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 Axon specification during neuronal polarization is closely associated with increased microtubule stabilization in 
one of the neurites of unpolarized neuron, but how this increased microtubule stability is achieved is unclear. Here, 
we show that extracellular matrix (ECM) component laminin promotes neuronal polarization via regulating direc-
tional microtubule assembly through β1 integrin (Itgb1). Contact with laminin coated on culture substrate or poly-
styrene beads was sufficient for axon specification of undifferentiated neurites in cultured hippocampal neurons and 
cortical slices. Active Itgb1 was found to be concentrated in laminin-contacting neurites. Axon formation was pro-
moted and abolished by enhancing and attenuating Itgb1 signaling, respectively. Interestingly, laminin contact pro-
moted plus-end microtubule assembly in a manner that required Itgb1. Moreover, stabilizing microtubules partially 
prevented polarization defects caused by Itgb1 downregulation. Finally, genetic ablation of Itgb1 in dorsal telenceph-
alic progenitors caused deficits in axon development of cortical pyramidal neurons. Thus, laminin/Itgb1 signaling 
plays an instructive role in axon initiation and growth, both in vitro and in vivo, through the regulation of microtu-
bule assembly. This study has established a linkage between an extrinsic factor and intrinsic cytoskeletal dynamics 
during neuronal polarization.
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Introduction

A typical neuron is comprised of a long axon and sev-
eral short and highly arborized dendrites. This polarized 
structure is required for unidirectional information flow. 
It is generally believed that axon development requires 
cytoskeleton reorganization mediated by a number of 
signaling pathways [1-3]. Actin dynamics at the growth 
cone is required for the axon growth [4, 5]. It has been 
shown recently that microtubule stabilization induced 
by pharmacological treatments is sufficient to induce the 
axon formation [3, 6], and markedly increases axon re-
generation after injury [7]. Many cytoplasmic signaling 
molecules are involved in neuronal polarization and axon 
development [1, 2, 8], most of which have been identi-
fied in cultured hippocampal or cortical neurons, widely 

used model systems for the study of neuronal polarity [9-
11]. Among them, several kinases, including SAD A/B 
and LKB1, are essential for neuronal polarization in vivo 
[8, 12-14]. In contrast, the identity of the extracellular 
factors that initiate neuronal polarity in vivo is just begin-
ning to be elucidated [15, 16]. Furthermore, the linkage 
between extracellular cues and intracellular mediators 
remains largely unclear.

Cultured hippocampal neurons tend to form axons 
preferentially on the substrates coated with extracellular 
matrix (ECM) component laminin or neuron-glia cell 
adhesion molecule (NgCAM/L1) than on poly-l-lysine 
[17, 18], suggesting that ECM or cell surface components 
may serve as extrinsic cues for neuronal polarization. 
A recent report shows that laminin contact correlates 
with the emergence of oriented axon of retinal ganglion 
cells in the zebrafish larvae [16]. Isoforms of laminin are 
expressed in the developing rodent brain, some of which 
may be present in ventricular and subventricular zone 
where cortical neurons become polarized [19]. Among 
laminin receptors, integrin family of heterodimeric cell 
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adhesion molecules are involved in initial neuritogenesis 
[20], neurite outgrowth and regeneration [21], axon 
path finding [22], neuronal positioning [23-25], as well 
as synaptic development and plasticity [26]. However, 
whether and how integrin-mediated cell adhesion is 
involved in neuronal polarization is unknown. 

In this work, we have demonstrated that laminin/
integrin interaction is indispensable for neuronal polar-
ization both in vitro and in vivo. Laminin contact causes 
polarized activation of Itgb1 as well as axon initiation 
in isolated hippocampal neurons. Furthermore, laminin-
induced axon initiation required Itgb1, and activation of 
Itgb1 directly by antibody cross-linking was sufficient 
to induce axon initiation. Interestingly, we found that 
laminin-contacting neurites of unpolarized neurons ex-
hibited enhanced microtubule stability, which is known 
to enable axon initiation, and this microtubule stabiliza-
tion required Itgb1. In support of the notion that Itgb1-
dependent microtubule stabilization is critical for axon 
initiation, stabilizing microtubules by the taxol treatment 
compensated the deficit of axon formation due to Itgb1 
downregulation. Notably, loss of Itgb1 resulted in a de-
crease in the level of phosphorylated LKB1 and SAD ki-
nases, which are known to be critical for axon initiation 
in vivo. Thus, ECM/integrin signaling acts via intrinsic 
pathways to promote directional microtubule assembly 
and axon development. 

Results

Itgb1 activation mediates axon formation on laminin 
substrates

Dissociated hippocampal neurons in culture sponta-
neously undergo axon/dendrite differentiation, even on 
an apparently uniform substrate [11]. This process may 
be triggered by selective accumulation or activation of 
polarity determinants in the undifferentiated neurite [1, 
2, 8]. Interestingly, we found that the active Itgb1, as 
indicated by immunostaining with active form-specific 
antibodies (HUTS4) [27], colocalized with axon marker 
protein GAP-43 (growth-associated protein 43) in dis-
sociated hippocampal neurons cultured on uniform lami-
nin substrates (Supplementary information, Figure S1A 
and S1B). The role of Itgb1 in neuronal polarization was 
then examined by using loss- and gain-of-function ap-
proaches. First, we screened four siRNA sequences made 
against Itgb1 expression and found that two sequences (#2 
and #3) were effective in downregulating the expression 
of endogenous Itgb1 in rat cortical neurons and human 
HEK293 cells, whereas #4 was only able to downregu-
late rat Itgb1 (Figure 1A). In cultured hippocampal neu-
rons, downregulating the expression of Itgb1 by #3 and 
#4 siRNA decreased the percentage of neurons with a 
single axon (SA) and increased those with no axon (NA), 
whereas corresponding scrambled sequence had no ef-
fect on axon formation (Figure 1B and 1C). The effect 
of #4 siRNA on these rat neurons was prevented by co-
transfection with #4 siRNA-resistant human Itgb1 (h-
Itgb1) (Figure 1B and 1C). The role of Itgb1 was further 

