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As developing or regenerating neurons grow, their axons 
seek cues in the extracellular matrix that are recognized by 
integrin receptors. To understand the regulation and struc- 
ture of neural integrin complexes, we have examined the 
association of two functionally important integrins, al@1 and 
a3B1, within PC1 2 cells. Detergent-resistant cytoskeletal 
ghosts were prepared from PC12 cells and examined by 
immunoblotting. In cells maintained in suspension the al, 
a3, and @l integrin subunits were solubilized by Triton X- 100 
detergent. In contrast, when cells were grown on collagen 
or laminin about 50% of the al and 01 subunits were re- 
tained with the cytoskeleton, but a3 remained soluble. Con- 
focal immunofluorescence microscopy of whole cells dem- 
onstrated that all three integrin subunits were expressed in 
a punctate pattern on the cell surface in point contacts. Point 
contacts were also found to be the predominant adhesion 
structure of dorsal root ganglion neurons. After detergent 
extraction of PC12 cells, the point contacts remained only 
at the cell-substrate interface. Vinculin, which is found con- 
sistently in focal contacts on non-neural cells, showed only 
a partial colocalization with the point contacts, being ex- 
pressed mainly at the tips of filopodia and the periphery of 
cell bodies. Talin showed no obvious codistribution with fll 
integrin immunoreactivity in point contacts. Immunoreactiv- 
ity to pl25F was not detected in PC 12 cells, although as- 
trocytes, which have both focal contacts and point contacts, 
have ~125~“~ only at focal contacts. These observations, 
together with previous data (Turner et al., 1989; Tawil et al., 
1993), suggest that point contacts are functional adhesion 
sites and are structurally distinct from focal contacts found 
in non-neuronal cells. 
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Neuronal cells interact with the extracellular substrate through 
adhesion molecules, with the integrin receptors forming a major 
protein class that mediates adhesion to extracellular matrix 
(ECM) proteins. Functional integrin receptors are formed as (Y- 
P heterodimers from selected members of the large (Y and ,i? gene 
families (Hynes, 1992). Many neurons express p, subunits dur- 
ing development as their dominant ECM receptors. Variations in 
LY subunits dimerized to the same p subunit radically alter the 
specificity of a receptor complex. For example, the ol5p 1 integrin 
is a fibronectin receptor that is highly expressed in developing 
and regenerating peripheral neurons (Lefcort et al., 1992), while 
the ~u6/31 integrin receptor is a laminin receptor, whose devel- 
opmental regulation has been well characterized for retinal gan- 
glion cells (Cohen et al., 1989). Other neurons are known to 
express ~vlpl and a3pl integrins as laminin/collagen receptors 
(Toyota et al., 1990; Reichardt and Tomaselli, 199 1; Tomaselli 
et al., 1993). Also, some neurons may express more than one 
class of laminin receptor, such as PC12 cells, which have al/31 
and cr3pl receptors that are both functional (Tomaselli et al., 
1990, 1993). 

A component essential to elicit appropriate intracellular sig- 
naling resides in the relatively short cytoplasmic domain of 
integrins. The @l cytoplasmic domain interacts with the cyto- 
skeleton as shown by immunocytochemical (Mueller et al., 1989) 
and biochemical methods (Otey et al., 1990), as well as by 
analysis of molecular chimeras (Solowska, 1991; Carpen et al. 
1992) and deletion of its cytoplasmic domain (Solowska et al., 
1989; Hayashi et al., 1990; Reszka et al., 1992; Yllnne et al., 
1993). These studies demonstrate that the fil cytoplasmic do- 
main is essential for integrin localization to sites of focal contact. 
In contrast, deletion of cy subunit cytoplasmic domain does not 
alter integrin aggregation, but cell adhesion and motility are 
diminished (Bauer et al., 1993; YlHnne et al., 1993). Recent 
experiments indicate that the (Y subunit may play an important 
role in conferring specific cell functions such as motility and 
ECM contraction (Chan et al., 1992). 

