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Adhesive interactions play critical roles in directing the migration, proliferation, and dif- 
ferentiation of cells; aberrations in such interactions can lead to pathological disorders. 
These adhesive interactions, mediated by cell surface receptors that bind to ligands on 
adjacent cells or in the extracellular matrix, also regulate intracellular signal transduction 
pathways that control adhesion-induced changes in cell physiology. Though the extra- 
cellular molecular interactions involving many adhesion receptors have been well char- 
acterized, the adhesion-dependent intracellular signaling events that regulate these phys- 
iological alterations have only begun to be elucidated. This article will focus on recent 
advances in our understanding of intracellular signal transduction pathways regulated by 
the integrin family of adhesion receptors. 

Integrins are the major family of cell sur- 
face receptors that mediate attachment to 
the extracellular matrix (ECM), and specif- 
ic classes of integrins also mediate impor- 
tant cell-cell adhesive interactions. These 
integrin-mediated adhesive interactions are 
intimately involved in the regulation of 
many cellular functions, including embry- 
onic development, tumor cell growth and 
metastasis, programmed cell death, hemo- 
stasis, leukocyte homing and activation, 
bone resorption, clot retraction, and the 
response of cells to mechanical stress (1 -4). 
As such. thev have been the focus of in- , , 
tense research in the past decade, and sig- 
nificant Droeress has been made in identi- . u 

fying their structural composition and li- 
gand binding capabilities. 

Integrins are composed of a and p trans- 
membrane subunits selected from amone 16 - 
a and 8 p subunits that heterodimerize to 
produce more than 20 different receptors. 
Alternative splicing of the a and P subunits 
adds additional complexity ( 5 ) .  Though 
most integrins bind ligands that are compo- 
nents of extracellular matrices (for example, 
fibronectin, collagen, and vitronectin), cer- 
tain integrins can also bind to soluble li- 
gands (such as fibrinogen) or to counterre- 
ceptors [such as intracellular adhesion mol- 
ecules (ICAMs)] on adjacent cells, leading 
to homo- or heterotypic aggregation. These 
ligands cross-link or cluster integrins by 
binding to adjacent integrin molecules on 
the cell surface. Both receptor clustering 
and ligand occupancy are critical for the 
activation of intracellular integrin-mediat- 
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ed responses (6). Integrin receptor engage- 
ment and clustering leads to the formation 
of focal adhesions where integrins link to 
intracellular cytoskeletal complexes and 
bundles of actin filaments (7, 8). These 
protein assemblies play important roles in 
modulating cell adhesion and inducing cell 
shape changes involved in cell spreading 
and locomotion. 

Though much is known about the extra- - 
cellular interactions between integrins and 
their ligands, significantly less is known 
about these intracellular biochemical path- 
ways that integrins regulate and the cellular 
functions that are thereby controlled. To 
understand how integrins regulate these 
events, it is critical to identify and charac- 
terize the intracellular signaling pathways 
activated by integrin-ligand interactions. 
This article will review what is currently 
known about integrin-mediated signaling, 
focusing on the key components of integrin 
signaling complexes and the pathways that 
integrins regulate. In addition, the events 
that coordinate signals induced by integrins 
and other receptors will be examined. 

lntegrin Cytoplasmic Domains 
and the Cytoskeleton 

The short cytoplasmic domains of the a and 
p integrin subunits do not have any intrin- 
sic enzymatic activity and appear to func- 
tion by coupling with cytoplasmic proteins 
that nucleate the formation of large protein 
complexes containing both cytoskeletal and 
catalytic signaling proteins (9). The a cy- 
toplasmic domains contain highly divergent 
amino acid sequences, whereas the p sub- 
units show partial sequence conservation. 
Analyses of chimeric integrin receptors or 
mutant a and p subunits have indicated 
that the p cytoplasmic domains are neces- 

sary and sufficient to target integrins to 
focal adhesions in a ligand-independent 
manner, whereas the a cytoplasmic do- 
mains regulate the specificty of the ligand- 
dependent interactions (9, 10). 

Integrins link ECM proteins on the ex- 
tracellular face of the cell membrane to 
cytoskeletal proteins and actin filaments on 
the cytoplasmic face. A model, based on 
results from in vivo localization and in vitro 
binding studies of integrin-cytoskeletal pro- 
tein complexes that are detected in cells 
cultured on ECM proteins (7-9), is shown 
in Fig. 1A. However, because the precise 
molecular interactions involved in these 
large protein assemblies are difficult to dis- 
sect without disturbing the complex, it may 
not accurately reflect the true binary inter- 
actions in vivo. 

Actin-binding proteins that co-localize 
with integrins in focal adhesions include 
a-actinin, talin, vinculin, and tensin (Ta- 
ble 1). Talin and a-actinin bind to integrin 
cytoplasmic domains in vitro; specifically, 
a-actinin binds to two distinct regions 
within the p, subunit (I I ). Binding sites for 
a-actinin have also been shown to contrib- 
ute to p, focal contact localization (12). 
Thus, actin filaments may link to integrins 
through talin, a-actinin, vinculin, which 
binds to both talin and a-actinin, or tensin, 
which binds to vinculin, or through a com- 
bination of these interactions (13, 14). 
These assemblies of structural proteins are 
believed to play important roles in stabiliz- 
ing cell adhesion and regulating cell shape, 
morphology, and mobility. They may also 
serve as a framework for the association of 
signaling proteins that regulate signal trans- 
duction pathways leading to integrin-in- 
duced changes in cell behavior. However, 
further studies will be reauired to determine 
the physiologically important interactions 
between integrin receptors and cytoplasmic 
proteins. 

