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The roles of integrin subunits and intracellular molecules in regulating the migration and neuritogenesis of neurons isolated from
16.5 gestation days rat fetal cortices were examined using in vitro assays. Results showed that laminin supported the migration
of fetal cortical neurons better than fibronectin and that the fetal cortical neurons migrated on laminin using 1 and &3 integrin
subunits which make up the «31 integrin receptor. On fibronectin, the migration was mediated by 1 integrin subunit. Pertur-
bation of src kinase, phospholipase C, or protein kinase C activity, inhibition of IP3 receptor mediated calcium release, or chelation
of intracellular calcium inhibited both migration and neuritogenesis, whereas inhibition of growth factor signaling via MEK
inhibited only the neuritogenesis. The detection of &l and a9 transcripts suggested that the migration of fetal cortical neurons may
also be mediated by «131 and «9f1 integrin receptors. Results showed that calcium may regulate migration and neuritogenesis
by maintaining optimum levels of microtubules in the fetal cortical neurons. It is concluded that the fetal cortical neurons are
fully equipped with the integrin signaling cascade required for their migration and neuritogenesis, whereas crosstalk between the
integrin and growth-factor signaling regulate only the neuritogenesis.

1. Introduction

During brain development, postmitotic neurons migrate
from their site of origin to distant places, differentiate, and
make connections forming different layers of the cortex.
Defects in this process results in abnormal neuronal position-
ing and connections in the brain, which may cause neurobe-
havioral problems later in life [1]. Neuritogenesis, an early
step of neuron differentiation, is the synthesis of multiple
growth cone tipped extensions (neurites) that ultimately form
the axons and dendrites of neurons [2]. Mechanisms that
regulate the migration and differentiation of neurons are not
fully understood.

Cell surface integrin receptors, each consisting of an o
and a f3 subunit, play critical roles in the glial-guided migra-
tion of neurons in the brain [3]. The extracellular domains
of the receptor subunits bind with extracellular matrix
(ECM) proteins (such as fibronectin and laminin) and the

cytosolic domains of 8 subunits interact with kinases, adaptor
molecules, and the cytoskeleton [4]. These interactions facili-
tate the “outside-in” and the “inside-out” signaling across the
cell membrane by the integrin heterodimers [5] that may lead
to cell migration and neuritogenesis [6].

Integrin receptors with explicit combinations of « and f3
subunits interact with specific ECM proteins [7]. Developing
brains express 1, «l, a3, a4, a5, a6, and oy integrin subunits
which may form a1p1, 31, a4f1, a581, a6f1, and avf31
integrin receptors [8, 9]. Of all these receptors, the alf51,
a3p1, and a6f1 receptors interact with laminin, whereas
a4 /31, a51, and avf31 receptors interact with fibronectin [7].

Manipulation of integrin subunits «3 and «5 genes in
mice causes abnormal positioning of neurons in the cerebral
cortex, and nullifying the a6 gene results in cortical laminar
defects [3, 10-12]. These studies suggest that integrin recep-
tors consisting of B1 subunit (a3f1, «531, and a6p1) are
involved in the migration of neurons in the brain. This is also



in accordance to a large number of reports describing the
role of integrin receptors consisting of 1 subunit in neuron
migration and neuritogenesis [13-16]. However, studies
involving the ablation of 51 integrin subunit gene in mice
[17-20] suggest that this integrin subunit is required for the
glial end feet anchorage and is not essential for neuron-glia
interactions and glial-guided migration of neurons during
brain development. Moreover, additional studies indicate
that 81 integrin subunit is involved not in the migration but
the differentiation of glia and neurons [2, 20-22]. Therefore,
to date, the studies on the role of 1 subunit containing
integrins (@381, a541, and a6f1) in the migration of fetal
brain neurons have been largely inconclusive. Experiments
with antibodies against integrin subunits or inhibitors of
integrin signaling in slice cultures [23-26] are also not free
from the indirect effects that may influence the migration and
differentiation of neurons.

Therefore, in the present study, neurons were isolated
from 16.5 gestation days fetal cerebral cortices of rats for
the direct examination of the role of molecules that are
known to regulate the integrin-mediated cell migration.
Because different ECM molecules are secreted by radial
glial cells during development [27, 28], initially different
concentrations of laminin and fibronectin were examined on
the migration of fetal cortical neurons. The propensity of
« subunits forming integrin receptor/s with the 31 subunit
to support migration was examined by using the same
concentration of antibodies against different « subunits at
which the migration of neurons was significantly inhibited by
antibody against 51 subunit. Roles of different intracellular
molecules (src kinase, phospholipase C, calcium, protein
kinase C, MEK kinase, and microtubules) that are known
to support integrin-mediated migration of different cell
types [29-31] were examined on neuron migration by using
pharmacological inhibitors or intracellular calcium chelator.
The roles of 1 and a3 integrin subunits, the intracellular
molecules, and the calcium chelator were also examined on
neuritogenesis.

2. Materials and Methods

2.1. Animals and Compliance. Time pregnant Long-Evans
rats were obtained from Charles River (Boston, MA). Ani-
mals were housed in the animal facility of the University of
Mississippi Medical Center on chow and water ad libitum
and used for studies according to a protocol approved by
the Institutional Animal Care and Use Committee of the
University of Mississippi Medical Center.