In non-neuronal cells integrins form highly ordered substra- 
tum adhesions called focal contacts (Burridge et al., 1988). The 
aggregation of integrins into focal contacts occurs near the ter- 
mini of stress fibers where specialized assemblies of cytoskeletal 
proteins are located. The various proteins located specifically 
at focal contacts include talin and vinculin, as well as a focal 
contact protein tyrosine kinase, ~125~~~ (But-ridge et al., 1988; 
Otey et al., 1990; Luna and Hitt, 1992; Schaller et al., 1992). 
In addition to focal contacts, integrins are also found in smaller 
punctate deposits called point contacts. These are especially 
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Figure 1. The detergent-resistant cy- 
toskeleton examined in cells grown in 
suspension or on laminin. A, Immu- 
noblot showing the actin, cY-tubulin, and 
neurofilament (NF68) content of solu- 
ble (s) and cytoskeleton (C) fractions 
after extraction in CSB. Over 50% of 
the tubulin and actin, and essentially 
all of neurofilament protein, are re- 
tained with the cytoskeleton from cells 
grown under the two conditions. Total 
amounts of soluble and cytoskeletal 
proteins were electrophoresed on 10% 
polyacrylamide gels and probed on 
Western blots with monoclonal anti- 
bodies, and then visualized with an al- 
kaline phosphatase calorimetric reac- 
tion. On the right is indicated M, x 10’. 
B and C, Immunocytochemistry of cy- 
toskeletal ahosts from PC 12 cell growth 
cones on- laminin-coated cov&slips. 
Actin was visualized with rhodamine- 
conjugated phalloidin (B) or tyrosinat- 
ed tubulin with the monoclonal anti- 
body YL l/2 (C). Arrows indicate 
filopodia where tyrosinated microtu- 
bules extend to their tips. Scale bar, 20 
m. 
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numerous in transformed fibroblasts (Bershadsky et al., 1985; 
Nermut et al., 1991,) and normal rat astrocytes (Tawil et al., 
1993). It is not known whether the protein assemblies underlying 
these different contacts are similar. 

To understand how integrins in neuronal cells may function, 
we have chosen to study the sites of integrin+ytoskeleton in- 
teractions in PC12 cells. Studies of PC1 2 cells have provided 
details about neurite substrate interactions through cylpl and 
(~3@1 integrins (Tomaselli et al., 1988, 1990; Letourneau et al., 
1992) and have served as a model to study the assembly of the 
cytoskeleton and signal transduction pathways during neurite 
.outgrowth. We have compared the distribution and morphology 
of integrin receptors in detergent-extracted cells grown in the 
presence or absence of ligand to determine how cell-substrate 
interactions influence the association of (Y 1 p 1 and (r3p 1 integrins 
with the cytoskeleton. We report here that Pl, al, and 013 in- 
tegrins are present in point contacts in PC 12 cells, but that only 
the cy l/3 1 receptor forms a tight association with the cytoskeleton 
on the lower surface of cells grown on laminin or collagen. 
Furthermore, the protein composition of point contacts is dis- 
tinct from that of focal contacts present in other cell types. 

Materials and Methods 
Cell culture. PC12 cells obtained from ATCC were cultured in RPM1 
1640 containing 10% heat-inactivated horse serum, 5% fetal bovine 

serum, 25 U/ml penicillin, and 25 &ml streptomycin (GIBCO-Be- 
thesda Research Labs, Burlington, Ontario) (Greene et al., 1987). Cell 
stocks primed with NGF were used for all experiments unless stated, 
and were obtained by growing cells for 1 week in medium with 50 ng/ 
ml 2.5s NGF (UBI, Lake Placid, NY). Cells maintained in suspension 
were incubated with gentle shaking in flasks coated with 10 mg/ml BSA. 
Cells grown on adhesive substrates were plated onto 100 mm dishes 
coated with one of the following substrates: (1) 15 &ml rat tail collagen 
in 70% ethanol, dried onto plates overnight~(Greene et al., 1987);(2) 
20 &ml laminin uurified from Enaelbreth-Holm-Swarm sarcoma in- 
cubated in PBS (0:OlO M phosphatebuffer, pH 7.4, 0.140 M NaCl) for 
2 hr; (3) 500 pg/ml poly-L-lysine (Sigma Chemical Co., St. Louis, MO) 
incubated in 0.2 M boric acid, 0.05 M sodium borate. DH 8.3 for 2 hr. 
The plates were washed before adding growth medium. Primary neu- 
ronal cultures were plated on laminin as described (Carbonetto et al., 
1987). 

Cytochalasin D at 0.010 M (Calbiochem, San Diego, CA) and col- 
chicine at 0.050 M (Sigma) were prepared in 100% dimethyl sulfoxide 
and used at 1: 1000 dilution in the culture medium. 

