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Laminin Receptors in the Retina: Sequence Analysis of

the Chick Integrin oz Subunit

Evidence for Transcriptional and Posttranslational Regulation

Ivan de Curtis, Vito Quaranta,* Richard N. Tamura,* and Louis F. Reichardt

Department of Physiology, and the Howard Hughes Medical Institute, University of California San Francisco,
San Francisco, California 94143-0724; and * Department of Immunology, Research Institute of Scripps Clinic,

La Jolla, California 92037

Abstract. The integrin a3, is a prominent laminin
receptor used by many cell types. In the present work,
we isolate clones and determine the primary sequence
of the chick integrin o subunit. We show that a3, is
a prominent integrin expressed by cells in the develop-
ing chick retina. Between embryonic days 6 and 12,
both retinal ganglion cells and other retinal neurons
lose selected integrin functions, including the ability
to attach and extend neurites on laminin. In retinal

ganglion cells, we show that this is correlated with a
dramatic decrease in as MRNA and protein, suggest-
ing that changes in gene expression account for the
developmental regulation of the interactions of these
neurons with laminin. In other retinal neurons the ex-
pression of o mMRNA and protein remains high while
function is lost, suggesting that the function of the
a1 heterodimer in these cells is regulated by post-
translational mechanisms.

face molecules are involved in the regulation of neu-

ronal differentiation during the development of the
nervous system. The extracellular matrix glycoprotein lami-
nin (LN)' is able to stimulate neurite outgrowth by diverse
peripheral and central nervous system neurons (Baron von
Evercooren et al., 1982; Lander et al., 1983; Manthorpe et
al., 1983; Rogersetal., 1983; Smalheiser etal., 1984; Adler
et al., 1985). A developmentally regulated change in re-
sponse to LN has been described for chick neural retinal
cells (Cohen et al., 1986; Hall et al., 1987). Embryonic day
6 (E6) neural retinal cells attach and spread on LN, extend-
ing long neurites within 24 h in culture. In contrast, most of
embryonic day 12 (E12) neural retinal cells are neither able
to adhere nor to extend neurites on LN.

The mature vertebrate retina contains many different neu-
ronal cell types. The retinal ganglion cells (RGCs) are the
only cell type that extend axons out of the retina into the
brain. During chick development the first RGCs extend
axons towards the tectum, beginning before embryonic day
3. LN has been found to be present along the pathway fol-
lowed by RGC axons, within the retina and in the optic path-
way to the tectum (Mc Loon, 1984; Adler et al., 1985; Co-
hen et al., 1987; Halfter and Fua, 1987). The distribution
of LN within the retina suggests a crucial role of this protein
in axon extension during early development of the optic fiber

DFFERENT kinds of extracellular matrix and cell sur-

1. Abbreviations used in this paper: CMF-PBS, Ca*™- and Mg**-free PBS;
LN, laminin; RGC, retinal ganglion cell.
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layer (Halfter and Fua, 1987). At later stages LN disappears
from the optic pathway. At the same time, the response of
RGCs to LN when assayed in vitro decreases. By E12 most
of the RGC axons have reached the tectum (Rager, 1980),
and this seems to correlate with the loss of the ability of
many E12 retinal cells to spread and grow neurites on LN
in vitro (Hall et al., 1987).

The involvement of an integrin receptor in the adhesion of
neural retinal cells to LN is indicated by the fact that the
monoclonal antibody CSAT against the chick integrin 8,
subunit is able to inhibit virtually all cell attachment and
neurite outgrowth by E6 neural retinal cells and RGCs on LN
in vitro (Buck et al., 1986; Cohen et al., 1987; Hall et al.,
1987). The same cells continue to express integrins and re-
main able to bind at least some extracellular matrix constitu-
ents (Hall et al., 1987). Since these neurons exhibit changes
during development in their ability to interact with LN, inte-
grin function in these cells must be regulated.

Integrins are noncovalently associated a8 heterodimers
which represent the primary receptors used by many cells to
interact with the extracellular matrix (see Hemler, 1990, for
a review). At least seven different ¢ subunits associate with
the 8, subunit to form receptors with different ligand bind-
ing specificities. Four of these « subunits, «;, a2, a3, and
o, form o3 heterodimers able to function as LN receptors.

The aim of the present study was to examine the expres-
sion and the regulation of LN-binding integrins in the de-
veloping chick retina. Using a panel of antibodies to a, a,
o3, and og, we found that o3, and o are expressed by de-
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veloping retinal cells. o levels were seen to decrease with
age, suggesting that downregulation of o expression ac-
counts in part for the loss of responsiveness to LN. We iso-
lated and sequenced clones encoding the chick as subunit
by using a cDNA clone of the human a; subunit (Tamura et
al., 1990). Using the as cDNA, and specific antibodies, we
have examined the developmental expression of this protein
at the transcriptional and translational level. Upon fraction-
ation of retinal cells on a density gradient, we have found that
o expression is most dramatically regulated in the highly
purified fraction of RGCs.

Materials and Methods

Reagents and Solutions

White leghorn chicken eggs were purchased from Feather Hill Farm (Peta-
luma, CA). Nitrocellulose filters were from Schieicher & Schuell Inc.
(Keene, NH). Restriction enzymes and Klenow fragment of DNA polymer-
ase were from New England Biolabs (Beverly, MA) and Boehringer Mann-
heim Diagnostics, Inc. (Houston, TX). Sequence enzyme, reagents for se-
quencing, and random hexanucleotide primers were from kits supplied by
U.S. Biochemical Corp. (Cleveland, OH). [a-**S]JdATP and [y->2P]dCTP
were from Amersham Corp. (Arlington Heights, IL). p-[6-*H(V)}-glu-
cosamine hydrochloride and EN*HANCE were from NEN, DuPont Co.
(Wilmington, DE). Percoll, protein A-Sepharose CL-4B, and CNBr-Sepha-
rose CL-4B were from Pharmacia LKB Biotechnology Inc. (Piscataway,
NJ). Other chemicals were purchased from Sigma Chemical Co. (St. Louis,
MO). Protein determination was performed according to Bradford (1976)
using a Bio-Rad kit (Bio-Rad Laboratories, Richmond, CA). Denhardt’s solu-
tion (1x) is 0.02 % Ficoll type 400, 0.02% BSA, 0.02 % polyvinylpyrrolidone.

Isolation of cDNA Clones

An embryonic day-10 chicken cDNA library in Agtl0 was obtained from Dr.
C. Nottenburg (Fred Hutchinson Cancer Research Center, Seattle, WA),
and an embryonic day-13 chicken brain library in Agtl0 was obtained from
Dr. B. Ranscht (Cancer Research Institute, La Jolla, CA). The libraries
were plated on Escherichia coli strain Y1089, and replica filters were
screened at low stringency according to a modified procedure of Church and
Gilbert (1984). Prehybridization were carried out for 7 h at 38°C in 7%
SDS, 15% formamide, 1 mM EDTA, 1% BSA, 001% salmon sperm DNA,
0.2 M sodium phosphate buffer, pH 7.0. Hybridizations were performed for
12 h at 38°C in fresh aliquots of the same buffer with the denatured probes.
The probes were prepared from gel-purified restriction fragments using the
random priming method of Feinberg and Vogelstein (1983), using 50 uCi
of [y-*?P}dCTP for each probe. The phage library screenings involving
high stringency hybridization were performed as described in Maniatis et
al. (1982). The first screening of the chicken cDNA libraries performed at
low stringency were performed using three gel-purified restriction frag-
ments from a human o cDNA clone (Tamura et al., 1990). The filters
were washed five times for 15 min at 45°C in 0.1% SDS, 300 mM sodium
chloride, 30 mM sodium citrate, pH 7.0, and one time for 2 min in 30 mM
sodium chloride, 3 mM sodium citrate, pH 7.0, before autoradiography.

DNA Sequencing

c¢DNAs were subcloned in Mi3 mpl 8 or mpl9 (Messing, 1983). Sequencing
was according to the dideoxy chain termination method (Sanger et al.,
1977) from their extremities, and by extension using specific oligonucleo-
tides. The nucleotide sequence displayed in Fig. 5 has been determined on
both strands of two independent and overlapping clones, by reconstituting
a linear sequence from overlapping stretches. The nucleotide and amino
acid sequence analyses were performed with the PCGENE programs (Intel-
ligenetics Corp., Mountain View, CA).

Antibodies and Protein Purification

Hybridoma cells secreting CSAT antibodies were a kind gift from Dr. A. F.
Horwitz, University of Pennsylvania, Philadelphia, PA, and were grown as
described (Neff et al., 1982). Antibodies were purified from ascites on pro-
tein A-Sepharose CL4B columns as previously described (Hall et al.,
1987). The monoclonal antibody against chick G4 protein was a kind gift
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of Dr. F. Rathjen, Zentrum fiir Molekulare Neurobiologie, Hamburg, Fed-
eral Republic of Germany.

