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lntegrins are heterodimeric receptors that mediate re- 
sponses of neurons and many other cell types to compo- 
nents of the extracellular matrix. In the present article, we 
examine the roles of individual integrin receptors expressed 
by spinal sensory neurons of the dorsal root ganglion (DRG) 
in mediating interactions with laminin, an extracellular matrix 
glycoprotein that promotes neurite outgrowth. DRG neurons 
were shown to express three 61 integrins that have been 
shown in other cell types to function as laminin receptors- 
high levels of alfll and a381 and low levels of a6/31. In 
addition, DRG neurons were shown to express a known fi- 
bronectin receptor, a5fi1, and an integrin with undefined li- 
gands, 0684. Function-inhibitory monoclonal antibodies spe- 
cific for the al, a2, a3, a5, and a6 integrin subunits were 
used to determine the roles of individual integrins in medi- 
ating neurite outgrowth by DRG neurons on laminin. The 
results demonstrate that al@1 and a381 function as laminin 
receptors on these neurons. 

As many as 16 distinct isoforms of laminin may exist, 
assembled as heterotrimers containing one each of the dif- 
ferent A, Bl, or 82 subunit homologs. In the present study, 
we characterize neurite outgrowth in response to two of 
these isoforms, the AeBleBSe isoform and the AmBleB2e 
isoform. Results utilizing DRG neurons and a pheochromo- 
cytoma cell line (PC12) indicate that these two isoforms 
exhibit differential selectivities for the al/31 and a3/31 in- 
tegrins. Thus, alp1 functions much less efficiently on the 
AmBleBPe isoform than on the AeBleBPe isoform, while 
a3/31 appears to be a more important receptor on AmBl eB2e 
than on AeBl eB2e. Since laminin isoforms are differentially 
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localized during embryogenesis, these functional differ- 
ences may be important for neural development. 

[Key words: laminin, merosin, integrins, neurite outgrowth, 
dorsal root ganglion, regeneration] 

Laminins comprise a family of related trimeric, multifunctional 
glycoproteins that are often localized to basement membranes 
(Engel et al., 1991). The best-characterized laminin, isolated 
from the Engelbreth-Holm-Swarm (EHS) sarcoma, consists of 
three glycoprotein subunits, Ae, B le, and B2e, that are disulfide 
bonded into a large (- 10h Da), cruciform structure (Beck et al., 
1990). Recently, several laminin subunit homologs have been 
characterized: Am (merosin) and Ak (K-laminin), two A-chain 
homologs (Leivo and Engvall, 1988; Ehrig et al., 1990; Mar- 
inkovich et al., 1992); B l-2 and B 1 s (S-laminin), which appear 
to be two Bl chain homologs (Hunter et al., 1989a; O’Rear, 
1992); and B2t, a truncated B2 chain homolog (Kallunki et al., 
1992). As many as 18 structurally distinct laminin isoforms can 
potentially be assembled combinatorially from these eight sub- 
units as trimeric structures composed of one A, one Bl, and 
one B2 homolog (Engvall et al., 1990; Engel et al., 199 1). Lam- 
inin isoforms are differentially distributed in vivo (Engvall et al., 
1990; Sanes et al., 1990) suggesting that laminin isoforms will 
prove to have different functions. Evidence for functional dif- 
ferences between laminin isoforms containing the Bls or Ble 
subunits has already been provided by Hunter et al. (1989b), 
who showed that ciliary motoneurons, but not other types of 
neurons, interact with bacterial fusion proteins containing frag- 
ments of the Bls subunit. 

Laminins are widely expressed in the developing embryo, 
where they are thought to exert a variety of influences on neu- 
rons. In vitro, these include stimulation of neuronal process 
outgrowth, survival, differentiation, and neurotransmitter phe- 
notype expression (reviewed in Reichardt and Tomaselli, 199 1). 
While it has been known for some time that neuronal attachment 
and process outgrowth in response to EHS laminin depend on 
the function of 01 integrins (Bozyczko and Horwitz, 1986; To- 
maselli et al., 1986) the specific ~$1 integrins that mediate the 
responses of primary neurons to laminins are largely unknown. 
Five of the known @l integrins-alp1 (Turner et al., 1989; Hall 
et al., 1990; Ignatius et al., 1990) a2@1 (Elites and Hemler, 
1989; Languino et al., 1989) a3/3l (Gehlsen et al., 1989) a6@1 
(Sonnenberget al., 1988), andu7Pl (Krameret al., 1989)-have 
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been reported to function in different cell types as receptors for 
EHS laminin (reviewed in Hemler, 1990; Reichardt and To- 
maselli, 199 1). In addition, the 016p4 integrin may function as 
a receptor for laminin in some cells (Lee et al., 1992). Of these, 
only the cu6@ 1 integrin, which mediates embryonic retinal gan- 
glion neurite outgrowth on the AeB 1 eB2e laminin isoform, has 
been shown to function in neuronal responses to laminin (de 
Curtis et al., 199 1; Cohen and Johnson, 1991). While studies 
on the neuron-like cell line PC1 2 have identified two /31 integ- 
rins, ~~101 and c~3p1, that interact with different neurite-pro- 
moting domains in the AeB 1 eB2e laminin isoform (Rossino et 
al., 1990; Tomaselli et al., 1990), care must be exercised in 
extrapolating integtin function from cell lines to primary neu- 
rons. For example, rat sympathetic neurons of the superior cer- 
vical ganglion (SCG), for which PC1 2 cells are a model, express 
the (Y l/3 1 integtin but, unlike PC 12 cells, do not use it as a major 
laminin receptor (Lein et al., 1991). 