Antibodies. Monoclonal antibody 3A3 (IgG affinity purified), called 
here anti-al antibody, was raised against PC1 2 cells (Turner et al., 1989) 
and recognizes the or1 integrin subunit (Tawil et al., 1990, Tomaselli et 
al., 1990). Polyclonal anti-p1 antiserum was made to a purified rat 81 
integrin subunit (Tawil et al., 1990). Polyclonal anti-a3 antibody (IgG 
affinity purified) was prepared against a peptide derived from the cy- 
toplasmic domain sequence of the chicken cu3 integrin (de Curtis et al., 
1991), and was a gift from Dr. Louis F. Reichardt, University of Cal- 
ifornia, San Francisco. Monoclonal antibodies against cu-tubulin (clone 
DM 1 A), vinculin (clone hVIN- l), talin (clone 8d4), and NF68 (clone 
NR4) were obtained from Sigma Chemical Co. (St. Louis, MO), and 
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Figure 2. Analysis of the distribution of /3 1, (~1, and ~y3 integrin subunits in soluble and cytoskeleton fractions. PC 12 cells cultured in suspension 
(WSP), or on collagen (COLL), laminin (LM), or polylysine (PL) were extracted with CSB and the soluble (s) and cytoskeleton (C’) fractions 
obtained were electrophoresed on 7Oh polyacrylamide gels. Proteins transferred to nitrocellulose were probed with anti-81 (A), anti-al (B), or anti- 
(r3 (C) antibodies followed by alkaline phosphatase-conjugated second antibodies and NBT/BCIP (A and B) or 12SI-labeled second antibody (C). 
Only on laminin and collagen substrates are /31 and al subunits from attached PC12 cells retained with the cytoskeleton. The a3 subunit was 
solubilized under all growth conditions. To the right is indicated M, x 10’. Histograms on the right show the relative amounts of subunits within 
any one set of cultures (SUP, COLL, LA4 or PL) by summarizing densitometric data + SD from at least three different blots that were visualized 
with iodinated second antibodies. Y-axis is the percentage of total integrin protein found in the soluble (s) or cytoskeletal (C) fractions. 

anti-focal adhesion kinase (~125~~~) antibody (clone 2A7) was pur- 
chased from UBI (Lake Placid, NY). Actin was detected with rhoda- 
mine-phalloidin (Sigma) or with a monoclonal antibody (clone C4) from 
Boehringer Mannheim Canada Ltd. Tyrosinated tubulin was detected 
with the YL l/2 monoclonal antibody (Serotec, UK). 

Cell extraction. The cytoskeleton stabilizing buffer (CSB) used to ex- 
tract cells contained 0.010 M PIPES, pH 6.8, 0.050 M KCl, 0.010 M 
EGTA, 0.003 M MgCl,, 2 M glycerol, 0.00 1 M PMSF, 50 fig/ml leupeptin, 
50 &ml aprotinin, and 1% TX-100. The buffer was warmed to 37°C 
before addition to cells, and the detergent:protein ratio (w/w) ranged 
between 1O:l and 12:l. 

Cells grown in suspension for l-2 d (10’ cells) were collected by 
centrifugation and washed once with Hanks’ balanced salt solution (HBSS) 
at 37°C. The pellet was gently resuspended and extracted for 2 min in 

2 ml CSB at 37°C. The insoluble cytoskeleton and soluble proteins were 
separated by centrifugation at room temperature for 3 min at 5000 x 
g. The pellet was resuspended using a syringe with a 25 gauge needle 
in 2 ml of solubilization buffer (SB) composed of 0.0 10 M Tris-HCl, pH 
7.4,0.010~NaCl,0.003~MgCl,, l%TX-100,0.5%SDS,lrn~PMSF, 
50 &ml leupeptin and 50 &ml aprotinin, and clarified by centrifu- 
gation at 15,000 x g at 4°C for 5 min. 

Cells grown on collagen, laminin, or polylysine for 2 d (about 3 x 
lo6 cells/dish) were rinsed once with HBSS, once with CSB without 
TX-100, and extracted for 2 min with 2 ml of CSB at 37°C. The sol- 
ubilized material was gently removed and centrifuged at room temper- 
ature for 3 min at 5000 x g. The adherent cytoskeletons were gently 
rinsed with 2 ml of CSB 37°C without TX-100 and then scraped into 
2 ml of CSB buffer. This sample was passed through a 25 gauge needle 
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several times and centrifuged to clarify the solubilized cytoskeleton. 
Soluble and cytoskeleton fractions were diluted with l/3 vol of 3 x gel 
sample buffer with or without 2-mercaptoethanol. 

Immunoblotting. Equivalent volumes of the soluble and cytoskeleton 
fractions (30-50 pg protein/lane) were separated by SDS-PAGE, trans- 
ferred to nitrocellulose for 70 min at 100 V in 0.020 M Tris, 0.150 M 
glycine, pH 8.3, 20% methanol, and 0.1% SDS, and fixed to the nitro- 
cellulose filters with 25% isopropyl alcohol, 10% acetic acid for 15 min. 
Filters were blocked with 3% BSA in TBS (0.050 M Tris-HCl. nH 7.4. 
0.150 M NaCl). Primary antibodies were incubated overnight in TBS; 
1% BSA. and 0.1% Nonidet P40. Immunocomolexes were detected 
either using alkaline phosphatase-conjugated second antibodies and 
NBT/BCIP substrates (Schoenfeld et al., 1989), peroxidase-conjugated 
second antibodies followed by 1: 1 mix of reagents for enhanced che- 
miluminescence (Amersham Canada Ltd., Oakville, Ontario), or in- 
cubation with 0.5 pCi/ml 12SI-conjugated protein A or anti-mouse an- 
tibody (ICN Biomedicals Canada Ltd.). Autoradiograms were analyzed 
bv densitometrv (U.S. Biochemicals SciScan 5000. Cleveland. OH). 
- Immunojluo~e&ence and confocal microscopy. About 5 x lb3~ N&F- 

