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Abstract. This review addresses a rapidly growing body of evidence suggesting that
enhanced protein tyrosine phosphorylation may be a previously unrecognized mecha-
nism for coupling receptor activation of vascular smooth muscle cells to increases
in the intracellular concentration of Ca?** and contraction. The hypothesis proposes
that activation of diverse types of receptors that are not tyrosine kinase promotes
stimulation of a cytosolic tyrosine kinase. in turn, the activated kinase induces tyrosine
phosphorylation of substrates that are linked to regulatory mechanisms for release
of intracellular Ca** stored in the sarcoplasmic reticulum and to regulatory mechanisms
for influx of extracellular Ca?*. Within this framework, we examine some relevant
functional aspects of receptor and nonreceptor tyrosine kinases in different types of
cells, the emerging relationships between tyrosine kinase activity and regulation of
intracellular Ca**. We review studies of nonreceptor tyrosine kinase activity in vascular
smooth muscle cells suggesting that a physiologically relevant kinase may be the
enzyme called pp60~*~. Data that appear to link tyrosine phosphorylation to contraction
of smooth muscle are examined, particularly with respect to results obtained with
tyrasine kinase inhibitors and measures of changes in tyrosine phosphorylation. Next,
we review studies with cultured vascular smooth muscle cells that point to potential
coupling between receptor activation, enhanced tyrosine phosphorylation of sub-
strates such as the GTPase activating protein for ras, and the -1 isoform of phospholi-
pase C, and mechanisms controlling Ca?* influx and release. Emphasis is placed on
examining the strengths and weaknesses of different experimental approaches. Lastly,
a summary of the data is provided which calls attention to some major issues requiring
resolution to permit acceptance or rejection of the underlying hypothe-
sis, and we briefly address some of its possible pathophysiological implica-

tions.
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Hypothesis

Recent studies in our laboratory have been guided
by a novel hypothesis suggesting that receptor-activated
increases in the intracellular concentration of Ca?*
([Ca**],) in vascular smooth muscle cells (VSMC) are
regulated by receptor-activated increases in tyrosine
phosphorylation of one or more proteins (Fig. 1). A
unique and critical feature of the hypothesis is that the
term receptor activation is limited to receptors that are
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Figure 1. The underlying working hypothesis suggests that activa-
tion of receptors which are not tyrosine kinases in vascular smooth
muscle cells (Step 1) initiates a series of events involving stimulation
of protein tyrosine kinase activity and tyrosine phosphorylation (Steps
2 and 3). Substrates that are tyrosine phosphorylated are suggested
to couple receptor activation to increases in [Ca?) (Steps 4 and 5).
The increase in [Ca®’}; induces Ca?'-dependent cellular responses
and negative feedback regulation of the extent of tyrosine phosphory-
lation (Steps 6-8). Further details are given in the text.

not receptor tyrosine kinases. The hypothesis suggests
that protein tyrosine phosphorylation is a regulatory
mechanism that couples receptor activation to release
of intracellular Ca’" stored in the sarcoplasmic reticulum
(SR) and to influx of extracellular Ca*". The resulting
increase in [Ca”']; then triggers one or more cellular
functions, such as contraction. In addition, however,
the increase in [Ca®'}; also is suggested to feed back
negatively to limit or reduce receptor-activated protein
tyrosine phosphorylation. A negative feedback loop of
this kind may fine tune receptor-activated increases in
[Ca®]; to levels that are commensurate with controlled
cellular function. It also assists in avoiding deleterious
effects that could result from excessive increases in
[Ca*);.

The hypothesis does not imply that enhanced pro-
tein tyrosine phosphorylation is the only mechanism
that couples receptor activation and increases in [Ca);.
Instead, it suggests that protein tyrosine phosphoryla-
tion is a previously unrecognized mechanism that func-
tions in concert with other mechanisms (e.g., G-protein
signaling) which orchestrate coupling between receptor-
activation of smooth muscle cells and increases in
[Ca“]i.

We will review recent studies from this and other
laboratories bearing on the hypothesis in VSMC. We
will also compare and contrast relevant observations
obtained in other cell types and offer a perspective
aimed at identifying some important unanswered ques-
tions. Because of space constraints, we apologize to our
colleagues for inadvertent omission of pertinent studies.
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Introduction

Ca® is a key regulatory factor for diverse functions
in a variety of cell types, including VSMC (1-5). Such
diversity ranges from housekeeping functions involving
multiple metabolic pathways, specialized functions in-
cluding contraction, secretory activities, and cellular
growth, proliferation, and death. Accordingly, it is not
surprising that elucidation of mechanisms that regulate
[Ca**); has commanded extensive experimental study
and intellectual effort.

It is now abundantly clear that complex and incom-
pletely understood regulatory mechanisms exist in
VSMC and related cell types (e.g., visceral and uterine
smooth muscle cells, fibroblasts, platelets, etc.) for con-
trolling receptor-activated increases in [Ca®"];. Partici-
pating mechanisms include influx of extracellular Ca?",
release of intracellular Ca?* stored in the SR, extrusion
of cytosolic Ca** by a sarcolemmal Ca?*-ATPase, and
several ion-exchange mechanisms allowing for bidirec-
tional exchange of Ca’* and another cation (e.g., Na*)
between the cytosolic and extracellular compartment
(1-7).

The major regulatory mechanisms that we will ad-
dress are modulation of Ca?* influx and release. Influx
of Ca’*~ can occur through several types of voltage-
dependent channels and through so-called receptor-
operated and/or second messenger operated channels
that appear to be voltage-independent. Moreover, influx
channels may also be modulated by a and B subunits
of trimeric G proteins, small monomeric G proteins such
as ras, and protein kinases including cAMP-dependent
protein kinase (PKA) and protein kinase C (PKC).
Comparable complexity is revealed among mechanisms
that modulate Ca®* release from intracellular stores (1—
8). Currently, however, the extent to which any of these
mechanisms is operative in VSMC is uncertain.

