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Abstract

Strikingly selective expression patterns of 61, a2, a3, and a5
integrin subunits were revealed in endoneurium, perineurium,
and epineurium of fetal and adult human peripheral nerve by
immunostaining with specific antibodies. The a2 subunit was
expressed only on Schwann cells both in fetal and adult nerve,
whereas the a3 epitopes were expressed exclusively in the adult
tissue and were primarily present on perineurial cells. The a5
epitopes were expressed only on the innermost cell layer of
perineurium of fetal and adult nerve. The tumor cells within
schwannomas and cutaneous neurofibromas expressed both a2
and a3 subunits, indicating that Schwann cells have the poten-
tial to express also the a3 subunit in vivo. Cell cultures estab-
lished from human fetal nerve and neurofibromas revealed ex-
pression of the a2 and a5 epitopes on Schwann cells, perineu-
rial cells, and fibroblasts, whereas only Schwann cells
contained the a3 epitopes which were occasionally concen-
trated on the adjacent Schwann cells at cell-cell contacts. Our
findings emphasize that nerve connective tissue cells afhange
their profiles for expression of extracellular matrix receptors
under conditions which have different regulatory control sig-
nals exerted by, for example, axons, humoral factors, or the
extracellular matrix of the peripheral nerve. This plasticity
may play an important role during nerve development and in
neoplastic processes affecting the connective tissue compart-
ments of peripheral nerve. (J. Clin. Invest. 1991. 87:811420.)
Key words: basement membranes * type IV collagen - fibronec-
tin * neurofibroma * schwannoma * peripheral nerve

Introduction

Cell-cell and cell-matrix interactions are mediated by cell sur-
face molecules, such as integrins, which function as specific
receptors for different ligands (1-4). All VLA integrins share
the common 131 subunit whereas the specificity for ligand bind-
ing is determined, at least in part, by different a subunits (2, 3,
5, 6). For example, the a2 subunit mediates binding to various
collagen types and laminin (7, 8-10), whereas the a5 subunit is
responsible for binding to fibronectin (6, 11, 12). The a3 sub-
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unit has a relatively broad specificity, and interacts with several
ligands, including fibronectin, laminin, and different collagens
(10). Furthermore, a recent study has shown that the integrin a
subunit ligand binding specificity may be modulated by cell-
type specific factors (13). In addition to their role in cell-matrix
interactions, the 131 integrins have been recently implicated in
the maintenance of cell-cell contacts (14, 15). Thus integrins
may play an important role in the complex regulatory interac-
tions necessary for ordered embryogenesis, neural develop-
ment, and tissue repair, as well as in development and growth
of tumors (3, 7, 16-19).

Neural development during embryogenesis or as part of
nerve repair is a complex process which apparently involves
cell-cell and cell-matrix interactions (17, 20-24). At least three
cell types of neural connective tissue, Schwann cells, perineu-
rial cells, and fibroblasts, are involved in these processes (22,
23, 25). The Schwann cell-axon units and the endoneurial con-
nective tissue of peripheral nerves are surrounded by the tubu-
lar perineurium (26-29), which isolates the endoneurium from
the epineurial connective tissue. The perineurium constitutes
the basis for the maintenance of endoneurial homeostasis (30,
31), which is essential for the proper function of normal periph-
eral nerves. This barrier function of perineurium is a result of
the presence of an exceptionally thick basement membrane,
which surrounds the perineurial cell layers on both sides, and
tight junctions connecting adjacent cells within each layer of
perineurium (26, 28, 32). The basement membrane is formed
by type IV collagen which associates with noncollagenous gly-
coproteins, such as laminin, nidogen, and fibronectin (33, 34).
Thus, it is conceivable that interactions of nerve connective
tissue cells with the adjacent extracellular matrix may play an
important role in neural development.