Integrin-Dependent 
Signaling Pathways 

The signaling pathways activated by inte- 
grins have been identified through the anal- 
ysis of biochemical events that are triggered 
by integrin engagement, and by the identi- 
fication of proteins that associate with focal 
adhesion complexes. Because many of the 
signaling proteins regulated by integrins are 
also involved in signal transduction ~ a t h -  
ways activated by receptors for growth fac- 
tors, information on the functions of such 
proteins in these signaling pathways has 
aided our understanding of their ~otential  
role in integrin-mediated signaling. 

Protein phosphorylation is one of the ear- 
liest events detected in response to integrin 
stimulation. Studies in platelets provided the 
first evidence that integrin receptors can 
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regulate agonist-induced tyrosine phospho- 
rylation (15). Subsequently, tyrosine phos- 
phorylation has been shown to be a common 
and perhaps ubiquitous response to integrin 
engagement in many cell types including 
fibroblasts, carcinoma cells, and leukocytes 
(2, 5, 16). The ability of tyrosine kinase 
inhibitors to inhibit the formation of focal 
adhesions suggests a role for tyrosine phos- 
phorylation in the signaling pathways linked 
to integrin receptors (1 7). Serine-threonine 
kinase families such as protein kinase C 
(PKC) and mitogen-activated protein 
(MAP) kinases are also activated upon inte- 
grin stimulation, and inhibitors of PKC 
block cell attachment and spreading in cer- 
tain cell systems (18- 21). Integrin engage- 
ment can also induce an increase in the 
intracellular calcium concentration, a kev 
regulator of intracellular signaling via multi- 
ple integrins (2, 22, 23). Numerous phos- 
pholipid metabolites generated in response 
to integrin engagement also function in in- 
tegrin-mediated signal transduction, in part 
by activating PKC (24). Elevation of intra- 
cellular pH, as a result of the activation of a 
proton antiporter, accompanies cell spread- 
ing and appears to be regulated by several 
different integrins (3). Integrins also regulate 
changes in gene expression which are critical 
for developmental and proliferative respons- 
es (25, 26). Lastly, integrins appear to affect 
cell survival by regulating programmed cell 
death, a response that is also dependent on 
tyrosine phosphorylation (3). The pathways 
involved in regulating many of these bio- 
chemical events as well as several important 
integrin-dependent protein-protein interac- 
tions that have recently been identified will 
be the focus of this section. 

Several proteins that associate with in- 
tegrin-nucleated protein complexes con- 
tain modular domains, termed Src homolo- 
gy 2 (SH2) and 3 (SH3), that specifically 
mediate protein-protein coupling. SH2 do- 
mains bind to proteins through interactions 
with specific peptide motifs containing 
phosphotyrosine, whereas SH3 domains 
bind to short proline-rich peptide motifs on 
their protein targets (27, 28). These do- 
mains play critical roles in intermolecular 
interactions that couple proteins associated 
with membrane receptor complexes. 

Tyrosine k i m e s ,  phosphatases, and their 
cytoskeletal substrates. Several protein ty- 
rosine kinases have been im~licated in in- 
tegrin signaling events by virtue of their 
integrin-dependent activation or their lo- 
calization to focal contacts (Table 2). The 
focal adhesion kinase (FAK) appears to play 
a central role in integrin-mediated signal 
transduction. This kinase is tyrosine-phos- 
phorylated, and its tyrosine kinase activity 
enhanced, upon integrin engagement (29). 
Integrin-induced phosphorylation of FAK 
requires the cytoplasmic domain of the P 

Table 1. Structural components of focal adhesions. PI-3K, phosphatidylinositol-3 kinase; SH2, Src 
homology 2. 

Molecule Characteristics 

lntegrins 

PI lntegrin receptors containing the (3, subunit and any 1 of 10 a subunits; ECM 
ligands include fibronectin, laminin, collagen, and vitronectin. 

P2 lntegrin receptors containing the P, subunit; found in leukocytes; mainly involved in 
cell-cell adhesion; ligands include ICAMs and fibrinogen. 

P3 lntegrin receptors containing the p, subunit and any one of two a subunits; ligands 
include fibrinogen and vitronectin. 

Cytoskeletal proteins 
Actin Structural component of microfilaments. 
a-Actinin Homodimer that binds to and cross-links actin filaments; binds to integrin 

cytoplasmic face, vinculin, and PI-3K. 
Talin Binds to integrin cytoplasmic face; binds to vinculin and phospholipids. 
Vinculin Binds to a-actinin, talin, paxillin, tensin, actin filaments, and phospholipids. 
Paxillin Tyrosine-phosphorylated; binds to vinculin. 
Tensin Tyrosine-phosphorylated; contains an SH2 domain; binds to vinculin and actin 

filaments. 

integrin subunit, and clustering of chimeric 
integrin receptors expressing several P cy- 
toplasmic domains is sufficient to induce 
FAK phosphorylation (29, 30). Thus, infor- 
mation contained within the p cytoplasmic 
domain is necessary (and perhaps suffi- 
cient) for FAK activation. However, calci- 
um transients and PKC activity may be 
required as costimulatory events for FAK 
phosphorylation (1 8, 3 1 ,  32). 