2.2. Reagents. Hanks' balanced salt solution (HBSS), Dul-
becco’s modified eagles medium and F12 medium (DF), B-
27, Trypsin inhibitor, mouse laminin, bovine fibronectin,
nuclear stain Hoechst 33342, magnesium sulphate, Trypsin,
and cell culture tested Dimethyl sulfoxide were purchased
from Sigma-Aldrich Chemical Company, St. Louis, MO.
Molecular weight markers used in western blot studies were
obtained from Bio-Rad Laboratories (Hercules, CA).

Neuroscience Journal

Monoclonal antibodies against the extracellular domains
of integrin subunits were obtained from different commercial
sources in no-azide formulations or freed from sodium-
azide using Nanosep centrifugal devices (PALL Life Sciences,
Ann Arbor, MI). Additional information on these antibodies
as well as those used in the immunofluorescent staining
and western blotting experiments (see below) is provided
in Table 1. Inhibitors against different enzymes that are
known to regulate integrin signaling in different cell types
and modulators of intracellular calcium levels are mentioned
in Table 2.

2.3. Preparation of Dissociated Neurons. Dissociated neurons
were prepared from cortices as described previously [39] with
some modifications. Briefly, on gestation days 16.5, pregnant
rats were deeply anesthetized with isoflurane, fetuses were
removed from uteri, and cerebral cortices of fetal brains
were dissected out as described previously [40]. Cerebral
cortices were incubated in HBSS containing 0.1% Trypsin
for 15min at 37°C. Cortices were triturated in HBSS con-
taining 0.025% DNase I, 0.2% Trypsin inhibitor, 0.2% BSA,
and 12mM MgSO, and centrifuged at 160 g. The resulting
pellet was suspended in HBSS and centrifuged. Supernatant
was discarded and the pellet was suspended in the culture
medium DMEM/F-12 (1:1) containing 0.2% B-27 to esti-
mate the number using a hemacytometer (Hausser Scientific,
Horsham, PA). The neurons were used for migration assays
and also cultured on laminin-coated wells of 8 chambered
glass slides (Thermo Fisher Scientific, Houston, TX) for
immunofluorescent microscopy and neuritogenesis assays or
in flasks (Fisher Scientific) for western blotting and RNA
isolation.

2.4. In Vitro Neuron Migration Assay. The Boyden Chamber
assay that has been successfully used for estimating the
migration of fetal brain neurons previously by different
laboratories [39, 41-43] was used for this study. Specifically,
the Boyden chamber assay for studying fetal cerebral cortical
neurons of Maeda and Noda (1998) [39] was used with
some modifications. Transwell inserts (diameter 6.5 mm),
each consisting of polycarbonate membranes with 3.0 ym
pore size with pore density 2 x 10®/cm® (Fisher Scientific;
Pittsburgh, PA) were used for migration assays. Undersurface
of membranes of Transwell inserts was first coated with
Poly D Lysine (10 ug/mL) overnight and then with solution
(100 yL) of laminin, fibronectin, or only water (diluent of
laminin or fibronectin solutions) and dried overnight in
sterile conditions prior to use. In all migration assays,
the lower chamber contained 500 uL of culture medium
(controls) or medium containing antibody against integrin
subunit, inhibitor, or calcium chelator (see below) and the
upper chamber contained 200 L of medium containing
150,000 dissociated neurons. Plates containing the Boyden
chamber assemblies were incubated for 18 h in an incubator
(37°C, 5% CO,, humidity 99%). At the end of incubation,
membranes were treated with chilled 4% paraformaldehyde
solution for 20 min and the neurons on the upper surface
of the membranes were removed by rubbing with cotton
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TABLE 1: Antibodies, commercial sources, and applications.

Antibody Source

Experiments

Monoclonal antibodies against 31 integrin subunit
(Clone Ha2/5)

Monoclonal antibodies against 33 integrin subunit
(Clone 25E11)

Monoclonal antibodies against «3 integrin subunit
(Clone P1B5)

Monoclonal antibodies against a4 integrin subunit
(Clone R1-2)

Monoclonal antibodies against «5 integrin subunit
(Clone VC5)

Monoclonal antibodies against av integrin subunit
(Clone H9.2B8)

Monoclonal antibodies against «6 integrin subunit
(Clone NKI-GoH3)

Control IgG (Clone A19-4)
Control IgM (Clone G235-1)

Monoclonal antibody against NeuN
(Clone A60)

Rabbit Polyclonal antibody against MAP2 (AB5622)
Monoclonal Antibody against microtubules (E7)
Monoclonal antibody against -Actin (Clone C4)
Purified mouse anti (pTyr783)-Phospolipase C y1
Clone 27/Phospholipase C-y (pY783)

Alexa Fluor 594-conjugated secondary antibodies
(Donkey anti-mouse or rabbit)
Peroxidase-conjugated secondary antibodies
(Donkey anti-mouse)

BD Biosciences (San Jose, CA)
Chemicon International (Temecula, CA)
Chemicon International

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences
Chemicon International

Chemicon International
Hybridoma Bank (University of Iowa, IA)

BD Biosciences

BD Biosciences
Invitrogen, Carlsbad, CA

Jackson Immuno-research, West Grove, PA

Migration assays
Migration assays
Migration assays
Migration assays
Migration assays
Migration assays

Migration assays

Migration assays

Migration assays
Immunofluorescent microscopy

Immunofluorescent microscopy
Immunofluorescent microscopy

Western blotting

Western blotting
Immunofluorescence microscopy

Western blotting

TABLE 2: Inhibitors, intracellular calcium regulators and targets.