Cutaneous neurofibromas, the hallmark of neurofibroma-
tosis 1, consist of heterogenous cell populations, including
Schwann cells, perineurial cells, and fibroblasts, together with
scattered mast cells and phagocytic cells (35). In contrast, be-
nign schwannomas are more homogenous and consist almost
exclusively of Schwann cells (36). The extracellular matrix of
neurofibromas contains type I, III, IV, V, and VI collagens, as
well as fibronectin and other noncollagenous components of
the basement membrane zone, such as laminin and nidogen
(35, 37-41). Previous studies examining other cutaneous tu-
mors have shown altered and variable expression of integrins
(18, 42). Specifically, squamous cell carcinomas with a high
metastatic potential were shown to express low or undetectable
levels of integrins, whereas more benign basal cell carcinomas
showed clearly detectable levels of 11 integrins (18). Further-
more, the integrin receptor distribution in Rous sarcoma
virus-induced tumors has been shown to be altered, but the
levels were increased (42). Thus, a diversity of alterations in
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integrins can be found in different tumors. Consequently, it is
of interest to study how the multiple cell types present in neu-
rofibromas interact with the extracellular matrix in a manner
contributing to the growth and development of these tumors.

In this study, we have examined the distribution of inte-
grins in human fetal and adult peripheral nerve, as well as in
cutaneous neurofibromas and in a benign schwannoma, using
indirect immunofluorescence with antibodies recognizing the
(31, a2, a3, or aS subunits of (31 integrins. Furthermore, the
integrin expression was examined in cell cultures established
from human fetal nerves or from neurofibromas. The results
indicate a selective and specific expression of different (31 inte-
grins in vivo and in vitro, suggesting that they may play a role
in the development and neoplasia of neural tissues.

Methods

Tissue specimens. Normal human femoral nerve tissue was obtained
from autopsy of a 3 1-yr-old apparently healthy male who had died in
an accident. Fetal sciatic nerve tissue was excised from two apparently
normal fetuses, 19 and 20 wk of gestational age. Cutaneous neurofibro-
mas excised for cosmetic reasons were obtained from seven patients
with classic features of type 1 neurofibromatosis (von Recklinghau-
sen's disease), and a benign schwannoma was removed from an other-
wise healthy individual.

Cell cultures. Humannerve cell cultures were established from fetal
sciatic nerves by explantation method, and the cells were allowed to
grow onto acetylated glass slides (43). The cultures were maintained in
DMEM,which contained antibiotics (100 U/ml penicillin-G, and 50
,ug/ml streptomycin sulfate) and 10% FCS (Flow Laboratories, Inc.,
McLean, VA). Cell cultures were also established from neurofibroma
specimens, as described previously (43). Cells were fixed for immuno-
staining in cold (-20°C) ethyl alcohol for 15 min.

Indirect immunofluorescence. For indirect immunofluorescence, 5-
,um-thick frozen sections were rinsed with Tris-buffered saline (TBS,
pH 7.6), and preincubated for 15 min with TBS containing 1% BSA.
The samples were then exposed to primary antibody in appropriate
dilutions (in TBS-BSA) overnight at 4°C. The sections were washed in
TBS for 60 min with five changes, and incubated either with FITC- or
with tetramethyl-rhodamine isothiocyanate (TRITC)-conjugated sec-
ondary antibodies. After a 60-min incubation at room temperature, the
sections were washed with TBS for 60 min, rinsed with distilled water,
and examined with a fluorescence microscope (Nikon Optiphot),
equipped with filters for detection of FITC and TRITC. Representative
sections were photographed using Kodak Tri-X film. In control reac-
tions, the primary antibody was omitted or replaced with sera from
nonimmunized animals. Faint uniform background only was observed
in all controls.

Antibodies. Characterization of antibodies 3847 and J 143 recogniz-
ing the a5/l 1 and a3 epitopes, respectively, has been reported
previously (44, 45), and properties of the other antibodies are briefly as
follows. Antibody F17-6D7 is a mouse monoclonal antibody raised
against human platelets that binds specifically to glycoprotein Ia/IIa
(46), and recognizes the a2 subunit epitopes. Antibodies 13 and 16 are
both IgG2, of rat origin raised against purified human fibronectin re-
ceptor. Antibody 13 recognizes both the mature and precursor forms of
3I subunits according to immunoprecipitation and biological specific-

ity criteria. Antibody 16 recognizes aS subunits according to immuno-
precipitation criteria. Both antibodies 13 and 16 are described in detail
elsewhere (1).