The targeting of FAK to focal adhesions 
appears to involve multiple binding inter- 
actions (Fig. 1B). A COOH-proximal focal 
adhesion targeting (FAT) sequence is nec- 
essarv and sufficient to localize FAK or a 
FAT-containing chimeric protein to focal 
adhesions (33), whereas NH2-proximal se- 
quences of FAK can bind to synthetic pep- 
tides derived from several P cytoplasmic 
domains (34). The cytoskeletal protein pax- 
illin also associates with FAK through a 
COOH-terminal sequence of FAK distinct 
from the FAT domain (35). It appears likely 
that FAK utilizes several of these domains 
in its in vivo localization to focal adhesions. 
Finally, FAK tyrosine phosphorylation sites 
can serve as binding sites to couple FAK 
with cellular proteins that contain SH2 do- 
mains (21, 28). Through these linkages, 
FAK is capable of integrating multiple sig- 
nals triggered by integrins. 

Members of the Src family of tyrosine 
kinases, which contain an SH3 and SH2 
domain, have also been implicated in inte- 
grin signaling events. Activated Src associ- 
ates with integrin-dependent cytoskeletal 
complexes in platelets and fibroblasts (15, 
21 ). This localization appears to be depen- 
dent on the Src SH3 domain (36), possibly 
through interaction with proline-rich se- 
quences within paxillin (37). The localiza- 
tion of Src family kinases to focal adhesions 
may also be mediated by their SH2 domains 
which bind to the FAK autophosphoryla- 
tion site (38). Therefore, it appears that Src 

SH2 and SH3 domains, restricted bv in- 
tramolecular interactions in unactivated 
Src, are capable of interacting with compo- 
nents of focal adhesions upon kinase acti- 
vation. Furthermore, in cells lacking the 
kinase Csk that phosphorylates the COOH- 
terminal tyrosine of c-Src, Src is activated 
and localized to focal adhesions (36). This ~, 

suggests that Csk may regulate both kinase 
activation and localization of Src. The Csk 
kinase also associates with FAK and paxil- 
lin through its SH2 domain (39). As with 
FAK, Src family kinases and Csk appear to 
have multiple sites of attachment to com- 
ponents of focal adhesions. 

Syk, a tyrosine kinase with two SH2 
domains NH2-terminal to the catalytic do- 
main, also associates with integrin-depen- 
dent cvtoskeletal structures and is activated 
in platelets by the engagement of several 
integrins (40). The mechanism whereby 
Syk associates with the cytoskeleton is cur- 
rently under investigation and is presumed 
to occur through an SH2-phosphotyrosine 
interaction. Expression of Syk is restricted 
predominantly to cells of hematopoietic or- 
igin, so its involvement in integrin signal- 
ing would also be restricted to these cell 
types. 

How does integrin engagement regulate 
tyrosine kinase activity? Many tyrosine ki- 
nases are activated by receptor clustering 
(41, 42). By extrapolation, ligand-induced 
integrin clustering may activate tyrosine ki- 
nases that are coupled to integrin receptors, 
either directly or indirectly. No direct asso- 
ciation between integrins and tyrosine ki- 
nases has been shown in cell lysates, al- 
though FAK can interact in vitro with pep- 
tides from several p subunit cytoplasmic 
domains (34). Indirectly, many tyrosine ki- 
nases associate with integrins through inter- 
actions with cytoskeletal complexes in- 
duced by the cross-linking of integrins. Ki- 
nase activation may be mediated by such 
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so- 

Ras ? 

clustering. This hypothesis is attractive be- 
cause inhibitors of cytoskeletal assembly 
also inhibit the activation of a number of 
tyrosine kinases (4, 29). Binding of auto- 
phosphorylated (activated) FAK to the 
SH2 domain of Src may activate Src 
through disruption of the COOH-terminal 
phosphotyrosine-SH2 interaction. Protein 
tyrosine phosphatases (PTPs) may also par- 
ticipate in the activatiori of Src family ki- 
nases by dephosphorylating the negative 
regulatory COOH-terminal phosphotyro- 

sine. To date, two FTPs have been iden- 
tified as components of integrin-mediated 
signaling: CD45, a transmembrane FTP 
that is necessary for the activation of Src 
family kinases in lymphocytes and is in- 
volved in integrin-induced tyrosine phos- 
phorylation in neutrophils (16); and the 
cytosolic FTPlB that is activated after 
aggregation of aIIbp,in platelets (43). I t  is 
likely that additional PTPs involved in 
integrin signaling remain to be identified. 