In previous work, it has been difficult to characterize integrin 
function in primary neurons because few a-subunit-specific an- 
tibodies capable of recognizing rodent or avian integrins were 
available. In the present article, integrin expression by sensory 
neurons was studied biochemically in cultures of rat and mouse 
dorsal root ganglion (DRG) neurons. Several /3 1 integrin laminin 
receptors were identified by immunoprecipitation in these neu- 
rons--cYlfil, a3@1, and cu6/31. To provide evidence for their 
function, a set of function-inhibiting antibodies specific for hu- 
man o-integtin subunits was used to study integrin functions in 
embryonic human DRG neurons. The results provide direct 
evidence that two of the integrins expressed by sensory neurons, 
alp1 and a3/31, function in neutite outgrowth in response to 
laminin. In addition, our results indicate that the relative func- 
tional importance of individual laminin-binding integrins in 
DRG neurons depends on the subunit composition of the lam- 
inin isoform used as the substrate. 

Materials and Methods 
Materials. Newborn Sprague-Dawley rats and Swiss Webster mice were 
purchased from Bantin and Kingman (Fremont, CA). NaILSI was from 
Amersham (Arlington Heights, IL). Protein A and Protein G coupled 
to Sepharose CL-4B were from Pharmacia (Piscataway, NJ). The 
AeB 1 eB2e isoform of laminin was purified from the EHS sarcoma using 
published procedures (Kleinman et al., 1982) and was shown by SDS- 
PAGE and protein blotting to be free of fibronectin or collagen (not 
shown). EHS laminin consisted of three protein bands in SDS-PAGE 
of 450 kDa (Ae chain), 220 kDa (Ble chain), and 200 kDa (B2e chain). 
In addition to our own preparation of EHS laminin, a commercial 
preparation of EHS laminin (Collaborative Research, Lexington, MA) 
that was >95% pure was also tested and gave similar results. The 
AmB 1 eB2e isoform was purified in intact form by EDTA extraction of 
human placenta (Ehrig et al., 1990) and was purchased from Telios 
Inc. (La Jolla, CA). The preparation was shown by ELISA and protein 
blotting to contain the Am, Ble, and B2e chains, but not the Ae chain. 
AeBleBZe from the mouse EHS sarcoma was chosen instead of 
AeBleBZe from human placenta for comparison with placental 
AmBleBZe, because EHS AeBleB2e is isolated in intact form without 
prior proteolysis, whereas human placental AeBleBZe is isolated as a 
proteolytic fragment following pepsin digestion (Leivo and Engvall, 1988; 
Ehrig et al., 1990). All other chemicals were purchased from Sigma (St. 
Louis, MO). 

Antibodies. All of the monoclonal antibodies (mAbs) were previously 
characterized as function-blocking antibodies. mAbs PIE6 (anti-a2fll; 
IeGl). PIB5 (anti-a3fil: IaGl). and PID6 (anti-a5fll: IgG3) have been - ,, 
characterized (Wayner and Carter, 1987) and were’purchased as ascites 
from Telios Inc. (La Jolla, CA). mAbs A2B2 (anti-/31; IgGl) and S2G3 
(anti-a Ip 1; IgM) have been characterized previously (Hall et al., 1990). 
GoH3 (anti-ot6@1; rat IgGZa; mouse and human reactive) wasgenerously 
provided by Dr. A. Sonnenberg (Sonnenberg et al., 1988). mAb 3A3 

(anti-rat alp]; IgGl) IgG was a generous gift of David Turner (Turner 
et al., 1989). Function-blocking monoclonal antibodies were included 
in the human DRG cultures at the indicated concentrations: A2B2 (anti- 
fll, 50 &ml IgG), S2G3 (anti-otlpl, 75 &ml IgG). PIE6 (anti-u2/31, 
1:500 dilution of ascites), PIBS (anti-a30 1, I:500 dilution of ascites), 
PID6 (anti-aSol, I:500 dilution of ascites), GoH3 (anti-u6, 50 pg/rnl 
IgG). Antibody concentrations used were about fivefold greater than 
those that were found to be maximally inhibitory in non-neuronal cell 
adhesion studies. For immunoprecipitations, several polyclonal anti- 
bodies were kindly provided: anti-a3 cytoplasmic domain (R. Hynes), 
anti-01 (V. Patel), and anti-P4 (V. Quaranta). 