primed PC 12 cells were plated on coverslips coated with laminin. Cells 
were cultured for 48 hr before being processed as either whole cells or 
cytoskeletons. For whole-cell preparations the cells were rinsed twice 
with PBS and then fixed at room temperature for 15 min with 3.7% 
paraformaldehyde in 0.10 M phosphate buffer, pH 7.4. For cytoskeleton 
preparations, the cells were rinsed with CSB without TX-100, extracted 
for 2 min with CSB containing 0.5% TX-100, rinsed gently with CSB 
without TX-100, and fixed as above. Cells grown in suspension were 
fixed and then plated onto poly-L-lysine-coated coverslips. All fixed 
specimens were incubated with 0.10 M glycine in 0.050 M Tris-HCl (pH 
7.4) 20 min, and then 3% BSA in PBS 30 min. Primary antibodies and 
FITC- or rhodamine-coniusated second antibodies (Jackson Immu- 
noresearch Labs, Inc., West Grove, PA) were incubatedat 37°C in steps 
of 60 min each. Modifications to this sequence were the following: (1) 
the anti-01 antibody was diluted in culture medium, incubated with 
alive cells for 45 min at 37”C, and washed three times with PBS before 
processing as for whole cells or cytoskeletons; (2) the ant&3 antibody 
incubation was carried out in whole cells permeabilized with 0.5% TX- 
100 in PBS for 2 min after fixation. All specimens were mounted in 
85% glycerol containing 1 mg/ml paraphenylenediamine in 0.20 M Tris- 
HCl buffer, pH 8.5. 

Slides were analyzed with a conventional epifluorescence microscope 
(Nikon Canada Instruments Inc.) or with a confocal laser scanning 
microscope (Leica Canada Inc.) using a Neofluor 100 x , 1.32 NA ob- 
jective. Confocal images were photographed from the monitor screen 
using Kodak TMAX 100 ASA film, and epifluorescence micrographs 
were taken with Kodak TMAX P3200 film. 

Results 
Distribution of integrin subunits in detergent-resistant 
cytoskeletons and soluble extracts 
Integrin receptor interactions with the cytoskeleton were ana- 
lyzed in PC12 cell cultures extracted with a cytoskeleton-sta- 
bilizing buffer (CSB) containing 1% T&on-X 100. This buffer 
leaves behind a cellular ghost containing nuclei and polymerized 
cytoskeletal proteins while extracting most membrane and cy- 
tosolic proteins. To confirm whether the extraction procedure 
efficiently retained cytoskeletal proteins under different culture 
conditions, the presence of cu-tubulin, actin, and neurofilament 
protein was assessed. Essentially, all of the neurofilament and 
about half of the total actin and cu-tubulin were retained in the 
cytoskeletal ghosts prepared from cells grown in suspension (Fig. 
1A). Moreover, following treatment of cells attached to collagen 
(Fig. 1B) or laminin (not shown) with CSB, the actin and neu- 
rotilament were similar to that of cells in suspension while tu- 
bulin was more enriched in cytoskeletons. These results are 
consistent with previous data (Morris and Lasek, 1984; Drubin 
et al., 1988) and show that the expected amounts of these pro- 
teins are retained with the cytoskeleton under our extraction 
conditions. Further, tyrosinated microtubules, the dynamic mi- 
crotubule population (Arregui et al., 1991) (Fig. 1C) and pol- 
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Figure 3. Disruption of interactions between integrin receptors and 
the cytoskeleton by colchicine or cytochalasin D. PC 12 cells grown on 
collagen were incubated with either 10 PM cytochalasin D (CD) or 50 
FM colchicine (COLCH) in 0.1% DMSO, or 0.1% DMSO (COiV) as 
control, for 2 hr before extraction. Soluble (s) and cytoskeleton (C) 
fractions were separated by electrophoresis, transferred to nitrocellulose, 
and probed with anti-p1 antibody. Immunoreaction was visualized by 
enhanced chemiluminescence. To the right is indicated M, x 103. 

ymerized actin (Fig. 1B) were well preserved and visible in some 
growth cone filopodia. 