The identification of the cytoskeletal pro- 
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Fyl. 1. The focal adhesion. Amngements of cy- 
toskeletal proteins that localize to focal adhesions 
in vivo and bind to integrins in vitro are shown in (A). 
Transmembrane integrins bound to the extracellu- 
lar matrix (ECM) also bind within the cell to a com- 
plex of cytoskeletal proteins that include a-actinin, 
vinculin, talin, paxillin, and tensin and link them to 
actin filaments. These integrin-cytoskeletal assern- 
blies also form the foundation for the construction 
of signaling complexes that include the focal adhe- 
sion kinase (FAK). Signaling molecules that associ- 
ate with FAK in vivo or in vitro as described in the 
text are shown in (B). Src homology 2 (SH2) do- 
mains bound to phmphotyrosine-containing pep- 
tides (P) and SH3 domains bound to proline-rich 
peptii motifs (PW) allow the formation of su- 
pramdecular complexe+ of signaling proteins. 
These proteins include the tyrosine kinases Src and 
Csk, the adapter proteins Grb2 and Crk, and the 
guanine nucleotide exchange factors SOS and 
C3G. PI-3K (not shown) also associates with FAK, 
though the binding site has not been established. 
FAK also associates with the cytoplasmic tail of the 
$ integrin subunit, though FAK appears to bind to 
focal adhesions through a COOH-terminal FAT (fo- 
cal adhesin targeting) domain. The FAT domain 
partially overlaps with the region of FAK bound by 
the cytoskeletal protein paxillin (PAX) and includes 
a tyrosine at position 925 (Y925) that, when phos- 
pholylated, can bind to the SH2 domain of Grb2. 
One model for integrin signaling suggests that inte- 
grin clustering activates FAK, inducing its phos- 
phorybtion on tyrosine (Y397) and subsequent 
binding to the Src SH2 domain. Src may then 
phosphorylate Y925 and thereby W i e  Grb2- 
SOS complexes (and Ras activation) to focal adhe- 
sions (21). 

teins paxillin and tensin as substrates for 
tyrosine k i e s  suggests a possible mecha- 
nism for the assembly and regulation of in- 
tegrin-mediated signaling complexes and 
pathways (Fig. 1). The focal adhesion pro- 
tein p ax ill in binds to vinculin and is tv- 
rosine-phosphorylated in adherent cells, pre- 
sumably by one of the tyrosine kinases (FAK, 
Csk, or Src) with which it associates (7,44). 
Tensin, which is tyrosine-phosphorylated in 
adherent cells and localid to focal adhe- 
sions (where it is implicated as an anchor for 
actin filaments), is capable of forming signal- 
ing complexes with tyrosine-phosphorylated 
proteins via its SH2 domain (14). 

SH2-SH3 adapter proteins. Though many 
signaling proteins that contain SH2 and 
SH3 domains carry additional catalytic do- 
mains, several proteins (known as adapter 
proteins) are composed exclusively of SH2 
and SH3 domains (27). Several of these 
proteins have recently been implicated in 
the protein-protein interactions detected in 
integin-mediated signaling. One such pro- 
tein, growth factor receptor-bound protein 
2 (Grbz), links activated receptor tyrosine 
kinases to an activator of the Ras pathway, 
mSOS1, a guanine nucleotide exchange 
factor (GNEF) that functions by converting 
inactive RasGDP to active RasGTP (41 ) 
(GDP is guanosine diphosphate and GTP is 



guanosine triphosphate). In cells adhering 
to fibronectin, Grb2 and mSOSl associate 
with FAK in an integrin-dependent man- 
ner. In vitro the SH2 domain of Grb2 binds 
to a phosphotyrosine sequence within the 
COOH-terminus of FAK (21), suggesting a 
role for Grb2 and mSOSl in linking inte- 
grin-mediated FAK activation with activa- 
tion of a Ras signal transduction pathway 
(see Fig. 1B). 

The adapter protein Crk, which contains 
both SH2 and SH3 domains, may also reg- 
ulate integrin-mediated Ras signaling. The 
Crk protein binds to C3G, a putative GNEF 
for Ras, through the SH3 domain of Crk 
(45). The  Crk protein also associates with 
tyrosine-phosphorylated paxillin, which 
binds in vitro to the SH2 domain of Crk 
(46). Thus, Grb2 and Crk could potentially 
link integrins and the cytoskeleton to the 
Ras signaling pathway through interactions 
with FAK, mSOS1, paxillin, and C3G. 

The Ras-MAP kinase pathway. The  asso- 
ciation of Grb2 and mSOSl with FAK 
suggests that integrins may regulate Ras. 
This possibility is supported by studies in  T 
lymphoblastoid cells showing that Ras is 
activated after engagement of the collagen 
receptor (47). In addition, one of the down- 
stream targets of the Ras pathway, MAP 
kinase, has been shown to be activated in 
3T3 cells adherent to fibronectin (20,*21). 
This activation requires an intact cytoskel- 
eton, suggesting that the integrin-depen- 
dent cytoskeletal complexes are instrumen- 
tal in the activation of the MAP kinase 
pathway (Fig. 2A). Furthermore, because 
growth factors also stimulate the Ras-MAP 
kinase pathway, it is likely that integrins 
and growth factor receptors may synergize 
to enhance Ras-MAP kinase activation. 

