Ken; bottom) or DMSO (top) and immunostained for HMW-MAP2. Scale bar, 50 �m. J, Quantitative analysis of
cultures similar to those shown in E, measuring the number of primary dendrites per neuron. Results are representative data from
one of three experiments, in each of which 100 –250 neurons were measured. ***p � 0.001 (Student’s t test). K, Representative
photomicrographs of EGFP-transfected hippocampal neurons in slice cultures treated for 3 d with DMSO or kenpaullone. Scale bar,
50 �m. L, Sholl analysis of transfected, EGFP-expressing neurons in hippocampal slice cultures similar to those shown in K. *p �
0.05; **p � 0.01; ***p � 0.001; all values not indicated are significant to ***p � 0.001 (Student’s t test). Results are represen-
tative data from one of three experiments, in each of which 21– 63 neurons were measured.
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ERK activation in sympathetic neurons. We then asked whether
blockade of ERK activity could reverse the enhanced dendrite
formation caused by GSK-3� inhibition; sympathetic neurons
were established and treated for 3 d with NGF plus KCl with
PD98059 and/or kenpaullone. Immunocytochemical analysis for
HMW-MAP2 revealed that the enhanced dendrite initiation and
growth observed after GSK-3� inhibition was completely
blocked by PD98059 (Fig. 8B–D), indicating that ERK was down-
stream of GSK-3� with regard to dendrite formation. These re-
sults suggest that under basal conditions, GSK-3� inhibits ERK,
thereby inhibiting dendrite formation, and depolarization causes
ILK-mediated GSK-3� phosphorylation and inhibition, ulti-
mately leading to increased ERK activity and enhanced dendrite
formation.

Discussion
The data presented here report a novel role for the ILK–GSK-3�
signaling pathway in regulating dendrite initiation and growth
and support four major conclusions. First, our results demon-
strate that ILK is regulated by cues that promote dendrite forma-
tion, such as neurotrophins and depolarization, and that ILK is
essential for dendrite growth in cultured sympathetic neurons.
Second, ILK regulates the phosphorylation and activity of GSK-
3�, which on its own is crucial in modulating dendrite initiation.
Indeed, inhibition of GSK-3� activity increased dendrite initia-
tion in cultured sympathetic and cortical neurons and in hip-

pocampal neurons within intact hippocampal networks. Third,
GSK-3� acts downstream of ILK, because ILK inhibition sup-
pressed GSK-3� phosphorylation, and GSK-3� suppression res-
cued the effects of ILK inhibition, consistent with ILK negatively
regulating GSK-3�. Finally, GSK-3� mediates its effects at least
partially via the MEK–ERK pathway, because GSK-3� regulates
ERK activation in sympathetic neurons, and inhibition of MEK is
sufficient to repress the enhanced dendrite initiation observed
when GSK-3� is inhibited. Thus, our data indicate that ILK sig-
nals via GSK-3� to regulate neuronal dendrite formation.

Although many signals have been identified that control den-
drite growth and maturation, particularly for spines, few have
been identified that regulate initiation (Miller and Kaplan, 2003).
In this study, the use of sympathetic neurons that elaborate no or
rudimentary dendrites in the absence of an activity stimulus en-
abled us to specifically study dendrite initiation. Manipulation of
this system using pharmacological, dominant-negative, and ge-
netic knockdown approaches led to the conclusion that suppres-
sion of ILK activity decreased, whereas suppression of GSK-3�
activity promoted, dendrite initiation in these neurons. More-
over, our experiments demonstrated that ILK inhibition sup-
pressed GSK-3� phosphorylation and that GSK-3� suppression
was dominant to ILK suppression, indicating that GSK-3� func-
tions downstream of ILK in dendrite initiation. Our results also
indicate that high GSK-3� activity normally suppresses dendrite

Figure 7. GSK-3� regulates dendrite initiation and growth downstream of ILK. A, Representative photomicrographs of sympathetic neurons cultured in NGF or NGF plus KCl with or without
QLT0254 (254) and kenpaullone (Ken) for 3 d and then immunostained for HMW-MAP2. Controls were treated with DMSO. Scale bar, 50 �m. B–D, Quantitative analysis of cultures similar to those
shown in A. B, The mean number of dendrites per neuron was calculated by determining the total number of HMW-MAP2 processes and dividing by the total number of neurons measured. Results
are pooled from three independent experiments, in each of which 100 – 400 neurons were measured per condition. C, The number of neurons with no dendrites in two independent experiments
similar to those shown in A, represented as a percentage of the total number of neurons measured. Exp., Experiment. D, Mean total MAP2-positive dendrite length per cell calculated from pooled
data deriving from three independent experiments. In each experiment, 100 – 400 neurons were measured, and all neurons, including those with no dendrites, were included in the calculations.
Error bars indicate SEM; ***p � 0.001 (Student’s t test).
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initiation and does so much more potently
than it suppresses axon initiation, suggest-
ing different GSK-3� thresholds for these
two activities.