The monoclonal antibodies were used in a final IgG concentration
of 50 Ag/ml. The polyclonal anti-human fibronectin receptor anti-
serum 3847 was used at a 1:100 dilution. Monoclonal antibodies to
human type IV collagen were purchased from ICN Biochemicals (Lisle,
IL) and monoclonal antibodies to neurofilament protein were from
Biomakor (Rehovot, Israel).

Results

Immunolocalization of (1 integrins in adult peripheral nerve.

To examine the expression of integrins in normal, fully devel-
oped human nerve, frozen sections were prepared from the
femoral nerve obtained from a 31-yr-old apparently healthy
male who died in an accident. The overall distribution of (31
integrins was first determined by immunostaining with mono-

clonal antibody 13 recognizing the extracellular domain of 1 1.

A prominent staining reaction was noted within all layers of
perineurium and in endoneurium in association with Schwann
cells (Fig. 1 a). The staining was, however, patchy and showed
differences in the staining intensity between adjacent Schwann
cells. Double immunofluorescence with antibodies to a5/( 1

receptor and neurofilament protein, which allowed visualiza-
tion of axons, revealed that Schwann cells surrounding small-
diameter axons expressed the (31 epitopes at apparently higher
levels than those associated with large-diameter axons (Fig. 2).
The epineurium was largely negative for (31 expression, but
blood vessel walls clearly demonstrated the presence of (31 epi-
topes.

Monoclonal antibodies recognizing a2, a3, or a5 subunits
were used in further studies to compare the distribution of spe-

cific (31 integrins within the nerve. Positive staining reaction
with monoclonal antibody F17-6D7 recognizing the a2 sub-
unit was detected in association with Schwann cells, whereas
the perineurium and epineurium were essentially devoid of
staining reaction (Fig. 1 b). Staining of parallel sections with the
J143 antibody against the a3 subunit revealed a prominent
staining of perineurial cells and blood vessel walls, but only a

faint staining was observed within the endoneurium (Fig. 1 c).
Staining with monoclonal antibody 16 recognizing the ex-

tracellular domain of the a5 subunit revealed a variable, often
faint, and somewhat diffuse pattern associated with the inner-
most compartment of perineurium and with blood vessel walls
(Fig. 1 d). Thus, the data, summarized in Table I, indicate that
different structures within a mature, fully developed human
nerve demonstrate selective expression of the (1 integrin sub-
units.

Immunolocalization of integrins in developing fetal nerve.

To examine the distribution of (1 integrins in developing
nerve, immunostaining with the same panel of antibodies was

performed on frozen sections of the sciatic nerve obtained from
19- and 20-wk-old fetuses. The overall staining pattern with
polyclonal antibodies to (31 subunit was similar to that demon-
strated in adult nerve (Fig. 1 e). However, the intensity of im-
munoreaction between different Schwann cells was more uni-
form than that in the adult nerve. The a2 subunit epitopes
could also be recognized on Schwann cells in a similar manner
as in the adult nerve (Fig. 1 f ).

The major difference between the staining patterns of fetal
and adult nerves was the lack of a3 subunit epitopes in fetal
perineurium (Fig. 1 g). In the fetal nerve trunk, only the vessel
walls showed intense positive staining (Fig. 1 g). The staining of
fetal endoneurium with antibody to a3 subunit was very weak,
as was also noted in the adult nerve (see above). Similarly,
staining with antibody to a5 subunit revealed clearly detectable
reaction only on the blood vessels, associated with the fetal
nerve (Fig. 1 h). In few isolated fields, a faint staining with the
antibody to the a5 subunit was noted in perineurium (not
shown). Thus, the integrin expression pattern in fetal nerve, as