What are the functional consequences 
of MAP kinase activation by integrins? Be- 
cause MAP kinase can phosphorylate and 
activate transcription factors (48), it ap- 
pears that MAP kinase may be involved in 
the integrin regulation of gene expression 
(see below). In addition, MAP kinase phos- 
phorylates and activates cytoplasmic phos- 
pholipase A, (cPLA,) which hydrolyzes 
glycerophospholipids to yield (most often) 
arachidonic acid and lysophospholipid (49). 
Integrin clustering also induces the release 
of arachidonic acid, an event that occurs 
concomitant with the phosphorylation of 
cPLA, but precedes cell spreading (50, 51 ). 
Furthermore, inhibition of cPLA, prevents 
cell spreading, a n  effect that is overcome by 
the addition of exogenous arachidonic acid 
(51 ), suggesting that cPLA, may play a role 
in integrin-mediated cell spreading. Studies 
with inhibitors of leukotriene production 
have shown that arachidonic acid-induced 
leukotriene production is essential for actin 
polymerization (52), and lipoxygenase in- 
hibitors block HeLa cell spreading on col- 

lagen (51). Taken together, these results 
loosely outline a pathway involving MAP 
kinase and cPLA, that may regulate cy- 
toskeletal changes necessary for cell spread- 
ing (Fig. 2A). 

Phospholipid kinases , phospholipases, and 
protein kinase C. Phosphatidylinositol (PI)-3 
kinase (PI-3K), which phosphorylates 
PI(4)phosphate (PIP) or PI(4,5)bisphos- 
phate (PIP,) to generate PI(3,4)P2 or 
PI(3,4,5)P3, respectively, has been shown to 
associate with integrin-regulated cytoskeletal 
complexes in platelets (53) and to coprecipi- 
tate with FAK in cells spread on fibronectin 
(54). Preliminary studies suggest that the 

SH2 domain of the p85 subunit of PI-3K 
may be important for its association with 
tyrosine-phosphorylated FAK (54). The role 
of PI-3K in integrin-induced changes in cell 
behavior is not understood; however, the 
evidence that inhibition of PI-3K blocks 
growth factor-induced actin rearrangements 
suggests a possible involvement in integrin- 
regulated cytoskeletal rearrangements (55). 

PIP-5 kinase (PIP-5K), which phospho- 
rylates PIP to generate PIP,, has also been 
implicated in integrin signaling processes. 
The adhesion of mouse fibroblasts to fi- 
bronectin induces an increase in the produc- 
tion of PIP,, and conversely, the dissociation 

Table 2. Components of integrin-mediated signaling pathways 

Molecule Characteristics 

Kinases 
FAK Tyrosine kinase that localizes to focal adhesions through a COOH-terminal FAT 

domain; activated by p , ,  p,, and p, integrin cross-linking; associates with 
Src, Csk, Grb2, PI-3K, paxillin, and p, integrin peptide. 

Src Tyrosine kinase containing SH2 and SH3 domains; associates with 
integrin-dependent cytoskeletal complexes, FAK, and paxillin. 

Fgr Src family tyrosine kinase containing SH2 and SH3 domains; activated by 
tumor necrosis factor in a p, integrin-dependent manner. 

Csk Tyrosine kinase containing SH2 and SH3 domains; suppresses Src family 
kinase activity; associates with FAK and paxillin. 

S Y ~  Tyrosine kinase in hematopoietic cells containing two SH2 domains; activated 
by p, and p, integrin cross-linking. 

PKC Serine-threonine kinase that localizes to focal adhesions; activated by 
phospholipid metabolites and calcium. 

MAP kinase Serine-threonine kinase activated by mitogens or integrin cross-linking; 
phosphorylated on tyrosine and threonine. 

SH2-SH3 signaling 
Crk SH2-SH3-SH3-containing adapter protein that associates with paxillin 

(through its SH2 domain) and C3G (through its COOH-terminal SH3 
domain). 

Grb2 SH2-SH3-SH2-containing adapter protein that links receptors to Ras 
activation; associates with FAK (through its NH,-terminal SH2 domain) and 
mSOSl (through its SH3 domain). 

PI-3K Lipid kinase specific for phosphatidyl inositol on the D3 position; 
integrin-dependent association with tyrosine kinases (FAK and Src) and the 
cytoskeleton (a-actinin); activated in vitro by Rho. 

PLC Phospholipase that hydrolyzes inositol phospholipids such as PIP, into 
diacylglycerol and IP,; y isoform contains two SH2 and an SH3 domain and 
is tyrosine-phosphorylated after engagement of integrin and growth factor 
receptors. 

Small molecular weight GTPases 
Ras Small molecular weight GTPase that hydrolyzes GTP into GDP; activated upon 

integrin engagement in T cells. 
Rho Small molecular weight GTPase that hydrolyzes GTP into GDP; essential for 

serum-induced formation of focal adhesions and stress fibers. 
mSOSl Guanine nucleotide exchange factor that is the mammalian homolog of the 

Drosophila son of sevenless (SOS) gene; converts inactive Ras.GDP to 
active Ras.GTP; binds to the SH3 domains of Grb2. 

C3G Guanine nucleotide exchange factor that binds to the Crk-SH3. 
RasGAP GTPase-activating protein (GAP) for Ras that contains two SH2 and an SH3 

domain in its NH,-terminal; binds to p190, a putative RhoGAP. 
Phospholipid mediators 

PIP-5K Lipid kinase specific to P1(4)phosphate, yielding P1(4,5)bisphosphate; activated 
in vitro by Rho. 

cPLA, Catalyzes the hydrolysis of glycerophospholipid at the sn-2 position, yielding 
arachidonic acid and lysophospholipid; phosphorylated and activated by 
MAP kinase in a calcium-dependent manner. 

Arachidonic acid Precursor for eicosanoids that is released from adherent cells; essential for the 
spreading of HeLa cells on collagen. 