Cell culture. Newborn rat and mouse DRGs were dissected into Ca*+- 
Mg+ + -free Hank’s Balanced Salt Solution (HBSS; UCSF Cell Culture 
Facilitv) and incubated with 0.1% trvnsin for 30 min at 37°C. Ganalia 
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were dissociated with trituration through a flame-polished Pasteur-pi- 
pette in HBSS containing 10% fetal calf serum (FCS). Dissociated cells 
were depleted of non-neuronal cells by preplating for 1 hr at 37°C in 
60 mm tissue culture dishes in DRG growth medium consisting of 
Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 gm/liter glucose) 
with 10% FCS. 50 t&ml 2.5s nerve arowth factor. and 100 U/ml of 
penicillin/streptomyhn. Unattached neurons were decanted, washed 
once in growth medium, and plated in growth medium at about 500,000 
cells/35 mm dish precoated with 10 &ml EHS laminin. After 3 d, 
cultures were treated twice for 48 hr each with 10 PM cytosine arabino- 
side in growth medium, followed by 24 hr in growth medium alone. 
Following treatment the cultures contained >95% neurons, as assessed 
using morphological criteria. Further neuronal emichment was attained 
following radiolabeling of the cultures (see below). 

Human tissue samples (8-12 weeks fetal age), from which dorsal root 
ganglia could be isolated. were obtained from the MRC Tissue Bank. 
Royal Marsden Hospital; London, England. Ethical approval for this 
work was obtained from the Ethical Committee, Guy’s Hospital, Lon- 
don. Dorsal root ganglia were collected, trypsinized, and dissociated as 
previously described (Doherty and Walsh, 1989). Neurons were seeded 
at a density of approximately 50 neurons/mm2 in serum-free growth 
medium (Bottenstein and Sato, 1978) that contained 1 mg/ml BSA and 
50 rig/ml 2.5s mouse nerve growth factor. Substrates were prepared by 
coating eight-chamber tissue culture slides (Nunc, Naperville, IL) first 
with 10 &ml poly-o-lysine followed by washing in distilled water, and 
then with either the AeBleBZe isoform (5 pg/ml), the AmBleB2e iso- 
form (5 pg/ml), or RN22 cell-conditioned medium (CM) as described 
(Tomaselli et al., 1986). Neurons were cultured for 16 hr in the presence 
or absence of antibodies. 

PC12 cells were grown in DMEM with 4.5 gm/liter glucose, 10% 
horse serum, 5% newborn calf serum, and 100 U/ml of penicillin/strep- 
tomycin. PC12 cell attachment studies were performed as previously 
described (Tomaselli et al., 1990). RN22 cells were kindly provided by 
M. Manthorpe and were cultured as previously described (Tomaselli et 
al., 1986). Serum-free RN22 CM was prepared by culturing confluent 
monolayers for 3 d with growth medium lacking serum. RN22 CM was 
filtered through a 0.22 pm syringe filter (Gelman Sciences, Ann Arbor, 
MI) prior to use. 

Neuronal radiolabeling and immunoprecipitation. Sensory neurons 
were surface labeled by lactoperoxidase-catalyzed iodination. To one 
35 mm dish containing about 500,000 neurons was added 2 mCi of 
carrier-free NalZ51, 100 pg of lactoperoxidase, and 30 ~1 of 0.03% H,O,. 
After 10 min ofgentle swirling at room temperature, the lactoperoxidase 
and H,O, were replenished and the reaction was allowed to continue 
an additional 10 min. The supematant was removed and the plate was 
washed three times in HBSS containing 5 mM RI. The highly intercon- 
nected meshwork comprising the neurons and their processes was gently 
peeled from the bottom of the dish using the tip of an 18 gauge needle 
and transferred to a 15 ml conical tube containing 15 ml of HBSS with 
5 mM RI. This procedure afforded virtually complete separation of the 
neurons from the small percentage of underlying non-neuronal cells. 
Neurons were pelleted at 1000 x g for 10 min and the pellet was 
extracted in phosphate-buffered saline (PBS) containing 1% Triton X- 100 
and 1 mM phenylmethylsulfonyl fluoride for 15 min on ice. Detergent- 
insoluble material was removed by centrifugation at 12,000 x g for 15 
min at 4°C. Aliquots of the supematant (l-2 x 10’ cpm) were incubated 
with 10 ~1 of a polyclonal antiserum or 10 fig of a purified monoclonal 
IgG. Antibody-antigen complexes were harvested with Protein A- or 
Protein G-Sepharose CL4B as described previously (Tomaselli et al., 
1990). Immunoprecipitated proteins were eluted by boiling for 5 min 
in SDS gel sample buffer, without reducing agents, and samples were 
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Figure I. Immunoprecipitation of detergent extracts of surface-iodi- 
naied rat (lanes I and 2) and mouse (lanes3 and 4) DRG neurons with 
anti-al (lane I), anti-a3 (lane 2), anti-& (lane 3), and anti-a6 (lane 4). 
Molecular weight markers indicated by arrowheads are myosin (200K) 
and P-galactosidase (116K). 

electrophoresed on 8% polyacrylamide slab gels according to Iaemmli 
(1970). Gels were stained with Coomassie blue, dried, and exposed to 
Kodak XAR film at - 80°C. Molecular weight markers used were myosin 
(M. 200.000) and B-galactosidase (M, 116,000). 