Oligopeptides corresponding to the last 35 carboxy-terminal amino acids
of the human as protein, to an amino-terminal cysteine plus the last 24
carboxy-terminal amino acids of the chicken a3 integrin (Hynes et al.,
1989), and to an amino-terminal cysteine plus the last 15 carboxy-terminal
amino acids of the rat «; integrin (Ignatius et al., 1990) were synthesized
at the Howard Hughes Medical Institute by Dr. C. Turk. 34 of the 35
residues of the human o peptide are identical to the chick g cytoplasmic
tail. The peptides were coupled to sulfo-MBS (Pierce Chemical Co., Rock-
ford, IL) activated KLH (Calbiochem-Behring Corp. San Diego, CA). Rab-
bits were immunized with the KLH-peptide complex in Freund’s complete
adjuvant and boosted with the antigen in Freund’s incomplete adjuvant at
Caltag Laboratories (South San Francisco, CA). The a;- and as-specific
antibodies were affinity purified on a peptide-thiopropyl-Sepharose CL-4B
column, while an IgG fraction was prepared from the anti-a3 serum. An
affinity-purified polyclonal antibody against the last 12 carboxy-terminal
amino acids of the human a» integrin was kindly provided by Dr. John A.
McDonald (Washington University Medical Center, St. Louis, MO). The
polyclonal antibodies against the chicken integrin 8; subunit were raised
against the last 23 carboxy-terminal residues of this protein as described by
Tomaselli et al. (1988).

LN was purified from Engelbreth-Holm-Swarm sarcoma as published
(Timpt et al., 1979).

RNA Analysis

Total RNA from E6 and E12 retinae or from cellular fractions thereof (pre-
pared as described in the next section) was prepared according to Chomc-
zynski and Sacchi (1987). 7.5-20 ug of total RNA for each sample were
electrophoresed using standard methods as described by Maniatis et al.
(1982) and transferred overnight by capillary action to nitrocellulose filters.
RNA blots were probed using standard hybridization techniques (Bossy and
Reichardt, 1990) with 50 ng of the gel purified 2.5 kb a5 cDNA fragment
C5 (see Fig. 4) which had been labeled according to Feinberg and Vogel-
stein (1983). RNA blots with same amounts of total RNA were probed in
parallel with a random labeled actin probe. Quantitation of bands from au-
toradiograms was made according to Suissa (1983). The values for the o
transcript were normalized to the corresponding values for the actin tran-
script, used as a control.

Retinal Ganglion Cells Isolation and Neurite
Outgrowth Assay

After dissection, E6 and E12 retinae were incubated for 5 min at 37°C in
0.2% hyaluronidase in Ca**- and Mg**-free PBS (CMF-PBS; PBS is 0.2
g/liter KCl, 0.2 g/liter KH,POq, 2.16 g/liter Na,HPO4, 8 g/liter NaCl, 0.1
mM CaCl;, 0.1 mM MgCl,) tissue pellets were resuspended in 0.1% tryp-
sin (Worthington Biochemical Corp., Freehold, NJ), 0002% DNase I in
CME-PBS, and digested for 8 min at 37°C. Digestion was stopped by adding
0.2% vol fetal calf serum. The pellets were washed once in F12 nutrient
mixture, and triturated in F12 containing 0.2% soybean trypsin inhibitor,
0002% DNase 1.

RGCs were isolated according to a modified procedure kindly provided
by Dr. J. E. Johnson, University of Arkansas, Little Rock, AR (personal
communication). The cell suspension obtained from the trypsinized retinae
was loaded on a discontinuous Percoll gradient prepared in a 50 mi tube
as follows: the bottom layer (d = 1.090) was obtained by mixing 4 ml! of
F12 medium and 5.65 ml of Percoll; the second layer (d = 1.060) was ob-
tained by mixing 6 ml of cell suspension in F12 with 3.8 ml of Percoll; the
third layer (d = 1.038) was obtained by mixing 8 m! of cell suspension in
F12 medium with 1.75 ml Percoll; the fourth layer (d = 1.017) was obtained
by mixing 8 ml of cell suspension in F12 medium with 0.84 ml Percoll; the
top layer was 9 ml of F12 medium. The gradients were centrifuged at 4°C
for 30 min at 1,800 rpm in a Sorvall HB-4 rotor (DuPont, Wilmington, DE).
The two visible bands were collected separately and washed once in F12
medium, and resuspended in F12 medium with additives (5§ um/ml insulin,
30 nM selenium, 25 ug/ml iron-saturated ovotransferrin, 100 ug/ml human
transferrin, 100 U/ml penicillin and streptomycin, according to Bottstein
et al., 1980). We called fraction I the lower density band (d = 1.017/1.038)
and fraction II the higher density band (d = 1.038/1.060). Fraction I con-
tained about 5% of the protein contained in the fraction II. Fraction I cor-
responded to a cell population enriched in RGCs. Typically 30-40 x E6
retinae or 10-15 x EI2 retinae were used for each preparation.

For the neurite outgrowth assay retinal cells or cells from fraction I and
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Figure 1. Immunoprecipitation of retinal cells with anti-3, anti-
bodies. Retinal cells were prepared by trypsinization of E6 (lanes
1 and 3) and El12 (lanes 2 and 4) chick retinae, as described in
Materials and Methods. Cells were metabolically labeled for 20 h
in the presence of [*H]glucosamine. For immunoprecipitation the
same amount of TCA-precipitable *H counts were used for each
lane. Immunoprecipitates were separated on 6% SDS-PAGE under
nonreducing conditions, and the gel processed for fluorography.
Lanes 7 and 2, immunoprecipitates with antibody against the cyto-
plasmic tail of 3;; lanes 3 and 4, immunoprecipitates with the ;-
specific monoclonal antibody CSAT. The arrowheads indicate the
major polypeptides coprecipitated together with 3;.

II of the Percoll gradient were plated at low density on glass coverslips pre-
viously coated with 20 pg/ml LN, as previously described (Hall et al.,
1987). After 12-h incubation at 37°C in a 5% CO, atmosphere, the cul-
tures were fixed with 3% paraformaldehyde in PBS and examined in the mi-
croscope.

Cell Attachment Assay with Retinal Cells

E6 and E12 retinae were dissected and dissociated as described in the previ-
ous section. Linbro/Titer plates (Flow Laboratories, Inc., McLean, VA) were
coated overnight with 25 ug/ml of LN, or with 1% poly-p-lysine in PBS
used as a positive control. Coated and uncoated (negative control) wells
were incubated for 2 h at room temperature with 1% BSA in PBS. Wells
were washed twice with PBS and ~200,000 retinal cells were added to each
well. Cells were incubated 1.5 h at 37°C in 5% CO, atmosphere. Unat-
tached cells were removed by the brisk addition of warm F12 medium fol-
lowed by gentle vacuum suction. The cells were fixed 10 min with 2%
glutaraldehyde. Cells were stained with crystal violet (0.5% in 20% metha-
nol) and washed with water (Bodary et al., 1989). After solubilization with
1% SDS, Asq was measured in each well. The percentage of ceils attached
to LN-coated wells was calculated as described by Hall et al. {1987).

Metabolic Labeling and Immunoprecipitation

Dissociated retinal cells were metabolically labeled by incubation for 20 h
at 37°C in 5% atmosphere in F12 medium with additives containing 250
uCi/ml of [*H]glucosamine. After labeling, the cells were removed from
the dish by gentle pipetting. When adherent cells were present, they were
harvested using a rubber policeman. The cells were washed in PBS and the
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pellets were resuspended in 5-10X vol lysis buffer (1% Triton X-100 in PBS,
containing 5 ug/ml of antipain, chymostatin, leupeptin, and pepstatin). Ly-
sates were spun for 10 min at 12,000 rpm in a refrigerated microfuge, and
the pellets were discarded. [*H]Glucosamine incorporation into protein
was determined after precipitation of aliquots of the lysates with 10% tri-
chloroacetic acid, by counting on an LS 3801 liquid scintillation counter
(Beckman Instruments, Inc., Palo Alto, CA). Aliquots of the lysates were
incubated overnight at 4°C with 10 ul of antiserum or 10-40 pg of affinity-
purified antibodies. Antigen-antibody complexes were precipitated with
protein A-Sepharose CL-4B beads for 1.5 h at 4°C. Immunoprecipitates
were washed eight times with lysis buffer and processed for SDS-PAGE as
described below. Fixed gels were treated with EN>HANCE, dried, and ex-
posed to Kodak XAR-5 film.

SDS-PAGE and Immunoblotting

Retinal celis were incubated overnight at 37°C in 5% CO; atmosphere in
F12 medium with additives to recover from trypsinization. Cells were har-
vested and lysates were prepared as described in the previous section.
Where indicated, whole retina samples were used. In this case, the dissected
retinae were immediately solubilized in lysis buffer. The lysates were mixed
with electrophoresis sample buffer and boiled for SDS-PAGE analysis
(Laemmli, 1970). Samples were run on 6% acrylamide gels under reducing
or nonreducing conditions.

For Western blot analysis proteins were electrophoretically transferred
from gels to nitrocellulose filters for 1-2 h at 500 mA. The filters were
blocked in blocking buffer (5% nonfat dry milk in 100 mM Tris-Cl, pH 7.5,
150 mM NaCl). Primary antibodies were diluted to 5-20 ug IgG/ml in
blocking buffer and the filters were incubated for 1 h at room temperature
(anti-« integrins polyclonal antibodies) or overnight at 4°C (anti-G4 mono-
clonal antibody). The filters were washed four times for 10 min in blocking
buffer. 0.1 xCi/ml of '*I-labeled anti-rabbit IgG antibodies (ICN Biomedi-
cals Inc., Irvine, CA) or 0.5 pg/ml alkaline phosphatase-conjugated anti-
mouse IgG antibodies (Promega Biotec, Madison, WI) were added, and the
filters were incubated for 1 h at room temperature. Filters incubated with
'B1-labeled antibodies were washed three times for 10 min with blocking
buffer containing 0.1% Triton X-100 and 002% SDS and once with CMF-
PBS. The filters were dried and exposed to Kodak XAR-5 films. Quantita-
tion of bands from autoradiograms was made according to Suissa (1983).
Filters incubated with alkaline phosphatase-conjugated antibodies were
washed four times for 10 min in blocking buffer and developed with 0.33
mg/ml nitro blue tetrazolium and 0.16 mg/ml 5-bromo-4-chloro-3-indolyl-
phosphate in 0.1 M Tris-Cl, pH 9.0, 0.1 M NaCl, 5§ mM MgCl,.