5-Lipoxygenase Oxygenates arachidonic acid into leukotrienes; essential for the spreading of 
HeLa cells on collagen. 
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of cells from the extracellular matrix (ECM) mental conditions (18) but not under others 
causes a rapid loss of cellular PIP2 (56, 57). (51, 63), though focal contacts are not ob- 
The enhanced amounts of PIP, induced bv served when PKC is inhibited under anv of 
integrin engagement could be important for 
the uolvmerization of actin, which is induced 

A ,  

upon integrin engagement, because PIP2 can 
regulate actin-binding proteins such as pro- 
filin (58, 59). In addition, because PIP2 also 
serves as the preferred substrate for phospho- 
lipase C (PLC), the production of PIP2 by 
ECM-adherent cells is critical to provide 
substrate for this enzyme. Integrin regulation 
of PIP2 production can thus serve an impor- 
tant function in regulating other agonist 
pathways that are dependent on PIP2 hydro- 
lvsis bv PLC (see below). , , 

Recently, PLC was shown to be activated 
by collagen and antibodies to p2 integrins 
through a pathway that is dependent on 
tyrosine phosphorylation (60, 61). The gen- 
eration of the important second messengers 
diacylglycerol (DAG) and inositol trisphos- 
phate (IP,) upon PLC activation enhances 
the activity of multiple forms of PKC (19), 
some of which localize to focal adhesions in 
serum-stimulated 3T3 cells (62). Integrin- 
mediated PKC activation nrecedes cell 
spreading, and activators of PKC enhance 
cell spreading and tyrosine phosphorylation 
of FAK (1 8 ,  51 , 63). PKC inhibitors prevent 
cell spreading and enhance tyrosine phos- 
phorylation of FAK under certain experi- 

these conditions. In addition, PKC inhibi- 
tion urevents inteerin-mediated cellular al- . :  u 

al~nization (3). Taken together, these re- 
sults suggest that integrin-mediated cell ad- 
hesion activates PKC, enhancing adhesion 
through the formation of focal contacts (Fig 
2B). PKC may, under certain conditions, 
also be necessary for cell spreading and FAK 
phosphorylation (18, 32). Finally, PKC may 
also regulate actin-membrane interactions 
through phosphorylation of the PKC-specif- 
ic substrate MARCKS, a phosphoprotein 
that localizes to focal contact-like sites (59). ~, 

lntracellular calcium regulation. Though 
integrin engagement induces an increase in 
the concentration of intracellular calcium, 
the exact response appears to be specific to 
the integrin, ligand, and cell type (2, 22, 
23). For example, pancreatic acinar cells 
spread on collagen show an increase in the 
intracellular calcium concentration (60), 
whereas collagen-adherent endothelial cells 
do not (64). Furthermore, endothelial cells 
spread on vitronectin show a rise in calcium 
and are dependent on this event for cell 
mieration. whereas endothelial cells mi- - 
grate on collagen in the absence of a calci- 
um response (64). Though the mechanisms 
regulating integrin-dependent increases in 

Gene 
expression 

lntegrins + ~ - L @ + ~ - + & + ~ + A A + ) ~ ]  P P - Cytoskeletal 
changes 

J 
Changes in 
adhesion 

' - Cytoskeletal 
-+ changes 

Alkalinization 

Fig. 2. (A and B) Potential integrin-mediated signaling pathways. lntegrin stimulation induces the 
formation of focal adhesions through a complex set of signaling pathways. The pathways outlined here 
are hypothetical, compiled from several studies performed in a variety of cell types. In addition, several 
intervening steps may be represented by a single arrow. In (A), the integrin-dependent activation of the 
MAP kinase pathway is shown as a single linear pathway; in reality, the pathway probably involves 
numerous signaling pathways that converge on and diverge from the pathway shown here, and the 
involvement of Ras as an intermediate in the MAP kinase pathway has not been firmly established. AA, 
arachidonic acid; GAP, GTPase-activating protein; 5-lipox, 5-lipoxygenase; MAPK, MAP kinase; P, 
phosphate; MARCKS, major alan~ne-rich C kinase. 

intracellular calcium have not been eluci- 
dated, in some instances they appear to 
involve either PLC-mediated, IP3-induced 
calcium mobilization from the endoplasmic 
reticulum or the transport of extracellular 
calcium through plasma membrane chan- 
nels (22. 65). , ,  , 

Gene expression. Integrins regulate gene 
expression in several cell types through ac- 
tivation of tyrosine kinase pathways (25, 
66), perhaps involving the MAP kinase 
pathway as discussed above. The complex- 
ity of the regulation of these signaling path- 
ways is highlighted in studies on fibroblasts 
in which the a5P1 integrin receptor en- 
hances the expression of specific metallo- 
proteinase genes, whereas a4P1 can counter 
the effect (67). Elucidation of the specific 
transcription factors responsible for inte- 
grin-regulated gene expression may help in 
uncovering the mechanisms involved in 
this event. 