How does neuronal depolarization lead
to ILK activation? Depolarization of sym-
pathetic neurons stimulates PI3-kinase ac-
tivity (Vaillant et al., 1999), which is re-
quired to activate ILK (Hannigan et al.,
2005). Ca 2� influx can also regulate the
intracellular localization and cytoskeletal
interactions of ILK (Vespa et al., 2003),
which can alter both ILK activity and ac-
cess to its substrates that are involved in
dendrite plasticity such as �1-integrin
(Hannigan et al., 2005; Shi and Ethell,
2006). However, ILK is also activated by
NGF alone, and NGF in our cultures stim-
ulates axon but not dendrite growth (Fig.
1) (Vaillant et al., 2002). Dendrite initia-
tion requires an additional depolarization
stimulus, or additional exogenous inacti-
vation of GSK-3�, and the relatively mod-
est increase in ILK activation seen in re-
sponse to KCl-mediated depolarization
may not be sufficient to explain the “all or
nothing” effect that depolarization has on
dendrite initiation and growth. In this re-
gard, it is possible that ILK is not the only
activity-dependent signal that suppresses
GSK-3� in sympathetic neurons. For ex-
ample, a number of kinases and kinase sig-
naling pathways that regulate dendrite
morphology are activated by neurotro-
phins and activity and inactivate GSK-3�, including Akt, MAPK/
p90S6 kinase, cAMP-activated protein kinase (PKA), and protein
kinase C (PKC) (Doble and Woodgett, 2003). Of particular in-
terest is the finding that activity can stimulate dendrite growth
through a CaMK-mediated enhancement of Wnt-2 transcription
and secretion, which in turn leads to GSK-3� inactivation (Le
Floch et al., 2005).

What are the targets of GSK-3� activity that regulate dendrite
initiation and growth? Our data indicate that one of these targets
is the MEK–ERK signaling pathway, which we and others have
previously shown to be required for activity-dependent dendrite
growth (Wu et al., 2001; Vaillant et al., 2002; Wayman et al.,
2006). We show here that GSK-3� decreases ERK activation in
sympathetic neurons, findings similar to those in transformed
cells (Wang et al., 2006), and that inhibition of MEK completely
suppresses the enhanced dendrite initiation observed when
GSK-3� activity is blocked. Thus, depolarization-mediated sup-
pression of GSK-3� activity leads to increased activation of the
MEK–ERK pathway, a key regulator of dendrite formation. In-
terestingly, suppression of ILK activity in sympathetic neurons
was not sufficient to inhibit ERK phosphorylation, indicating
that signals other than ILK must converge onto GSK-3� to regu-
late ERK. These might include CaMKII (Miller and Kaplan, 2003)
and/or PKC (Wang et al., 2006), the latter of which is known to
regulate ERK activity, in part through GSK-3� (Wang et al.,
2006). In addition to ERK1/2, GSK-3� has been reported to reg-
ulate axonal growth and transport by modulating the phosphor-
ylation of a number of other targets, including Tau (Brownlees et
al., 1997; Alvarez et al., 2002), APC (Zhou et al., 2004), CRMP-2

(Yoshimura et al., 2005), kinesin light chain (Morfini et al.,
2002), and cytoskeletal proteins such as MAP1B (Trivedi et al.,
2005) and MAP2 (Sanchez et al., 1998, 2000). We are currently
systematically examining the phosphorylation of each of these
proteins in neurons treated with ILK and GSK-3� inhibitors.

Recent reports indicate that GSK-3� is important for the ini-
tial establishment of neuronal polarity and that GSK-3� inhibi-
tion caused hippocampal neurons to make axons at the expense
of dendrites (Jiang et al., 2005; Yoshimura et al., 2005). The data
reported here are quite different; GSK-3� inhibition by pharma-
cological, dominant-negative, and genetic knockdown ap-
proaches markedly stimulated dendrite formation. These differ-
ent outcomes for GSK-3� inhibition are likely caused by
differences in developmental stage of the neurons that were ex-
amined. Jiang et al. (2005) and Yoshimura et al. (2005) studied
cultured E18 hippocampal neurons, at a stage when these neu-
rons were as yet unpolarized. In contrast, we used postnatal sym-
pathetic neurons, hippocampal neurons in postnatal slice cul-
tures, and cultured cortical neurons, all of which were polarized
neurons with well established axons. Additional support for the
idea that GSK-3� suppression leads to enhanced dendrite forma-
tion comes from a recent study (Kwon et al., 2006), in which Pten
(phosphatase and tensin homolog) was genetically ablated in
subsets of forebrain postmitotic neurons in vivo; these neu-
rons exhibited hypertrophic and ectopic dendrites, a pheno-
type that was accompanied by inactivation of GSK-3�. Thus, it
is likely that GSK-3� plays important but distinct roles during
the establishment of neuronal polarity versus later morpho-
logical development.