Results

Differential Expression of Integrin « Subunits
during Retinal Development

To identify the putative o subunits that might be involved in
the changes in affinity of retinal cells for LN during develop-
ment, we used the monoclonal antibody CSAT against an ex-
tracellular epitope of the integrin 8: subunit and a polyclonal
antibody against the cytoplasmic domain of the chicken inte-
grin 8, subunit to immunoprecipitate cell extracts from E6
and EI2 retinal cells metabolically labeled with [*H]glucos-
amine after dissociation with trypsin. Fig. 1 shows that the
pattern of o subunits immunoprecipitated with both antibod-
ies was the same in retinal cells from the same developmen-
tal stage. Comparison of the pattern of o subunits associated
with the 8, polypeptide showed clear differences between
the two developmental stages. Two major bands of M, 150
and 140 kD were coprecipitated with §; from E6 cell ex-
tracts (Fig. 1, lanes I and 3); immunoprecipitates from E12
cell extracts showed two major bands at M, 150 and 130
kD, while the intensity of the 140-kD band was strongly re-
duced (Fig. 1, lanes 2 and 4). Both E6 retinal neurons and
RGCs have been shown to grow long neurites when cultured
on LN, while E12 retinal cells of both types have been shown
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Figure 2. Immunoblot analysis for the presence of
different o integrin in retina. E15 proventriculum
(lanes I and 4), EG6 retinae (lanes 2, 5, 7, and 9),
and E12 retinae (lanes 3, 6, 8, and 10) were dis-
sected and extracted as described in Materials and
* Methods. 120 ug protein from the extracts was
loaded in each lane and electrophoresed. Blots
were incubated with polyclonal antibodies against
the integrins «; (lanes I-3), . (lanes 4-6), o
(lanes 7 and 8), and o, (lanes 9 and 10), followed
by incubation with an atkaline phosphatase—conju-
gated anti-rabbit IgG antibody. Asterisks indicate
the bands corresponding to the different o sub-
units. The lower and higher molecular weight
bands observed in lanes 8 and 9 were also present
in the preimmune serum and could not be com-
peted by the a;-derived peptide used for the im-
munizations, when the blots were incubated in the
presence of this peptide during the incubation with

o1 o2 o3 o6
1 | | | 1 1 1
12 3 456 7 8 910
200 — .
*
116 — *
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66 —
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to extend no neurites on LN (Cohen et al., 1986; Hall et al.,
1987). Neurite outgrowth of E6 cells on LN has been shown
to be blocked completely by the monoclonal antibody CSAT.

Among the known integrin o subunits, «;, a2, as, and o
in association with the 8, subunit can all function as LN
receptors in different cell types (Hemler, 1990). We ana-
lyzed E6 and E12 retinal extracts by immunoblot using poly-
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Figure 3. Immunoprecipitation of retinal cells with anti-os and
anti-o; antibodies. Immunoprecipitations with anti-c (lanes 7 and
2) and anti-o; (lanes 3 and 4) antibodies from metabolically la-
beled E6 (lanes I and 3) or E12 (lanes 2 and 4) retinal cells were
performed as described in Fig. 1. The same amount of TCA-pre-
cipitable 3H counts was used for each immunoprecipitation in
lanes / and 2, and in lanes 3 and 4.
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the anti-a3 antibody (not shown).

clonal antibodies specific for these different o subunits. The
oy and o, integrins were not detectable in E6 and E12 reti-
nae, while they were present in E15 chick proventriculus
(Fig. 2, lanes I-6). Both «; and a5 subunits were present in
retinae at both developmental stages (Fig. 2, lanes 7-10), but
only the o subunit appeared to be down regulated in E12
retinae compared with E6 retinae. When metabolically la-
beled retinal cell extracts were immunoprecipitated with a
polyclonal antibody against a peptide corresponding to the
35 carboxy-terminal amino acids of the cytoplasmic tail of
the integrin o5 subunit, two polypeptides were visible on
the gel (Fig. 3, lanes 2 and 3): a lower relative molecular
mass protein which comigrated with the $8, subunit, and a
polypeptide of 140 kD corresponding to the as subunit.
The o5 polypeptide comigrated with the o subunit that ap-

.5 kb
I05
- - -
$ g8 3 €
a | { | { T
P
I d
b 5'4 i i -3’
c Cib
cC1t {

C51 i

Figure 4. Scheme of the probes and purified cDNA clones. (a) Re-
striction fragments purified from human a5 cDNAs used as probes
for screening at low stringency. (b) Restriction map of the chick c
sequence obtained by combining the two overlapping cDNAs Cl
and C5 (d), obtained after screening of the E10 chick Agtl0 library
and of the E13 chick brain Agt10 library, respectively. The open box
represents the main open reading frame. (¢) EcoRI-BamHI restric-
tion fragment from the C1 chick as cDNA used as probe to screen
at high stringency the E13 chick brain Agt10 library.
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CTCGGCGGCAGGTTCTCGTGCCGGC TGGAGCAGATGGCGGCCGLGC TCC TCCTC TACCTGCCCC TG TECOGGEGE TGGCCGELGCCTTCAACCTGGAC
M A A AMLLLYLPULLZ®PGILAGRMTFNILD

GCGGAGAACGTGATCGGCCGGCGCGEGGAGCCGGGCAGCCTCTTCGGCT TCTCGC TGGCCATGCACCGGCAGC TGCAGCCGCAGGAGAAACGGCTGTTGCTGGTY
A E NV IGRRGEPGSLFGTF SLAMUHEROQLOQ?P?POERKURTLLLUV

GGAGCTCCTCGGGAAAAGGCCTT TCCATCCCAACAAGCCAACAGANCGGGAGGGC TG TACAGC TGTGACATCACATCT TCAGATACGCGC TGCACGCGTGTICTG
G APREIKATFPSOOQAMNMRTGG?LYSCDTITSSDTRCETRVYV

TTTGATGAAGACACTGACCCAAAGATGGAGAGCAAAGAAGACCAATGGATGGGTGTAAC TGTCCAMGTCAGGGGCCAGGAGGAARCGTGGTGACATGTGCACAT
F DEDTDUPXMESKEDOQWMGVY TV QS QG P 6 G NV VT CAH

CGCTATGAGAAAAGGCAATATGTAAACACAGTGCAGGAAACCCGGGATATCATTGGAAGGTGCTACGTGC TGAGCCAGGATCTCACTATTAAGGATGATATGGAT
R YEKROQYVNTVQETT?TRDTITIGRTCYVLSQDILTTINXOUDDMND

AATGGAGTATGGAGTTTTTGTGATGGCCGC TTAAGAGGCCATGAGAAGT TTGGTTCCTGTCAGCAAGGTGTTGCCTGCTACTTY TACTAGAGACTATCATTACATT
N GV WS F CDGRILRGHENXTFGSCOQOOQGVY AMNATFTRDY RYTI

GTGTTTGGTGCCCCAGGCACTTACAATTGGARAGGGG TGS TTCGTGCAGAGCAAAAGAATCAGACATT T TATGATCTGGGTATCTT TGATGATGGGCCTTACGAA
VP 6 A PG T Y NMWIKGVVRAMEOKNOQET FYDLSGTITFDDGEPY R

GTTGGTGATGAGAGCCGCCAAGATAAGAATCTAGTTCCTGTTCCAGCTAACAGT TATTTAGG T TTCTCTTIGGAT TC TGGTAMAGGAATCGTCTCCCAAGATGAG
vV GDESRQDKNLVZPV P ANSUZYLGF SULDSGXG6TI VS QDE

ATGACTTTTGIGTCTGGTGCACCAAGGGCCAACCATAGTGGAGCAGT TGTTT TACTGAAAAAGGAGAAAAATCAGAGAGCGC TTTCACTGGAGCACATGT TCGAA
M T FV S G APRAMNSESGAVVILLKTZKEZ KNOQRALTSTLETUHMT FE

GGAGAAGGGCTGGCCTCTICTT T TGGT TATGATGTGGCCGTTGTGGATC TCAACAGTGATGGATGGCAAGATAT TG IGG T TGGAGCCCCGCAATACT TTGATAGA
G EGLAMSSPF G YDV AV Y P I VVGAMPOQYF DR

AGTGGAGATATCGGTGGTGCTGTGTACATCTACAT TAACCAGCGAGGCAMATGGGAAGGAATAAAACCTATTCGC T TAAATGGGACCGC TGACTCGATGTTTGSY
$ 6 D1 6 G AV Y I Y TINO QRSGI KT ®NEGTIZ KTPTIRLNGTADSMTFSGG

CTCGCAGTTGAAARTGT TGGGGACAT TAATCAGGACGGATATCCAGATAT TGCAGTAGGGGCTCCATATGATGGTT T TGGCAAAGTATATATATATCATGGATCC

LAveieENY 6 I NQDGY D P D]IAVGAPYDGPFGI KT YTYTITYHBHGS

AAGAATGGAATAAATACAGAACCAGCACAGATTCTTGATGGTGAAAAAACAGGCACCAATT TCTTTGGT TACTCTAT TGCTGGAAACATGGACCTGGATARAAAT
X NGINTE2PAQILDGET KTGTNTFETPEGYSTIAGNUMNP LD KW