Protein Tyrosine Phosphorylation and Cellular
Signaling. A rapidly growing database exists regarding
the structure and functions of tyrosine kinases in differ-
ent types of cells (9-12). In contrast, relatively little is
known about the kinds of tyrosine kinases that are pres-
ent in adult smooth muscle, and even less is known
about their functions.

The vast majority of phosphorylated proteins in
mammalian cells are phosphorylated on serine and thre-
onine residues. The important role of serine-phosphory-
lation of the regulatory myosin light chains in control
of smooth muscle contraction is well established (4, 13-
17). Although less than 0.1% of the phosphorylated pro-
teins are phosphorylated on tyrosine residues, protein
tyrosine phosphorylation is a key mechanism for regu-
lating diverse functions in different types of cells (9-12,
18-24). Such functions include mitogen-mediated stim-
ulation of proliferation of VSMC, endothelial cells, fi-
broblasts, epithelial cells, and other cell types, long-



term potentiation in brain slices from the hippocampus,
fertilization of sea-urchin eggs, antigen-mediated activa-
tion of lymphocytes, cellular responses elicited by plate-
let-activating factors, B-adrenergic stimulation of cAMP
synthesis in cultured fibroblasts, differentiation of rat
PC12 cells into sympathetic-like neuronal cells, release
of catecholamines from cultured bovine chromaffin
cells, downregulation of certain receptors on neuronal
cells, and probably other cellular functions as well.
' Receptor Tyrosine Kinases. Two major classes of
tyrosine kinases are recognized. One class, the receptor
tyrosine kinases, span the plasma membrane and are
activated by specific ligands including growth factors
such as platelet-derived growth factor (PDGF), epider-
mal growth factor (EGF), basic fibroblast growth factor
(bFGF), nerve growth factor (NGF), and others (11,
12, 25). Generally, interaction of a specific ligand, like
PDGF, with the extracellular domain of its receptor
results in dimerization of the receptor, autophosphory-
lation of specific tyrosine residues at strategic sites along
its cytoplasmic domain, and expression of tyrosine ki-
nase activity against specific substrates such as rasGAP
(i.e., the GTPase activating protein for the small mono-
meric G protein called ras), phospholipase C-y1 (PLC-
v1), etc. Activation of a receptor tyrosine kinase by its
specific ligand is required for expression of biological
activity. For example, mutations in the PDGF receptor
that prevent activation of tyrosine kinase activity abro-
gate the ability of PDGF to induce mitogenesis (11, 12).
Similarly, tyrphostin, a synthetic inhibitor of tyrosine
kinases, blocks EGF-induced mitogenesis in A431 cells
(26) and PDGF-induced tyrosine phosphorylation in
VSMC (27).

Tyrosine phosphorylation of the ligand-activated
receptor or its substrates often occurs at specific sites
that serve as targeting or recognition sites for other
signaling molecules. Molecules such as rasGAP, PLC-
v1, pp60°", and src-related kinases contain structural
domains called SH2 (src homology) domains. These
SH2 domains dock with specific tyrosine phosphory-
lated residues in a target molecule so that a protein-
protein complex forms. In this fashion, molecules that
participate in specific signaling cascades (rasGAP, PLC-
v1, pp60~r, etc.) are assembled in juxtaposition thereby
permitting transfer of information along a desired sig-
naling pathway (10, 11, 28, 29).

Activation of receptor tyrosine kinases in fibro-
blasts, platelets, some VSMC, and other cell types is
usually associated with a 2- to 10-fold increase in [Ca?*],.
These Ca?* responses are characterized by a rapid tran-
sient increase in [Ca*']; (1-4 min) that appears to be
due to release of intracellular Ca’* from the SR or endo-
plasmic reticulum. The transient is followed by a lower
sustained increase in [Ca®*]; (4-20 min) that appears to
be due to influx of extracellular Ca** (11, 12, 30-32).
The molecular mechanisms underlying these transient

and sustained increases in [Ca?*]; have not been com-
pletely elucidated.

Although receptors for PDGF, EGF, and bFGF are
present in cultured VSMC, disparate results have been
obtained regarding their presence in intact vascular
smooth muscle (VSM) (33-35). This raises questions
about the likelihood of these mitogens participating in
minute-to-minute regulation of smooth muscle function.
Whereas little expression of PDGF receptors is appar-
ent in healthy intact blood vessels, expression of the
receptors becomes more pronounced in VSMC that are
located in atherosclerotic lesions. Conceivably, expres-
sion of these receptors may be related to the prolifera-
tive state of VSM so that receptor expression is minimal
in healthy nonproliferative adult VSM, whereas expres-
sion is pronounced during early development where
rapid growth is occurring and/or during pathological
states associated with proliferative lesions in the vascu-
lar wall (e.g., atherosclerotic plaques, hypertension,
etc.).

Nevertheless, earlier studies revealed that several
mitogens which interact with receptor tyrosine kinases
also contracted VSM and transiently increased [Ca®*];.
Both EGF and PDGF were shown to contract rat aortic
strips (36-38). The response to PDGF was unaltered
by a-adrenergic blockade with phentolamine or by inhi-
bition of prostaglandin synthesis with indomethacin. In
contrast, constriction of ileocolic artery produced in re-
sponse to EGF was blocked by indomethacin, suggesting
the response was due to EGF induced synthesis of pros-
taglandins (39). Further complexities were revealed by
observations showing that both EGF and PDGF inhib-
ited contractile responses in helical strips of mesenteric
VSM, and both relaxed cerebral and coronary VSM
(40). That is, the results showed that EGF and PDGF
apparently contracted some segments of the arterial tree
(e.g., aortic VSM), whereas the compounds relaxed or
prevented contraction of other segments of the arterial
tree (e.g., mesenteric VSM).