Quantitative anal& Neuronal cultures were fixed for 30 min in 4% 
naraformaldehvde in PBS and stained for 2-4 hr at 4°C with 10 &ml 
DiI (Molecular’Probes) in PBS. After washing once gently in PBS,.shdes 
were viewed and photographed on a Zeiss microscope using a rhodamine 
filter set. Fixed and stained DRG neuron cultures were scanned system- 
atically and neurons were selected randomly for analysis. A previous 
study (Doherty and Walsh, 1989) demonstrated that virtually all of the 
cells with a neuronal morphology (large, round cell body and fine, 
branching processes) stain with neurofilament antibodies. Thus, neurons 
were easily recognized on morphological grounds. The percentage of 
neurons with at least one neurite equal to or greater than one cell body 
diameter in length was determined. Determinations were made on two 
sister cultures in all experiments, and at least 100 neurons were counted 

per culture. By systematically scanning the preparation, neurons with 
at least one neurite greater than one cell diameter in length were selected 
randomly, and the length of the single longest neurite (including its 
branches) was determined using a computerized image analysis system. 
Only neurons whose cell bodies and neurites were isolated from the 
small percentage (< 10%) of contaminating non-neuronal cells were se- 
lected for analysis. Attachment of PC 12 cells to laminin was quantitated 
as described previously (Tomaselli et al., 1990). 

Results 
Integrin expression in DRG neurons 
p 1 integrins expressed in highly purified spinal sensory neurons 
after 1 week in culture were analyzed by immunoprecipitation 
of detergent extracts of surface-iodinated cells. Due to limited 
species cross-reactivities of the two cu-subunit-specific mono- 
clonal antibodies, 3A3 (anti-al, rat specific) and GoH3 (anti- 
(~6, mouse and human specific), both rat and mouse DRG neu- 
ronal cultures were studied. It was not possible similarly to study 
integrin expression biochemically in the human DRG neurons 
due to tissue limitations. In nonreducing SDS gels, immuno- 
precipitations of rat or mouse DRG neuronal cultures with anti- 
(~1, anti-cy3, and anti-& identified labeled proteins with the 
expected mobilities of the (Y l/3 1, (r3p 1, and CUSP 1 integrin dimers 
(Fig. 1, lanes l-3). Immunoprecipitation with anti-a6 yielded 
a protein with the characteristic mobility of the (~6 subunit 
(140K), and a very weak 120K protein that comigrated with 
the @l subunit (Fig. 1, lane 4). In addition to the (~6 subunit, 
anti-a6 immunoprecipitated a broad band at 180-200K (Fig. 
1, lane 4). This is the approximate size of the integrin p4 subunit, 
which is known to associate with cu6, but not other integrin 
a-subunits. A protein of the same size was weakly immunopre- 
cipitated with an antiserum to the human integrin @4 subunit 
(not shown). Thus, the a6 subunit appears to be associated 
primarily with /34, instead of @l, in these sensory neurons. 

Integrin function in DRG neurite outgrowth on AeBIeBte 

Human neurons were used in the present study because of the 
availability of function-blocking cY-subunit-specific antibodies 
to almost all of the known human /31 integrin receptors for 
laminin. Dissociated fetal human DRG neurons were cultured 
on poly-o-lysine-coated tissue culture plastic to which either 
the AeBleB2e or AmBleB2e isoform had been adsorbed. In- 
dividual neurons extended fine processes up to several hundred 
micrometers in length in 16 hr on either substrate (Fig. 2). Both 
the percentage of neurons that extended neurites and the average 
neurite length were comparable on the two laminin isoforms 
(Table 1, Fig. 2A,B). A mAb to the integrin 01 subunit almost 
completely inhibited neurite outgrowth on substrates coated 
with either laminin isoform (Fig. 2C,D). Thus, pl integrin re- 
ceptors are required for neurite outgrowth by sensory neurons 
on either isoform of laminin in conditions where, because of 
the underlying poly-D-lysine, integrins are not required for neu- 
ronal attachment (see Tomaselli et al., 1986). 

mAbs to each of four characterized laminin-binding @l in- 
tegrins--alpl, ~~281, cu3p1, and ~u6/31-and to a fibronectin- 
binding integtin, &3 1, were tested for possible effects on DRG 
neurite outgrowth on each laminin isoform. On the AeBleB2e 
isoform, anti-al/31 showed the strongest inhibitory effect, re- 
ducing the percentage of neurons with neurites by 32% and the 
average neurite length by 54% (Table 1, Figs. 2E, 3~). Anti- 
a3@ 1 did not decrease the percentage of neurons with neurites, 
but did reduce the average neurite length by 22% (Table 1, Figs. 
2G, 3e). Doubling the concentrations of either ant&l@ 1 or anti- 
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(~3/Il failed to produce a further inhibition (not shown). Anti- 
bodies to two additional candidate laminin receptors, (r2pl or 
~~681, did not have significant inhibitory effects on neurite out- 
growth (Table 1). As expected, an antibody to a Iibronectin 
receptor, &l, also did not have significant inhibitory effects. 
Thus, of the integrins tested, (Y l@ 1 and, to a lesser extent, (~381 
mediate neurite outgrowth on the AeB 1 eB2e isoform of laminin. 

In previous work, where neurons have been shown to utilize 
more than one receptor to interact with a particular substrate, 
combinations of antibodies have proven to be more effective 
than single antibodies in inhibiting adhesion or neurite out- 
growth (cf. Bixby et al., 1987; Hall et al., 1990; Tomaselli et 
al., 1990). Indeed, culture of neurons with antibodies to both 
(~3 and (~1 did produce a further decrease in average neurite 
length compared to anti-al alone (not shown). However, spec- 
ificity controls, using different antibody combinations, did not 

yield interpretable results. The most important observation was 
that the combination of these two antibodies did not inhibit 
neurite outgrowth as completely as antibodies to the integrin pl 
subunit, suggesting that an additional pl integrin functions as 
a third laminin receptor on these neurons. 