TCCTACCCTGATATTGCTGTTGGTICCCTTTCAGATICTGTATCTGTGT TCAGATCTCGACCTGTCATAAGCATTACAAAAAGCATTACAGTACAGCC TGACAAA
[y PopolrAavesispsvsvEPRSRPVISITE KSTITVOQEPDK

CTTGACCTGAAGAAAAAGAACCCTGAAGACCCCAGTGAAATATGGATGGATGTGAAAGCATGTTTTCAATATACTGCAAACCCTCGTAATTTARATCCAAGAATA
L 0L X XK KNPEDUPSE I W M¥DV XKACTF QY TANPRNILNIPNTPRI

AAGATCAACTATACATTTGAAGCAGAAAATGAGAGGAGACAATTAGGCCTGCCATCTAGGGTACGGTT TAMAGACTATCTATCTGATCAGT TCACTGCAAGTACC
X I NY T P 2E A E NE RRQULGTLOPSRVURTFEFIXKXDTYTLSDGQTFTAS ST

ACCCTAATAGGGCAGAACTCAAAACGGTGCGTGACAGCCAAGCTTGTTCTGCAGGAAAAAAT TAAGGATAAGC TGCGCCCGATCCCTATAGCAGTCAGIGT TAAT
T LI GG QC NS KRCUV T AIKIULU VULOQE2ZXKTIIXDDXTULRZPTIUZPTIAYV S VN

ATTGCTGGCCTCGAGTCTGGCTCATCATCCACCAGAAMGAGAGAGCGC T TCCGGACCTGATACCCATACTAM T TCAAACGAATCTGAAACAMAGATCACAAAA
! A GLE S G S S S TRZEKERALTEPTDTLTIP?PILNTSNMESETZEKTITK

GTGGAGTTCTTGAAAGAAGGATGTGGAGAAGATAATGAATGTCACAGCAATCTGAMACT TCAGTACCGGTTTTGCACTAGAGAAGGAARTGAAGACAGATTTACC
VETFLIKEGCGETDNETZCHSNILIEKTLUG QYRTFCTREGNEDRTFT

TATTTACCGATTGAARATGGCATTCCAGTGCTTGTTTTAAAAGATCAGAAAGATATTGCCCTGGAAATAACAGTGACAAATAACCCATCTGACGCAAGAAATCCA
Y L P I ENGTI PV LVLIKDUGQXDTIA RAKTILETITVTNNZPSUDAMKRBRNSTE®P

CAGAAAGATGGAGAAGATGCATATGAAGCTAAACTAAT TGCAACGTTTCCAGATAGTCTGACT TATTCTGCAT TCAGGGAGATGAGAGGATATCCTGAAMAAACAG
Q Kb GE DAY EAKULIATFPDS LT Y S AFREMZBRGYTU?PEKS® OQ

CTCACATGTGGTGCTAACCAAAATGGCTCTCAAGCAGAGTGTGAACT TGGAAATCCGTTCAAGAGAAATTCCARCGTAACCTTTTATCTGATCTTAAGTACCACT
LT CGAMNO QNG S QAECETLGNPTFKRNSNYVY T FYLILSTT

AAAGTTAATGTTGATACAACAGACTTGGACAT TAACCTCAAGCTGGAGACAACAAGCACTCAAGTAAAT TCAACTGCAATTACAGCCAGTGC TAAAGTGGTTCT T
K vV NV DTTOTLODTINTLIEKTELTETTSTO QY NMs 1A ITASAMNMKTYUVL

GAATTGCTTTTATCGCTCACAGGAGTGGCTAAGCCTTCTCAGGTATAT T TTGGAGGTAACATCGTTGGTGAGAGTGCTATGAAATCTGAAGATAATATTGGAAAC
ELLLSLTG GV AKPSQV YT FGGNTIUVGETSA AMNMIEKTSTETDNTIGN

CTCATCGAGTACGAATTCAGAGTGACCAACTTGGGCAGGCCACTGAAAACATTTGGTACGGCTTCCCTGGACATCCAGTGGCCAAAAGAAAT TAGTAATGGCARA
L I B YEFRVTNLSG RZ®PLIKTTF FGTASLDTIAOQWMW?®PKXKZETISNGK

TGGCTGCTGTATTTGATGAAMATAGAATCCAAGGGC T TGGAAARAGTTTCCTGTCAACCACAGAATGARATCARTGT TTTGCATGT TGCGGAATCCCATAATTCA
# L L ¥ L M XK I ES KGTULENXUVS C QP QNZETILINVLHVYVAILSHNS

AGAAGAAAGCGTGAGAT TGCGGAGAAGCAGC T TACAGACAGCARGACATTTTCTTTGTT T TCAGAAAGAAAATATAAGACCTTGGACTGCANGGTGAATGCACAG
R R KRZETIAERKOQLTODS S KX T F S LTF SERIKZYXKXKTULDTZCIKVNRIRMDQJQ

TGCGTGGACATAAGATGTCCATTGAAGGGT TT TGACAGCAAGGCATCAATTTTGC TGCGT TCCAGACTGTGGAACAGTACT TTCTTGGAAGAATT TTCCAAANTG
CVDIRGCPLIEKSGTFRDSIXASTITLLRSTRTLTUWDNMSTITFLETETFSZEKHM

AACTACCTGGACATTCTTGTTAGAGCCTCAATCAGTGT TCCTGCTGCAGC TAAGAACGTCARACTCACAAATGAAGCTGCTCAGGTGCGCGTTACTGTCTTTCCT
N Y L DI LV RAZSTIS VP AAAIKNYIKTLTNEANAMNMOQVRUVTVVF?P

GCAAAACCAGTAGCCCTTTATACAGGAGTGCCTTGGTGOATCATCGCAGTGGCTATT TTTGCTGGAGTACTGATGCTTGCACTCCTGGTATTCTTGTTATGGAAG
A K P VALY TGV P W W I I AVAIFAGVLMILALLUVFLLWK

TGTGGTTTCTTCAAAAGAAGTAAGAAAGATCATTACGATGCCACATATCACAAGGC TGAGATCCATGC TCAGCCATC TGATARAGAGAGGC TTACTTCTGATGCG
€C G F F KR S K KODUBHRY DAT Y HKAETIUHAMOQPSUDIEKTEHRTLTSTDA

TAGTATTGATCTACTTCTGTAATTGTGTIGGGTICTTCCAGCGT TCCAGGTACGATGACAGCGTCCCCCGCTATCATGCTGTAA
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Figure 5. Complete nucleotide
sequence of chick ag as de-
duced from the Cl and C5
¢DNA clones and its trans-
lated amino acid sequence.
The arrow points to the start of
the mature polypeptide, which
is preceded by 18-residue-long
signal peptide. Probable calci-
um binding sites are indicated
by boxed areas and the trans-
membrane domain by a solid
line. Asterisks mark the possi-
ble N-glycosylation sites. These
sequencedataare available from
EMBL/GenBank/DDBJ under
accession number X56559.
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peared to be down regulated in the 3, immunoprecipitates
from retinal cells between E6 and E12.-When the extracts
from labeled retinal cells were immunoprecipitated with the
anti-o; antibody, no down regulation of this integrin was
observed between the two developmental stages (Fig. 3,
lanes 3 and 4).

Cloning of the Chick « Subunit
and Sequence Analysis

The immunocytochemical data suggest that «s could be the
a subunit responsible for the developmentally regulated abil-
ity of retinal cells to adhere and grow neurites on LN. To be
able to study the expression of this o subunit during retinal
development, we isolated clones encoding the chick s
subunit. We used three restriction fragments (Fig. 4) con-
taining most of the translated sequence of the human integrin
o subunit (Tamura et al., 1990) to screen an embryonic
day-10 chick AgtlO library at low stringency (7, —50°C).
Three overlapping clones were purified and sequenced. None
of these clones contained the 5’ end of the translated portion
of the gene. To obtain the missing sequence, we screened an
embryonic day-13 chick brain Agtl0 library. The library was
screened at low stringency using the three restriction frag-
ments from the human cDNA, and at high stringency using
an EcoRI/BamHI restriction fragment (Clb) corresponding
to the most 5’ portion of the chick cDNA clone Cl. Three
more cDNA clones were isolated, purified and sequenced.
Clone C5 contained the 5’ end portion of the gene together
with 33 bp of the 5’ nontranslated region.