Taken together, these studies are consistent with
the view that protein tyrosine kinase activity might be
an important mechanism for modulating [Ca*']; in
VSMC and for modulating the contractile state of VSM.
However, caution is required in interpreting several as-
pects of the data and assessing their physiological rele-
vance. First, most of the experiments were performed
with mitogens purified from biological sources. The pos-
sibility that some of the preparations contained contami-
nants that contract or relax smooth muscle cannot be
discounted. The presence of biologically active contami-
nants in the PDGF and EGF preparations may have
contributed to some of the apparent disparities that
were reported. Second, no tests were included to con-
firm that the responses were ascribable directly to
PDGF or EGF (e.g., experiments performed in the pres-
ence and absence of neutralizing antibodies that should
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block the biological activity of PDGF or EGF). Third,
no tests were included to confirm that the responses
were due to interactions between the mitogens and their
receptors (e.g., experiments performed in the presence
and absence of antibodies that block PDGF receptors
or antibodies that block EGF receptors). Fourth, no
measures of protein tyrosine phosphorylation were in-
cluded to confirm that the responses were dependent
on tyrosine Kinase activity. Lastly, given the uncertainty
of the expression of PDGF receptors in healthy adult
VSM described earlier, the physiological significance of
this potential mode of vascular activation is also uncer-
tain. Such mechanisms, again as noted earlier, may be
important during early development and during pathol-
ogies of the vascular wall (33-35).

Nonreceptor Tyrosine Kinases. The second
group of tyrosine kinases are cytoplasmic enzymes.
Many of these nonreceptor tyrosine kinases are encoded
by proto-oncogenes such as c-src, Ick, fyn, yes, ete. (9,
10, 19, 22-24). Some, like pp60°*~, the tyrosine kinase
encoded by c-src, are lipidated and bound to the cyto-
plasmic face of the plasma membrane, whereas others
are not lipidated and appear to be located in the cytosol.
Relatively little is known about mechanisms underlying
activation of cytoplasmic tyrosine kinases. However,
several of these enzymes are negatively regulated by
phosphorylation of specific tyrosine residues. The kinase
activity of pp60=™ is suppressed when tyrosine-527 is
phosphorylated, whereas the activity of p56"* (i.e., the
tyrosine kinase encoded by Ick) is suppressed when tyro-
sine-505 is phosphorylated. A pronounced increase in
enzymatic activity occurs following dephosphorylation
of tyrosine-527 in pp60°™ or of tyrosine-505 in p56**.
Each of these tyrosine residues is subject to phosphory-
lation and dephosphorylation irn vivo. This suggests that
cycles of phosphorylation and dephosphorylation prob-
ably participate in regulating the activity of these en-
zymes in intact cells. When phosphorylated, the region
containing tyrosine-527 (or tyrosine-505) is thought to
behave as a pseudo-substrate that is recognized and
engaged by the SH2 domain of the enzyme. In this state,
the activity of the kinase is suppressed.

Interestingly, recent evidence suggests that activa-
tion of antigen-specific receptors in B and T lympho-
cytes from various species is dependent on enhanced
protein tyrosine phosphorylation that is mediated by
pS6“* and/or p59#" (19, 41-45). The evidence also sug-
gests that the enhanced tyrosine phosphorylation may
be linked to increases in {Ca®"]; that also occur during
lymphocyte activation (35, 36). For example, herbimycin
A, a benzoquinoid ansamycin antibiotic that inhibits
tyrosine kinase activity (35), suppressed increases in
protein tyrosine phosphorylation and [Ca®*]; that occur
during antigen or lectin-induced activation of cultured
T cells (16, 19).
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Related studies suggest that tyrosine kinase activity
may directly regulate resting levels of and increases in
[Ca?*]; that occur during T-cell receptor activation (19).
Retroviral expression of pp60*™, the viral oncogenic
homolog of pp60¢*™, in T-cell hybridomas was associated
with a significant increase in resting [Ca®'],. Moreover,
cells that expressed pp60™™ also exhibited a 2-fold
greater increase in [Ca*']; when the T-cell receptor was
activated. This enhanced responsiveness was not due to
inereased production of inositol 1,4,5-triphosphate (IP;)
or to an increased number of T-cell receptors. Instead,
the increase in [Ca?*]; resulting from receptor activation
was ascribable to an apparent increase in influx of extra-
cellular Ca?*, and it was markedly suppressed by inhibi-
tion of tyrosine kinase activity with herbimycin A. How-
ever, these studies raise some concerns which should
be addressed. First, the relevant tyrosine kinase in lym-
phocyte signal transduction is apt to be p56" or p595~.,
Therefore, it is important to determine how overexpres-
sion of these enzymes influences lymphocyte activation.
Second, the specific activity of pp60* is about 50-fold
greater than the specific activity of its cellular homolog
pp60°: this means the tyrosine kinase activity of the
lymphocytes expressing pp60™" was exaggerated mark-
edly. Third, significant structural differences exist be-
tween pp60™ and pp60°* which impinge on how the
enzymes are apt to be regulated (9, 10, 22). For example,
pp60* lacks tyrosine-527, a negative regulatory site
that exists in pp60°<. As noted earlier, phosphorylation
of tyrosine-527 suppresses the kinase activity displayed
by pp60°; however, this kind of downregulation cannot
occur with pp60"~~. Accordingly, expression of pp60**
may tell us what can happen in response to increased
tyrosine kinase activity in certain biological settings, but
it may not tell us what does happen when tyrosine kinase
activity is activated under regulated physiological condi-
tions. Nevertheless, these studies encouraged us to pur-
sue evaluation of the working hypothesis illustrated in
Figure 1.

Tyrosine Kinase Activity: Smooth
Muscle Function

pp60°** Tyrosine Kinase Activity Is Unusually
High in Mammalian Smooth Muscle. Our interest in
elucidating potential functions of nonreceptor tyrosine
kinase activity in smooth muscle peaked when we
discovered the tyrosine kinase activity ascribable to
pp60~ was surprisingly and unusually high in fully dif-
ferentiated adult smooth muscle (46—48). Simon et al.
(49) had shown that the expression of mRNA for
pp60s* was developmentally regulated in the visceral
smooth muscle of drosophilia.