Antibodies specific for the three known integrin receptor sub- 
units in PC1 2 cells (Tomaselli et al., 1988) were used to probe 
Western blots. The specificity of the monoclonal anti-a 1, and 
the polyclonal anti-a3 and anti-p 1 antibodies used in this study 
have been characterized previously (Turner et al., 1989; Tawil 
et al., 1990; Tomaselli et al., 1990; de Curtis et al., 1991). The 
anti-p1 antibody recognized the pl subunit as a major band at 
135 kDa, and other minor bands at about 116 kDa, after sep- 
aration under reducing conditions (Fig. 2A). These additional 
Pl bands might represent under glycosylated forms of the pl 
subunit (Akiyama and Yamada, 1987) that were not detected 
previously by immunoprecipitation of surface-labeled proteins 
from rat astrocytes (Tawil et al., 1993). The oil subunit was 
detected as a single band of 180 kDa under reducing conditions 
(Fig. 2B). The (~3 subunit, examined under nonreducing con- 
ditions, was identified as a single band of 150 kDa (Fig. 2C). 
Extraction of cells grown in suspension or on polylysine showed 
about 90% of the cul , (~3, and p 1 integrin subunits were present 
in the detergent-soluble fraction (Fig. 2). When cells were grown 
on either collagen or laminin, the a3 subunit distributed simi- 
larly into the soluble fraction (Fig. 2C), whereas about half of 
the 011 and p 1 subunits were retained with the detergent-resistant 
cytoskeleton (Fig. 2A,B). All of these experiments were done 
with PC 12 cells treated with NGF. Similar results were obtained 
with cells that were not treated with NGF. Thus, the integrins 
of cells in suspension are not strongly associated with the cy- 
toskeleton, and NGF treatment and adhesion of cells to poly- 
lysine is not sufficient to change the integrin distribution. Fol- 
lowing cell attachment to collagen or laminin, a portion of al 
Pl subunits appears to associate with the cytoskeleton, while 
the (~3 subunit remains in the soluble fraction. 

In further experiments, cells were incubated with cytoskeletal 
poisons prior to extraction to determine whether association of 
the otl and Pl integrin subunits with the cytoskeletal fraction 
was dependent on an intact microtubule or microfilament net- 
work. Both cytochalasin D and colchicine, compounds that dis- 
rupt microfilaments and microtubules, respectively, rendered 
most of the Pl (Fig. 3) and ~yl subunits detergent soluble. The 
effective disruption of microtubules and microfilaments by the 
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Figure 4. Confocal images showing the integrin localization in whole cells cultured in suspension (A and B) or attached to laminin (C-E). Cells 
were immunoreacted with anti-81 (A and C), anti-al (0) or anti-a3 (E) antibodies. A, The surface distribution of 81 immunoreactivity in three 
equatorial 0.7 pm optical sections, taken parallel to the coverslip, and summed. B, Second antibody control. C-E, Left panels show optical sections 
taken parallel to the substratum at the level of the lower cell surface. Note the uniform punctate distribution of the three integrin subunits. Right 
panels show optical sections of the same cells taken perpendicular to the substratum (arrowheads indicate the positions). Note that point contacts 
are uniformly present on the upper and lower cell surfaces. Scale bar, 20 Frn. 

drugs was confirmed by their effect on solubilizing much of the 
tubulin and actin, respectively. Therefore, the (Y 1 and p 1 subunit 
shift to the cytoskeletal fraction following adhesion requires an 
intact microtubule and microfilament framework. 

Integrin distribution on whole cells and insoluble cytoskeleton 
Integtin localization on the cell surface was studied to compare 
the distribution of the detergent-resistant and detergent-soluble 
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Figure 5. Distribution of pl, al, and (~3 integrin subunits in cytoskeletal ghosts of cells grown on laminin. Confocal analysis was performed after 
labeling with anti-81 (A) or anti-al (B) antibodies. A and B, The left panels show optical sections taken parallel to the substratum and at the level 
of the lower cell surface. The cytoskeleton retains abundant point contacts composed of 01 and al integrin subunits. Right panels show sections 
of the same cells taken perpendicular to the substratum (arrowheads indicate positions). Note the high density of point contacts at the lower cell 
surface and near absence on the upper surface. C and D, Double labeling with anti-al (C) and anti-a3 (D) antibodies shows that the a 1 subunit is 
retained with the cytoskeleton but (~3 immunoreactivity is lost. Scale bars, 20 pm. 

integrins. First, we examined the pl integrin immunoreactivity 
on the somata of unextracted cells maintained in suspension or 
grown on laminin. Confocal sections of cells cultured in sus- 
pension exhibited /31 immunoreactivity on the cell surface (Fig. 
4A). When cells were plated on collagen or laminin, a more 
uniformly distributed punctate immunoreactivity was observed 
(Fig. 4C). The same pattern of cell surface immunoreactivity 
was observed with the three antibodies to the different integrin 
subunits (Fig. 4C,D,E). All integrin immunoreactivity was 
punctate and resembled the point contacts described in other 

cells (Nermut et al., 199 1, Tawil et al., 1993). Elongated integrin 
immunoreactivity typical of focal contacts, was absent. Confocal 
sections taken vertical to the substratum (x,z-planes), showed 
that the punctate distribution of (Y 1, a3, and p; 1 subunits was 
uniform in both lower and upper surfaces ofthe cell (Fig. 4C,D,E, 
right panels) with some intracellular immunoreactivity to a3 
(Fig. 4E, right panel). 