Inhibitor

4- Amino-5-(4-chlorophenyl)-7-(t-butyl) parasol [3,4-]
pyrimidine (PP2) and control compound (PP3)
1-[6-((173-3-Methoxyestra-1,3,5(10)-trien-17-y) amino)
hexyl]-1H-pyrrole-2,5-dione (U-73122 or U2) and control
compound U-73343 or U3

2'Amin0—3,—MethoxyﬂaV0ne

(PD98059 or PD)

2-(Aminoethoxy) diphenylborate

(2-APB)

1,2-bis(o- Aminophenoxy) ethane—N,N,N, ,N,—tetraacetic acid
tetra (BAPTA/AM)

Calphostin C (UCN-1028c)

Ins (1,4,5)P;-induced Ca” release

Calcium chelator

Target Concentration/references
Src family of tyrosine kinases 20 uM [32]
Phospholipase C activation 10 uM [33]
MAP kinase kinase 20 uM [34]

40 and 100 uM [35]

2.5and 10 uM [36]

Protein kinase C 50 nM [37]
Calcium-induced calcium release from
Ryanodine-sensitive intracellular calcium 50 uM [38]

Ammoniated Ruthenium Oxychloride (RR)

stores

swabs twice. Preliminary experiments were conducted to
ensure that rubbing technique removes all neurons from the
upper surface of membrane and the incubation time that
provided adequate number of neurons for migration assays.
Membranes were cut and processed for the immunofluo-
rescent detection of neuronal nuclei and neuronal marker

MAP2 expression as described below (see Section 2.10). All
migration assays were performed at least three times with
two Boyden chamber assemblies per experimental condi-
tions. Images of different fields vertically and across (total
9) of each membrane were captured at 10x magnification.
Total numbers of nuclei from each image of controls and



experimental groups were counted using the counting tool of
the Metamorph software to determine the number of nuclei
per membrane for analysis.

2.5. ECM Effects on the Migration of Neurons. Relative roles
of ECM proteins (laminin and fibronectin) on the migration
of dissociated neurons were examined by coating Poly-D
lysine treated membranes with different concentrations of
laminin (1, 5, 10, 20, and 50 yg/mL) or fibronectin (10, 20,
50, 100, and 200 pg/mL) in sterile water. Medium containing
neurons (150,000) were added in the upper chamber and
the lower chambers contained medium only. Chambers were
incubated for 18 h and the neurons on the undersurface of the
membranes were counted as described above.

2.6. Antibody Effects on the Migration of Neurons. Relative
roles of different integrin « subunits with respect to f1
subunit on the migration of neurons were examined using
functional blocking antibodies. Azide-free monoclonal anti-
body against different integrin subunits, control IgG, or
IgM were added in the medium of lower chamber. Control
chambers contained only medium in both upper and lower
chambers. Upper chamber contained neurons (150,000) in
the medium (200 uL). Neurons on the lower surface of
membranes were counted at the end of 18h incubations
as described above. Initial experiments were conducted
with monoclonal antibodies against 1 integrin subunit to
determine the concentration (50 nMole) that significantly
inhibited the migration of neurons at P < 0.05 on laminin
(10 ug/mL). Relative effects of monoclonal antibodies against
additional integrin subunits at (50 nMole) were tested on the
migration of neurons on laminin (10 yg/mL) or fibronectin
(100 ug/mL) coated membranes. These antibodies (see
Table 1) are tested for their efficacy by the supplier and also
reported for their interaction with integrin subunits on cell
surface and inhibition of cell adhesion [44-50].

2.7. Effects of Inhibitors or Calcium Chelator on the Migration
of Neurons. Involvements of different intracellular signal-
ing molecules in the migration of neurons were examined
using pharmacological inhibitors. This included inhibitors
PP2, U-73122 (U2), PD98059 (PD), Calphostin C, 2-APB,
and Ruthenium Red against Src family of tyrosine kinases,
PLC activation, MAP kinase kinase, Protein kinase C, IP3-
induced calcium release, and calcium induced calcium
release from Ryanodine receptors, respectively. Role of intra-
cellular calcium on migration was examined using the chela-
tor BAPTA-AM. Inhibitors (PP2, U2, 2-APB, and PD) or
control compounds U-73343 (U3) and PP3 and intracellular
calcium regulators (BAPTA-AM and Ruthenium Red) were
added in the medium of lower chamber. Upper chamber
contained 150,000 neurons suspended in the medium only.
The concentrations of these pharmacological compounds,
their target and relevant references, are mentioned in Table
2.

2.8. Effects of Antibodies, Inhibitors, or Calcium Chelator
on Neuritogenesis. Roles of integrin subunits, intracellular
signaling molecules and calcium on neuritogenesis were
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examined using antibodies, pharmacological inhibitors,
and calcium chelators. Wells of 8 chambered glass slides
were coated with gelatin (12h at 4°C) followed by laminin
(10 ug/mL) (12h at 4°C). Dissociated neurons (100,000)
were cultured in wells in the absence (control) or pre-
sence of monoclonal antibody (Table 1), inhibitor, or
calcium modulators (Table 2) for 20 h and bright-field images
(6/well = 3 vertical and 3 across) of neurons were captured.
High contrast images were captured for visualization and
tracing of neurites with the tools of Metamorph software.
Experiments were repeated to collect data from at least 3 wells
per control and treatment conditions (18 images/treatment
condition).

2.9. Effects of BAPTA on the Expression of Microtubules. Role
of intracellular calcium on the expression of microtubules
was examined using different concentrations of calcium
chelator BAPTA-AM (0, 5, 10, and 20 M) by immunofluo-
rescent microscopy (see below).