summarized in Table I, was different from that noted in ma-

812 L. L. Hsiao, J. Peltonen, S. Jaakkola, H. Gralnick, and J. Uitto



ADULT

1

oc2

o3

FETAL

Figure 1. Immunostaining of adult (a-d) and fetal (e-h) nerve with monoclonal antibodies recognizing ,B1 (a, e), a2 (b, f ), a3 (c, g), or a5 (d, h)
epitopes. Note the prominent staining for ,1 and a3 epitopes throughout the perineurium (arrows in a, c, e), and staining for a2 epitopes on
the outer aspects of Schwann cell tubes in the endoneurium (E in b, f ). Also note that epineurium (asterisk) and perineurium (arrows) are devoid
of a2 integrin epitopes (b, f ). Note the staining reaction on blood vessel walls (open arrow) (c, d, g, h). Frames b-d have the same magnification.
Bars a and b, 100 ,m. Frames e-h have the same magnification. Bar, 50 im.
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Figure 2. Double immunofluorescence staining with polyclonal
antibodies to fI/a5 integrin receptor (a, c) and with
antineurofilament protein antibodies (b, d). Frames c and d represent
enlargements of the boxed areas outlined in a and b, respectively.
Note a group of small diameter axons (d, arrows). Also note the
prominent immunoreaction in the same location most likely in
association with Schwann cell surfaces (c). The resolution of the
indirect immunofluorescence technique used in this study did not
allow definite conclusions as to whether 131 integrin epitopes were
present also at the axon-Schwann cell contact sites. Bars, a and b, 100
Am; c and d, 50 ltm.

ture adult nerve, especially in the perineurium, suggesting that
certain integrins are important for maintaining the homeosta-
sis of a mature, fully developed nerve, whereas different adhe-
sion mechanisms may be operative during fetal nerve develop-
ment. The differences in the expression of a3 and a5 subunits
may reflect the different composition of the extracellular ma-
trix in fetal perineurium as compared to the adult perineurium.

Figure 3. Expression of ,1 integrin receptors and type IV collagen
epitopes on cultured fetal nerve connective tissue cells. The cultures
were stained with polyclonal antibodies to 3 1/a5 integrin (a), or
double stained with antibodies to type IV collagen and 11/aS5 integrin
complex (b and c). Essentially all cells in culture expressed the #1
integrins (a). Immunostaining of perineurial cells revealed granular
(asterisk) and streaklike (arrows) distribution of 11 epitopes (b).
Double immunofluorescence of the field shown in b with antibodies
to type IV collagen (c) revealed no apparent colocalization of d13 and
type IV collagen epitopes (b and c). Bar, a, 100 zm; b and c, 50 Atm.

Also, in developing nerve, the perineurial cells are not in con-
tact with adjacent cells while in adult perineurium these cells
overlap and form tight junctions (26, 47).
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Table I. Expression of a2, a3, and a5 Subunits of 131 Integrins in Mature and Developing HumanNerves

a Subunit epitopes of61 integrins
Potential ligand molecules in

Compartment Adult nerve Fetal nerve peripheral nerve compartments

Endoneurium (Schwann cells) a2 a2 Merosin, laminin, type IV collagen,* type I, III, V,
and VI collagenst

Perineurium (perineurial cells) A3 none S-Laminin, laminin, type IV collagen,§ type 1, III,
V and VI collagens, fibronectin1l

Epineurium (epitopes on blood vessel wall) a3, a5 a3, a5 Laminin, type IV collagen,' type I, III, and VI
collagens, fibronectin**

* In the Schwann cell basement membrane (24, 50). * In the endoneurial connective tissue ensheathing the Schwann cell tubes (39, 57). § In
perineurial basement membranes (24, 55). 11 Between perineurial cell layers in the endo- and epineurial connective tissue adjacent to perineu-
rium (39, 57). 1 In endothelial basement membranes (33, 34). ** In the epineurial connective tissue (39, 57).