Figure 8. GSK-3� negatively regulates ERK activity, and ERK is downstream of GSK-3� during dendrite formation. A, Western
blot analysis for pERK and pTau in sympathetic neurons pretreated for 1 h with kenpaullone (Ken) and/or PD98059 (PD) and
stimulated for 15 min with NGF plus KCl. Controls were pretreated with DMSO or were maintained in media. Blots were reprobed
for total ERK and Tau levels as loading controls. Note that GSK-3� inhibition increases pERK. B, Representative photomicrographs
of sympathetic neurons cultured for 3 d in NGF plus KCl with kenpaullone and/or PD98059 and then immunostained for HMW-
MAP2. Controls were treated with DMSO. Scale bar, 50 �m. C, D, Quantitative analysis of cultures similar to those shown in B,
measuring the mean total MAP2-positive dendrite length per neuron (C) and the mean number of dendrites per neuron (D).
Results are representative data from one of three experiments, in each of which 200 – 600 neurons were measured for each
condition. Error bars are SEM; ***p � 0.001 (Student’s t test). Note that MEK inhibition suppresses dendrite formation caused by
GSK-3� inhibition.
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Although our data indicate an important role for an ILK–
GSK-3� pathway in dendrite initiation, this does not exclude the
involvement of other pathways. In fact, our data demonstrating
that the effects of GSK-3� are dependent on the MEK–ERK path-
way suggest that the latter is a convergence point that is respon-
sible for integrating a number of pathways activated during neu-
ronal depolarization. For example, we (Vaillant et al., 1999, 2002)
and others (Farnsworth et al., 1995; Finkbeiner and Greenberg,
1996) have previously demonstrated that depolarization leads to
direct activation of CaMKII and Ras and that this leads to en-
hanced MEK–ERK signaling. As a second example, Wayman et
al. (2006) recently showed that NMDA-receptor mediated Ca 2�

influx led to CaMKI-dependent activation of the Ras–MEK–ERK
pathway. Thus, it is likely that neuronal depolarization activates
multiple signals that converge on the MEK–ERK pathway, in-
cluding the ILK–GSK-3� pathway that we report here. A number
of signaling cascades in addition to GSK-3�b and the MEK–ERK
pathway have also been implicated in dendrite formation, includ-
ing PI3-kinase, Akt, and mTor (mammalian target of rapamycin)
(Dijkhuizen and Ghosh, 2005; Jaworski et al., 2005; Kumar et al.,
2005), JNK1 (c-Jun N-terminal protein kinase 1) (Bjorkblom et
al., 2005), and the GTP-binding proteins Cdc42 and Rac1 (Li et
al., 2000; Tolias et al., 2005). Interestingly, some of these latter
proteins regulate ILK, such as PI3-kinase (Delcommenne et al.,
1998), or are substrates of ILK activity, such as Cdc42 and Rac1
(Filipenko et al., 2005), indicating that there is likely to be signif-
icant cross talk among these different activity-dependent
pathways.

Because the dendritic arbor is the main site to receive and
process synaptic inputs, the regulation of dendrite initiation and
growth is fundamental not just to neural development but to the
ongoing remodeling that is seen in the adult nervous system. In
this regard, our data indicate that GSK-3� is a major negative
regulator of dendrite initiation. We therefore suggest that extra-
cellular cues such as growth factors and activity converge via ILK
and potentially other upstream GSK-3� regulators to phosphor-
ylate and suppress GSK-3� and thus promote dendrite initiation
and growth. Because these pathways are present within dendrites,
this provides a mechanism whereby positive cues can locally pro-
mote dendrite formation. Interestingly, one prediction of such a
model is that the loss of positive cues, such as a local decrease in
calcium influx, would cause derepression of GSK-3� and lead to
local destabilization and even retraction of dendrites. Thus,
GSK-3� may act as a key integration point in both the develop-
mental establishment and ongoing remodeling of the local den-
dritic arbor.
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