Signal Coordination 

Integrin receptors do not function in a vac- 
uum. Integrin signaling pathways synergize 
with other receptor pathways to enhance or 
dampen signals elicited by each receptor. 
Therefore, one of the most interesting chal- 
lenges in this field is to identify the signal- 
ing molecules that mediate cross talk be- 
tween these receptor pathways. One protein 
that appears to play a key role in integrating 
signals induced by integrins and growth fac- 
tors is the small molecular weight guanosine 
triphosphatase (GTPase), Rho. The func- 
tions of this protein have been best defined 
in Swiss 3T3 cells. When these cells are 
deorived of serum. thev lose their focal ad- , , 
hesions and actin stress fibers. Microinjec- 
tion of activated Rho into these cells induc- 
es the rapid formation of actin stress fibers, 
and inactivation of Rho leads to their dis- 
assembly (68). Stress fiber formation is in- 
hibited bv tvrosine kinase inhibitors (69). , . .  
and inhiditidn of tyrosine phosphatases in- 
duces the formation of focal adhesions (62), 
suggesting that the Rho-induced activation 
of one or more tyrosine kinases is required 
for focal adhesion and stress fiber formation 
(53, 56). Rho-induced changes in focal ad- 
hesions and stress fibers may also involve 
the lipid kinases PI-3K and PIP-5K because 
the addition of Rho to cell extracts acti- 
vates these lipid kinases (53, 56). 

The Ras GTPase-activating protein (Ras- 
GAP) has also been proposed as a key effec- 
tor of growth factor-mediated changes in - - 
cell shape and adhesion. Expression of an 
NH2-terminal fragment of RasGAP, which 
has two SH2 domains and an SH3 domain, 
correlates with the disruption of actin stress 
fibers, a reduction in focal contacts, and 
decreased adherence to fibronection (70). 
This fragment of RasGAP binds constitu- 
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tively to a protein (p190) that has GAP 
activity toward Rho. Thus, GAP may reg- 
ulate adhesion-dependent cytoskeletal re- 
arrangements by interacting with p190 
and Rho (70). Both RasGAP and Rho . . 
may integrate these signals from integrins 
with those from growth factor receptors, 
receptors coupled to heterotrimeric GTP- 
binding proteins ( G  proteins), and cyto- 
kine receotors. 

Growth factor receptor tyrosine kinases. 
Synergistic interactions between growth 
factor and integrin signaling pathways are 
involved in the regulation of cell prolifera- 
tion, adhesion, and migration. For example, 
adherence to the ECM is critical for stim- 
ulation by growth factor or serum of cell 
proliferation in most cell types (3). A t  least 
one function of the ECM that is important 
for growth factor signaling is the activation 
of PIP-5K-catalyzed PIP2 formation (56). 
This phospholipid is required as a substrate 
for growth factor-activated PLC and for the 
subsequent stimulation of PKC and calcium 
mobilization, events that are involved in 
the proliferative response (56, 57). In addi- 
tion. stem cell factor (the Kit receDtor li- 
gand) enhances mast cell adhesioi to fi- 
bronectin in a PI-3K-deuendent manner 
(71 ), and hepatocyte growth factor stimu- 
lates the formation of focal adhesions (72). . . 
Furthermore, the migration of FG carcino- 
ma cells on a vitronectin matrix requires 
epidermal growth factor signaling pathways 
that involve tyrosine kinases, PKC, and 
PLCy (73). 

There are numerous examples of growth 
factor-induced regulation of components of 
integrin signaling pathways. Platelet-derived 
growth factor stimulates tyrosine phospho- 
rylation of paxillin and FAK (events that are 
dependent on the integrity of the cytoskele- 
ton) and induces the association of PI-3K 
with FAK in adherent Swiss 3T3 cells (74). . . 
Insulin treatment induces an association be- 
tween the aVP3 integrin receptor and insulin 
receptor substrate-1 (75), a tyrosine-phos- 
phorylated protein that couples with signal- 
ing molecules (including Grb2, SOS, and 
PI3K) and mediates insulin signaling (76). 
This interaction mav be of functional i m ~ o r -  
tance because there is a 2.5-fold increase in 
DNA synthesis when cells are plated on 
vitronectin, an aVP3 ligand (75). These re- 
sults suggest that growth factors may regulate 
integrin signaling complexes as part of the 
proliferative response. 

G protein-coupled receptors (thrombin, 
bombesin, and lysophosphatidic acid). Ligands 
for several seven-transmembrane, G pro- 
tein-linked receptors are known to en- 
hance integrin-dependent tyrosine phos- 
phorylation by presently unknown mecha- 
nisms (15, 77, 78). Mitogenic neuropep- 
tides such as bombesin, vasopressin, and 
endothelin stimulate the tyrosine phos- 

phorylation of FAK in adherent Swiss 3T3 
cells (77). Bombesin-stimulated FAK phos- 
phorylation requires both a functional actin 
cytoskeleton and an activated Rho pathway 
but is independent of both PKC and calci- 
um pathways (79). Thrombin also stimu- 
lates the tyrosine phosphorylation of FAK 
in platelets through integrin-, PKC-, and 
calcium-dependent pathways (32). Finally, 
lysophosphatidic acid, which activates a pu- 
tative G protein-coupled receptor, stimu- 
lates phosphorylation of FAK, paxillin, and 
MAP kinase (80) in adherent Swiss 3T3 
cells. These results suggest that G protein- 
coupled receptors can enhance integrin- 
mediated signal transduction. 