Unexpectedly, our experiments with extracts pre-
pared from adult bovine tissues showed that the appar-
ent activity of pp60° was 500- to 800-fold greater in
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Figure 2. Tyrosine kinase activity ascribable to the enzyme called
pp60°~* is unusually high in extracts from smooth muscle. Extracts
were prepared from adult bovine tissues, subjected toimmunoprecipi-
tation with a noninhibitory monoclonal antibody for pp60°*® and as-
sayed for tyrosine kinase activity using [y-*P]-ATP and enolase as
a substrate (see Refs. 46—48). Note that the activity of pp60°* in
smooth muscle preparations (aorta, coronary artery, ileum, uterus)
is 300- to 800-fold greater than in extracts from cardiac (atrium,
ventricle) or skeletal muscle. The length of each bar is the mean
value for enzyme activity in assays of 14—22 preparations.

extracts from vascular, uterine, and visceral smooth
muscle than it was in extracts from either cardiac or
skeletal muscle, and many times greater than it was in
extracts from kidney or liver (Fig. 2). The enormous
difference in activity detected between smooth and stri-
ated muscle suggested that tyrosine kinase activity might
function in regulating one or more specialized functions
exhibited by smooth muscle. Since the mechanisms for
regulating stimulus-dependent increases in [Ca?']; are
different in smooth and striated muscle (4, 13-17), we
suspected the high tyrosine kinase activity that is present
in smooth muscle might be linked to mechanisms that
regulate [Ca?']; (46—49).

Tyrosine Kinase Inhibitors Suppress Contrac-
tion of Smooth Muscle. The relatively recent availabil-
ity of structurally diverse compounds that inhibit tyro-
sine kinase activity (26, 27, 50-53) made it possible to
assess the potential functional role(s) of tyrosine kinase
activity during contraction of smooth muscle. An array
of tyrosine kinase inhibitors, including genistein, tyr-
phostins, lavendustin, geldanomycin, and herbimycin,
markedly and reversibly suppressed contractile re-
sponses resulting from stimulation of vascular and gas-
trointestinal smooth muscle (54-69). For example, a
number of putative tyrosine kinase inhibitors sup-
pressed increases in isometric force that were evoked by
stimulation of (i) o;-adrenergic receptors in mesenteric
microvessels and in canine carotid arterial smooth mus-
cle strips (54, 55); (ii) stimulation of histaminergic recep-

tors in porcine carotid arterial smooth muscle (60); (iii)
stimulation of muscarinic receptors in guinea pig taenia
coli (54); and (iv) stimulation of other nontyrosine ki-
nase receptors in different smooth muscle preparations
(58, 59). Because the inhibitors are structurally diverse,
it is likely that their efficacy in suppressing contraction
is ascribable to inhibition of tyrosine kinase activity
rather than to nonspecific effects on VSMC. Moreover,
the concentration of genistein that inhibited contraction
virtually abolished pp60°* tyrosine kinase activity in
carotid arterial extracts, whereas the activities of myosin
light chain kinase and PKA were essentially unaltered
(54, 55).

However, unlike results obtained with intact
smooth muscle, tyrosine kinase inhibitors did not alter
increases in isometric force that were evoked by direct
activation of the contractile apparatus by Ca?* in deter-
gent-skinned smooth muscle (54). Taken together, these
observations show that the compounds do not inhibit
actin-myosin interactions, and they implied that gen-
istein-mediated suppression of smooth muscle contrac-
tion was probably due to inhibition of tyrosine kinase
activity. They also suggested that the apparent require-
ment for tyrosine kinase activity may be linked to mem-
brane-dependent signaling pathways, or perhaps to one
or more cytosolic signaling molecules that are leached
from the muscle during detergent-skinning.

Enhanced Protein Tyrosine Phosphorylation Is
Associated with Contraction of Intact Smooth Mus-
cle: Relationship to Calcium Mobilization. Based on
the hypothesis that protein tyrosine kinase activity
might participate in regulation of smooth muscle con-
traction (Fig. 1) (46-48, 54-60), we reasoned that inhibi-
tion of tyrosine phosphatase activity should increase
protein tyrosine phosphorylation in resting intact
smooth muscle and thereby induce contraction (54, 55).
Because vanadate, a known inhibitor of tyrosine phos-
phatase activity (61-63), also induces contraction of
smooth muscle (64, 65), we suspected that vanadate-
induced contraction of smooth muscle might involve
inhibition of endogenous tyrosine phosphatase activity
and consequent increases in protein tyrosine phosphory-
lation. To test this possibility, we studied the effects
of vanadate on protein tyrosine phosphorylation and
isometric force in intact strips of guinea-pig taenia coli
(54, 55, 66). The data showed that (i) progressive in-
creases in tyrosine phosphorylation of several substrates
occurred when taenia coli was incubated in physiological
salt solution containing vanadate, (ii) enhanced tyrosine
phosphorylation is associated with a monotonic increase
in isometric force that is maintained at a sustained level
in the continued presence of vanadate, (iii) transfer of
the strips to vanadate-free salt solution resulted in con-
comitant relaxation and dephosphorylation of the tyro-
sine phosphorylated substrates, (iv) addition of gen-
istein to the medium after a sustained level of isometric
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force was attained resulted in significant relaxation and
a decrease in tyrosine phosphorylation, and (v) pre-
incubation with genistein almost completely inhibited
both vanadate-induced tyrosine phosphorylation and
vanadate-induced increases in force. Direct evidence is
now available showing that stimulation of receptors for
neurohumoral agents in intact or permeabilized smooth
muscle evokes protein tyrosine phosphorylation (54,
57-59). Collectively, these data are consistent with the
view that vanadate-induced contraction of smooth mus-
cle was, at least in part, due to vanadate-induced inhibi-
tion of tyrosine phosphatase activity, and that protein
tyrosine phosphorylation could be a significant mecha-
nism for regulating smooth muscle contraction.