Integrin function in DRG neurite outgrowth on AmBleB2e 
On the AmB leB2e isoform, similar experiments gave distinctly 
different results (Table 1). Anti-cu3/3 1 had a considerably stronger 
effect on neurite outgrowth on AmBleB2e than on AeB leB2e 
laminin, reducing the percentage of neurons with neurites by 
50% (compared to < 5% on AeB 1 eB2e) and the average neurite 
length by 53% (compared to 22% on AeBleB2e; Figs. 2H, 3f ). 
In contrast to the above results on AeBleB2e, anti-alp1 did 
not significantly reduce neurite outgrowth on the AmBleB2e 
isoform (Table 1, Figs. 2F, 34. The failure of alpl-specific 
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Figure 3. Neurite length histograms for human DRG neurons cultured 
either on AeB leB2e laminin (a, c, e) or AmB 1 eB2e laminin (b, d, f  ) in 
the absence of antibodies (a, b) or in the presence of anti-alp1 (c, d) 
or anti-a301 (e, f). Values are normalized to average neurite length in 
control cultures (without added antibodies; 100 units). AeBleB2e lam- 
inin values are pooled from four experiments; AmBleBZe laminin val- 
ues are pooled from two experiments. The number of neurites measured 
was a, 273; b, 152; c, 324; d, 130; e, 308; and f; 154. Note that the 
percentage of the population with neurites of >60 relative units is a, 
80.2; b, 76.9; c, 26.6; d, 73.1; e, 59.4; and1; 26.6. 

antibodies to inhibit neurite outgrowth on AmB 1 eB2e-coated 
substrates demonstrated that the strong inhibitory effects of this 
antibody observed on the AeBleB2e isoform of laminin were 
substrate specific. As observed on EHS laminin, neurite out- 
growth on AmBleB2e was also not significantly inhibited by 
function-blocking antibodies to either cu2, a6, or cr5. 

To address the possibility that species differences, not subunit 
differences, account for the different properties of the two lam- 
inin isoforms, DRG neurite outgrowth was studied also on poly- 
D-lysine substrates coated with rat RN22 cell CM. Previous 
work has shown that an isoform of laminin is the active neurite 
outgrowth factor secreted by these cells (Davis et al., 1985; 
Lander et al., 1985) and recent studies have shown that the 
laminin isoform secreted by these cells is AmBleB2e (Engvall 
et al., 1992). DRG neurite outgrowth on rat RN22 cell-derived 
AmB 1 eB2e was also strongly inhibited by p 1 integrin antibod- 
ies, consistent with previous studies examining neurite out- 
growth on this substrate (Tomaselli et al., 1986; Engvall et al., 

Table 1. Effects of a-subunit-specific integrin antibodies on human 
DRG neurite outgrowth on the AeBleBZe and AmBleB2e isoforms of 
laminin 

% Neurons % Average 
Substrate with neuritesO neurite length” 

Laminin AeB 1 eB2e 
Anti-0 1 4+1 11 + I (77)‘ 
Anti-alp1 68 f  13 46 f  7 (324) 
Anti-a20 1 99 f  4 95 + 6 (71) 
Anti-or3@1 96 ?z 6 78 f  7 (308) 
Anti-cYS@l 102 f  6 111 f  5 (64) 
Anti-cY6p 1 93 + 5 99 rt 5 (146) 

Laminin AmB 1 eB2e 
Anti-p1 7*1 <3 
Anti-alp1 103 f  4 95 f  6 (130) 
Anti-a2@1 90 + 5 105 + 6 (130) 
Anti-Lu3/3 1 49 +- 6 47 + 12(154) 
Anti-a501 102 k 6 100 f  7 (131) 
Anti-cY6pl 100 -c 4 97 f  7 (112) 

Human DRG nemons were cultured for 16 hr on either the AeBleBZe or AmBleB2e 
isoform of laminin. In some cultures, mAbs were added at the concentrations 
specified in Materials and Methods. The percentage of netirons with at least one 
neurite greater than one cell body diameter in length was counted. Each value 
represents the mean k SD or range of at least two separate experiments, each 
with duplicate determinations. At least 100 neurons were counted per determi- 
nation. The neurite length values are mean k SD or range of at least two separate 
experiments. 
” Values are percentage of positive control (no added antibodies); on AeBleBZe, 
58 k 5 (mean f SD, N = 4); on AmBleBZe, 42 ? 2 (mean k range, N = 2). In 
two experiments where the two laminin isoforms were compared directly, the 
percentage of neurons with neurites was comparable (40 k 4 on AeBleBZe, 41 
2 1 on AmBleBZe). 
” Values are percentage of positive control (no added antibodies); on AeBleBZe, 
278 k 30 pm (mean f SD, N = 4); on AmBleBZe, 312 f 45 Mm (mean k range, 
N = 2). 
’ Values in parentheses are the number of neurites measured. 