Fig. 5 shows the nucleotide and amino acid sequence of
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969 calmodulin-dependent protein
1054 kinase II is indicated by the
dots on amino acid 1,048-
1,051 of the chick sequence.

the chick protein predicted by translation of the longest open
reading frame. The cDNA sequence includes 3,216 nucleo-
tides of open reading frame and 33 and 83 nucleotides of
the 5’ and 3’ untranslated regions, respectively. The deduced
amino acid sequence corresponds to a protein with 1,072
amino acid residues, with a 73% identity to the sequence of
the recently published human «s subunit (Tamura et al.,
1990). This high amino acid sequence conservation is much
higher than the homologies observed between the chick o
integrin and several other chicken or mammalian o subunits
(<40% identity). The homology to the human a; subunit
becomes higher if we consider the NH.-terminal portion of
the extracellular domain, and the cytoplasmic tail, where 35
over 36 amino acid residues are identical. Therefore this se-
quence seems to correspond to the chick homologue of the
human o integrin subunit. A putative cleavable signal pep-
tide of 17 amino acids after the starting methionine is present
at the NH, terminus of the polypeptide. The protein con-
tains a large extracellular domain, a single transmembrane
domain and a short cytoplasmic tail (36 amino acids) that
represents the region of highest homology with the human
o polypeptide (Fig. 6). This includes a consensus phos-
phorylation site RXXS (amino acid 1,049-1,052) for Ca**-
calmodulin-dependent protein kinase II (Kemp and Pearson,
1990), which is of interest, since o can be phosphorylated
in vivo (Shaw et al., 1990). The presence of 10 potential
N-glycosylation sites (N-X/non P-T/S) predicted to contribute
a total of 25,000 D to the relative molecular mass of the core
protein (Parham et al., 1977) would yield a predicted relative
molecular mass for the mature protein of 142 kD on SDS-
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Figure 7. Phase-contrast microscopy of cellular fractions I and II from Percoll gradients. After trypsinization, E6 (a, b, and ¢) and E12
(c and d) retinal cells were fractionated on Percoll gradients as described in Materials and Methods. Cells from fractions I (b and d) and
II (a and c) were incubated overnight on LN-coated glass coverslips in defined medium. .In ¢ E6 cells from fraction I were cultured on
LN in the presence of 10 pg/ml of the monoclonal antibody CSAT. Bar, 50 pum.

PAGE, which is in agreement with the relative molecular
mass of the polypeptide recognized under nonreducing con-
ditions on immunoblots or found on SDS-PAGE after immu-
noprecipitation by a polyclonal antibody raised against the
cytoplasmic domain of the as protein (see Fig. 3). 17 of the
19 cysteines present in the extracellular domain of the ma-
ture human o, polypeptide are conserved in the chick
subunit. Three putative calcium binding sites are present in
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the extracellular domain, and a putative cleavage site be-
tween residues 883 and 884 which satisfies the consensus
(K/R-R-E/D) observed so far among other integrin o sub-
units (Hemler, 1990). On immunoblots from retinal cell ly-
sates fractionated on SDS-PAGE under reducing conditions
only a low relative molecular mass polypeptide of ~23 kD
was specifically recognized by the anti-a antibody, suggest-
ing that the protein is cleaved (data not shown).
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Figure 8. Distribution of G4 antigen between fractions I and II of
Percoll gradients. E6 (lanes /I-3) and E12 (lanes 4-6) retinal cells
were trypsinized, fractionated on Percoll gradients, and cultured
overnight in defined medium to recover from trypsinization. After
detergent extraction of the different cellular fractions, aliquots cor-
responding to 100 ug of protein from total retinal cells (lanes 7 and
4), and from fractions I (lanes 2 and 5) and II (lanes 3 and 6) of
the Percoll gradients were separated on 6% SDS-PAGE under
reducing conditions and blotted onto nitrocellulose. Blots were in-
cubated with the monoclonal antibody G4, followed by an alkaline
phosphatase—conjugated anti-mouse IgG antibody. Arrowheads
point to the major bands specifically recognized by the G4 antibody.

Isolation of Retinal Ganglion Cells

The RGCs are the only retinal neurons extending their axons
out of the retina, along the optic nerve, where LN has been
shown to be transiently expressed during development. To
characterize changes in as subunit expression on RGCs
specifically, we wanted to isolate a fraction enriched in
RGCs. A cellular population enriched in RGCs was obtained
by fractionation of E6 or E12 retinal cells on a discontinuous
Percoll gradient, as described in Materials and Methods.
Two cellular fractions were separated from the gradients af-
ter centrifugation: fraction I corresponded to a broad and
fainter band which was found on the upper part of the gra-
dient (d = 1.017-1.038), and fraction II consisted of the
higher density band (d = 1.038-1.060) where most of the
cells were recovered after centrifugation. The two fractions
had similar densities when either E6 or El12 retinae were
used. When cells from fractions I and II from Percoll gra-
dients loaded with E6 retinal cells were cultured overnight
on LN-coated coverslips, most of the cells extended neurites
(Fig. 1, a and b). Nevertheless, the overall morphology of
the two cultures was significantly different. Several cells
from the fraction II of the gradient showed a polygonal
shape, while most of the cells from the fraction I of the gra-
dient had a round cell body and long neurites, which were
eliminated by the presence of 10 ug/ml of the CSAT antibody
(Fig. 7 e). This different morphology suggested that two
different retinal cell populations had been separated on the
Percoll gradient. When cells from the two fractions from a
gradient loaded with E12 retinal cells were cultured over-
night on LN, only very few cells from both fractions I and
IT attached on LN, and these cells did not extend virtually
any neurites (Fig. 7, ¢ and d).

To follow the distribution of RGCs in the two gradient
fractions, we used the monoclonal antibody G4 (Rathjen et
al., 1987). This monoclonal antibody recognizes a set of
polypeptides which are related to the mouse L1 surface anti-
gen (Rathjen et al., 1987). This protein has been shown to
be mostly concentrated on the surface of RGCs in the devel-
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oping chick retina (Lemmon and McLoon, 1986). The im-
munoblot in Fig. 8 shows that the G4 antibody recognized
a polypeptide of 140 kD and a doublet of ~190 kD in retinal
cell preparations. The G4 antigen was clearly enriched in
fraction I from both E6 and E12 retinae (Fig. 8, lanes 2 and
5) compared with the total retinal cell population (Fig. 8,
lanes 1 and 4) and to the cells recovered from fraction II
(Fig. 8, lanes 3 and 6), indicating an enrichment in RGCs
in fraction I. From this point fraction I from the Percoll gra-
dients will be referred to as the RGC fraction. Fraction II
represents the RGC-depleted fraction.

Developmental Regulation of Integrin as Subunit
in RGC

To determine whether the integrin o subunit expression is
developmentally regulated in RGCs, RNA blots of total
RNA prepared from total retinae and from the cellular frac-
tions from the Percoll gradients were probed with the ran-
dom primed *?P-labeled cDNA clone C5 of the chicken as.
A single band corresponding to a 5.3-kb transcript was de-
tected (Fig. 9, top). A strong reduction in the amount of o
mRNA was observed in RGC fraction from E12 retinae com-
pared to the RGC fraction prepared from E6 retinae (Fig. 9,
lanes 3 and 4). Quantitation of the bands from autoradio-
grams was made by normalizing the values obtained from
as to the corresponding values for actin, used as a stan-
dard. The quantitation showed that the amount of aj
mRNA in the E12 RGC fraction was 25% of that present in
the E6 RGC fraction. We think that the percentages of o

1 2 3456
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24 - E L T Rl
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Figure 9. Distribution of o mRNA in different retinal cellular
fractions. Total RNA was extracted from total retinae (lanes / and
2), and from fractions I (lanes 3 and 4) and II (lanes 5 and 6) of
E6 (lanes 1, 3, and 5) and E12 (lanes 2, 4, and 6) retinae, as de-
scribed in Materials and Methods. Every sample was run in dupli-
cate on an agarose gel, and blotted onto nitrocellulose. The blots
were incubated either with a 3P-labeled double-stranded probe
obtained using the gel-purified as cDNA fragment C5 (top), or
with a 3?P-labeled actin probe (bottom). 20 (lanes I and 2) or 10
ug (lanes 3-6) total RNA were used for each lane.
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Figure 10. Distribution of o protein between fractions I and II of
Percoll gradients. Lysates of retinal cells and of Percoll gradient
fractions from E6 (lanes 1, 3, and 5) and E12 (lanes 2, 4, and 6)
chick retinae were prepared as described in Fig. 8. 100 ug protein
of each lysate was run on 6% SDS-PAGE under nonreducing condi-
tions. After transfer to nitrocellulose, the blot was incubated with
the polyclonal antibody against the cytoplasmic portion of the as
protein. After incubation with a 2I-labeled anti-rabbit IgG anti-
body, the blot was prepared for autoradiography. Lanes ] and 2,
total retinal cells; lanes 3 and 4, fraction I (RGC fraction); lanes
5 and 6, fraction II.

mRNA and polypeptide recovered in the RGC fraction from
E12 retinae may represent an overestimation due to contami-
nation of this fraction by other retinal cells. The amount of
as mRNA between E12 and E6 was not dramatically differ-
ent in total retina samples (Fig. 9, lanes 7 and 2) and in gra-
dient fractions II (Fig. 9, lanes 5 and 6).

Blots of cell extracts from E6 and E12 RGC fractions from
the Percoll gradients were probed with the polyclonal anti-
body raised against the cytoplasmic tail of c. Fig. 10
shows that the amount of o polypeptide present in the E12
RGC fraction was strongly reduced compared to the amount
of protein found in the E6 RGC fraction (lanes 4 and 3,
respectively). Quantitation from autoradiograms showed that
the amount of o protein in the E12 RGC fraction was only
20% of the amount found in the E6 RGC fraction. In con-
trast, the amount of o, protein detected in the total retinal
cell extracts (Fig. 10, lanes I and 2) and in the extracts from
fraction II of the gradients (Fig. 10, lanes 5 and 6) were not
dramatically different between the two developmental stages.
Quantitation from the autoradiogram in Fig. 10 (lanes / and
2) showed that the amount of o5 protein present in E12 to-
tal retinal cells was 75% of that present in E6 total retinal
cells. In contrast, cell attachment assay using retinal cells
showed that <10% of Ei12 retinal cells adhered to LN com-
pared to the number of adhering E6 retinal cells. Our results
would thus suggest that the a3, integrin must be regulated
at the posttranslational level in these cells. Direct evidence
for this proposal has recently been obtained in the laboratory
(see Discussion).