Figure 1 Itgb1 is required for laminin-induced axon initiation. (A) HEK293 cells or cultured rat cortical neurons were trans-
fected with pSUPER vector or pSUPER encoding siRNAs against Itgb1 (#1, 2, 3, or 4) or scrambled sequence. Protein levels 
of Itgb1 were analyzed by immunoblotting (IB), with β-actin as loading control. Note that #2 and 3 were effective in downregu-
lating Itgb1 in rat primary neurons and HEK293 cells, whereas # 4 had no effect on Itgb1 in HEK293 cells. Thus, human Itgb1 
(h-Itgb1) was used for the following rescue experiment. (B) Dissociated hippocampal neurons were transfected with pSUPER 
vector or pSUPER encoding Itgb1 siRNA or scrambled sequence or Itgb1 siRNA plus human Itgb1 expression construct. 
Transfected neurons were marked by EGFP and stained with axonal marker Smi-312. Cells were cultured on laminin sub-
strate. Scale bar, 20 µm. (C) Quantification for neuronal polarity. Transfected neurons were classified into three categories: 
neurons with short neurites in similar length but without axon (NA), neurons with one process that was positive for Smi-312, 
and over 100 µm and at least twice as long as the second longest process (SA), and neurons with two or more processes 
positive for Smi-312 and >100 µm and twice as long as other neurites (MA). Data are presented as mean ± SEM of 300 neu-
rons from six experiments. **P < 0.01. (D, E) Hippocampal neurons at DIV1 were treated with Itgb1-linking antibody 9EG7 or 
vehicle control for 48 h. Neuronal polarity (D) and axonal length (E) were quantitatively analyzed. Data are shown as mean ± 
SEM of 150 neurons from three experiments. Axonal length of control group was normalized as 1.0. **P < 0.01, ***P < 0.001. 
(F) Hippocampal neurons transfected with EGFP were cultured on substrates coated with laminin stripes. After 12 h, cultures 
were stained with HUTS4 antibody to label active Itgb1. Laminin stripes were marked by Alexa647-conjugated BSA signals. (G) 
HUTS4 intensity against EGFP was quantified in the on-stripe and off-stripe neurites with average value of off-stripe normal-
ized as 1. *P < 0.05. (H) Hippocampal neurons were transfected with pSUPER constructs encoding Itgb1 siRNA or scrambled 
sequence (Ctrl), and cultured on substrates coated with laminin stripes (blue) and PDL. After 48 h, cultures were stained with 
Smi-312 antibody. The laminin stripes were visualized by BSA-Alexa647 mixed in the laminin solution during coating. Scale 
bar, 20 µm. (I) Preference index (PI, defined as [(% on stripe)−(% off stripe)]/100%) was analyzed to reflect the preference of 
axon initiation sites to different substrates for neurons without or with Itgb1 downregulation (see Supplementary information, 
Figure S4 for details of the analysis). 
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determined by treating hippocampal neurons with Itgb1 
function-blocking antibody, P5D2 or HM β1-1 [28-30]. 
We found that blocking Itgb1 activity decreased SA neu-
rons and increased NA neurons (Supplementary infor-
mation, Figure S2). Thus, Itgb1 signaling is required for 
axon formation in these cultured neurons. Next, we treat-
ed cultured hippocampal neurons with 9EG7 antibody to 
induce the cross-linking and activation of Itgb1 [31]. In 
contrast to blocking antibodies, 9EG7 treatment led to an 
increase in the percentage of neurons bearing either SA 
or multiple axons (MA) (Figure 1D) and in the average 
axon length (Figure 1E). We also analyzed whether mod-
ulating Itgb1 signals had any effect on other neurites, 
which are destined to become dendrites. Interestingly, 
the above treatments had no effect on either total neu-
rite number or length of minor neurites (Supplementary 
information, Figure S3). Thus, Itgb1 activation is both 
necessary for axon development on laminin substrate and 
by itself is sufficient to increase axon formation.

Previous studies have shown that neurites of cultured 
hippocampal neurons tend to differentiate into axons 
when contacting laminin stripes or facing an increasing 
laminin gradient coated on the substrate [17, 18]. We 
found that in most cases, the on-stripe neurites of 
unpolarized neurons exhibited higher immunostaining 
for active Itgb1 (Figure 1F and 1G). In agreement with 
the previous report [18], the majority of axon tips of 
polarized neurons in 48-h cultures were located on 
the laminin stripes (Figure 1H and Supplementary 
information, Figure S4B). To distinguish the effect of 
laminin stripe on axon differentiation from that on the 
guidance of axon growth, we analyzed the initiation 
site of axons for all neurons with the soma located at 
the stripe boundary (see Supplementary information, 
Figure S4A for the analysis method). Since the location 
of the initiation site remained unchanged during the 
48 h in culture, this analysis allows us to determine 
retrospectively the effect of the stripe on the axon 
differentiation of the neurite [14]. Notably, more axon 
differentiation was observed for neurites on the laminin 
stripe than off the stripe, whereas this preference for 
axon differentiation was not found for stripes coated 
with collagen or fibronectin, two other ECM components 
expressed in the pia surface but not within CNS [19] 
(Figure 1H and 1I; Supplementary information, Figures 
S4B and S5B). Furthermore, the effect of laminin 
stripes on axon differentiation was absent in neurons 
that expressed #3 siRNA against Itgb1 (Figure 1H and 
1I; Supplementary information, Figure S4B) or treated 
with Itgb1 function-blocking antibodies (Supplementary 
information, Figure S5). The effects of substrate stripes 
on axon initiation site from the soma were quantified 

by the preference index (Figure 1I and Supplementary 
information, Figure S5B). 

Patterned laminin and Itgb1 are necessary for oriented 
axon formation in cultured cortical slices

The existence of extracellular cues for neuronal 
polarization and axon/dendrite growth in vivo was shown 
by a slice overlay assay, in which fluorescently labeled 
dissociated cortical neurons plated onto the cortical 
slices exhibit the tendency of axon growth towards 
ventricular zone (VZ) [32]. Given the high level of Itgb1 
and laminin in the ventricular and subventricular regions 
[19], we have examined whether laminin is important for 
directional axon growth in this assay. Dissociated cortical 
neurons were transfected with GFP and plated onto 
cortical slices from P0 rats and cultured for 48 h. We 
found that the majority of cells (~75%) extended an axon 
that was oriented radially toward the VZ, as reflected by 
the angular distribution of both the initiation site on the 
soma and the location of axon tips relative to the center 
of the soma at 48 h (with 0 to +90° defined as ventricular 
direction and 0 to −90° as pia direction) (Figure 2A, 2C 
and 2D). This radially oriented axon growth is consistent 
with the previous report [32]. However, when cortical 
slices were pre-incubated with a high concentration of 
exogenous laminin, axons of overlaid neurons initiated 
from the soma at random angles, and their axon tip 
locations also showed no directional preference (Figure 
2A, 2C and 2D). This interference of axon initiation 
and growth orientation by exogenous laminin suggests 
that the endogenous laminin in the cortex may serve 
as the extrinsic cue for axon formation and growth. 
Furthermore, similar loss of preferential axon initiation 
and growth was found for cortical neurons that were 
transfected with #3 siRNA against Itgb1 before plating 
(Figure 2B-2D), indicating that Itgb1 mediates the 
directional axon initiation and growth in this overlay 
assay. 