The distributions of cytoskeleton-associated Pl and cul inte- 
grin subunits were examined on T&on-Xextracted cells that 
were grown on laminin. In parallel sections (x,y-plane) at the 
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Figure 6. Immunoreactivity to anti-61 integrin antibody of a growth 
cone of a dorsal root ganglion cell neuron. There is a uniform distri- 
bution of point contacts similar to those observed on PC12 cell growth 
cones. 

substratum interface, punctate immunoreactivity to /3 1 and (Y 1 
integrin subunits was observed (Fig. 5A,B). The density of the 
integrin deposits was higher at the cell periphery than at the 
center of the cell body (Fig. S&B). Moreover, labeling was as- 
sociated only with the lower cell surface (x,z-plane; Fig. 5A,B, 
right panel). The integrins on the upper surface were removed 
by the detergent, presumably because they are not strongly as- 
sociated with the cytoskeleton. No immunoreactivity to cu3 re- 
mained after detergent extraction (Fig. SD), in accordance with 
the results obtained by Western blotting (Fig. 2). 

To determine if integrin localization to point contacts was 
present in primary cultures of neurons, we examined chick dor- 
sal root ganglion cells. As observed for PC12 cells, there was 
no evidence of focal contact. The pl immunoreactivity was 
restricted to point contacts uniformly distributed over the growth 
cone surface (Fig. 6). 

Integrin distribution compared to vinculin, talin, and p12SFAK 
Focal contacts in non-neuronal cells contain a characteristic 
repertoire of proteins (Burridge et al., 1988). To determine 
whether the punctate integrin complexes on PC1 2 cells had 
similar protein composition to the integrin aggregations that 
have been characterized at sites of focal contacts in other cells, 
we examined by immunocytochemistry the distribution of vin- 
culin, talin, and ~125~~~. In whole cells that were fixed before 
permeabilization, a grainy distribution of vinculin was ob- 
served, with bright spikes of immunoreactivity at the tips of the 
filopodia. In cytoskeletal preparations, vinculin showed only a 
partial colocalization with integrin receptors (Fig. 7A-D). Co- 
incident immunoreactivity was restricted to some portions of 
the cell periphery and the tips of some growth cone filopodia. 
There was no specific colocalization of vinculin with /31 integrin 
over other peripheral regions or the entire central region of the 
cell (Fig. 7C,D). 

Talin immunoreaction was grainy in whole PC 12 cells and 
in extracted cytoskeletons. There was no specific accumulation 
of talin within punctate deposits where integrin receptors were 
clustered (Fig. 7E-H). The monoclonal antibody against talin 
used in this study stained focal contacts in chick fibroblasts, and 
in PC12 cells it recognized on Western blots a band of the 
expected apparent molecular weight of 225 kDa. 

The protein p 1 2YAK is a tyrosine kinase that colocalizes with 
integrin receptors at sites of focal contacts (Komberg et al., 199 1; 
Schaller et al., 1992). To examine if this kinase was a component 
of point contacts, too, we used double immunofluorescence with 
the anti-@1 antibody and anti-p125FAK antibody. We observed 
the typical punctate staining for the 01 subunit (Fig. 8B) but no 
immunoreactivity for the p 1 25FAK protein (Fig. 8A). To confirm 
the absence of staining of point contacts, we examined rat as- 
trocytes that have both focal contacts and point contacts (Tawil 
et al., 1993). In these cells, strong immunoreactivity for p 125F*K 
was observed at sites of focal contact in contrast to the lack of 
immunoreactivity of the point contacts (Fig. 8C,D). 