Discussion

In previous work, the extracellular matrix protein laminin
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has been shown to exert a number of dramatic influences on
the survival and differentiation of neurons (reviewed in Sane,
1989; Reichardt and Tomaselli, 1991). The interactions of
several neuronal subpopulations with laminin have been
shown to be developmentally regulated (Cohen et al., 1986;
Hall et al., 1987; Tomaselli and Reichardt, 1988). The most
prominent receptors utilized by neurons to interact with
laminin have been shown to be integrins (Bozyczko and Hor-
witz, 1986; Cohen et al., 1986; Tomaselli et al., 1986; Hall
et al., 1987). These results make it interesting to character-
ize and study the regulation of laminin-binding integrins in
neurons.

In this paper, we determine which potential laminin recep-
tors are actually expressed by neurons in the retina, using
integrin subunit-specific antibodies. Motivated by initial
results demonstrating that the integrin 3 is prominently
expressed and has appropriate specificity to account for in-
teractions of these neurons with laminin, we isolated and
sequenced cDNA clones encoding the chick integrin as
subunit. Studies of «s mMRNA and protein expression indi-
cate that function of the a8, heterodimer is regulated by
two distinct mechanisms in the retina. In purified retinal gan-
glion cells, the one population of neurons to send axons
out of the retina, expression of os mRNA and protein is
strongly downregulated during development and probably
underlies the concurrent loss of responsiveness to laminin
exhibited by these cells. In the other neurons in the em-
bryonic retina, though, expression of as mRNA and protein
continues at comparatively high levels at later stages in de-
velopment when these cells do not adhere to or extend neu-
rites on laminin. These results suggest that the function of
the o, integrin in the latter cells is regulated by posttrans-
lational mechanisms, perhaps similar to mechanisms shown
to regulate the adhesive function of this receptor in macro-
phage (Shaw et al., 1990).

Anti-8, antibodies have been shown to completely inhibit
adhesion and neurite outgrowth of retinal neurons on LN
(Hall et al., 1987). In work over the past few years, four dis-
tinct integrin /8, heterodimers have been shown to medi-
ate interactions of cells with LN. One of them, a8 (Ig-
natius and Reichardt, 1988; Turner et al., 1989), is not a
likely candidate to function as LN receptors on embryonic
retinal neurons because it interacts with a region in LN not
recognized by these cells. For adhesion and neurite out-
growth, retinal neurons respond to a domain near the foot
of LN’s cruciform structure, present in the elastase fragment
E8 (Hall, D., and L. Reichardt, unpublished data). They do
not interact detectably with sites in the upper portion of LN’s
cruciform structure present in the elastase fragments El-4
or El. o3, has been shown to interact with sites in El, but
not with E8 (Hall et al., 1990; Tomaselli et al., 1990). We
were not able to detect expression of the «; subunit in the
retina using a specific antibody (Fig. 2).

Another potential LN receptor is the a,3; heterodimer, a
collagen receptor that has been shown to function also as a
laminin receptor in some but not all cells (Languino et al.,
1989; Elices and Hemler, 1989). Using a, subunit-specific
antibodies, we could not detect expression of this receptor
in the embryonic neuroretina (Fig. 2). Consequently, it is not
likely to be an important LN receptor on retinal neurons.

The o8, heterodimer mediates cellular interaction with
LN, FN, and, in some cells, collagen (Wayner et al., 1988;
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Gehlsen et al., 1988, 1989; Tomaselli et al., 1990). The
a3, heterodimer binds a site near the foot of LN’s cruci-
form structure, the same region recognized by retinal neu-
rons (Gehlsen et al., 1989). We detected significant expres-
sion of the a3 subunit in embryonic retina, suggesting that
a8, heterodimers may mediate interactions of these cells
with LN. We did not detect, however, any changes in expres-
sion of the «; subunit that could account for the dramatic
changes in LN receptor function seen during retinal develop-
ment. As E12 retinal neurons are able to adhere to collagen,
it is possible that a;8: functions as a collagen receptor in
these cells. The final receptor candidate, the integrin a3,
is a specific LN receptor that does not bind to any other
identified extracellular matrix constituent (Sonnenberg et
al., 19884). Using a subunit-specific antibody, we detected
high expression of as associated with 3, in the embryonic
neuroretina. In previous work, whenever the a8, heterodi-
mer has been expressed in a cell type, it has proven to be an
important LN receptor (Sonnenberg et al., 1988a, 1990;
Hall et al., 1990). This receptor also recognizes the same
domain in LN recognized by retinal neurons (Sonnenberg et
al., 1990; Hall et al., 1990; Aumailley et al., 1990). In addi-
tion, initial experiments revealed that expression of the as
subunit is developmentally regulated in a manner capable of
explaining developmental changes in neuronal interactions
with LN. We therefore focused our attention on this subunit.

With the objective of characterizing the role of the o,
integrin as a neuronal LN receptor, we isolated and se-
quenced cDNA clones encoding this chick integrin s
subunit. The primary sequence of the chick o, subunit was
shown to exhibit high homology to the primary structure of
the human integrin o subunit (Tamura et al., 1990). Over-
all, the chick and human polypeptides shared 73% identity.
All features characteristic of the human o, subunit were
conserved, including 10 potential N-linked glycosylation
sites, a consensus site for cleavage of the subunit into large
and small fragments, and a carboxy-terminal cytoplasmic
domain which was shown to conserve 35 of 36 amino acid
residues, including a consensus site for phosphorylation by
Ca**-calmodulin-dependent protein kinase II.

The chick integrin protein «s was characterized biochem-
ically using antibodies to a peptide with the same sequence
as its predicted cytoplasmic domain. When proteins were
fractionated by SDS-PAGE in nonreduced conditions, an an-
tigen of 140 kD was recognized in immunoprecipitations and
immunoblots. As discussed in the results, this is the approxi-
mate size predicted by analysis of the cDNA sequence. When
proteins were fractionated by SDS-PAGE in reducing condi-
tions, a 23-kD antigen was recognized by the antibodies to
the cytoplasmic domain (not shown). This corresponds to
the predicted size of the small fragment of the as subunit
generated by proteolysis at the consensus protease cleavage
site. This indicates the chick o, polypeptide is cleaved dur-
ing maturation into large and small fragments like the human
o and several other « subunits (Sonnenberg, et al., 1987,
1988a; Hemler, 1990).

The o6 subunit is able to associate with two different 8
subunits, 8, or 8,, depending primarily on whether 3, is ex-
pressed in an individual cell type (Sonnenberg et al., 1987,
19885, 1990; Hemler et al., 1988, 1989; Kajiji et al., 1989).
While the o8, integrin appears to function invariably as a
LN receptor, the ligand for the a8, integrin has not been
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defined and recent studies have shown that several cell lines
expressing this heterodimer, but not the a¢8; integrin, do
not adhere to LN (Sonnenberg et al., 1990). In immunopre-
cipitations using the ag-specific antibodies, we observed
coprecipitation of « with a polypeptide comigrating with
the chick 3, subunit. In contrast to immunoprecipitations
using sensory neurons where virtually all of the as subunit
appears to be associated with 8, (Tomaselli, K., C. Em-
mett, and L. Reichardt, unpublished data), we found no evi-
dence for the presence of a large, 220-kd §.-like subunit in
retinal neurons.

Using cDNAs and antibodies, we then studied the develop-
mental regulation of expression of as mRNA and protein
levels in the retina and in subpopulations of retinal cells.
These studies were motivated by previous reports showing
that laminin-coated substrates promote attachment and rapid
neurite outgrowth by early embryonic neuroretinal cells and
retinal ganglion cells, which depends upon the function of
B: subunit containing integrin receptors (Cohen et al.,
1986; Hall et al., 1987). Between E6 and E12, both popula-
tions of neurons have been shown to lose the abilities to at-
tach or extend neurites on laminin, but both continue to ex-
press surface integrins and remain able to interact with other
extracellular matrix glycoproteins in an integrin 3;-depen-
dent manner (Cohen et al., 1986, 1987, 1989; Halli et al.,
1987; Neugebauer et al., 1988).

As the one population of neurons to extend axons out of
the retina, regulation of integrin expression in retinal gan-
glion cells is of special interest. For these studies, we have
purified retinal ganglion cells from E6 and E12 retinas, using
Percoll gradients. The purification procedure is based on the
same separation principles used previously to purify this
same cell population from embryonic rat retinas at different
ages (Sarthy et al., 1983; Johnson et al., 1986). Microscopic
examination of this fraction showed that a population of neu-
rons with a well defined morphology was recovered in this
fraction (fraction I). Biochemical analysis showed that only
this fraction was enriched in the chick LI/NgCAM/8D9/G4
antigen, a cell adhesion molecule shown previously to be a
marker for retinal ganglion cells in both mammalian and
avian embryos (Lemmon and McLoon, 1986; Pigott and Da-
vies, 1987). Reproducing previous results, we showed that
E6 retinal ganglion cells, but not E12 retinal ganglion cells
extend long processes on laminin-coated substrates and pro-
cess growth is completely abolished by the anti-integrin 8,
subunit-specific monoclonal antibody CSAT. When protein
levels were measured, only 20% as much «s antigen was
detected in E12 as in E6 retinal ganglion cells (Fig. 10). Our
results showed also that the reduction of os expression
reflects reduced levels of o mRNA. Only 25% as much os
mRNA was found in E12 compared to E6 retinal ganglion
cells (Fig. 9). In fact, these measurements may overestimate
the amount of o mRNA and protein present in E12 retinal
ganglion cells, since any cells contaminating the retinal gan-
glion cell-enriched fraction express high levels of both «s
mRNA and protein (see below).