Expression of1J integrins in cell cultures derivedfrom fetal
nerve. To examine more precisely the individual cells that may
express the (31 integrins, primary cell cultures composed of
Schwann cells, perineurial cells, and fibroblasts, were estab-
lished from fetal nerve tissue, as described previously (43, 48,
49). All these three cell types expressed the #13 integrins in cul-
ture (Fig. 3, a and b). A diffuse perinuclear staining was noted
within most cells apparently representing newly synthesized
intracellular pool of 13 subunit epitopes. A diffuse, spotty, or
streaklike staining was also present at the periphery of most
cells, possibly -identifying epitopes on focal adhesion sites on
the cell surface ( 12).

To examine the expression of different a subunits in further
detail, the same monoclonal antibodies employed for immuno-
staining of tissue sections were used on cultured cells. Staining
with antibody recognizing the a2 subunit revealed a punctate
distribution on all three cell types studied (Fig. 4, a-c, Table II).
Wehave previously shown that laminin on cultured peri-
neurial cells also shows a similar punctate distribution (49),
suggesting that a2/# 1 complex may function as a collagen/la-
minin receptor (8) on these cells.

Staining with a monoclonal antibody recognizing the aS
subunit revealed rather diffuse, yet uniform staining through-
out the individual Schwann cells (Fig. 4 d). Interestingly,
Schwann cells do not have fibronectin epitopes on their sur-
face, which implies that the a5/13 1 receptor is nonfunctional as
a "classical" fibronectin receptor in these cells, or a5/l 1 com-
plex may mediate binding to other ligands. In contrast, immu-
nofluorescence stainings of perineurial cells for the aS subunit
recognized the presence of epitopes in a linear streaklike pat-
tern, suggesting that a5/1 1 integrin complex may function as a
fibronectin receptor in these cells (15, 49). The fibroblastic cells
demonstrated a somewhat variable and diffuse staining pattern
(Fig. 4f). Some cells showed evidence of a streaklike arrange-
ment of the aS epitopes, whereas in other cells a perinuclear
distribution was apparent. Thus, Schwann cells, perineurial
cells, and fibroblasts can express the a2 and a5 subunits in
culture (Table II), although the staining pattern on different
cells is variable, and a2/# 1 and a5/l# 1 receptors may have dif-
ferent ligand specificities in these three cell types.

Interestingly, the staining pattern with a monoclonal anti-
body recognizing a3 epitopes was entirely different. Cultured
perineurial cells and fibroblasts were apparently devoid of a3
epitopes (Fig. 5, a and c), whereas a perinuclear and diffuse

staining was recognized in Schwann cells. These cells were
identified as Schwann cells also on the basis of apparent lack of
fibronectin epitopes on the cell surface (Fig. 5 b). In addition,
an intense immunoreaction for a3 epitopes was seen between
adjacent Schwann cells suggesting that a3/p 1 integrin complex
may mediate cell-cell interactions of cultured Schwann cells in
a manner described for other human cell types in vitro (14, 15).
The negative immunostaining of perineurial cells and fibro-
blasts is unlikely to be due to epitope masking, because
Schwann cells in the same cultures stained with this antibody,
and the a2, a5, and ,B1 subunits were readily detectable on
these cell types in the same culture (Table II). Thus, it appears
that perineurial cells and fibroblasts in cultures established
from fetal nerve do not express the a3 subunit and that these
cells do not use a3/l# 1 integrin complex as a collagen, laminin,
or fibronectin receptor. It should also be noted that double
stainings utilizing a monoclonal antibody to type IV collagen
and polyclonal antibodies to the ,B1 integrin subunit did not
demonstrate any apparent colocalization of these epitopes sug-
gesting that the interaction of type IV collagen and nerve-de-
rived connective tissue cells are not mediated through j31 inte-
grins.