1992). The relative effects of anti-al and anti-a3 on rat RN22 
cell AmBleB2e were similar to those observed on human pla- 
cental AmB 1 eB2e. Anti-a3 had a much stronger inhibitory effect 
than anti-a 1, reducing the percentage of neurons with neurites 
by 70%, as compared to less than 5% inhibition in the presence 
of anti+ 1 (Table 2). Thus, DRG neurite outgrowth in response 
to the AmBleB2e isoform from two different species was sim- 
ilarly affected by antibodies to oil or a3. 

In order to determine whether the AmB 1 eB2e isoform is ca- 
pable of interacting at all with the cvlpl integrin, we studied the 
effects of anti-al/31 on the attachment of a rat neuronal cell line, 
PC 12, to these two laminin isoforms. Previous work has shown 
that u 1 p 1 and a3P 1 both function in PC 12 cells as receptors for 
the AeBleB2e isoform (Rossino et al., 1990; Tomaselli et al., 
1990). PC1 2 cells were allowed to attach to varying concentra- 
tions of each laminin isoform in the presence or absence of the 
monoclonal antibody, 3A3, which is specific for the rat al@1 
heterodimer (Turner et al., 1989; Ignatius et al., 1990; Tawil et 
al., 1990). PC1 2 cell attachment to AmBleB2e was significantly 
inhibited by anti-al, but to a lesser extent than the inhibition 
observed on EHS laminin (Fig. 4). At saturating substrate coat- 
ing concentrations of the two laminin isoforms, inhibition by 
the anti+ l/3 1 was about 30% on AmB 1 eB2e compared to about 
70% on AeB 1 eB2e. Thus, there does appear to be a recognition 
site for al@1 on the AmBleB2e isoform, but it appears to be 
quantitatively less important than the corresponding site on the 
AeB leB2e isoform of laminin. 
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Table 2. Human DRG neurite outgrowth on RN22 cell CM: effects 
of integrin antibodies 

% Neurons with neurites 

Anti-alp1 96 f 8 

Anti-a301 31 f 10 

Values are percentage of positive control (no added antibodies): 52 f 1 (average 
k range of determinations made on duplicate cultures from a single experiment). 

Discussion 
The main objectives of the present study were (1) to characterize 
@l integrin expression biochemically in one neuronal popula- 
tion-sensory neurons of the DRG; (2) to determine, using sub- 
unit-specific antibodies, which of the expressed integrins me- 
diate neurite outgrowth on the classical isoform of laminin 
(AeBleB2e) isolated from the EHS sarcoma; and (3) to deter- 
mine if the same /31 integrins function in neurite outgrowth in 
response to a second laminin isoform (AmB 1 eB2e), which con- 
tains the Am instead of the Ae subunit. Results show that DRG 
neurons express several integrin heterodimers, at least two of 
which function as laminin receptors. Results also indicate that 
the functional importance of individual laminin-binding integ- 
rins depends upon the subunit composition of the isoform of 
laminin utilized as a substrate. 

Previous work has shown that the classical isoform oflaminin, 
containing the Ae, Ble, and B2e subunits, stimulates neurite 
outgrowth by many types of neurons, including avian and rodent 
sensory neurons (cf. Manthorpe et al., 1983; Rogers et al., 1983). 
01 integrin function has been shown to be necessary for neuronal 
attachment and process outgrowth in response to this isoform 
of laminin (Bozyczko and Horwitz, 1986; Tomaselli et al., 1986). 
Previous work has also shown that media conditioned by glial, 
muscle, endodermal, and other cells contain factors related im- 
munologically to laminin that, when adsorbed to substrates, also 
function as neurite outgrowth-promoting factors (Davis et al., 
1985; Lander et al., 1985). More recent work has shown that 
the subunit composition of the most thoroughly characterized 
of these factors, that secreted by rat RN22 Schwannoma cells, 
is AmB 1 eB2e, the same isoform of laminin present in the basal 
laminae of Schwann cells and skeletal myotubes (Engvall et al., 
1992). pl integrin function has been shown to be necessary for 
neurite outgrowth on this isoform as well (Engvall et al., 1992). 

The present study extends earlier work on the role of @l 
integrins in neuronal responses to laminin by identifying two 
integrins, cy 1 p 1 and (~3p 1, that function as laminin receptors on 
sensory neurons. This conclusion is based on the inhibitory 
effects of integrin-specific antibodies on neurite outgrowth. Two 
observations indicate that the inhibitory effects of the bivalent 
antibodies are specific and not due simply to antigen cross- 
linking. First, the effects ofthe antibodies were substrate specific. 
Thus, anti-alp1 inhibited neurite outgrowth only on the 
AeB 1 eB2e isoforrn and not the AmB 1 eB2e isoform, even though 
the O( 1 p 1 integrin should have been cross-linked on either sub- 
strate. Second, bivalent antibodies to the a501 integrin, which 
is expressed on the surface of these neurons (Fig. l), did not 
noticeably affect neurite outgrowth. Thus, as in previous studies 
that directly compared the inhibitory effects of monovalent and 
bivalent integrin antibodies (cf. Tomaselli et al., 1986), the ef- 
fects observed in the present study appear not to be due to 
nonspecific effects of antigen cross-linking. 
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Figure 4. Effect of anti-crlpl on PC12 cell attachment io laminins 
AeBleBZe or AmB 1 eB2e. a, PC1 2 cell attachment to various concen- 
trations of AeBleB2e laminin in the absence (open circles) or in the 
presence (solid circles) of anti-al (mAb 3A3, 10 wg/ml). b. PC12 cell 
attachment to various concentrations of AmB 1 eB2e in the absence (open 
circles) or in the presence (solid circles) of anti-al (mAb 3A3, 10 ~g/ 
ml). 