Next, we generated a gradient of bound laminin using 
diffusive printing method [33, 34] to mimic the potential 
cortical distribution of laminin [19]. As shown in Figure 
2E, the bound laminin gradient was confirmed by im-
munostaining with anti-laminin antibody. Dissociated 
hippocampal neurons were transfected with #3 siRNA or 
scrambled siRNA before they were plated onto the bound 
laminin gradient. After culturing for 48 h, the initiation 
site of axon on the soma and the location of the axon tip 
relative to the center of the soma were analyzed to deter-
mine the effect of laminin gradient on axon initiation and 
growth orientation. We found that the majority (~80%) 
of control (scramble siRNA-transfected) neurons showed 
axon initiation and growth cone orientation towards the 
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side of high-level laminin (Figure 2F-2H). In contrast, no 
initiation or growth orientation was found when neurons 
were plated on a gradient of bound IgG or were transfect-
ed with #3 siRNA against Itgb1 (Figure 2F-2H) or were 
treated with Itgb1 function-blocking antibodies (Supple-
mentary information, Figure S6). Thus, Itgb1 mediates 
axon initiation and growth orientation on a substrate with 
bound laminin gradient. 

Laminin contact is sufficient to orient axon formation via 
Itgb1 in cultured cortical slices

Having determined the essential role of laminin/
Itgb1 signaling in axon initiation and growth in cultured 
neurons, we next investigated whether laminin contact 
is sufficient to trigger axon formation within the neural 
tissue environment and whether the effect requires Itgb1. 
For this purpose, we applied polystyrene beads pre-coated 
with laminin or a control protein (IgG) to cultured brain 
slices prepared at P2 from different types of mice (Itgb1f/f 
or Itgb1f/+) electroporated with pCAG-IRES-EGFP either 
alone (control) or together with Cre-containing plasmid 
at E15.5. After 48 h, the identity and length of bead-
contacting processes were analyzed. Thin and tapered 
processes emerging from the soma were considered as 
axon- and dendrite-like, respectively. We found that, in 
comparison with IgG beads, significantly more laminin 
beads were found to be associated with axon-like pro-
cesses in slices from both Itgb1f/f (control) and Itgb1f/+-
Cre mice (Figure 3A, 3B and 3E). Importantly, laminin 
bead-contacting processes were much more likely to 
exhibit axon-like morphology in both Itgb1f/f and Itgb1f/+-
Cre mice (Figure 3A-3C, 3F). Furthermore, this associa-
tion of laminin beads with axon-like processes was not 
observed in brain slices from Itgb1f/f-Cre mice (Figure 
3D-3F). These results support the notion that laminin-

induced axon formation was impaired when Itgb1 was 
fully eliminated in the neuron. In addition, processes 
contacted by laminin-coated beads were significantly 
longer than those contacted by IgG beads in Itgb1f/f and 
Itgblf/+-Cre slices, but not in slices from Itgb1-eliminated 
(Itgb1f/f-Cre) mice (Figure 3G). Thus, laminin contact is 
sufficient to promote axon differentiation and growth in 
the brain tissue in an Itgb1-dependent manner.

Itgb1 regulation of neuronal polarity proteins
We next investigated the mechanism of Itgb1 action 

by detecting levels or states of neuronal polarity-asso-
ciated proteins in Itgb1 cKO mice (Itgb1f/f; Emx1-Cre), 
which restricted Itgb1 deletion in dorsal telencephalic 
progenitors [37, 38]. First, we determined the state of in-
tegrin-linked kinase (ILK), which has been shown to be 
involved in axon development of cultured hippocampal 
neurons [49]. Surprisingly, we found a marked increase 
in the steady-state level of ILK and phosphorylated AKT 
(pAKT) at S473, the consensus phosphorylation site by 
ILK [50], in the cortex of Itgb1f/f; Emx1-Cre mice (Sup-
plementary information, Figure S7). The upregulation of 
ILK may reflect homeostatic intracellular responses to 
the loss of Itgb1. Next, we determined states of LKB1 
and SAD kinases, which are known to be essential for 
axon formation both in vitro and in vivo [12-14]. Inter-
estingly, we found that the levels of SAD kinases and 
phosphorylated LKB1 (pLKB1) at S431, an active form 
of LKB1, were markedly decreased in the hippocam-
pus or cortex of Itgb1f/f; Emx1-Cre mice (Figure 4A). 
In line with this observation, we found that the level of 
phosphorylated Tau (pTau) at S262, the consensus phos-
phorylation site by SAD kinases [13], was decreased in 
these Itgb1-deletion mice (Figure 4A). Thus, Itgb1 plays 
an important role in maintaining the levels or activity of 

Figure 2 Patterned laminin determines directional axon growth in Itgb1-dependent manner. (A-D) Isolated cortical neurons 
were transfected with pSUPER plasmids (A) or plasmids encoding Itgb1 siRNA or scrambled sequence (B), and plated onto 
coronal cortical slices from P0 rats. Under some circumstances, slices were pretreated without or with exogenous laminin (100 
µg/ml) to perturb endogenous laminin patterns (A). After culturing for 48 h, morphology of overlayed neurons was traced (A 
and B, right panels) and directions of axonal extension were analyzed (C, D). Angles of the axon initiation (C) or turning (D) 
varied from +90° to −90°, with the positive or negative value, indicating that the axon was initiated or turned toward the ven-
tricle or pia side of the cortical slices, respectively. Data shown are cumulative percentage plots for the distribution of axon 
initiation angles and axon turning angles for all sampled single-axon neurons (C, D). Data were analyzed using Kolmogorov-
Smirnov test (P < 0.001, control vs Itgb1 siRNA; P < 0.001, control vs exogenous laminin; n = 40 for all experimental groups). 
Scale bars, 20 µm. (E) Surface-bound laminin gradient generated by diffusive printing method (see Materials and Methods for 
details). Laminin gradients were ascertained by immunostaining and fluorescent intensity profile was plotted. (F-H) Isolated 
hippocampal neurons were transfected with pSUPER plasmids that encodes control scrambled sequence or Itgb1 siRNA, 
and plated onto either IgG or laminin gradients. After 48 h, neurons were stained with Smi-312 antibody (F). Cumulative 
percentage of axon initiation and turning angles for all sampled single-axon neurons was plotted (G, H). Angles with positive 
value (0° to 90°) or negative value (−90° to 0°) indicate that the axon was initiated or turned toward the high- and low-density 
side of the gradient, respectively. Data were analyzed using Kolmogorov-Smirnov test (P < 0.001, IgG gradients vs laminin 
gradients; P < 0.001, Ctrl siRNA on laminin vs Itgb1 siRNA on laminin; n = 40 for all experimental groups). 
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Figure 3 The oriented axon initiation is directed by laminin/Itgb1 signaling in slice culture environment. (A-D) E15.5 mice 
were subjected to in utero electroporation with pCAG-IRES-GFP plasmid together with vehicle plasmid or plasmid encoding 
Cre. Brain slices from electroporated mice were implanted with laminin- or IgG-coated beads (indicated by pseudocolored 
yellow). Cell layers were displayed by DAPI labeling. Shown are example images from different treatment groups. (E) Quan-
titative analysis for the percentage of beads associated with axon-like processes. Data are presented as mean ± SEM from 
three independent experiments. At least 538 beads were analyzed for each sample per experiment. *P < 0.05. (F, G) Quantita-
tive analysis for the percentage of axon-like neurites (F) or average length of beads-contacting neurites (G). At least 216 neu-
rites were analyzed for each group per experiment. **P < 0.01, ***P < 0.001, N.S., no significant difference. Scale bars, 10 µm.