2.10. Immunofluorescent Microscopy. Expression of neuron
markers (NeuN and MAP2) and microtubules were exam-
ined in the dissociated neurons by immunofluorescent
microscopy. Briefly, at the completion of paraformaldehyde
treatments, neurons on the undersurface of membranes or
in the wells of eight chambered slides were treated with
Triton (0.1%) for 10min and rinsed with PBS prior to
incubating with the primary antibody solution in Phosphate
Buffer Saline (PBS) containing Bovine Serum Albumin (BSA)
(1 mg/mL) overnight at 4°C. Dilution of primary antibodies
for the detection of NeuN, Microtubules, and MAP2 in PBS-
BSA solutions were 1:10, 1:200, and 1:1000, respectively.
Membranes or wells were rinsed with PBS three times
(15min each) and then incubated with Alexa dye conjugated
secondary antibody (10 yg/mL) and nuclear stain Hoechst
33342 (dilution 1:200). Fluorescent images were captured
using a Nikon Eclipse (TE-2000 U) Microscope.

2.11. Reverse Transcription and Polymerase Chain Reactions
(RT-PCR). Expression of transcripts representing different
integrin subunits in the fetal cortical neurons, cultured on
laminin-coated flasks for 7h, was examined using RT-PCR
in three occasions. In each experiment, the total RNA (1 ug)
isolated from the neurons using Trizol-reagent (Invitrogen,
Carlsbad, CA) was subjected to complementary DNA
(cDNA) synthesis using a Reverse transcription III kit
(Invitrogen). Equal amounts (50ng equivalent) of cDNA
samples were amplified by PCR. The primer sequences
(Table 3) were either obtained from the literature [51-53]
or subjecting the rat or homologous regions of mice and
human c¢DNA sequences (GenBank) to Primer3 soft-
ware  (http://flypush.imgen.bcm.tmc.edu/primer/primer3_
www.cgi/). Authenticity of these primers was tested by PCR
using cDNA from rat and human cell lines (rat PC12 and
cardiac myoblasts; human trophoblast and colon cancer
cell lines) that produced expected size amplicons with no
spurious bands. Identity of amplicons representing «3 and «9
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TABLE 3: Primers used for the amplification of integrin cDNA from rat fetal brain neurons.

Subunit Sense primer (5/—3') Antisense primer (5/-3') Amplicon size

Bl aatgtttcagtgcagagcc ttgggatgatgtcgggac 261

B3 agctgtcgctgtccttcaat cctgctgagagggtcgatag 357

p4 gctctacacggacaccacct tgcagcaggcacagtatttc 398

«l tggatattggccctaagcag cgcttgcegatcgattttatt 399

a2 tggggtgcaaacagacaagg gtaggtctgctggttcage 539

a3 ctgctgccaaaaaagccaagt ggcagctcctccaccagcet 300

a4 cccaggctacatcgttttgt atggtcttcatgctcccaac 444

o5 aggtgacgggactcaacaac agccgagcttgtagaggaca 489

av gagcagcaaggactttggg gggtacacttcaaggccage 619

ab gactcttaactgtagcgtga atctctegctcttctttecg 550 (ax6A), 420 (x6B)
a9 tcccecagtactcgatgaag cagtctctcccagcaacaca 396

integrin subunit was confirmed by commercial sequencing
(Retrogen, Inc., SanDiego, CA).

2.12. Western Blotting. A previously described western blot-
ting methodology [40] was used to examine the expres-
sions of phosphorylated PLC-y1 in the dissociated neuronal
preparations cultured on laminin-coated flasks for 6 h. Clear
lysatefrom neurons containing 10 pg proteins were denatured
by boiling in the presence of lane marker buffer (Pierce)
and subjected to electrophoresis on a 7.5% Polyacrylamide
gel containing sodium dodecyl sulphate. Molecular weight
markers (Bio-Rad) were also loaded in adjacent lanes. At
the end of electrophoresis separated proteins were trans-
ferred on to nitrocellulose membranes and probed with
primary antibodies against phosphorylated PLC-y1 and f-
Actin (Table 1). Membranes were washed and exposed with
Peroxidase conjugated secondary antibodies. Bands were
detected using Amersham Hyper film ECL (GE Healthcare
Ltd., Buckinghamshire, UK). The experiment for the detec-
tion of phosphorylated PLC-y was tested using 3 different
neuron preparations.

2.13. Statistical Analysis. Analysis of the neuronal migra-
tions and neuritogenesis was conducted by ANOVA using
SPSS software (SPSS, Chicago, IL). Neuron migrations were
assayed by comparing the mean + standard errors of mean
values of the number of neuronal nuclei from 9 fields
under each Boyden membrane of total 6 to 9 membranes
per treatment group. The neuritogenesis was examined by
comparing the mean + standard errors of mean values of the
neurite lengths from 6 fields per well (total 3 wells of each
control and treated groups). Differences in Mean + Standard
errors of mean values at P < 0.05 were considered significant.

3. Results

3.1. Isolation of Fetal Cortical Neurons. The number of
neurons isolated per pair of cortices by the described method
was approximately 5 x 10’ neurons (N = 7). These
neurons attached with the laminin-coated wells and major-
ity (approximately 95%) expressed neuronal marker NeuN

(Figure 1), and when incubated in Boyden chambers for
18 h, migrated at the undersurface of the membranes and
expressed neuronal marker MAP2 (Figure 2).