The a60 1 integrin, which has been shown to function in retinal 
ganglion neurite outgrowth on the AeBleB2e laminin isoform 
(de Curtis et al., 1991; Cohen and Johnson 1991), is the only 
/31 integrin that has been shown to function in the outgrowth 
of primary neurons in response to laminin. Thus, it is interesting 
that it does not play a role in DRG neurite outgrowth on either 
laminin isoform. While the a6 subunit is expressed in the DRG 
neurons (Fig. l), it appears to be associated primarily with a 
much larger P-subunit, most likely /34. In other cells where 04 
is expressed, a6 has been shown to associate preferentially with 
p4 as opposed to /31 (Sonnenberg et al., 1990). The ligands for 
ot6@4 have not been unambiguously identified. In many cells 
cr6p4 appears not to function as a laminin receptor (Sonnenberg 
et al., 1990); however, in at least one cell type, an adenocarci- 
noma, it may function as a laminin receptor (Lee et al., 1992). 
In sensory neurons, it appears that the a6 subunit is not part of 
an effective laminin receptor, since laminin-stimulated neurite 
outgrowth was not sensitive to the function-blocking a6 mAb. 

The importance of Ly 1 p 1 in mediating embryonic human DRG 
neurite outgrowth on EHS laminin was surprising in light of 
previous observations on a different class of peripheral neurons, 
neonatal rat sympathetic neurons. Lein et al. (199 1) showed that 
while neonatal rat SCG neurons express the cvlpl integrin, it 
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appears not to function in EHS laminin-mediated SCG neurite 
outgrowth. However, cvlpl does function in SCG neuronal re- 
sponses to collagen. Two possible explanations for this obser- 
vation are that SCG neurons express other /31 integrins (e.g., 
a3@1) that function more prominently than cvlpl in response 
to laminin (Tomaselli, 199 l), or that the laminin-binding ability 
of the otlpl integrin is specifically downregulated in rat SCG 
neurons. Since cvlpl has been clearly shown to function as a 
laminin receptor in PC12 cells (Turner et al., 1989; Rossino et 
al., 1990; Tomaselli et al., 1990) which are thought to be similar 
functionally to rat SCG neurons, and in the human DRG neu- 
rons studied here, it seems likely that laminin recognition by 
the culfll integrin is downregulated in at least some classes of 
neurons. Precedence for this possibility is found in the cell- 
specific regulation of ligand recognition by the ~~201 integrin. 
This integrin functions as a collagen receptor in some cells and 
as a dual laminin/collagen receptor in others (Elites and Hem- 
ler, 1989; Languino et al., 1989). Since the purified receptors 
also exhibit different ligand-binding specificities (Kirchhofer et 
al., 1990) it appears that laminin recognition can be regulated 
independently of collagen recognition. 

Our data suggest that in addition to cvlpl and a3/Il, an un- 
identified @l integrin also functions as a laminin receptor on 
DRG neurons, since the combination of (Al- and ot3-specific 
antibodies was less effective at inhibitingneurite outgrowth than 
antibodies to the /3 1 subunit. At the time these experiments were 
performed, we believed that all candidate laminin receptors in 
the pl integrin family were being tested. Since completion of 
our work, a novel laminin-binding integrin, a7p1, has been 
characterized and is reported to be prominently expressed by 
DRG neurons (Song et al., 1992). While this receptor also seems 
a likely candidate to mediate DRG neurite outgrowth on lam- 
inin, this possibility was not addressed in our study. 

In addition to the laminin receptors listed above, sensory 
neurons express several other integrin receptors. Since sensory 
neurons interact with two distinct domains in fibronectin, one 
recognized by a5@1 and the other by a4pl (Humphries et al., 
1988) they almost certainly express both fibronectin receptors. 
Indeed, immunocytochemical studies have shown that they ex- 
press significant levels of &I1 (Lefcort et al., 1992). Similar 
studies show that they also express &31, an integrin with un- 
characterized ligands (Bossy et al., 199 1). Since the expression 
patterns within the nervous system of many integrin subunits 
have not yet been studied in detail, it is possible that these 
neurons express integrins in addition to those discussed above. 