However, these data do not identify the step(s) in
the signaling pathway between receptor activation and
contraction that may be regulated by protein tyrosine
phosphorylation. Based on studies of vanadate-induced
contraction, we suggested that protein tyrosine phos-
phorylation may participate in regulating (i) mecha-
nisms that couple receptor activation to increases in
[Ca™]);, and/or (ii) mechanisms that couple receptor ac-
tivation to modulation of Ca®" sensitivity for contraction
(54, 55, 66). We observed that vanadate-induced con-
traction was dependent on extracellular Ca*~ (Fig. 3).
That is, chelation of extracellular Ca** with EGTA dur-
ing steady-state isometric force induced with vanadate
resulted in prompt and complete relaxation (Fig. 3A,
Points 2 and 3). However, even though isometric force
declined to baseline, tyrosine phosphorylation was
maintained at a high level (Fig. 3B, Points 2 and 3).
Surprisingly, replacement of the medium with fresh salt
solution that did not contain vanadate or EGTA re-
sulted in a spontaneous transient contraction. Peak force
attained during the transient was comparable to the high
force attained during carbachol-induced contraction
and was associated with persistent tyrosine phosphory-
lation (Fig. 3A, Point 4, and Fig. 3B, Lane 3). However,
the decline of force to baseline during the spontaneous
transient contraction was associated with dephosphory-
lation of the tyrosine phosphorylated substrates. In like
fashion, blockade of Ca’* entry with La** relaxed
smooth muscle strips contracted with vanadate (Fig.
3D). In contrast to the relaxation induced with EGTA,
replacement of the medium with fresh salt solution that
was devoid of La** and vanadate did not induce a spon-
taneous contraction.

How can we reasonably account for the persistence
of tyrosine phosphorylation following relaxation in-
duced by chelation of extracellular Ca** with EGTA or
by blockade of Ca?* entry with La’>"? Probably, the
persistence of tyrosine phosphorylation is simply ascrib-
able to the continued presence of vanadate in the me-
dium and continued inhibition of tyrosine phosphatase
activity. How can we reasonably account for the sponta-
neous transient contraction that occurs after replace-
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Figure 3. Vanadate-induced contraction of taenia coli is dependent
on extracellular Ca2*. (A) A segment of taenia coli was contracted
with 10 wM carbachol (left), washed in normal PSS, and contracted
with 1.5 mM vanadate. Addition of 5 mM EGTA to chelate Ca**
resulted in complete relaxation. Replacement of the medium with
fresh PSS (vanadate and EGTA free) elicited a rapid transient con-
traction. (B) Vanadate-induced contraction was associated with the
usual pronounced increase in protein tyrosine phosphorylation (Lane
2, Point 2). This high level of phosphorylation persisted even after
relaxation occurred by halting Ca** influx with EGTA (Lane 3, Point
3), and it was still present at the peak of the spontaneous transient
contraction which occurred in fresh PSS (vanadate and EGTA free,
Lane 4, Point 4). Dephosphorylation of the substrates occurred when
force returned to baseline (Lane 5, Point 5). (C) Summary of changes
in tyrosine phosphorylation which occurred in six experiments.
(D) A segment of taenia coli from the same animal as in Panel A
was contracted with 10 pM carbachol (left), washed in normal PSS,
and contracted with 1.5 mM vanadate (middle). Addition of 10 mM
LaCl, to the medium resulted in complete relaxation. Unlike results
obtained with EGTA (A), replacement of the medium with fresh PSS
did not elicit a spontaneous transient contraction. However, in accor-
dance with results obtained in the presence of EGTA, high levels
of phosphorylation were maintained after relaxation with LaCl, and
dephosphorylation occurred within 15 min after relaxation (data not
shown). Similar results were obtained in four experiments. (From
Ref. 56.)



ment of the vanadate EGTA medium with fresh me-
dium that is devoid of vanadate EGTA? We suggested
(54, 55, 66) that the tyrosine phosphorylated substrates
might poise the smooth muscle cells to permit influx of
Ca?" if extracellular Ca** was made available. Such in-
flux could also promote release of intracellular Ca*
through calcium-induced calcium release (2, 4-6). Ac-
cordingly, replacing the bathing medium with fresh salt
solution that contained the usual concentration of Ca**
(ie., 1.6 mM CaCl,) could have promoted a rapid in-
crease in [Ca’'};, which in turn would induce a rapid
contraction of the smooth muscle cells. Since the fresh
medium did not contain vanadate, inhibition of en-
dogenous tyrosine phosphatase activity was likely to
be relieved so that dephosphorylation of the substrates
occurred. Therefore, the increase in [Ca?']; may be
short-lived and result in only a transient contraction. In
addition, the tyrosine-phosphorylated substrates may
also participate in up-modulation of the Ca?* sensitivity
for actin-myosin interaction such that a relatively small
increase in [Ca®']; occurring when the strips are trans-
ferred to fresh normal bathing medium could result in
a large increase in isometric force (57). How can we
reasonably account for the absence of a spontaneous
contraction after replacement of the vanadate-L.a** me-
dium with fresh medium that is vanadate and La’" free?
Because La** irreversibly blocks diverse types of Ca?*
influx channels (5) we interpreted the results to suggest
that the apparent persistent relaxation exhibited in fresh
medium simply reflected persistent blockade of Ca?*
entry sites. Stated differently, no Ca?* entry, no increase
in [Ca*'];, no spontaneous contraction.

When these suggestions were offered, we recog-
nized that they were inferential and we noted that addi-
tional experiments were required to warrant their accep-
tance or rejection. Nevertheless, when taken together
and viewed within the framework of studies addressing
tyrosine kinase activity, protein tyrosine phosphoryla-
tion, and potential regulation of cellular Ca’' in other
cell types (see Nonreceptor Tyrosine Kinases above), we
were further encouraged to continue testing the working
hypothesis (Fig. 1).

Receptor-Activated Increases in Tyrosine
Phosphorylation and Increased [Ca**);
in VSMC

The development of relatively nontoxic Ca’*-sensi-
tive fluoroprobes, such as fluo-3 or fura-2, greatly stimu-
lated study of agonist-induced changes in [Ca®*]; in a
wide range of cell types, including VSMC (1, 67-73).
These compounds permit quantitative evaluation of
changes in [Ca?']; that are induced in either large popu-
lations of cells or in single cells. Our studies were per-
formed with VSMC loaded with fura-2. The intensity
of the fluorescence signal of fura-2 excited at 340 nm

increases progressively in the presence of increasing
Ca’", whereas the intensity of the signal at 380 nm de-
creases as Ca?" increases. Therefore, as amply docu-
mented by others (67-71), monitoring changes in the
340/380 ratio allows for rapid recording of changes in
[Ca**]; that are independent of changes in cell volume
or photobleaching of the fluoroprobe that might occur
during the period of study.