Integrin expression in cutaneous neuroJibromas and a be-
nign schwannoma. Previous studies have suggested that inte-
grin expression is altered in neoplastic lesions and in virally
transformed cells (18, 42). Neurofibromas are benign neural
tumors composing of a heterogenous cell population of

Table II. Comparison of the Expression Profiles of a Subunits
of VLA Integrins by Neural Connective
Tissue Cells In Vivo and In Vitro

a Subunit epitopes

Cell type In vivo In vitro*

Schwann cell a2 a2, a3, aS
Perineurial cell a3t a2, aS
Fibroblast None1 a2, aS

* In cultures established from human fetal nerve and cutaneous
neurofibromas.
* Expressed in adult but not in fetal nerve perineurium.
§ In the epineurium.
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Figure 4. Immunostaining of Schwann cells (SC) (a and d, arrows), perineurial cells (PC) (b, e), and fibroblasts (FB) (c, f) in cultures established
from a fetal nerve. The cultures were stained with monoclonal antibodies recognizing either the a2 (a-c) or a5 (d-f) epitopes. Note the
presence of two different staining patterns for a5 integrin epitopes, either linear streaklike or punctate (arrow), on a perineurial cell in e. All
frames have the same magnification. Bar, 50 ,im.
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Schwann cells, perineurial cells, and fibroblasts (35, 36). It was
of interest, therefore, to examine the integrin expression in
these tumors. The presence of ,1 integrins was demonstrated
in association with most cells, and prominent staining was also
noted on blood vessel walls and epithelial structures embedded
within neurofibromas (Fig. 6 a).

Staining with antibodies specific to a2 and a3 subunits re-
vealed that most of the stromal cells were similarly positive for
these epitopes (Fig. 6, b and c). Thus, on a statistical basis it
seems likely that Schwann cells, perineurial cells, and fibro-
blasts express both a2 and A3 integrin subunits in neurofibro-
mas. The antibody to a3 subunit also stained the vascular
structures within neurofibromas, while the antibodies to a2
subunit did not yield a positive staining reaction on the blood
vessels. In contrast, staining with the antibody to the a5 sub-
unit yielded negative staining on the tumor stroma, but the
vascular structures were clearly positive for these epitopes (Fig.
6 d). Thus, different structures within cutaneous neurofibro-
mas have selective expression of the a subunits of ,B integrins.

To examine the integrin expression specifically on
Schwann cells, sections of a benign schwannoma, tumor con-
sisting of Schwann cells (36), were also stained with the same
panel of specific antibodies. The results in general were the
same as those noted with neurofibromas, i.e., the 01, a2, and
a3 epitopes were readily detected within the stroma of the tu-

--~,, mor, whereas the staining for a5 epitopes was essentially nega-
tive (results not shown).

To explore the integrin expression on individual cells that
can be readily identified under cell culture conditions, primary
cultures were established from cutaneous neurofibromas. As
reported previously, Schwann cells, perineurial cells, and fibro-
blasts can be identified within these cultures by morphologic
and immunocytochemical criteria (43, 49). Staining with anti-
bodies to different integrin subunits revealed a general staining
pattern similar to that noted in cell cultures established from
developing fetal human nerve. However, staining with antibod-
ies to a3 subunit was not limited to Schwann cells, but peri-
neurial cells and fibroblasts also exhibited a faint yet clearly
detectable staining reaction. The differences in the expression
of a3 subunit epitopes may reflect the degree of differentiation
between the fetal nerve-derived cells and those derived from
cutaneous neurofibromas.

Discussion

The results of the present study clearly demonstrate that con-
nective tissue cells of human penpheral nerve, i.e., Schwann
cells, perineurial cells, and fibroblasts, express markedly differ-
ent patterns of 131 integrin receptors and that each cell type
expresses different receptor profiles under in vivo and in vitro
conditions. Furthermore, the results indicate that the expres-
sion of these integrin receptors in a developing fetal nerve is
different from that detected in a mature nerve.

and in contact sites between adjacent cells (large arrow, c), whereas
perineurial cells (small arrows) and several fibroblasts present in the