Cytokines and immune response receptors. 
Numerous cytokine and immune response 
receptors also costimulate integrin-depen- 
dent signaling pathways. Neutrophils treat- 
ed with tumor necrosis factor (TNF) show 
an enhanced, integrin-dependent inflam- 
matory response and tyrosine phosphoryl- 
ation of paxillin (81). In addition, the Src 
family kinase Fgr is activated by TNF, but 
this activation does not take place in p2 
integrin-deficient neutrophils (82). Aggre- 
gation of immunoglobulin E receptors on 
the surface of mast cells spread on a fi- 
bronectin matrix enhances the calcium- 
and PKC-dependent tyrosine phosphoryl- 
ation of FAK and paxillin and the release of 
histamine (83). Coligation of the T cell 
receptor and the p, integrin receptor LFA-1 
causes a synergistic enhancement of T cell 
receptor proliferative responses (84). 

Therefore, it appears that multiple re- 
ceptor systems can synergize with integrins 
to regulate cell proliferation, motility, se- 
cretion. and other cellular events. The sie- - 
naling proteins activated by these synergis- 
tic agents are common to manv receDtor 
pathGays. Thus, although unique pathways 
may be activated by individual classes of 
receptors, cross talk between integrins and 
other receptor pathways is critically in- 
volved in the integration of signals that 
converge on cells in their natural environ- 
ments in vivo. 

Future Prospects 

The disciplines of cell adhesion and signal 
transduction are rapidly converging. Both 
areas have benefited from the cross-fertil- 
ization of ideas, and this union is stimu- 
lating progress in understanding integrin- 
mediated signal transduction. The  chal- 
lenge now facing those undertaking this 
research is to understand the circuitry of 
intracellular signal transduction pathways 
that is established to respond to signals 
coming from each integrin-ligand interac- 
tion and how other receptor pathways 
negatively or positively regulate integrin- 
mediated pathways. 
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Calcium Signaling in Neurons: 
Molecular Mechanisms and 

Cellular Consequences 
Anirvan Ghosh and Michael E. Greenberg* 

Neuronal activity can lead to marked increases in the concentration of cytosolic cal- 
cium, which then functions as a second messenger that mediates a wide range of 
cellular responses. Calcium binds to calmodulin and stimulates the activity of a variety 
of enzymes, including calcium-calmodulin kinases and calcium-sensitive adenylate 
cyclases. These enzymes transduce the calcium signal and effect short-term biological 
responses, such as the modification of synaptic proteins and long-lasting neuronal 
responses that require changes in gene expression. Recent studies of calcium signal- 
transduction mechanisms have revealed that, depending on the route of entry into a 
neuron, calcium differentially affects processes that are central to the development and 
plasticity of the nervous system, including activity-dependent cell survival, modulation 
of synaptic strength, and calcium-mediated cell death. 

Ionic conductances in neurons have long 
been a focus of research in neurobiology 
because of their central role in the control 
of cell excitability and synaptic transmis- 
sion. More than 40 years ago our under- 
standing of the propagation of electrical 
signals in neurons was revolutionized by the 
work of Hodgkin, Huxley, Katz, and others 
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who described how voltage-sensitive sodi- 
um and potassium conductances mediate 
the active propagation of action potentials 
along the axon (1). In subsequent years, 
study of ionic conductances during synaptic 
transmission led to the current view that 
entry of calcium ions (Ca2+) into the pre- 
synaptic terminal is the trigger for neuro- 
transmitter release. It is now widely accept- 
ed that the propagation of electrical signals 
between cells is mediated by the binding of 
neurotransmitter molecules to their recep- 
tors, which act as ligand-gated channels 
that regulate the influx and efflux of ions 
into and from the postsynaptic cell (1). 
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Although the importance of ion fluxes 
in fast synaptic transmission and the role of 
intracellular calcium in modulating the bio- 
physical properties of membranes have been 
known for some time ( I ) ,  it has become 
increasingly apparent during the last decade 
that changes in intracellular Ca2+ can act 
much more broadly to influence events 
such as neuronal survival (2 ,  3) ,  axon out- 
growth (4), and changes in synaptic 
strength (5). Moreover, depending on  the 
mode of Ca2+ entry and the cellular con- 
text, Ca2+ can mediate disparate biological 
effects. For example, Ca2+ influx through 
voltage-sensitive Ca2+ channels can lead to u 

increased cell survival of embryonic neu- 
rons from the central and peripheral ner- 
vous systems (2) .  Yet Ca2+ influx does not 
alwavs result in cell survival. and Ca2+ 
influx via the N-methyl D-aspartate 
(NMDA) subtype of glutamate receptors in 
postnatal neurons mediates excitotoxic cell 
death (3). Although it is not clear how 
Ca2+ could cause such dramatically differ- 
ent outcomes, an  intriguing possibility is 
that the mode of Ca2+ entrv mav be a , , 
critical determinant of cell survival (6). 

Ca2+ also amears to be a central medi- . . 
ator of adaptive responses (plasticity) in the 
nervous svstem. In recent vears the function 
of Ca2+ ih synaptic plastidity has been most 
extensivelv examined in a cellular model of 
plasticity called long-term potentiation 
(LTP) ( 5 ) .  LTP and long-term depression 
(LTD) are examples of synaptic transmis- 
sion-dependent changes in synaptic effica- 
cy, and the mechanisms that underlie this 
kind of synaptic plasticity are thought to 
represent the molecular substrates of leam- 
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