The results suggest that developmental changes in the abil-
ity of retinal ganglion cells to interact with LN reflect, in
large part, changes in gene expression. They are consistent
with binding experiments using '*I-LN which have demon-
strated a fivefold decrease between E6 and E12 in the number
of LN-binding sites present on the surfaces of purified chick
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retinal ganglion cells (Cohen et al., 1989). It is possible that
additional, post-translational mechanisms regulate the activ-
ity of the remaining integrin a3, heterodimers present on
these cells (Shaw et al., 1990), as it has been recently shown
for asB: in keratinocytes (Adams and Watt, 1990).

During embryogenesis, the first axons of retinal ganglion
celis enter the optic nerve at about E3 (Thanos and Bonhoef-
fer, 1983). Most retinal ganglion cell axons enter the optic
nerve between E6 and E10 (Rager, 1980). By E12, the axons
of virtually all retinal ganglion cells have reached the optic
tectum. The time course with which retinal ganglion cell
axons invade the optic nerve and tectum correlate reasonably
well with the time course of loss of responsiveness of these
neurons to LN (Cohen et al., 1989). During this same peri-
od, isoforms of LN can be detected in the interior of the optic
nerve, which disappear at later developmental stages (Cohen
et al., 1987). The transient expression of LN in the retinal-
tectal pathway thus also correlates well with the period dur-
ing which retinal ganglion cell axon outgrowth occurs. These
results suggest that regulation of expression of LN in the op-
tic nerve and of integrin o subunit gene expression in retinal
ganglion cells both help determine the behavior of growth
cones in the retinal-tectal pathway.

Mechanisms by which expression of genes encoding inte-
grin subunits are regulated in neurons are poorly under-
stood. In the retinal-tectal system, ablation of the tectum at
E6 has been shown to result in persistent expression of active
LN receptors in retinal ganglion cells at E11, suggesting that
tectal signals inhibit LN receptor function in these cells (Co-
hen et al., 1989). It will be interesting to determine whether
tectal ablation enhances s gene expression in retinal gan-
glion cells and if BDNF, a trophic factor for these neurons
(Johnson et al., 1986), regulates os gene expression.

The vast majority of retinal cells are not retinal ganglion
cells and do not extend axons out of the retina. Nonetheless,
virtually all of these neurons interact with LN at early (E6),
but not late (E12) developmental stages (Hall et al., 1987).
These neurons continue to express the integrin 3, subunit
and remain able to attach to collagen, using 8, subunit-
containing integrins (Hall et al., 1987). In the present paper,
we examined expression of os mMRNA and protein in both
total retinal cells, and in retinal cells separated from retinal
ganglion cells by Percoll gradient sedimentation (fraction
II). In both total retinal cells and in cells from fraction II,
a comparatively small decline in expression of o¢ mRNA
and protein was seen between E6 and E12 (Figs. 9 and 10).
While the decreases appear to be significant, they do not ap-
pear large enough to account for the failure of the older cell
populations to interact with LN, It seems likely, therefore,
that the function of ag8, receptors on these cells is regu-
lated by a posttranslational mechanism, possibly similar to
that regulating integrin function in macrophage or keratino-
cytes (Shaw et al., 1990; Adams and Watt, 1990). This data
is consistent with binding experiments using '*I-LN which
detected a change in affinity, but not in number of binding
sites on these cells between E6 and E12 (Cohen et al., 1989).
Providing direct support for this model, an integrin 8, sub-
unit-specific mAb named TASC, which enhances ligand
binding by many §, integrins, has also been shown to re-
store the ability of 80% of E12 retinal cells to attach to LN
(Neugebauer, K. M., and L. F. Reichardt, manuscript sub-
mitted for publication).

de Curtis et al. Regulation of a Laminin Receptor in Retinal Cells

In summary, results presented in this paper suggest that
integrin function is regulated at two different levels in the
embryonic retina. In the future, it will be interesting to iden-
tify the molecules and mechanisms that cause these changes.
It will also be important to understand how these regulatory
events direct differentiation of cells in the retina and move-
ments of growth cones in the optic nerve and tectum.
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Note Added in Proof. In more recent experiments, an antibody has been pre-
pared to a chick integrin as fusion protein purified from an E. coli lysate.
These antibodies inhibit dramatically neurite outgrowth by retinal neurons on
laminin, providing more direct evidence for the functional role of the a8, inte-
grin in the retina.

References

Adams, J. C., and F. M. Watt. 1990. Changes in keratinocyte adhesion during
terminal differentiation: reduction in fibronectin binding precedes s, inte-
grin loss from the cell surface. Cell. 63:425-435.

Adler, R., J. Jerdan, and A. T. Hewitt. 1985. Responses of cultured neural reti-
nal cells to substratum-bound laminin and other extracellular matrix mole-
cules. Dev. Biol. 112:100-114.

Aumailley, M., R. Timpl, and A. Sonnenberg. 1990. Antibody to integrin o
subunit specifically inhibits cell-binding to laminin fragment E8. Exp. Cell
Res. 188:55-60.

Baron von Evercooren, A., H. K. Kleinman, S. Ohno, P. Marangos, J. P.
Schwartz, and M. E. Dubois-Dalcg. 1982. Nerve growth factor, laminin and
fibronectin promote neurite outgrowth in human fetal sensory ganglia cul-
tures. J. Neurosci. Res. 8:179-193.

Bodary, S. C., M. A. Napier, and J. W. McLean. 1989. Expression of recom-
binant platelet glycoprotein ITb/ITfa results in a functional fibrinogen-binding
complex. J. Biol. Chem. 264:18859-18862.

Bossy, B., and L. F. Reichardt. 1990. Chick integrin o, subunit molecular
analysis reveals high conservation of structural domains and association with
multiple 8 subunits in embryo fibroblasts. Biochemistry. 29:10191-10198.

Bottstein, J. E., S. D. Skaper, S. Varon, and J. Sato. 1980. Selective survival
of neurons from chick embryo sensory ganglionic dissociates by use of a
defined, serum-free medium. Exp. Cell Res. 125:183-190.

Bozyczko, D., and A. F. Horwitz. 1986. The participation of a putative cell
surface receptor for laminin and fibronectin in peripheral neurite extension.
J. Neurosci. 6:1241-1251.

Bradford, M. 1976. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72:248-254.

Buck, C. A., E. Shea, K. Duggan, and A. F. Horwitz. 1986. Integrin (the
CSAT antigen): functionality requires oligomeric integrity. J. Cell Biol.
103:2421-2428.

Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

Church, G. M., and W. Gilbert. 1984. Genomic sequencing. Proc. Natl. Acad.
Sci. USA. 81:1991-1995.

Cohen, J., J. F. Burne, J. Winter, and P. F. Bartlett. 1986. Retinal ganglion
cells lose response to laminin with maturation. Nature (Lond.). 322:465-
467.

Cohen, J., J. F. Burne, C. McKinlay, and J. Winter. 1987. The role of laminin
and the laminin/fibronectin receptor complex in the outgrowth of retinal gan-
glion cell axons. Dev. Biol. 122:407-418.

415



Cohen, J., V. Nurcombe, P. Jeffrey, and D. Edgar. 1989. Developmental loss
of functional laminin receptors on retinal ganglion cells is regulated by their
target tissue, the optic tectum. Development. 107:381-387.

Elices, M. J., and M. E. Hemler. 1989. The human integrin VLA-2 is a colla-
gen receptor on some cells and a collagen/laminin receptor on others. Proc.
Natl. Acad. Sci. USA. 86:9906-9910.

Feinberg, A. P., and B. Vogelstein. 1983. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.
132:6-13.

Gehlsen, K. R., L. Dillner, E. Engvall, and E. Ruoslahti. 1988. The human
laminin receptor is a member of the integrin family of cell adhesion recep-
tors. Science (Wash. DC). 241:1228-1229.

Gehlsen, K. R., F. G. Klier, K. Dickerson, W. S. Argraves, E. Engvall, and
E. Ruoslahti. 1989. Localization of the binding site for a cell adhesion recep-
tor in laminin. J. Biol. Chem. 264:19034-19038.

Halfter, W., and C. S. Fua. 1987. Immunohistochemical localization of lami-
nin, neural cell adhesion molecule, collagen type IV and T-61 antigen in the
embryonic retina of the japanese quail by in vivo injection of antibodies. Cell
Tissue Res. 249:487-496.

Hall, D. E., K. M. Neugebauer, and L. F. Reichardt. 1987. Embryonic neural
retinal cell response to extracellular matrix proteins: developmental changes
and effects on the cell substratum attachment antibody (CSAT). J. Cell Biol.
104:623-634.

Hall, D. E., L. F. Reichardt, E. Crowley, B. Holley, H. Moezzi, A. Sonnen-
berg, and C. H. Damsky. 1990. The /8, and as/f, integrin heterodimers
mediate cell attachment to distinct sites on laminin. J. Cell Biol. 110:2175-
2184.

Hemler, M. E. 1990. VLA proteins in the integrin family: structures, functions
and their roles on leukocytes. Annu. Rev. Immunol. 8:365-400.

Hemler, M. E., C. Crouse, Y. Takada, and A. Sonnenberg. 1988. Multiple
very late antigen (VLA) heterodimers on platelets. Evidence for distinct
VLA-2, VLA-5 (fibronectin receptor), and VLA-6 structures. J. Biol. Chem.
263:7660-7665.