Figure 5. Immunofluorescence staining of cell cultures established same field are clearly negative for immunostaining (a, c). Double
from a fetal sciatic nerve with a monoclonal antibody recognizing immunofluorescence staining of the same culture as shown in panel
the a3 integrin epitopes (c) or double stained with polyclonal antibody a with antifibronectin antibodies (b) reveals that the Schwann cell
for fibronectin epitopes (b) and a3 integrin epitopes (a). Note that (large arrows) does not contain fibronectin epitopes on its surface.
positive staining for a3 epitopes is observed only on Schwann cells Bars, 50 j.m.
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Expression of/31 integrins by Schwann cells. Immunostain-
ing experiments showed that (1 subunit was expressed in fetal
nerve on virtually all Schwann cells on the outer surface facing
the endoneurial connective tissue matrix. In the adult nerve,
however, there were marked differences in the intensity of the
staining reaction leading to a patchy staining pattern in the
endoneurium. Double immunofluorescence staining utilizing
antibodies to neurofilament protein, together with antibodies
to (31 subunit revealed that those Schwann cells which showed
an intense staining reaction on their surface apparently en-
sheathed a group of small-diameter axons in adult nerve. Be-
cause fetal nerve contained only small-diameter axons, the in-
tense staining reaction on all Schwann cells suggested that the
expression of integrin receptors by these cells maybe regulated,
in part, by the axonal contacts. The resolution of the indirect
immunofluorescence technique used in this study did not al-
low, however, definite conclusions as to whether 31 integrin
epitopes were present also at the axon-Schwann cell contact
sites.

Immunostainings of adult and fetal nerve utilizing mono-
clonal antibodies to a2, a3, and a5 subunits revealed that only
a2 epitopes were present on Schwann cell surfaces. The a2/(3 1
integrin receptor complex is thus likely to have a major role in
mediating the interactions between Schwann cells and endo-
neurial connective tissue. Schwann cells are surrounded by a
basement membrane composed of laminin, merosin, and type
IV collagen (24, 50, 51). All these components are potential
candidate ligand molecules for Schwann cell matrix interaction
because the a2/# 1 complex has been shown to function both as
collagen and as laminin receptor (8). Schwann cells are also
capable of expressing a variety of other extracellular matrix
components, including collagen types I, III, IV, and VI, but not
fibronectin (39, 43). The a2(VI) and a3(VI) collagen chains
have been shown to contain functional RGDsequences (52).
In addition, type VI collagen epitopes are intimately associated
with Schwann cell tubes of peripheral nerves (39). Thus, the
a2/# 1 integrin, which mediates binding to various collagen
types and laminin, could be postulated to have a multifunc-
tional role in the mediating contacts between Schwann cells
and the endoneurial matrix in human adult and fetal nerve.

In contrast to a2, the a3 epitopes were not found on
Schwann cells in normal fetal or adult nerve. However, neo-
plastic Schwann cells in benign schwannomas and cutaneous
neurofibromas, as well as cultured Schwann cells readily ex-
pressed the a3 integrin epitopes, indicating that Schwann cells
have the potential to express this subunit. The absence of a3
subunit on Schwann cells in vivo suggests that the expression of
this subunit may be downregulated in the presence of mature,
large-diameter axons. Several studies have shown that the dif-
ferentiation of Schwann cells is regulated by axonal contact
and that this contact also regulates the expression of extracellu-
lar matrix components by Schwann cells (53). Similar mecha-
nisms may be operative in the expression of extracellular ma-
trix receptors as well. In support of the latter interpretation is

Figure 6. Expression of ,B1 integrins in neurofibroma tissue, as
detected by immunofluorescence staining with antibodies to 01 (a),
a2 (b), a3 (c), or aS (d) subunit epitopes. Open arrows denote positive
staining reaction on blood vessel walls. All frames have the same
magnification. Bar, 50 ,um.
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also the observation that under the cell culture conditions uti-
lized, where Schwann cells are devoid of axonal contact, the
expression of a3 subunit is readily observed. Interestingly, a3
epitopes were located also between cultured Schwann cells sug-
gesting a possible role for a3/3l integrin receptor complex in
Schwann cell-Schwann cell interactions in vitro. Our recent
studies have shown that human epidermal keratinocytes, both
in vivo and under culture conditions, use A 1 integrins for cell-
cell interactions ( 15).