Discussion 
Previous studies have reported that integrins function in cell 
matrix adhesion in PC12 cells (Tomaselli et al., 1988, 1990; 
Turner et al., 1989). The cvl@l is the dominant integrin-medi- 
ating neurite outgrowth, and the a3P 1 heterodimer is a relatively 
weak receptor (Tomaselli et al., 1990). In the present work, we 
have explored, the distribution of integrins on PC1 2 cells, their 
association with the cytoskeleton, and factors that control the 
association. Our results indicate that unlike focal contacts in 
well-spread non-neuronal cells, integrins on PC 12 cells are found 
in a punctate distribution uniformly over the cell surface. These 
punctate deposits lacked talin, and ~125~~~ colocalization, and 
many lacked vinculin. Therefore, the cytoskeletal assembly that 
underlies PC 12 cell point contacts on cell bodies and growth 
cones is distinct from that of the focal contacts observed in other 
cells. Although there were no obvious focal contacts observed 
by anti-integrin immunocytochemistry, the codistribution of 
vinculin and integrin at the cell periphery and tips of the filo- 
podia suggests that these sites may be functionally equivalent 
to focal contacts. However, all point contacts on the lower cell 
surface are potential sites of integrin association with the de- 
tergent-resistant cytoskeleton because crl and @l subunits were 
retained uniformly on the basal cell surface following extraction 
with nonionic detergents. In contrast, ar3/?1 heterodimers, which 
like o( 1P 1 heterodimers recognize laminin, associate only weakly 
with the cytoskeleton. The differential retention of these laminin 
receptors with the cytoskeleton appears to reflect the efficacy of 
these two integrins in binding to ligands in the substratum (dis- 
cussed below) and in mediating cell substratum attachment in 
PC12 cells (Tomaselli et al., 1990). 

Point contacts 
In non-neuronal cells, strong cell adhesion occurs through in- 
tegrin receptor linkages to the cytoskeleton at sites of focal con- 
tacts (Bunidge et al., 1988). Focal contacts have been studied 
extensively and their structure has proven valuable in identi- 
fying candidate proteins associated with integrins. However, 
other integrin-containing structures, termed point contacts, po- 
dosomes, or rosette adhesions, have been reported to coexist 
with focal contacts, with the latter being more prevalent in trans- 
formed cells (Burridge et al., 1988; Otto, 1990). It has been 
noted in several studies that these point contacts in non-neu- 
ronal cells exhibit some structural differences from focal contacts 
(But-ridge et al., 1988; Nermut et al., 199 1) and, more recently, 
that integrins in point contacts function in substratum adhesion, 
especially during early stages of cell spreading (Tawil et al., 
1993). 

We report here that in at least some neural cells pl integrins 
are found exclusively in point contacts. Point contacts are pres- 



Figure 7. Distribution of pl integrin, talin, and vinculin in cytoskeletal ghosts: double immunofluorescence using the anti-81 (4, C, E, and G) 
and anti-vinculin (B and D) or anti-talin (F and H) antibodies. Note the codistribution of 81 and vinculin in point contacts at the cell margin and 
neurite tips, but an absence of colocalization in the central region of the cell. Talin shows a reciprocal pattern to vinculin, but there is not obvious 
colocalization with 81 in point contacts. Scale bar, 20 pm. 

ent on the cell body, neurites, and growth cones of PC12 cells, 
as well as primary neurons in culture. Consistent with these 
observations on the absence offocal contacts in neurons cultured 
on laminin, interference reflection optical studies show few 
regions ofclose growth cone-substratum apposition, and regions 
of membrane associated with substrate appear as dark spots 
(Gunderson, 1988; Zheng,et al., 1993). 

The functional role of point contacts is controversial. Based 
on their appearance in transformed cells, and because the nor- 
mal cells in which they are found tend to be invasive and express 
proteases at their cell surface, it has been suggested that they 
may be involved in local degradation of ECM (But-ridge et al., 
1988). Another suggestion is that they are a normal adhesion 
structure found in highly motile cells (Nermut et al., 199 1). The 

results of studies on carcinoma cell adhesion and spreading have 
suggested that integrins in point contacts are unable to interact 
with the cytoskeleton (Wayner et al., 1991). Recent antibody 
blocking experiments performed with astrocytes that express 
both point contacts and focal contacts demonstrate that point 
contacts can be functional sites of adhesion (Tawil et al., 1993). 
Our finding that point contacts are the only integrin-containing 
adhesion structure in PC1 2 cells, and that anti-integrin anti- 
bodies block PC1 2 cell adhesion (Turner et al., 1989), strongly 
supports the notion that point contacts are functional in cell 
attachment and growth cone motility. 

Talin and ~125~~~, both components of focal contacts, do not 
colocalize exclusively with integrins at point contacts. The an- 
tibodies used for these studies recognized proteins from PC12 
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cells of the appropriate molecular weight (data not shown), and 
labeled focal contacts in fibroblasts or astrocytes. Talin im- 
munoreactivity was present in PC 12 cells, as previously reported 
(Letourneau and Shattuck, 1989) but the overall grainy distri- 
bution was more suggestive of a generalized localization to the 
membrane cytoskeleton, than to selective localization within 
point contacts. The complete absence of pl 2SAK from point 
contacts in both PC 12 cells and astrocytes raises the possibility 
that an alternate nonreceptor tyrosine kinase, perhaps one of 
the several known to be enriched in growth cones (Bixby and 
Jhabvala, 1993) may play a role in point contact function. 