While the present study may be the most complete charac- 
terization to date of integrin expression and function in a single 
population of primary neurons, additional characterization is 
still needed. This work focused on potential laminin receptors 
and did not attempt to study the functions of integrins with 
other ligands. In addition to determining which ofthese integrins 
are also present in sensory neurons, it will be important to 
determine whether subpopulations of DRG neurons differ in 
their integrin repertoires and whether these differences influence 
aspects of the differentiated properties or axonal trajectories that 
develop in vivo. DRG neurons are not homogeneous, but instead 
can be divided into subpopulations based on functional mo- 
dality, neurotransmitter and surface molecule expression, and 
neurotrophic factor responsiveness (Dodd and Jessell, 1985; 
Barde, 1989; Scott, 1992). Thus, heterogeneity in integrin ex- 
pression among individual DRG neurons would not be sur- 
prising. Such heterogeneity could account for the partial inhib- 

itory effects of the a-specific antibodies observed in this study, 
if, for example, individual a-specific antibodies completely in- 
hibited neurite outgrowth in one subpopulation while sparing 
another. The limited resolution of our data does not provide 
strong evidence for or against this possibility. Alternatively: 
partial antibody inhibitory effects might be due to laminin re- 
ceptor redundancy on individual neurons, as has been observed 
in PC1 2 cells (Rossino et al., 1990; Tomaselli et al., 1990). 
Clearly, future studies will need to address integrin heterogeneity 
in subpopulations of DRG neurons. 

Our study also presents evidence that different isoforms of 
laminin exhibit different functional properties. Previous studies 
have also demonstrated functional differences in neuronal re- 
sponses to different laminin isoforms. For example, ciliary gan- 
glion neurons, but not other types of neurons, interact with 
bacterially expressed fragments of the B 1 s chain (Hunter et al., 
1989b). Embryonic mouse retinal ganglion neurons that have 
lost their ability to grow neurites on the AeBleB2e isoform 
maintain a /31 integrin-dependent responsiveness to the 
AmBleBZe isoform (Cohen and Johnson, 1991). In neither of 
these two cases, however, were the differences correlated with 
a particular laminin receptor. Functional differences in laminin 
isoforms are presumably due to the effects that differences in 
subunit composition have on integrin binding sites. The two 
laminin isoforms studied here have different A-chains, Ae ver- 
sus Am, while sharing the same Bl and B2 chains. Since the 
activity of cvlpl in two different cell types differed on the two 
isoforms, it seems likely that the A-chain plays some role in 
al@1 recognition. Studies aimed at mapping the (~181 binding 
site on different laminins are needed to address this issue. 

The recent identifications of merosin (Am) and kallinin (Ak) 
mean that there are at least three different A-chain homologs. 
In immunocytochemistry, each has a unique distribution (Mar- 
inkovich et al., 1992). Similarly, the discoveries of S-laminin 
(B 1 s) and B l-2 increase the number of B-chain homologs to at 
least three. Bl-2 was identified in chick where an S-laminin 
homolog has not yet been identified. Sequence comparison makes 
it unlikely that it is the chick S-laminin homolog, but that is 
not yet proven conclusively. The Ble and Bls subunits also 
have quite distinct localization patterns (Sanes et al., 1990). 
Finally, the recent discovery of B2t, a truncated B2 chain ho- 
molog, demonstrates that there are at least two B2-like subunits. 
Thus, the potential exists for 18 different trimeric isoforms of 
laminin, each with a distinct tissue distribution pattern. With 
the exception of kallinin, each of these subunits has been de- 
tected in the nervous system. This suggests that these isoforms 
may have quite specific roles in neural development. Precedence 
for restricted distribution correlating with a specific function in 
neural development has already been obtained for the B 1 s sub- 
unit, which is concentrated in the synaptic basal lamina of the 
neuromuscular junction (Hunter et al., 1989a). In future work, 
it will be important to study the functions in vitro ofeach laminin 
isoform in isolation and to examine their functions in vivo using 
isoform-specific perturbants or genetic methods that interfere 
selectively with functions of individual isoforms. 

Our study utilized more than one species as a source of both 
the DRG neurons and the two different laminin isoforms. Em- 
bryonic human neurons were used for functional studies because 
a complete repertoire offunction-blocking mAbs is not available 
for rodent integrins. Since biochemical studies were impractical 
with human neurons, these studies utilized rodent neurons. There 
was, however, good agreement between our observations on /31 
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integrins in the two species. The culpl and ~u3pl laminin recep- 
tors identified in rodent DRG neurons by immunoprecipitation 
are clearly functional in the human DRG neurons. In addition, 
c~6p1, which was found not to function as a major laminin 
receptor in the human DRG neurons, also does not function in 
mouse DRG neurons (J. Cohen, personal communication). For 
most experiments, the two laminin isoforms were also derived 
from different species, mouse AeB leB2e or human AmB leB2e. 
Even at present, there is no well-characterized source of purified, 
intact human AeB 1 eB2e laminin. Similarly, there is no carefully 
characterized preparation of purified mouse laminin containing 
the Am, Ble, and B2e subunits. However, there was good con- 
cordance between the human placental merosin isoform and the 
rat cognate derived from the RN22 Schwannoma cell line 
(Engvall et al., 1992). Thus, we feel it is unlikely that the func- 
tional differences we observed between the two laminin isoforms 
are due to a species difference. Potential species differences in 
laminin isoforms will ultimately be resolved through functional 
expression of different combinations of cDNAs encoding spe- 
cies-specific laminin subunits. 

In conclusion, the present article has identified two /31 integ- 
rins--al/31 and ~u3@1 -utilized by DRG neurons to extend pro- 
cesses on laminin. Results also suggest that integrins may dis- 
tinguish between some of the many isoforms of laminin that 
appear to be present in vertebrate embryos. Laminin isoforms 
thus may have functions that are as specific as their distributions 
are unique. 
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