Receptor-Activated Increases in [Ca?']. In-
creases in [Ca®’']; evoked by receptor activation in
VSMC and other cell types loaded with fura-2 are char-
acterized by a transient increase in the 340/380 ratio
that is rapid in onset (5-10 sec), quickly attains a maxi-
mal value (10-30 sec), and declines to a lower level
(30-90 sec) that is sustained in the continued presence
of agonist (1, 2, 4, 67-71). This response pattern is seen
in primary VSMC from different segments of the arterial
tree and in different clonal VSMC lines such as A10
and A7r5 embryonic rat aortic cells. The pattern is simi-
lar for responses evoked by activation of o;-adrenergic
receptors, muscarinic receptors, serotoninergic recep-
tors, receptors for other vasoactive agents including
thrombin, platelet activating factors, etc., and receptors
for peptides such as angiotensin II, endothelin 1, and
vasopressin.

Yet, in spite of these consistent similarities, single
cellimaging analysis reveals that pronounced cell-to-cell
heterogeneity exists among individual cells stimulated
with the same agonist at the same time. As shown in
Figure 4, such heterogeneity is reflected by cell-to-cell
differences in the time of onset of the Ca’' transient,
its rate of rise, the maximal increase in [Ca?*]; during
the transient, its rate of decline, the magnitude of the
lower sustained increase in [Ca**];, and the presence or

- absence of Ca?* oscillations. Since all of the cells were

studied in the growth-arrested state, these heterogenei-
ties are not due to differences among the cells with
respect to their stage in the cell cycle. Although the
physiological significance of cell-to-cell heterogeneity,
if any, is unknown, it is demonstrable with a variety of
agonists in both clonal and primary VSMC. Similarly,
whether or not heterogeneity reflects cell-to-cell differ-
ences in receptor number, differences in receptor acti-
vated signaling pathways, differences in the number and
kind of Ca** influx pathways, the relative contribution
of influx and release mechanisms, the kinds and relative
sizes of intracellular Ca?* stores, and/or other factors
are unknown. However, it is noteworthy that cell-to-
cell heterogeneity has been implicated as a contributing
factor to the pattern of contractile responses elicited in
intact VSM (74, 75). Although cell-to-cell heterogeneity
is easily recognized during single cell imaging analyses,
the phenomenon cannot be recognized in studies of
cell populations because the fluorescence signals are
recorded as an average of all the cells in the viewed pop-
ulation.
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Figure 4. Canine fermoral arterial smooth muscle cells were grown
on coverslips and loaded with fura-2 AM (67). At zero time (abscissa),
they were stimulated with either 100 M phenylephrine (PE) (A) or
100 nM serotonin (Ser) (B). Changes in [Ca?"] were monitored in
real time by recording changes in the 340/380 fluorescence ratio of
fura-2 ratio (ordinate) using single cell imaging technology (Universal
Imaging). Each tracing shows the receptor-activated changes in the
340/380 ratio in a single cell. In all cells, receptor activation induced
a pronounced transient increase in [Ca®'], which was followed by
either (a) one or more Ca?" oscillations of varying magnitude and
duration, or (b) a lower sustained increase in Ca?". Pre-incubation
of the cells with 110 uM genistein (Gen; 45 min) virtually abolished
the Ca?' response induced by both phenylephrine (C) and serotonin
(D). in situ calibration of fluorescence in 16 cells studied showed that
a ratio of 1 represents 140 nM Ca?", and a ratio of 3 represents 965
nM Ca?". (From Ret. 73.)

Relative Contribution of Ca?* Influx and Release
during Receptor-Activated Increases in [Ca?*],. As
noted earlier, increases in [Ca**|; are ascribable to influx
of extracellular Ca** and/or release of intracellular Ca’"
stored in the SR. A frequently used approach for as-
sessing the relative contribution of influx and release to
the rise in [Ca?’]; evoked by receptor activation is to
compare changes in [Ca?"]; that are evoked in the pres-
ence and absence of extracellular Ca*~ (1-4. 67-73, 76).
Responses evoked in the presence of extracellular Ca™*
are reflective of both influx and release. In contrast,
responses elicited in the absence of extracellular Ca**
are only reflective of release.

Many studies in VSMC and other cell types reveal
that the early transient increase in [Ca®"}; is due to re-
lease and influx of Ca?', whereas the lower sustained
component of the response is due to influx only. Our
studies with primary and clonal VSMC show that (i)
pronounced cell-to-cell heterogeneity exists with re-
spect to the relative contribution of influx and release
during the transient component, and (ii) the sustained
component is due to influx only (55, 72. 73, 76).

Two populations of A7r5 cells were seen during
single cell imaging analysis of preparations stimulated
with [arginine®]-vasopressin (AVP) (64, 72, 73). Com-
bining results from all of the cells studied and expressing
the data as average values revealed a profile indicating
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that the magnitude of the transient attained in the pres-
ence of extracellular Ca** was very similar to the magni-
tude of the response attained in the absence of extracel-
lular Ca** (Fig. 5, A and B). Shown in this fashion, the
result illustrates how the data would be seen if the cells
were studied as a population of cells monitored as a
suspension or on a coverslip in a fluorimeter. In either
casc (i.e., the average of ratios seen in a large number
of single cells viewed individually versus the ratio seen
in a large group of cells viewed together), the result
would suggest that the transient increase in [Ca’]; in-
duced by AVP is almost entirely due to release of intra-
cellular Ca®~. However, comparison of the results among
all of the cells studied showed that this inference is
incorrect. Surprisingly, in 36% of the cells the transient
was greater in the absence of extracellular Ca®* (Fig.
5C; ratio: 6.12 = 0.71) than in the presence of extracellu-
lar Ca’ (Fig. SA; ratio: 3.11 = 0.22; P < 0.0005). In
most of the cells (64%), the transient was significantly
and markedly smaller in absence of extracellular Ca?*
(Fig. 5D; ratio: 1.12 = 0.06) than in the presence of