Hemler, M. E., C. Crouse, and A. Sonnenberg. 1989. Association of the VLA
alpha 6 subunit with a novel protein. A possible alternative to the common
VLA beta 1 subunit on certain cell lines. J. Biol. Chem. 264:6529-6535.

Hynes, R. O., E. E. Marcantonio, M. A. Stepp, L. A. Urry, and G. H. Yee.
1989. Integrin heterodimer and receptor complexity in avian and mammalian
cells. J. Cell Biol. 109:409-420.

Ignatius, M. J., and L. F. Reichardt. 1988. Identification of a neuronal laminin
receptor: an M, 200K/120K integrin heterodimer that binds laminin in a
divalent cation-dependent manner. Neuron. 1:713-725.

Ignatius, M. J., T. H. Large, M. Houde, J. W. Tawil, A. Burton, F. Esch,
S. Carbonetto, and L. F. Reichardt. 1990. Molecular cloning of the rat inte-
grin a;-subunit: a receptor for laminin and collagen. J. Celf Biol. 111:709-
720.

Johnson, J. E., Y.-A. Barde, M. Schwab, and H. Thoenen. 1986. Brain-derived
neurotrophic factor supports the survival of cultured rat retinal ganglion
cells. J. Neurosci. 6:3031-3038.

Kajiji, S., R. N. Tamura, and V. Quaranta. 1989. A novel integrin (agfs)
from human epithelial cells suggests a fourth family of integrin adhesion
receptors. EMBO (Eur. Mol. Biol. Organ.) J. 8:673-680.

Kemp, B. E., and R. B. Pearson. 1990. Protein kinase recognition sequence
mofits. Trends Biochem. Sci. 15:342-346.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.

Lander, A. D., K. Tomaselli, A. L. Calof, and L. F. Reichardt. 1983. Studies
on extracellular matrix components that promote neurite outgrowth. Cold
Spring Harbor Symp. Quant. Biol. 48:611-623.

Languino, L. R., K. R. Gehlsen, W. G. Carter, E. Engvall, and E. Ruoslahti.
1989. Endothelial cells use o3, integrins as laminin receptor. J. Cell Biol.
109:2455-2462.

Lemmon, V., and S. C. McLoon. 1986. The appearance of an L1-like molecule
in the chick primary visual pathway. J. Neurosci. 6:2987-2994.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular Cloning: A Lab-
oratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
New York. 545 pp.

Manthorpe, M., E. Engvall, E. Ruoslahti, F. M. Longo, G. Davis, and S. Va-
ron. 1983. Laminin promotes neuritic regeneration from cultured peripheral
and central neurons. J. Cell Biol. 97:1882-1890.

McLoon, S. C. 1984. Development of the retinotectal projection in chicks. In
Organizing Principles of Neural Development. S. C. Sharma, editor. Ple-
num Publishing Corp., New York. 325-342.

Messing, J. 1983. New M 13 vectors for cloning. Methods Enzymol. 101:20-78.

Neff, N. T., C. Lowrey, C. Decker, A. Tovar, C. Damsky, C. Buck, and A. F.
Horwitz. 1982. A monoclonal antibody detaches embryonic skeletal muscle
from extracellular matrices. J. Cell Biol. 95:654~666.

Neugebauer, K. M., K. J. Tomaselli, J. Lilien, and L. F. Reichardt. 1988.
N-cadherin, NCAM, and integrins promote retinal neurite outgrowth on as-

The Journal of Cell Biology, Volume 113, 1991

trocytes in vitro. J. Cell Biol. 107:1177-1187.

Parham, P., B. N. Alpert, H. T. Orr, and J. L. Strominger. 1977. Carbohydrate
moeity of HLA antigens. Antigenic properties and amino acid sequences
around the site of glycosylation. J. Biol. Chem. 252:7555-7567.

Pigott, R., and A. M. Davies. 1987. The monoclonal antibody 69A1 recognizes
an epitope found on neurones with axons that fasciculate but not on those
with nonfasciculating processes. Development. 100:489-500.

Rager, G. H. 1980. In Development of the retinotectal projection in the chicken.
Springer-Verlag, Berlin/Heidelberg/New York. 1-84.

Rathjen, F. G., J. M. Wolff, R. Frank, F. Bonhoeffer, and U. Rutishauser.
1987. Membrane glycoproteins involved in neurite fasciculation. J. Cell
Biol. 104:343-353.

Reichardt, L. F., and K. J. Tomaselli. 1991. Extraceilular matrix molecules
and their receptors: functions in neural development. Annu. Rev. Neurosci.
14:531-570.

Rogers, S. L., P. C. Letourneau, S. L. Palm, J. McCarthy, and L. T. Furcht.
1983. Neurite extension by peripheral and central nervous system neurons
in response to substratum bound fibronectin and laminin. J. Cell Biol.
98:212-220.

Sanes, J. R. 1989. Extracellular matrix molecules that influence neural develop-
ment. Annu. Rev. Neurosci. 12:491-516.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467.

Sarthy, R. V., B. M. Curtis, and W. A. Catterall. 1983. Retrograde labeling,
enrichment and characterization of retinal ganglion cells from the neonatal
rat. J. Neurosci. 3:2532-2544.

Shaw, L. M., J. M. Messier, and A. M. Mercurio. 1990. The activation depen-
dent adhesion of macrophages to laminin involves cytoskeletal anchoring and
phosphorylation of the s, integrin. J. Cell Biol. 110:2167-2174.

Smalheiser, N. R., S. M. Crain, and L. M. Reid. 1984. Laminin as a substrate
for retinal axons in vitro. Dev. Brain Res. 12:136-140.

Sonnenberg, A., H. Janssen, F. Hogervorst, J. Calafat, and J. Hilgers. 1987.
A complex of platelet glycoproteins Ic and Ila identified by a rat monoclonal
antibody. J. Biol. Chem. 262:10376-10383.

Sonnenberg, A., P. W. Modderman, and F. Hogervorst. 1988a. Laminin
receptor on platelets is the integrin VLA-6. Nature (Lond.). 336:487-489.

Sonnenberg, A., F. Hogervorst, A. Osterop, and F. E. M. Veltman. 19885.
Identification and characterization of a novel antigen complex on mouse
mamimary tumor cells using a monoclonal antibody against platelet glycopro-
tein Ic. J. Biol. Chem. 263:14030-14038.

Sonnenberg, A., C.J. T. Linders, P. W. Modderman, C. H. Damsky, M. Au-
mailley, and R. Timpl. 1990. Integrin recognition of different cell-binding
fragments of laminin (P1, E3, E8) and evidence that a3, but not a3, func-
tions as a major receptor for fragment E8. J. Ceil Biol. 110:2145-2155.

Suissa, M. 1983. Spectrophotometric quantitation of silver grains eluted from
autoradiograms. Anal. Biochem. 133:511-514.

Tamura, R., C. Rozzo, L. Starr, J. Chambers, L. F. Reichardt, H. M. Cooper,
and V. Quaranta. 1990. Epithelial integrin ag:: complete primary struc-
ture of o and variant forms of 8,. J. Cell Biol. 111:1593-1604.

‘Thanos, 8., and F. Bonhoeffer. 1983. Investigations on the development and

topographic order of retinotectal axons: anterograde and retrograde staining
of axons and perikarya with thodamine in vivo. J. Comp. Neurol. 219:420-
430.

Timpl, R., H. Rhode, P. Gehron-Robey, S. Rennard, J.-M. Foidart, and G.
Martin. 1979. Laminin, a glycoprotein from basement membranes. J. Biol.
Chem. 254:9933-9937.

Tomaselli, K. J., and L. F. Reichardt. 1988. Role of extracellular matrix in
axon elongation. Peripheral motoneuron interactions with laminin and
Schwann cell-derived neurite-promoting molecules: developmental regula-
tion of laminin receptor function. J. Neurosci. Res. 21:275-285.

Tomaselli, K. J., L. F. Reichardt, and J. L. Bixby. 1986. Distinct molecular
interactions mediate neuronal process outgrowth on non-neuronal cell sur-
faces and extracellular matrices. J. Cell Biol. 103:2659-2672.

Tomaselli, K. J., C. H. Damsky, and L. F. Reichardt. 1988. Purification and
characterization of mammalian integrins expressed by a rat neuronal cell line
(PC 12): evidence that they may function as /8 heterodimeric receptors for
collagen IV and laminin. J. Cell Biol. 107:1241-1252.

Tomaselli, K. J., D. E. Hall, L. A. Flier, K. R. Gehlsen, D. C. Turner, S.
Carbonetto, and L. F. Reichardt. 1990. A neuronal cell line (PC12) ex-
presses two 3,-class integrins, «;8 and a8, that recognize different neurite
outgrowth-promoting domains in laminin. Neuron. In press.

Turner, D. C., L. A. Flier, and S. Carbonetto. 1989. Identification of a celi-
surface protein involved in PC12 cell-substratum adhesion and neurite out-
growth on laminin and collagen. J. Neurosci. 9:3287-3296.

Wayner, E. A., W. G. Carter, R. S. Piotrowicz, and T. I. Kuniki. 1988. The
function of multiple extracellular matrix receptors in mediating cell adhesion
to extracellular matrix: preparation of monoclonal antibodies to the fibronec-
tin receptor that specifically inhibit cell adhesion to fibronectin and react with
platelet glycoproteins llc-Ila. J. Cell Biol. 107:1881-1891.

416