It was of special interest to note that cultured Schwann cells
readily expressed the a5 epitopes, yet no fibronectin, the puta-
tive ligand for the a5/f 1 integrins, could be detected by indirect
immunofluorescence. The aS5/f 1 receptor complex on
Schwann cell surfaces may not be a functional fibronectin re-
ceptor or it may have different, yet unknown ligands.

Expression of flJ integrins by perineurial cells. Mature
perineurium showed an intense staining reaction with an anti-
body to the a3 integrin subunit, whereas the expression in fetal
nerve was undetectable. In contrast to Schwann cells, perineu-
rial cells in fetal and adult nerve were apparently devoid of a2
epitopes. These observations may correlate with differences in
the distribution of potential ligand molecules. Specifically, the
basement membrane on Schwann cells contains merosin, a
molecule with homology to the A chain of laminin (50, 54).
Also, Schwann cell cultures synthesize a form of laminin which
apparently lacks A chain or synthesize a shortened A chain
(21). A recently described basement membrane component,
S-laminin is clearly present in the perineurial basement mem-
branes (55), whereas merosin could not be detected in peri-
neurium (50). Thus, further characterization of ligand binding
specificity of the a-subunits, with respect to S-laminin and
merosin, is required to elucidate their functional role in further
detail. It is of interest, however, that recent cloning and se-
quence analyses of cDNAs encoding human laminin A chain
have also disclosed the presence of an Arg-Gly-Asp (RGD) se-
quence, a potential cell binding site interacting with integrins
on the cell surface (54, 56). In addition to its cell binding activ-
ity, other biological functions attributed to laminin include
binding to basement membrane collagen type IV or to polyan-
ionic heparin and heparan sulfate proteoglycan (34).

Perineurium has an essential role in maintaining the proper
structure and homeostasis of the peripheral nerve by forming a
selective diffusion barrier between the epineurium and the en-
doneurium, the innermost compartment of the nerve (30). The
perineurium of the fetal nerve differs structurally from the ma-
ture perineurium, suggesting that its diffusion barrier function
is largely undeveloped (47). Consequently, the differences
noted in a3 subunit expression between adult and fetal peri-
neurial cells in vivo may be related to the developmental stage,
especially to the presence or absence of basement membranes
in this structure. The absence of the expression of a3 subunit,
which mediates the binding of a variety of extracellular matrix
ligands, including fibronectin, laminin, and various collagen
types, may have functional consequences in terms of altered
perineurial cell-cell and cell-matrix interactions. With matura-
tion of the perineurium, the expression of a3 subunit may con-
tribute to the functional role this structure plays in nerve physi-
ology. At the same time, neurofibromas which consist of peri-
neurial cells, together with Schwann cells and fibroblasts,
express the a3 subunit. Thus, the low level of expression of a3
subunit in fetal perineurium and corresponding cell cultures

may relate, in part, to the early stage of fetal development of
these cells.

Essentially no expression of the a5 subunit epitopes was
detected in fetal and adult peripheral nerve, with the exception
of faint immunoreaction on the blood vessel walls and occa-
sionally associated with the innermost cell layer of the peri-
neurium.

Comparison of the expression of different a subunits in cell
cultures established from human fetal nerve revealed that the a
subunits were expressed in a differential manner in vivo and in
vitro (Table II). Specifically, the expression of a2 subunit
which was absent in perineurium and epineurium in vivo was
observed on perineurial cells and fibroblasts in culture. Also,
the a5 epitopes were readily detectable on cultured Schwann
cells, perineurial cells, and fibroblasts. Thus, different regula-
tory signals apparently control the expression of a2 and a5
subunits in vitro and in vivo.

The data of the present study suggest that the a3/3 1 integrin
complex is particularly sensitive to regulatory factors and it
may play an important role during the development of periph-
eral nerve, as well as in the development and growth of tumors
affecting neural connective tissue compartments. These obser-
vations also emphasize the regulatory role of cell-cell and cell-
matrix interactions within the nerve tissue, and further attest to
the plasticity of gene expression by nerve-derived connective
tissue cells.
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