3.2. ECM Effects on the Migration of Neurons (Figure 3).
Migration of cortical neurons was higher on membranes
coated with 5, 10, 20, or 50 yg/mL laminin than those coated
with only 1 yg/mL laminin or no laminin. Highest migration
of neurons occurred on membranes coated with 10 ug/mL
laminin. The migration of neurons on membranes coated
with 20, 50, 100, or 200 ug/mL fibronectin was higher than
those coated with 10 yg/mL fibronectin or no fibronectin.
The migration of neurons on membrane coated with 100
or 200 ug/mL fibronectin was not significantly different
(P > 0.05). Further studies on the migration of neurons
were conducted with membranes coated with Poly-D lysine
followed by 10 pg/mL laminin or 100 pg/mL fibronectin (see
below).

3.3. Antibody Effects on the Migration of Neurons (Figure
4). Antibody against 1 or «3 integrin subunit significantly
decreased migration of neurons on laminin-coated mem-
branes (P < 0.05). Antibody against a6 subunit did not alter
the migration of neurons on laminin-coated membranes.
Moreover, the migration of neurons was not altered by
control antibody (IgG or IgM) or the antibody against the
av subunit (negative control on laminin) on laminin-coated
membranes. On fibronectin-coated membranes, only anti-
body against 51 subunit inhibited the migration (P < 0.05).
The migration of neurons on fibronectin-coated membranes
was not altered by control antibodies (IgG or IgM), and
antibodies against 33 (negative control since not expressed),
a4, a5, or av subunits.

3.4. Effects of Inhibitors and Calcium Modulators on the Migra-
tion of Neurons (Figure 5). PP2 (the inhibitors of Src kinase
activation), U2 (the inhibitor of PLCy activation), and the
light-activated Calphostin (the inhibitor of PKC activation)
inhibited the migration of neurons on both laminin- and
fibronectin-coated membranes (P < 0.05). Migrations of
neurons were not significantly altered in the presence of MAP
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FIGURE 1: Dissociated neurons in culture. Dissociated neurons at 2 h of plating on laminin-coated plates (a) immunostained for the neuronal
marker NeuN (b) and nuclear stain Hoechst (c). Image (d) shows the overlaps of images (b) and (c). Bar100 microns. Note, Hoechst stained
nuclei are out of focus because all images are captured at the same plane as (a).

Kinase Kinase (MAPK/ERK kinase or MEK) inhibitor PD,
control compounds U3 or PP3 on laminin, or fibronectin-
coated membranes (P > 0.05). The inhibitor of IP3 receptor-
induced calcium release from intracellular stores (2-APB)
and the intracellular calcium chelator BAPTA-AM inhib-
ited the migration both on laminin- and fibronectin-coated
membranes. Ruthenium Red, the inhibitor of intracellular
calcium-induced calcium release from Ryanodine receptor
containing calcium stores, did not alter the migration of
neurons.

3.5. Effects of Antibodies, Inhibitors, and Calcium Modulators
on Neuritogenesis. Antibodies against 1 or «3 subunit
inhibited neuritogenesis of fetal cortical neurons. Neuritoge-
nesis was not inhibited in the presence of control antibodies
(IgG) at 50 nM (Figure 6(a)) and even at higher concentration
(100nM), (Figure 6(b)). BAPTA-AM completely abolished
the neurite formation at higher concentration (10uM),
(Figure 6(a)). The inhibitors of Src kinase (PP2), PLC-y
respectively (U2), IP-3 induced calcium release (2-APB),
Protein kinase C (activated calphostin), MAP kinase kinase
(PD), and the calcium chelator (BAPTA-AM) significantly
reduced the neurite lengths (Figure 6(c)). Neuritogenesis
was not inhibited in the presence of control compounds of
pharmacological inhibitors (PP3 and U3) or the inhibitor of
Ryanodine receptor mediated release of intracellular calcium

(Ruthenium Red) (Figure 6(c)). BAPTA-AM decreased the
expression of microtubules in cortical neurons (Figure 7).

3.6. Expression of Phosphorylated PLCy1 and Integrin Sub-
unit mRNA Species in Dissociated Neurons. Western blotting
experiments with lysate prepared from neurons at 6h of
culture provided evidence for the presence of PLC-y1 in its
phosphorylated state at tyrosine 783 (Figure 8). Neurons at
6 h of culture expressed mRNA for 81, a1, &3, a4, a5, av, and
«9 integrin subunits (Figure 9).

4, Discussion

Cortical neurons isolated from rat fetal (GD16.5) brains
expressed subunits for integrin receptors and responded to
cues of both laminin and fibronectin during their migration
in vitro. These neurons utilized the intracellular signaling
molecules and cytoskeletal elements that are known to
transmit integrin receptor signaling during cell migration
and differentiation. At the same concentrations, the effects
of inhibitors and intracellular calcium modulators were
more robust on neuritogenesis than on migration. Results
showed that growth factor signaling via MEK is only required
for neuritogenesis. The connotations of these findings are
discussed below.
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(c)

FIGURE 2: Neurons at the undersurface of membrane. Neurons migrated at the undersurface of membrane expressed neuronal marker MAP2
(a). Neuronal nuclei stained with Hoechst (c). Overlapping images (a) and (c) are shown in (b). Bar 100 microns.
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FIGURE 3: ECM effects on the migration of neurons. Neurons per field of Boyden membrane coated with laminin (a) or fibronectin (b).
*Migration of cortical neurons were significantly (P < 0.05) higher on membranes coated with laminin at 5, 10, 20, and 50 4M or 20 to 200 uM
fibronectin compared to those coated with only Poly-D lysine (shaded bar). Migration of neurons was highest at 10 #M laminin but it was not
significantly different than those at 20 M laminin. Migration of neurons on fibronectin-coated membranes increased with concentration to
reach its maximum at 100 yM that was not significantly (P > 0.05) different than membranes coated with 200 M fibronectin.