www.cell-research.com | Cell Research

Wen-Liang Lei et al.
961

npg

polarity proteins as well as the steady-state phosphoryla-
tion of a microtubule-associated protein. To further de-
termine the relationship between Itgb1 and these polarity 
proteins, we knocked down Itgb1 by siRNAs. As shown 
in Figure 4B, the levels of pTau (S262), pLKB1 (S431), 
or SAD kinases were all reduced in cultured cortical neu-
rons that were transfected with #4 siRNA against Itgb1, 
as compared to control neurons transfected with scram-
bled siRNA. This reduction was prevented in neurons co-
transfected with #4 siRNA-resistant h-Itgb1, indicating 
the specificity of siRNA in downregulation of Itgb1. 

The relationship between Itgb1 and SAD kinases 
in regulating axon development was further examined 
by co-transfecting constructs encoding SAD kinases 
and siRNA against Itgb1 into cultured hippocampal 
neurons. Interestingly, the failure of axon development 
caused by Itgb1 downregulation was largely prevented 
by co-transfection with SAD kinases (Figure 4C). This 

supports the notion that the levels or activity of SAD 
kinases are downstream of the action of Itgb1 during 
axon development. 

Laminin/Itgb1 signaling promotes MT assembly during 
axon formation

Preferential microtubule stabilization in an undifferen-
tiated neurite is sufficient to induce axon differentiation 
[3]. Furthermore, SAD kinases are believed to mediate 
axon formation by regulating microtubule-associated pro-
tein Tau [3, 13]. Our finding of Itgb1 regulation of SAD 
kinases prompted us to investigate the role of laminin/
Itgb1 signaling in regulating microtubule (MT) assem-
bly. Given that localized contact with laminin promoted 
axon development, we therefore assessed microtubule 
stability in the neurites of unpolarized neurons, when 
they were “on” or “off” laminin stripes during the first 
day in culture. The MT stability was determined by im-

Figure 4 Loss of Itgb1 affects LKB1/SAD kinase pathway. (A) Homogenates of hippocampus or cortex from littermate P0 
mice with indicated genotypes were subjected to IB with indicated antibodies. (B) Isolated cortical neurons were transfected 
with pSUPER plasmid or plasmids encoding Itgb1 #4 siRNA or #4 siRNA plus the siRNA-resistant h-Itgb1 before plating on 
laminin substrates. Cell lysates were subjected to IB with indicated antibodies. Blots shown are representatives of three in-
dependent experiments. (C) Isolated hippocampal neurons were transfected with plasmids encoding scrambled sequence or 
Itgb1 siRNA or Itgb1 siRNA plus SAD A/B kinase expression constructs and plated on laminin substrates. Neuronal polarity 
was analyzed at DIV3. Shown are mean ± SEM from at least three independent experiments (n = 120 for all experimental 
groups). *P < 0.05. 
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munostaining of acetylated and tyrosinated α-tubulin, 
which mark stable and dynamic MTs, respectively [51]. 
We found that the on-stripe neurite exhibited a signifi-
cantly higher ratio of acetylated to tyrosinated MTs (A/
T ratio), as compared to that of off-stripe neurites (Figure 
5A, top row, and 5B). Interestingly, downregulation of 
Itgb1 expression with #4 siRNAs prevented preferential 
MT stabilization, as reflected by similar A/T ratio for 
on- and off-stripe neurites (Figure 5A, middle row, and 
5B). Thus, contact with laminin induces preferential MT 
stability, a process that requires Itgb1. The specificity 
of the siRNA effect was shown by the finding that co-
transfection of siRNA-resistant h-Itgb1 with #4 siRNA 
restored the high A/T ratio in on-stripe neurites (Figure 
5A, bottom row, and 5B). Thus, laminin/Itgb1 signaling 
induces MT stabilization, a process capable of triggering 
axon formation in hippocampal neurons [3]. 

The assembly of MTs involves polymerization at the 
plus end, which can be analyzed by visualizing the mo-
tion of plus end-binding proteins, such as EB1 or EB3 
[52]. Hippocampal neurons were transfected with EGFP-
EB3 before plating on substrates coated with laminin 
stripes, and the trafficking of EGFP-EB3 puncta was 
monitored by time-lapse fluorescence microscopy for 
all neurons with the soma located at the stripe boundary 
(Figure 5C). We classified EB3 movements into three 
categories: retrograde (towards the soma), anterograde 
(away from the soma), and immobile. As shown by the 
kymographs in Figure 5C (also see Supplementary infor-
mation, Movie S1), moving EB3 puncta were predomi-
nantly anterograde in on-stripe neurites (see c1), but not 
in off-stripe neurites (see c2). In addition, the average ve-
locity of EB3 puncta was higher in on-stripe neurites than 
in off-stripe neurites (Figure 5E). These results suggest 
that contact with laminin results in preferential assem-
bly of MTs with plus-end towards the distal end of the 
neurite. The role of Itgb1 in EB3 trafficking was further 
shown by the effect of downregulation of Itgb1 in these 

neurons. We found that transfection with Itgb1 siRNA 
caused a decrease in anterograde transport and an in-
crease in retrograde transport of EB3 puncta in on-stripe 
neurites (Figure 5C and Supplementary information, 
Movie S2), with the velocity and the distribution of three 
categories of puncta indistinguishable from that of off-
stripe neurites (Figure 5C-5E). Thus, Itgb1 is necessary 
for directional microtubule assembly induced by laminin. 

MT stabilization prevents axon formation defects due to 
Itgb1 downregulation

Having determined the role of laminin/Itgb1 signaling 
in MT assembly in polarizing neurons, we next investi-
gated whether MT stabilization itself may compensate 
the loss of axon formation due to Itgb1 downregulation. 
Axon formation in cultured hippocampal neurons is 
known to be promoted by manipulations of cytoskeletal 
structures using appropriate concentrations of actin fila-
ment depolymerizing drugs, such as 1 µM of cytochala-
sin D or latrunculin A [4], or MT-stabilizing drugs, such 
as 3-10 nM of taxol [3]. We found that all these treat-
ments increased the percentage of cultured hippocampal 
neurons bearing MA (Figure 6A, 6B and Supplementary 
information, Figure S8B). Interestingly, treatment with 
taxol (2 nM) partially rescued axon development that 
was impaired in neurons with Itgb1 downregulation (Fig-
ure 6A and 6B) or treated with Itgb1 function-blocking 
antibodies (Supplementary information, Figure S8A and 
S8B), but treatments with cytochalasin D or latrunculin 
A had no rescue effect. These results are consistent with 
the axon induction effect of MT-stabilizing drugs [3], 
and support the notion that MT stabilization mediates the 
axon promotion effect of laminin/Itgb1 signaling. 