71 A B C D

p 1 (233) (235) 79 (156)
R
S5
o & Baseline
Q ] 7 Peak
c 4 i A
< & Plateau
@ i

3
=]
.5 -
&< 2
-

14

0] [ 7

Population 1  Population 2

AVP+EGTA

Figure 5. Activation of A7r5 VSMC with AVP in the absence of
extracellular Ca?~ shows that two populations exist with respect to
receptor-activated release of intracellular Ca?*. Coded bars show
the mean baseline values of 340/380 ratio, as well as the maximal
increase in the ratio during the rapid transient response and the
magnitude of the sustained lower increase (plateau) for cells activated
with AVP in the presence (A) and absence of extracellular Ca**
(C-D). Small vertical bars show =SEM, and the number of cells
studied is shown above each panel in parentheses. (A) The Ca*'
response evoked by AVP in the presence of extracellular Ca?".
(B) The mean response evoked in all cells studied in the absence
of extraceliular Ca?~. Note that the transient increase in Ca?* (340/
380 ratio) is slightly suppressed whereas the sustained component
is virtually abolished in the absence of extracellular Ca?*. However,
careful examination of the responses elicited by AVP in each cell
represented in Panel A showed that the cells could be partitioned
into two populations. In about 1/3 of the cells (C), the transient
response was enhanced more than 2-fold following activation with
AVP in the absence of extracellular Ca?*. In contrast, in 2/3 of the
cells (D) the transient was decreased by about 60%. In all cells
studied in the absence of extracellular Ca?* (C—D), the baseline was
suppressed and the sustained response to AVP was eliminated (see
text and Refs. 72 and 73).
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extracellular Ca?* (Fig. 5A; ratio: 3.11 + 0.22; P <
0.0001). Therefore, in these cells about 60% of the tran-
sient probably was due to influx of extracellular Ca?*,
whereas 30% was due to release of intracellular Ca?*.
Though unknown, the mechanism(s) underlying this un-
expected result may be related to the complex relation-
ships known to exist among the intraluminal concentra-
tion of Ca®* in the SR, the cytosolic concentration of
Ca®*, the sensitivity of Ca’* channels in the SR to second
messengers and G proteins, and interactions between
the extent of filling of the stores and influx of extracellu-
lar Ca®* (2, 4, 6).

In canine femoral or carotid arterial smooth muscle
cells studied in primary culture, about 80% of the tran-
sient increase in [Ca’}; evoked by stimulation of either
oy-adrenergic or serotoninergic receptors was due to
influx of extracellular Ca?*. About 20% was due to re-
lease of intracellular Ca** (76). That is, the magnitude
and duration of the transient evoked in the presence of
extracellular Ca** (1.6 mM) was reduced by 80% when
the same cells are stimulated in the absence of extracel-
lular Ca?* (i.e., media containing 0.2 mM EGTA but
with no added Ca?*). However, in a significant fraction
of the cells studied (ca. 25%), the transient was com-
pletely abolished in the absence of extracellular Ca?",
an observation suggesting that all of the transient was
due to influx of Ca?*. The heterogeneity in the relative
contribution of influx and release to the Ca?" transient
observed in these primary cells is similar to that ob-
served in A7r5 cells in that both influx and release of
Ca®* participate in the response. However, the results
differ from each other in that the transient is entirely
due to release in a significant fraction of A7r5 cells,
whereas the transient is entirely due to influx in a sig-
nificant fraction of the primary VSMC,

Unlike the transient component of receptor-acti-
vated increases in [Ca?*];, the lower sustained compo-
nent of the response was always eliminated in the ab-
sence of extracellular Ca?* (Fig. 5). Elimination of the
sustained component was apparent in both clonal and
primary VSMC and in responses that were evoked with
all agonists tested (i.e., AVP, phenylephrine, serotonin,
endothelin 1, angiotensin, and carbachol). Therefore,
the delayed component appears to be invariably and
entirely dependent on influx of extracellular Ca?*.

Tyrosine Kinase Inhibitors Suppress Receptor-
Activated Influx and Release of Ca?*. Both the tran-
sient and the sustained components of receptor-acti-
vated increases in [Ca?'|; are virtually abolished by gen-
istein (Figs. 4 and 5). The inhibitory effects of genistein
were reversible and evident at concentrations that block
ppo0° tyrosine kinase activity. These concentrations
did not alter the activity of either myosin light chain
kinase, phosphorylase kinase, PKA (46), or several
other serine/threonine kinases (18). Therefore, the in-
hibitory effects of genistein on Ca’* responses are proba-

bly due to inhibition of tyrosine kinase activity. Since
the transient component of the response reflects both
influx and release of Ca?", and the sustained component
reflects influx only, the results imply that tyrosine kinase
activity is involved in mechanisms that regulate influx
of Ca’* and release of Ca?". However, these results do
not imply that the Ca?* influx pathways utilized during
the transient are the same as the influx pathways acti-
vated during the sustained component of the response.

Recently, Rembold et al. (60) confirmed that gen-
istein inhibits contraction induced by activation of re-
ceptors for histamine in porcine carotid arterial smooth
muscle. Their results also showed that genistein-medi-
ated inhibition of contraction was associated with inhibi-
tion of the rise in [Ca®'); that normally occurs during
histamine receptor activation. More recently, a prelimi-
nary communication reported by Liu and Sturek (77)
confirmed that genistein inhibited receptor-activated in-
creases in [Ca*>*); in still another type of VSM, namely,
coronary VSMC. Their results, like our earlier studies
with a variety of agonists in different VSMC (55, 72,
73, 76), showed that endothelin 1-induced activation
of both Ca?" influx and release of Ca*" were inhibited
by genistein.