Membranes coated with laminin or fibronectin enhanced =~ neurons. This observation is consistent with the migration
the migration of fetal cortical neurons (Figure 3). It was evi-  pattern of neuronal precursors derived from embryonic stem
dent that laminin at a 10-fold lower concentration supported  cells [14]. Optimum adhesion with the ECM is critical for the
the migration better than fibronectin suggesting that laminin =~ normal migration of cells [54, 55]. Therefore, the enhanced
may be a better substrate for the migration of fetal brain =~ migration of neurons with the increased concentration of
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FIGURE 4: Effects of antibodies on the migration of fetal cortical neurons. Monoclonal antibodies (shown below) against 81 and &3 integrin
subunits significantly ("P < 0.05) inhibited the migration of neurons (Neurons/field) on membranes coated with laminin (10 yg/mL) (a).
The migrations of neurons on laminin-coated membranes were not significantly (P > 0.05) altered by antibody against a6 or av subunit
(the negative control) and control antibodies (IgG or IgM). The migrations of neurons on fibronectin (100 ug/mL) coated membranes were
significantly (*P < 0.05) inhibited by the antibody against 31 integrin subunit only (b). The migrations of neurons on fibronectin-coated
membranes were not altered by control antibodies (IgG or IgM) at P > 0.05.
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FIGURE 5: Effects of inhibitors on the migration of cortical neurons. Inhibitors (shown below) of Src kinase (PP2) and Phospholipase Cy
activity (U2) inhibited the migration of fetal cortical neurons (Neurons/field) on laminin-(a) or fibronectin-(b) coated membranes ("P <
0.05). No significant changes in the migration of neurons occurred in the presence of control compound PP3 or U3 (P > 0.05). Inhibitor of
protein kinase C (light-activated Calphostin), inhibitor of IP3 mediated calcium release (2-APB), and intracellular calcium chelator (BAPTA-
AM) inhibited the migration of neurons significantly ("P < 0.05) on laminin-(a) or fibronectin-(b) coated membranes. Ruthenium Red
(inhibitor calcium-induced calcium release) and PD (inhibitor of Mitogen activated kinase kinase) did not alter the migration of neurons on
laminin-(a) or fibronectin-(b) coated membranes (P > 0.05).

laminin and its downregulation with further increase in
laminin (Figure 3(a)) indicates that the pace and the direction
of neuron migration in the fetal brain may be regulated by the
amount of specific ECM molecule secreted by glial cells on the
migratory route.

Inhibition studies with monoclonal antibodies to exam-
ine the relative roles of different integrin subunits on migra-
tion suggested that the receptor consisting of «3 and 81 sub-
units (a3 81) primarily regulates the migration of fetal cortical
neurons on laminin (Figure 4(a)). This is also in accordance
with previous observations [3, 10, 15]. In addition, the lack
of effects of antibody against the a6 integrin subunit on the
a631 mediated migration is also consistent with the absence
a6 subunit in fetal cortical neurons (Figure 9) and the lack
of any direct evidence for its role in the migration of fetal

cortical neurons [11]. On fibronectin-coated membranes,
only the antibody against 1 subunit inhibited the migration
of neurons and antibodies against the « subunits (a3, a4,
a5, or av) that are the constituent of fibronectin-binding
receptors (331, a4f1, a551, and avf1) did not inhibit the
migration (Figure 4(b)) although the RT-PCR (Figure 9)
results confirmed their expression. This finding indicates that
the migration of fetal cortical neurons on fibronectin may
be regulated by 51 subunit containing integrin receptor/s
other than «3pf1, a4f1, a561, and avBl. It may include
the fibronectin binding receptor a8f1 that also interacts
with ECM tenascin. The role of tenascin in the glial guided
migration of fetal cortical neurons is further supported by
the fact that tenascin is expressed by the radial glia in the
developing brain [56] and transcripts of a9 subunits are
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FIGURE 6: Effects of antibodies, calcium modulators, and pharmacological inhibitors on neuritogenesis. (a) Representative images showing
neuritogenesis in the absence (control) or presence of control IgG (50 nMole), antibodies against 1 (50 or 100 nMole) or &3 (50 or 100 nMole)
integrin subunits on laminin. BAPTA-AM at low concentration (2.5 yM) inhibited neuritogenesis and at higher concentration (10 uM) totally
abolished neuritogenesis. Bar150 microns. (b) Mean + standard error of mean values of neurite lengths/image in untreated neurons (1) and
those treated with control IgG, monoclonal antibody against 81 or a3 integrin subunit at 50 nMole or 100 nMole concentration. Neurite
lengths reduced significantly ("P < 0.05) in neurons treated with antibody against 81 integrin subunit at both 50 nMole (2) and 100 nMole
(3) concentrations compared to control (1). Neurons treated with monoclonal antibody against a3 integrin subunit at 50 nMole (4) were lower
than the control (1) but was not statistically significant (P > 0.05). Neurons treated with monoclonal antibody against a3 integrin subunit at
100 nMole (5) significantly inhibited the neuritogenesis (" P < 0.055). Neuritogenesis was not altered in presence of 50 (6) or 100 nMole (7)
control IgG (P > 0.05). (c) Mean + standard error of mean values of neurite lengths/image of neurons treated with PP2, PP3, U2, U3, 2-APB,
activated Calphostin, BAPTA-AM (2.5 uM), and PD for 22 h in culture (filled bars) were significantly different (P < 0.05) from untreated
neurons (blank bar) and negative controls (PP3 or U3) (filled bars). No significant changes in neurite lengths (P > 0.05) per image were
recorded in neurons treated with RR.
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FIGURE 7: BAPTA-AM reduced microtubule expression. Microtubule expression in the untreated neurons (a) and those treated with BAPTA-
AM (10 uM) (b) in culture. Panel (c) and (d) shows nuclear stain in the control and BAPTA-AM treated neurons. Bar 100 microns. Note,
Hoechst stained nuclei in (c) and (d) are out of focus because images are captured at the same plane as (a) or (b), respectively. Bar 100 microns.
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FIGURE 8: Western blotting detection of phosphorylated PLC-y1 in
neurons. Phosphorylated form of PLC-y1 protein at tyrosine 783
was detected in the neurons at 6 h of culture on laminin simulta-
neously with f-actin. Lanes 1 and 2 represent lysate loaded from
different neuronal preparations. Molecular weight sizes of phos-
phorylated form of PLC-y isoform and f-actin are shown in
parentheses.
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FIGURE 9: Transcripts of integrin subunits in the fetal cortical neu-
rons. Ethidium bromide stained PCR products after agarose gel
electrophoresis. Target mRNA species are shown at the bottom of
the image. The 600 bp band of the 100 bp marker (M) is shown by
arrows heads on sides.