Itgb1 is required for axon formation in cortical neurons 
in vivo

Global deletion of Itgb1 in mice results in lethality 
during early post-implantation [35, 36]. We thus exam-

Figure 5 Itgb1 is essential for laminin-induced microtubule stabilization and assembly during neuronal polarization. (A) Iso-
lated hippocampal neurons were transfected with indicated plasmid combinations (scrambled siRNA, Itgb1 siRNA, or Itgb1 
siRNA plus h-Itgb1) and cultured on substrates coated with laminin stripes (blue). Transfected neurons at DIV2 were stained 
with antibodies against acetylated (Acet-, green) and tyrosinated (Tyr-, red) -α-tubulin. Scale bar, 10 µm. (B) Quantification for 
the ratio of Acet- to Tyr-Tubulin (A/T) for neurites on- (indicated by arrows) or off-stripes (indicated by arrowheads), with the 
value from on-stripe control neurites normalized as 1.0. Data are shown as mean ± SEM from three experiments. At least 30 
neurites were analyzed for each group. ***P < 0.001, Student’s t-test. (C) Hippocampal neurons were transfected with EGFP-
EB3, together with plasmids encoding scrambled siRNA or Itgb1 siRNA, were cultured on substrates coated with laminin 
stripes. Scale bar, 10 μm. At DIV2, movement of individual EGFP-EB3 puncta was recorded using live-imaging fluorescence 
microscope. Shown are representative kymographs for on-stripe neurites (c1, c3) or off-stripe neurites (c2, c4), in neurons 
without or with Itgb1 downregulation. (D) Percentage of anterograde, retrograde, or immobile EGFP-EB3 comets, for neurites 
on- or off-laminin stripes, in neurons without or with Itgb1 downregulation. *P <0.05, **P < 0.01 vs control, ANOVA with Stu-
dent’s t-test. (E) Quantification for the velocity of EB3 puncta of indicated groups. *P < 0.05 vs control on-stripe. 
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Figure 6 Taxol stabilization of microtubules partially prevents the loss of neuronal polarity caused by Itgb1 downregulation. (A) 
Hippocampal neurons were transfected with pSUPER plasmid encoding scrambled or Itgb1 siRNA, and then treated with cy-
tochalasin D (1 µM), latrunculin A (1 µM), or taxol (2 nM) at DIV1 for 12 h. Shown are representative reconstructed images of 
EGFP-positive neurons from different groups. Scale bar, 10 µm. (B) Quantification for neuronal polarity. Note that treatments 
with cytochalasin D, latrunculin A, or taxol all increased the percentage of neurons with MA (***P < 0.001 vs control). Taxol 
treatment significantly increased the percentage of neurons with SA and MA in Itgb1 siRNA-transfected neurons (**P < 0.01, 
*P < 0.05, Itgb1 siRNA vs Itgb1 siRNA plus taxol).

ined the effect of partial and complete elimination of 
Itgb1 in dorsal telencephalic progenitors by crossing the 
Itgb1f/f or Itgb1f/+ mice [37] with the Emx1-Cre transgenic 
mice [38], respectively. As shown in Figure 4A, the Itgb1 
protein level was markedly reduced in the cortex and 
hippocampus of the Itgb1f/f; Emx1-Cre mice compared 
to Itgb1f/+; Emx1-Cre mice. In agreement, the amount of 
phosphorylated focal adhesion kinase (pFAK) at T397, an 
active form of FAK, was decreased in Itgb1f/f; Emx1-Cre 
mice (Supplementary information, Figure S7), suggesting 
the inhibition of integrin-mediated focal adhesion signal-
ing. Consistent with previous reports of restricted Itgb1 

elimination in post-mitotic neurons [23, 24], we found 
that both the cortex size and lamination were roughly 
normal in Itgb1f/f; Emx1-Cre or Itgb1f/+; Emx1-Cre mice 
(Supplementary information, Figure S9).

To determine whether loss of Itgb1 in cortical neu-
rons causes axonal defect, we first implanted crystals 
of fluorescent lipid DiI (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate) into the cortex 
to trace cortical axons [39]. In the control (Itgb1f/f) or 
Itgb1f/+; Emx1-Cre mice, we found that DiI-labelled cor-
ticofugal axons descended from the cortex and projected 
towards either external capsule (arrowheads in Figure 7A, 
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see a2 and a4) or corpus callosum that crossed the mid-
line (arrows in Figure 7A, see a1 and a3). However, these 
axon projections were severely affected in Itgb1f/f; Emx1-
Cre mice. Due to the variability of DiI labeling, we also 
examined axon development by staining with antibody 
against TAG1, a cell adhesion molecule that marks corti-
cofugal axons [41]. As shown in Figure 7B, control mice 
at E18.5 show normal callosal axons crossing the mid-
line (see b1) and lateral projection through the external 
capsule (see b2). Remarkably, the TAG1-positive signals 
were severely impaired in age-matched Itgb1f/f; Emx1-
Cre mice (Figure 7B, see b3 and b4). We also analyzed 
axon development in E14.5 mice, when callosal axons 
have not formed. As shown in Supplementary informa-
tion, Figure S10, while TAG1-positive axons were seen 
in the neocortex of control mice, these axons were barely 
detectable in E14.5 mutant mice. Of note, NgCAM/L1, 
another marker for corticofugal axons, was not affected 
in Itgb1 mutant mice (data not shown), probably due to 

unresponsiveness of another set of cortical neurons to 
Itgb1 manipulation. Nevertheless, the above results sup-
port the notion that Itgb1 signaling plays an important 
role in neocortical axon development in vivo. 