Vinculin immunoreactivity was restricted to the cell periphery 
(Halegoua, 1987), where it tended to overlap with contacts pres- 
ent at the cell periphery and the tips of filopodia, a finding that 
raises the possibility that two distinct classes of point contact 
exist with respect to the presence or absence of vinculin. These 
vinculin foci may represent the strongest adhesion sites because 
they are particularly resistant to loss during detergent extraction 
(see Fig. 7A,B). Other investigations have shown that vinculin 

Figure 8. Differences in immunoreac- 
tivity to ~125~~~ in PC12 cells and as- 
trocytes. PC 12 cells grown on Iaminin 
(4 and B) or rat astrocytes grown on 
polylysine (C and D) were double la- 
beled with anti-81 (B and D) and 
anti-p 1 2SAK antibodies (4 and C). Im- 
munoreactivity to p 1 25FAK is present at 
focal contacts in astrocytes, but is ab- 
sent from point contacts in both astro- 
cytes and PC12 cells. Scale bar, 20 pm. 

is absent from highly motile structures (invadopodia) formed 
by transformed cells (Mueller et al., 1989) and from point con- 
tacts in astrocytes (Tawil et al., 1993). We report here that many 
point contacts do not colocalize with vinculin. Therefore, in 
neurons, the main adhesion structure exhibits striking differ- 
ences from those of the better characterized focal contacts (Bur- 
ridge et al., 1988; Luna and Hitt, 1992). 

D@erences between al and 03 association with the 
detergent-resistant cytoskeleton 
Prior studies have identified (Y 1 p 1 and a3@ 1 as the two p 1 in- 
tegrin heterodimers and characterized their relative contribu- 
tions to PC12 cell adhesion to laminin and collagen (Turner et 
al., 1989; Tomaselli et al., 1988, 1990). Here we have explored 
the ability of these two heterodimers to associate with the cy- 
toskeleton before and after cell attachment. On collagen or lam- 
inin but not on polylysine, half of the (~1 and half of the pl 
integrin subunits were retained with the Triton X- IOO-insoluble 
cytoskeleton. This biochemical result is consistent with confocal 



6976 Arregui et al. * I&grin-Cytoskeleton Interactions in PC12 Cells 

studies where only integrins on the basal cell surface were found 

mained soluble under our experimental conditions. This result 

to be retained with the cytoskeletal ghosts. The integrin receptors 
on unattached cells and the upper cell surface of attached cells 
were detergent soluble. The a3 subunit, however, always re- 

of functional laminin receptors on retinal ganglion cells is regulated 

J Cell Biol 113:4054 16. 

by their target tissue, the optic tectum. Development 107:381-387. 
de Curtis I, Quaranta V, Tamura RN, Reichardt LF (199 1) Laminin 

receptors in the retina: sequence analysis of the chicken integrin 016 
subunit. Evidence for transcriptional and posttranslational regulation. 

suggests that either the detergent disrupted the noncovalent links 
between the ot3 and @l monomers or that the complete cu3/31 
heterodimeric receptor was detergent soluble. We favor the lat- 
ter interpretation because cu3/31 heterodimers are routinely im- 
munoprecipitated from PC1 2 cells following extraction with 
nonionic detergents (Tomaselli et al., 1990, 1993). This rela- 
tively poor association of ~~301 with the cytoskeleton would 
suggest that the generally weak efficacy of (~3/31 in cell attach- 
ment is not simply a function of low affinity for a particular 
laminin isoform (Tomaselli et al., 1993) but additionally results 
from weak associations with the cytoskeleton. 

Finally, our data allow us to fill in several details of integrin- 
substratum adhesion in neurons. In prior models, it has been 
unclear whether integrins are constitutively linked with the cy- 
toskeleton recruited into substratum contacts by interaction with 
immobilized ligands or whether attachment triggers cytoskeletal 
association. Our data support the latter model by showing that 
all integrins are found in the detergent-soluble pool prior to 
attachment, but following attachment to laminin or collagen 
they associate tightly with the cytoskeletcn. Consistent with this, 
only those integrins at the lower cell surface are retained with 
the cytoskeleton. Moreover, since attachment of PC12 cells to 
polylysine is relatively ineffectual at transducing these events, 
it appears that ligand-coated substrata are necessary. We reason, 
then, that integrins on filopodia extending unattached from the 
margins of growth cones have integrins uniformly in small ag- 
gregates on their surfaces. Interaction with an immobilized li- 
gand then triggers association with the cytoskeleton and, pos- 
sibly at the same time, contractile events responsible for pulling 
(Heidemann et al., 1990) the growth cone over the substratum. 
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