expressed in fetal cortical neurons (Figure 9), which also
forms the tenascin interacting «9f1 integrin receptor.

While the antibody against av subunit is reported to
inhibit the migration of fetal cortical neurons in an imprint
assay [3], it failed to inhibit the migration on fibronectin-
coated membranes in the Boyden assay (Figure 4(b)). The role
of integrin receptors consisting of av subunits («vf1, avf5,
or avf38) in the migration of fetal cortical neurons is further
lessened by the fact that vitronectin, the substrate for these
receptors, is primarily expressed in the proximity of blood
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FIGURE 10: Schematic of integrin signaling cascade and its perturbation with antibodies and pharmacological agents. Integrin subunits
(red and green bars on top) are shown intercalated in the membrane and interacting with ECM molecule (red and green horizontal lines).
Molecules involved in signaling events are labeled and arrows point to the directions of signaling that starts with the engagement of integrin
subunit with the extracellular matrix. Directions of calcium mediated signaling are shown by dashed green arrows. Inhibitors (see Table 2)
used for blocking signaling molecules and paths are shown by red blocks. Cross-talk between integrin and GF signaling is shown by double
headed horizontal arrow close to membrane. Mab: monoclonal antibody, GF: growth factor, RTK: receptor tyrosine kinase, MEK: MAP
kinase kinase, PLC: phospholipase C, PIP2: phosphotidal inositol biphosphate, IP3: inositol (1,4,5)-triphosphate (IP3), DAG: diacylglycerol
and PKC: protein kinase C, Ras: G protein, Raf: MAPKKK, MEK: MAPKK, ERK: extracellular signal regulated kinase (MAPK).

capillaries [57] and the ablation of av subunit expression by
gene manipulation only disturbs the development of blood
vessels and axonal survival but not neuronal positioning [58].
It is surprising, however, to find no effect of antibody against
a5 subunit on migration of neurons (Figure 4(b)) because
its genetic manipulation at GD15.5 in mice causes laminar
defects [12]. The exact reason for this discrepancy is yet to be
known.

Application of different pharmacological inhibitors
revealed that the intracellular molecules that mediate inte-
grin signaling (Figure 10) and known to regulate migration
of various cell types [30] are fully functional in the fetal
cortical neurons. These included Src Kinase, that is activated
by focal adhesion kinase following the interaction of integrin
receptors with the ECM [59]; Phospholipase Cy, that
is activated by the activated Src Kinase, and hydrolyses
membrane protein PIP2 (phosphotidal inositol biphosphate)
into Inositol (1,4,5)-triphosphate (IP3) and Diacylglycerol
(DAG) [60, 61]; Protein Kinase C, that is activated by the
DAG [62], and the calcium released from the IP3 receptor
containing stores [63].

The PLC-y1 interacts directly with the cytoplasmic tail
of the B1 integrin subunit and induces cytoskeletal organi-
zation and integrin mediated migration of cells [61]. Integrin
mediated cell adhesion promotes rapid autophosphorylation
[64] of Tyr-397 residue in focal adhesion kinase (FAK)
promoting its interaction with the C-terminal SH2 domain
of PLC-y1 and associating with the Src kinases at the site of
integrin-ECM interactions [64]. This causes phosphorylation
of Tyrosine residue 783 (Tyr783) and the activation of PLC-
y1 required for the integrin mediated upregulation of intra-
cellular calcium and migration of cells [65]. Western blotting
data (Figure 8) confirmed the presence of the activated form
of PLC-y1 isoform in the fetal cortical neurons suggesting
its possible interaction with the cytoplasmic tail of the f1
integrin subunit in fetal cortical neurons.