The above axon defects could result from the effect of 
Itgb1 gene deletion in radial glial cells, which are known 
to be affected in the Itgb1f/f; nestin-Cre mice [23, 24, 
45, 46]. We thus performed single cell gene elimination 
experiment by using in utero electroporation method at 
E15.5 [47]. The Itgb1f/+ and Itgb1f/f mice were electropo-
rated with Cre-containing plasmid (pTurbo-Cre) together 
with pCAG-IRES-EGFP as neuronal marker (termed 
“Itgb1f/+-Cre” and “Itgb1f/f-Cre”), and the Itgb1f/f mice 
electroporated with pCAG-IRES-EGFP alone was used as 
the control. After electroporation, coronal sections of the 
cortex at P3 were analyzed for neuronal morphology. We 
found that majority of cortical neurons transfected with 
the control vector pCAG-IRES-EGFP migrated to up-
per layers and exhibited normal axon projection toward 

Figure 7 Essential role of Itgb1 in axon development in vivo. (A) DiI crystals were placed in the somatosensory cortex of con-
trol (Itgb1f/f) or mutant mice (Itgb1f/f; Emx1-Cre or Itgb1f/+; Emx1-Cre) at P3. Coronal sections reveal descending tracts toward 
the corpus callosum (arrows) or internal capsule (arrowheads). Cell layers were displayed by DAPI labeling. The magnified 
images (10×) show axon fibers in medial (a1 and a3) and lateral (a2 and a4) projections, respectively. (B) Cortical sections of 
control (Itgb1f/f) and Itgb1 mutant (Itgb1f/f; Emx1-Cre) mice at P0 were stained with antibody to TAG1. The magnified images (5×) 
at the bottom show axon fibers in corpus callosum (compare b1 and b3) and internal capsule (compare b2 and b4), respec-
tively. Scale bars, 2 mm and 50 μm (insets) in A, 1 mm and 100 μm (insets) in B.
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Figure 8 Cell autonomous role of Itgb1 in axon initiation in vivo. (A) Itgb1f/f or Itgb1f/+ mice at E15.5 were subjected to in utero 
electroporation with pCAG-IRES-GFP plasmid together with vehicle plasmid or plasmid encoding Cre. Cortical sections from 
P3 mice were stained with antibody against radial glia marker RC2 and cell layers were marked by DAPI labeling. Right lane 
images show single cell morphology. (B) Quantification for the percentage of polarized neurons in the cortical plate with a 
long thin descending axon (n = 80 for all groups). Scale bars, 100 µm (left four lanes) or 10 µm (right lane). *P < 0.05.
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the ventricular surface (Figure 8A, top row). Given that 
laminin/integrin signaling may act during neurogenesis 
to provide the stem cell niche [48], we only analyzed 
morphology of neurons that already reached the cortical 
plate at P3 and exhibited positive staining for neuronal 
marker Tuj1 (Supplementary information, Figure S11). 
We found that ablation of Itgb1 caused a marked reduc-
tion in the percentage of axon-bearing neurons, which 
had only short apical dendrite-like processes (Figure 8A, 
bottom row), confirming the importance of Itgb1 sig-
naling in axon formation. Expression of Cre in Itgb1f/+ 
mice had no effect on neuronal polarization (Figure 8A, 
middle row), excluding the potential toxic effect caused 
by Cre expression. Furthermore, staining with radial glia-
specific marker RC2 showed roughly normal radial glial 
networks in all experimental groups (Figure 8A, lane 3), 
suggesting that the impairment of axon formation caused 
by Itgb1 gene deletion in Itgb1f/f; Emx1-Cre mice was 
due to a cell autonomous mechanism.

Discussion

ECM protein laminin is known to promote axon devel-
opment of cultured neurons [1, 17, 18], but the linkage 
between the laminin signaling and the known intracellular 
mechanisms underlying axon formation has not been es-
tablished. Here we report that laminin’s action in promot-
ing axon development is mediated by MT stabilization 
in undifferentiated neurite triggered by laminin/Itgb1 
signaling. Furthermore, we examined the role of Itgb1 in 
vivo, and found that Itgb1 conditional knockout mice ex-
hibited severe defects in axon development of a subset of 
cortical neurons, and abnormal expression or activity of 
neuronal polarity proteins, including SAD and LKB1 ki-
nases. Furthermore, we demonstrated that laminin/Itgb1 
signaling promotes MT stabilization, as indicated by the 
A/T α-tubulin ratio and anterograde transport of EB3. 
Pharmacological enhancement of MT stabilization par-
tially rescued the axon development in Itgb1-downreg-
ulated neurons. Thus, we have demonstrated a laminin/
Itgb1-dependent cytoskeletal mechanism for promoting 
neuronal polarization. 

Essential role of laminin/integrin signaling in axon 
formation

Undifferentiated neurites of cultured hippocampal 
or cortical neurons showed higher probability of axon 
differentiation when they are in contact with laminin-
coated stripes [18]. The integrin α6β1 heterodimer 
is expressed at a high level in the apical region of 
VZ [19]. Laminins, which serve as ECM ligands for 
integrins, are also present in the VZ [19]. The following 

lines of evidence support the essential role of laminin/
integrin signaling in establishing neuronal polarity: 
First, laminin-coated substrates, in either stripes or in 
a gradient, or laminin-coated beads could specify axon 
initiation site from the soma in an Itgb1-dependent 
manner (Figures 1-3). Second, disrupting the action of 
endogenous laminin by supplying exogenous laminin 
or downregulating Itgb1 by specific treatments with 
siRNAs abolished directional axon extension in a slice 
overlay assay (Figure 2). Third, ablation of the Itgb1 
gene or downregulation of Itgb1 signaling in cortical 
neurons resulted in defects in axon formation and 
neuronal polarity in vivo (Figures 7 and 8) and the loss 
of responsiveness of cortical neurons towards axon 
induction by laminin-coated beads (Figure 3). Finally, 
Itgb1 activation by antibody cross-linking was sufficient 
to induce the formation of MA and promotion of axon 
growth in hippocampal cultures (Figure 1D and 1E). 

A recent report shows that the laminin/integrin signal-
ing is necessary for maintaining neocortical stem cell 
niche and the orientation of neural stem cell division [48]. 
Thus, neuroepithelial cell polarity may be causally re-
lated to postmitotic neuron polarity [2], i.e., postmitotic 
neurons directly inherit the intrinsic apico-basal polarity 
of their progenitors, which are determined by laminin/
integrin signaling. The relative importance of laminin/
integrin signaling in polarity formation before and after 
last mitotic division remains to be further studied.

Laminin/Itgb1 signaling and neuronal polarity proteins
Many polarity proteins involved in apico-basal polar-

ity of neuroepithelial progenitors in the neocortex, e.g., 
those in the apical polarity complex aPKC/Par3/Par6, 
and Cdc42 [53-55], are also required for axon specifica-
tion [56, 57]. The relationship between integrin signaling 
with some of these polarity proteins has been established 
in astrocyte polarization and migration [58] – the inter-
action of integrins with ECM at the newly formed cell 
front leads to the activation and polarized recruitment 
of Cdc42, which in turn recruits and activates the cyto-
plasmic mPar6/PKCζ complex, which further modifies 
MT cytoskeleton. In this study, we found that the loss of 
Itgb1 caused inactivation of the Par4 homolog LKB1 and 
downregulation of Par1 homolog kinases SAD-A and B, 
all of which are necessary for axon formation in vivo [12-
14]. Furthermore, overexpression of SAD-A and B was 
found to partially compensate the loss of axon formation 
due to downregulation of Itgb1. The partial effect may 
be attributed to involvement of other polarity proteins 
in mediating laminin/Itgb1 signaling. Alternatively, the 
level or distribution of overexpressed SAD-A/B was not 
optimal for compensating the laminin/Itgb1 signaling. 
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How might laminin/integrin regulate LKB1 or SAD 
kinases? Our results show that the loss of Itgb1 caused 
a decrease in the phosphorylation of LKB1 at Ser 431, 
a consensus site for cAMP-dependent protein kinase 
(PKA), and the level of SAD-A/B (Figure 4). In line 
with this finding, a previous report shows that integrin 
α4 cytoplasmic domain acts as a type I PKA-specific 
kinase-anchoring protein (AKAP), which controls the 
localization and substrate specificity of PKA [59]. Thus, 
laminin/integrin signaling may regulate PKA-dependent 
phosphorylation of LKB1 via recruitment or activation 
of AKAP, and phosphorylated LKB1 further exerts its 
kinase action on the activity or stability of SAD kinases. 

Laminin/integrin signaling in microtubule assembly
Integrin signaling has been proposed to reorganize cy-

toskeletal structure in non-neuronal cells. For example, 
integrin-mediated activation of focal adhesion kinase at 
the leading edge of mouse fibroblasts is required for MT 
stabilization by the Rho signaling pathway [58]. During 
cell mitosis, integrin-mediated adhesion also orients the 
spindle parallel to the substratum, a process requiring F-
actin and astral MTs [60]. Furthermore, perturbing Itgb1 
function inhibits MT growth from centrosomes and the 
assembly of the mitotic spindle during cytokinesis [61]. 
In this study, we found that contact with laminin-coated 
substrate caused stabilization of MT assembly and el-
evated anterograde transport of plus-end binding protein 
EB3 (Figure 5), both of which are likely to promote axon 
initiation and growth. These results establish a direct link-
age between ECM-mediated adhesion and cytoskeleton 
remodeling, and the function of this linkage in axon for-
mation. 

In addition to the ECM, a number of extracellular 
axon-promoting factors have been identified, such as ne-
trin [62], BDNF [14], Sema3a [63], Wnt [57], and TGFβ 
[15]. Some of these factors interact with integrin signal-
ing during cell proliferation [64], adhesion and migration 
[65-67], neurite outgrowth, and growth cone guidance 
[68-70]. It is thus possible that other extracellular cues 
execute their roles through modulating integrin signaling 
directly or indirectly. Thus, the mechanism of laminin/
Itgb1-triggered MT assembly and stability may also be 
relevant for neuronal polarization induced by other fac-
tors that interact with integrins. 

Materials and Methods

Reagents, antibodies and constructs
Substrates coated on coverslips or culture dishes, including 

poly-d-lysine hydrobromide, collagen, fibronectin, and laminin 
were purchased from Sigma Aldrich. Bovine serum albumin 
(BSA) conjugated with AlexaFluor 488/555/647 was used to vi-

sualize substrate stripes and surface-bound protein gradients and 
purchased from Invitrogen. Cytochalasin D, latrunculin A, and 
paclitaxel (taxol) were from Sigma Aldrich. Antibodies used for 
immunostaining were: rabbit anti-GFP from Invitrogen; rat anti-
GAP43 from Calbiochem; mouse anti-Smi312 from Covance; 
rabbit anti-β2 laminin and rabbit anti-Cux1 from Santa Cruz 
Biotechnology; mouse anti-acetylated tubulin and mouse anti-β-
tubulin III (Tuj1) from Sigma Aldrich; mouse anti-Itgb1 (HUTS4), 
mouse anti-RC2, and rabbit anti-MAP2 from Merck Millipore; 
mouse anti-L1, rat anti-tyrosinated tubulin (YL1/2), rabbit anti-
TAG1, and rabbit anti-Tbr1 from Abcam. Antibodies used for 
western blot were: rat anti-Itgb1 from R&D Systems; rabbit anti-
FAK from Abcam; rabbit anti-pTau (S262) from Biosource; 
mouse anti-Tau from Calbiochem; rabbit anti-pLKB1 (S431) 
from Santa Cruz Biotechnology; mouse anti-LKB1 from Upstate; 
mouse anti-ILK from BD Pharmingen; mouse anti-GAPDH from 
KangChen; mouse anti-pAKT (S473) and rabbit anti-AKT from 
Cell Signaling Technology; mouse anti-β-actin and rabbit anti-
pFAK (T397) from Merck Millipore. Polyclonal antibodies against 
SAD-A and SAD-B were generated in our laboratory. Antibody 
used to activate Itgb1 (9EG7) was from BD Pharmingen. Itgb1 
function-blocking antibodies were from Abcam (P5D2) and BD 
Pharmingen (HM β1-1). To generate pSUPER-encoded siRNAs, 
double-stranded oligonucleotides encoding Itgb1 siRNA were 
subcloned into BglII- and HindIII-digested pSUPER (OligoEngine, 
Seattle, WA, USA). The siRNA sequences against Itgb1 were: #1, 
5′-CCAGAGGCTCTCAAACTATTT-3′ (sense) and 5′-ATAGTTT-
GAGAGCCTCTGGTT-3′ (anti-sense); #2, 5′-GGAGGATTACT-
TCAGACTTTT-3′ (sense) and 5′-AAGTCTGAAGTAATCCTC-
CTT-3′ (antisense); #3, 5′-CCAGACGGAGTAACAATAATT-3′ 
(sense) and 5′-TTATTGTTACTCCGTCTGGTT-3′ (antisense); #4, 
5′-CCAAATAAGGAGTCTGAAATT-3′ (sense) and 5′-TTTCA-
GACTCCTTATTTGGTT-3′ (antisense). All the oligonucleotides 
were synthesized by Shanghai GenePharma (Shanghai, China). 
The human Itgb1 construct was a gift from Dr Mara Brancaccio 
(University of Torino, Italy). 

Neuronal culture, electroporation and treatments
Dissociated hippocampal neurons were prepared as described 

previously [54]. Briefly, hippocampi from E18 rat embryos were 
digested with 0.125% trypsin-EDTA for 20 min at 37 °C, followed 
by trituration with pipettes in the plating medium (DMEM with 
10% FBS and 10% F12). Dissociated neurons were transfected 
by electroporation using the Amaxa Nucleofector device. In some 
experiments, testing plasmids were cotransfected with pEGFP at 
a ratio of 4:1. Control and transfected neurons were plated onto 
coverslips coated with poly-d-lysine (0.1 mg/ml) without or with 
laminin stripes. After culturing for 24 h, media were changed into 
neuronal culture media (neurobasal media containing 1% gluta-
mate and 2% B27). Sometimes, neurons at DIV 1 were treated 
with cytoskeleton-manipulating drugs or Itgb1 activation or func-
tion-blocking antibodies at following concentrations: cytochalasin 
D (1 µM), latrunculin A (1 µM), taxol (2 nM), 9EG7 (2 µg/ml), 
P5D2 (25 µg/ml), HM β1-1 (10 µg/ml).