Previous studies report that PKCS and atypical PKC
regulate migration of neuronal precursors in the fetal cerebral
cortex [66, 67] and different PKC isoforms (PKC«, PKCpI,
PKCpII, PKC§, PKCe, and PKCO) support migration of
cells by associating with 1 integrin subunit [68]. Robust
reduction of migration in the presence of PKC inhibitor



12

(Calphostin C) (Figure 5) shows that the activated state of
PKC isoform/s in fetal cortical neurons is required for their
migration on both laminin and fibronectin.

Even though the integrin and growth factor recep-
tor cross-talk is reported to play a significant role in the
migration of various cell types [31], the MEK inhibitor
PD98059 did not alter the migration of fetal cortical neurons
significantly (Figure 5) but rigorously reduced neuritogenesis
(approximately 14 fold) (Figure 7(c)). This suggests that the
migration of fetal cortical neurons is primarily regulated
by integrin mediated pathways, whereas the differentiation
of these neurons is regulated by both integrin and growth
factor signaling (Figure 10). The sustained expression of
certain adaptor/s (such as ILK, PINCH, and Paxillin) that are
required for cross-talk between integrin and growth factor
receptors during differentiation but not migration of fetal
cortical neurons may instruct such effects [69]. Interestingly,
ILK is required for the differentiation of Bergmann glia
during the cerebellar development [22].

The reduced migration of neurons in the presence of
BAPTA-AM (Figure 5) confirmed previous observations that
intracellular calcium is an indispensable mediator for the
migration of fetal brain neurons [63]. On the other hand,
no effects of high concentration (50 M) of Ruthenium Red
on migration are in contrast to the finding that integrin-
mediated signaling mobilizes calcium from the Ryanodine
Receptor gated stores [70].

The neuritogenesis data showed that the integrin receptor
consisting of a3 and 1 subunits also regulates neuritogenesis
in rat fetal cortical neurons. This is in accordance to previous
reports [2, 14]. The present study further shows that the sig-
naling molecules that mediate the migration of fetal cortical
neurons (Src kinase, PLC-y, Protein kinase C, IP-3 induced
calcium release, and the intracellular calcium itself) also
regulate the process of neuritogenesis albeit more robustly
than migration (Figures 5 and 6(c)). Furthermore, inhibition
of neuritogenesis by BAPTA at a moderate concentration
(2.5 uM), its total abolition at higher concentration (10 yM)
(Figure 6(a)), and reduction in microtubule expression (Fig-
ure 7) suggest that intracellular calcium not only regulates
the dynamics of microtubule dynamics [71] but may also
maintain its intracellular levels.

5. Conclusions

Rat fetal cortical neurons (isolated at GD16.5) are fully
equipped with the integrin receptor and the classical intra-
cellular signaling cascade (Figure 10) to maneuver their
migration and neuritogenesis in vitro. Precisely, the laminin-
binding a3f31 integrin receptor and intracellular signaling
molecules drive both the migration and neuritogenesis while
the cross-talk of integrin with growth factor signaling may
add to more robust signaling towards the differentiation pro-
cess. The detection of «9 subunit transcripts in fetal cortical
neurons indicates that migration of fetal cortical neurons
on radial glia may be supported by tenascin via the a9p1
integrin receptor. These results suggest that the composition
of extracellular matrix in the path of migration and specific

Neuroscience Journal

repertoire of integrin receptors regulates the dynamics of
migration of neuronal precursors in the developing brains.
The present study also indicates that calcium may regulate
the migration of fetal cortical neurons also by maintaining
the optimum supply of microtubules.

Additional studies are now required to delineate the
exclusive role of each downstream molecule in the “outside-
in” and “inside-out” integrin signaling that mediates the
migration and neuritogenesis of fetal cortical neurons. This
includes estimating the surface expression of each integrin
subunit by flow cytometry and to examine the relevant
concentrations of each antibody in the presence or absence
of different combinations of pharmacological inhibitors as
well as siRNA manipulation of components of integrin and
growth factor signaling. Moreover, restoring the migration
and neuritogenesis of neurons by activating different kinases
following their inhibition by antibodies and/or pharmacolog-
ical inhibitors may also be required to further ascertain their
role.

Additional studies are also required to identify the PKC
isoform/s that regulates the migration and neuritogenesis of
fetal cortical neurons, the roles of «l and «9 integrin sub-
units, that are the constituent of laminin-binding «11 and
tenascin-binding «9f1 integrin receptors respectively, the
manipulation of molecules that regulate cross-talk between
integrin and growth factor signaling (such as ILK, Pax-
illin, and PINCH), and the Semaphorins (specifically of
Semaphorin 7A) that influence axon outgrowth and activa-
tion of MAPK [72].

Finally, in the perspective of results obtained by exper-
imenting directly with fetal cortical neurons in culture and
those describing no changes in the migration of neurons
in B1 integrin mutant (in vivo studies) mice [18, 19], it is
conceivable that the acute effects of monoclonal antibody
on the neurons in culture (an in vitro test) may not be
compensated which may occur in gene manipulation (in
vivo) studies. It is also possible that the migration machinery
of fetal cortical neurons in mice, which was used for gene
manipulation studies by other investigators, may not be
exactly similar to rat that was used in the current study. Even
though the findings of in vitro studies presented here have
their limitations, conclusions of previous gene manipulation
studies [17-19] indicating that the 1 subunit is involved in
glial differentiation but not in the glial-guided migration of
neurons may not be stringent as data presented here show
that fetal cortical neurons do utilize $1 and «3 integrin
subunits and the intracellular molecules, that are known to
support integrin signaling, for their migration.
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