Immunostaining
Neurons were first washed with PBS, then fixed in 4% para-

formaldehyde at room temperature for 30 min, and incubated with 
0.1% Triton X-100 in PBS for 10 min. After blocking with 10% 
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goat serum in PBS at room temperature for 1 h or 4 °C overnight, 
neurons were incubated in primary antibodies at 4 °C for more 
than 12 h and subsequently with Alexa Fluor 350-, 488-, 555-, 
647-, CY2-, CY3-, CY5, FITC- or rhodamine-conjugated second-
ary antibodies. Coverslips were mounted with fluorescent mount-
ing medium from Dako and examined under a Nikon Neurolucida 
system, a Zeiss confocal microscope or a Nikon confocal micro-
scope.

For mouse brain tissues, coronal cryostat sections of 30 µm 
were cut with a freezing microtome and immediately processed 
for immunostaining by a free-floating protocol (at 4 °C). Briefly, 
brain slices, after treatment with 0.1% Triton X-100 and 10% goat 
serum in PBS for 1 h, were incubated in primary antibodies for 
24 h, followed by 3× washes with PBS, incubation with biotin-
conjugated secondary antibodies, and finally in CY2- or CY3-
conjugated streptavidin before observation.

In utero electroporation
In utero electroporation was performed as described previously 

[47]. Briefly, 1-2 µg plasmid mixed with Fast Green (Amresco) 
was injected into the lateral ventricle of the embryonic brains, 
which were then subjected to electroporation consisting of five 
square wave pulses with an amplitude of 35 v (for mice) or 55 v (for 
rats), a duration of 100 ms, an interval of 1s (ECM830; BTX).

Stripe coating assay
Poly-dimethylsiloxane (PDMS) molds were fabricated as 

described previously [71], with a patterned parallel stripes of 80 
µm width separated by 120 µm gaps. Briefly, PDMS molds were 
inversely pressed onto poly-d-lysine-coated glass coverslips, and 
microchannels formed between the PDMS molds and coverslips 
were used for microfluidic patterning of individual substrates (0.1 
mg/ml collagen, fibronectin or 0.05 mg/ml laminin, mixed with 5 
µg/ml of fluorescence-conjugated BSA, respectively), which were 
driven through the microchannels by a vacuum. Substrate solu-
tions were incubated in the microchannels overnight, and PDMS 
molds were removed, leaving the adsorbed substrates stripes on 
the glass microscope slides for cell plating.

Diffusive printing assay
Diffusive printing assay was performed to generate bound sub-

strate gradient as described previously [34] with some modifica-
tions. Briefly, silicon molds with parallel grooves, each 350 µm 
in width, 100 µm in depth, and 4 mm apart, were designed and 
produced by using standard photolithography. Afterwards, liquid 
PDMS was poured onto the silicon molds, resulting in the forma-
tion of PDMS molds with paralleled ridges, which were then va-
por-coated to make the surface hydrophobic. Next, certain amount 
of autoclaved 5% agarose dissolved in PBS was poured onto steril-
ized PDMS molds, and solidified agarose gel was detached and cut 
into 18 × 18 mm stamps, with each containing four channels at the 
bottom. The agarose stamps were then placed on top of epoxy cov-
erslips (Arrayit SuperEpoxy 2.5 × 1012 reactive group/mm2) coated 
with 0.1 mg/ml PDL, and the laminin substrate solutions (0.05 
mg/ml) were added into the microchannels between the agarose 
stamps and the coverslips to make diffusive gradient perpendicular 
to the channels. After 20 min diffusion, the agarose stamps were 
removed, and coverslips were air-dried at room temperature for 
about 30 min until being rinsed with PBS. These coverslips with 

bound substrate gradients were ready for cell plating.

Brain slice overlay assay
Brain slice overlay assay was performed by following the 

methods described previously [72, 73]. Briefly, coronal sections 
(300 µm) of neonatal rat cerebral cortex were cultured on the 
culture plate inserts (Millipore), in MEM culture medium with 
Glutamax-1, containing 23% EBSS, 6.5 mg/ml D-glucose, 0.06% 
Nystatin, 25% horse serum, and 1% penicillin-streptomycin. After 
transfection, dissociated hippocampal neurons from E18.5 rats 
were plated onto cortical slices, and cultured for 2-3 days before 
morphology analysis.

Polystyrene beads embedding in brain slice culture
Laminin (Sigma) or normal mouse IgG (Millipore) proteins 

were covalently coupled to polystyrene beads (Polybead® Blue 
Dyed Microspheres, 6.0 µm, Polysciences) using Glutaraldehyde 
Kit (Polysciences). The Helios Gene Gun (Bio-Rad) was used to 
transport coated polystyrene beads into mouse brain slices (50 
µm), with 100-120 psi pressure and 20-30 mm distance between 
the gun barrel and the targets. After beads embedding, the brain 
slices were cultured on sterilized culture plate inserts (Millipore) 
for 2-3 days before morphology analysis.

Live cell imaging
Dissociated neurons were transfected with EGFP-EB3 together 

with individual siRNA construct, and plated on coverslips coated 
with laminin stripes. At DIV2 or DIV3, immediately before image 
capture, neurons were switched to the medium for live imaging (20 
mM HEPES, pH 7.4, 150 mM NaCl, 1 mM CaCl2, 5 mM KCl, 1 
mM MgCl2, with 1.9 mg/ml glucose and 1.9 mg/ml albumin), and 
were warmed to 37 °C in CO2 chamber. Movement of EB3 puncta 
were observed for 15 min, with pictures taken at intervals of 1 s 
using Nikon Ti live-cell imaging microscope with Apo TIRF 100× 
object lens.

Conditioned knockout mice
The Floxed/Cre approach was used to generate Itgb1 condi-

tioned knockout (CKO) mice. The B6; 129-Itgb1tm1Efu/J mice, 
which possess loxP sites on either side of exon 3 of the Itgb1 gene, 
were crossed with B6.129S2-Emx1tm1(cre)Krj/J mice, which 
expresses Cre recombinase from the endogenous Emx1 locus, 
resulting in the generation of Itgb1 CKO mice. Emx1-mediated 
recombination was supposed to occur in approximately 88% of the 
neurons in neocortex and hippocampus, and in the glial cells of 
the pallium, based on the expression pattern of endogenous Emx1 
gene [38]. All animal usage followed guidelines by the Institution-
al Animal Care and Use Committee of Institute of Neuroscience, 
Chinese Academy of Sciences.
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ION Imaging Facility with microscope analysis. 
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