On the other hand, two recent reports claim that
the inhibitory effects of genistein and other tyrosine
kinase inhibitors may involve mechanisms that are inde-
pendent of their ability to inhibit tyrosine kinases. Toma
et al. observed that analogs of tyrosine kinase inhibitors
which purportedly did not inhibit tyrosine kinase activ-
ity were nevertheless effective inhibitors of receptor-
activated contraction of mesenteric microvessels (78).
They also reported that certain compounds that pur-
portedly do inhibit tyrosine kinase activity did not in-
hibit receptor-activated contraction. In like fashion,
Smirnov and Aaronson (79) reported an apparent disso-
ciation among the efficacy of putative tyrosine kinase
inhibitors on K~ channels in VSMC. An important as-
sumption implicit in both of these studies is that the
compounds are or are not in vivo inhibitors of tyrosine
kinase activity in the preparations studied. Surprisingly,
however, and unlike our earlier and more recent studies
(55-57, 72-77), neither of the studies cited included
measures of changes in protein tyrosine phosphoryla-
tion or tyrosine kinase activity before and after treat-
ment with the compounds. Therefore, we cannot dis-
count the possibility that compounds that did not inhibit
contraction or K* channels also did not inhibit endoge-
nous tyrosine Kinase activity or tyrosine phosphoryla-
tion (78, 79).

Receptor-Activated Tyrosine Phosphorylation
and Increases in [Ca?*]. If receptor-activated tyrosine
phoshorylation is coupled to receptor-activated in-
creases in [Ca®*];, then (Criterion A) receptor activation
must be associated with enhanced protein tyrosine phos-
phorylation of one or more substrates; (Criterion B) the
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time course for tyrosine phosphorylation should pre-
cede, or be coincident with, the time course for increases
in [Ca*];; and (Criterion C) compounds that inhibit
tyrosine kinase activity must suppress both tyrosine
phosphorylation and the increase in [Ca™];.

If experimental observations are inconsistent with
these minimal criteria, the suspected coupling between
tyrosine kinase activity and receptor-activated increases
is unlikely, and the hypothesis can probably be rejected.
In contrast, if observations are consistent with the crite-
ria, the hypothesis is probably likely but is not estab-
lished. Further criteria must be defined in order to
establish that the relationship between tyrosine phos-
phorylation and increases in [Ca®"]; is a causative one.
Thus, compliance between experimental observations
and the stated minimal criteria is necessary but insuffi-
cient for validation of the hypothesis. To what extent,
then, is the available evidence consistent with the under-
lying hypothesis?

Tsuda et al. (80) and Molloy et al. (81) showed that
treatment of cultured VSMC with different receptor
agonists resulted in enhanced tyrosine phosphorylation
of a set of substrates ranging from 40 to 205 kDa. The
significance of such phosphorylation, if any, was un-
certain. However, several preliminary communications
from this laboratory reported that structurally diverse
tyrosine kinase inhibitors suppressed receptor-activated
increases in [Ca®’}; in primary and clonal VSMC (55.
72, 73, 76). These results, like our earlier studies of
vanadate-induced contraction of smooth muscle (55,
56), suggested that tyrosine kinase activity might be
involved in mechanisms that regulate changes in [Ca?*];.
In studies to test this possibility, we observed that activa-
tion of either a,-adrenergic or serotoninergic receptors
in canine primary VSMC induced a transient increase
in tyrosine phosphorylation of a set of substrates that
were remarkably similar to the substrates reported with
different types of VSMC (Criterion A; Figs. 6 and 7)
(55, 73, 76). Additionally, we observed that the time
course for receptor-activated tyrosine phosphorylation
was similar to the time course for receptor-activated
increases in [Ca?*}; (Criterion B; cf., Fig. 4). Further.,
apparent inhibition of tyrosine kinase activity with gen-
istein or tyrphostin suppressed both tyrosine phosphor-
ylation and the Ca*" response (Criterion C; Fig. 6) (55,
73, 76). Collectively, these data are consistent with the
stated minimal criteria to assert a potential functional
link between receptor-activated tyrosine phosphoryla-
tion and receptor-activated increases in [Ca®"|;.

As noted earlier, however, at least two reports sug-
gested that the effects of tyrosine kinase inhibitors might
be due to mechanisms other than inhibition of tyrosine
kinase activity (78, 79). As also noted, neither of these
studies included measures of tyrosine phosphorylation
or measures of changes in [Ca’*};. Thus, the possibility
that responses which were unaltered by putative inhibi-
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Figure 6. Activation of a;-adrenergic receptors in VSMC with phenyl-
ephrine enhances protein tyrosine phosphorylation: receptor-acti-
vated tyrosine phosphorylation is suppressed by tyrosine kinase in-
hibitors. Cells were exposed to 100 wM phenylephrine (PE) for 0-60
sec and processed for immunoblot analysis of changes in protein
tyrosine phosphorylation. A pronounced transient increase in tyrosine
phosphorylation was apparent for a major substrate of 116 kDa and
several other polypeptides. The increase in tyrosine phosphorylation
observed after 15 sec of exposure to phenylephrine (PE) was mark-
edly inhibited in cells that had been pre-incubated with 110 p.Mgen-
istein or 80 wM tyrphostin for 45 min. Similar results were obtained
in four experiments. (From Ref. 76.)

tors was due to a failure of the compounds to inhibit
endogenous tyrosine kinase activity could not be ex-
cluded. To examine this issue we extended our studies
of AVP-activated tyrosine phosphorylation and in-
creases in [Ca?’]; in AT1S cells (73).

Genistein virtually abolished both the transient in-
crease in [Ca’']; and the sustained increase in [Ca*);
that is evoked by AVP (72, 73). These results are consis-
tent with results obtained during receptor activation of
canine primary VSMC (55, 73, 76). In contrast, tyrphos-
tin 47, another putative tyrosine kinase inhibitor, did
not alter either the transient or sustained component
of the Ca’>" response. Further, lavendustin A, a third
inhibitor, suppressed the transient component by 30%-
40% but did not alter the sustained component of the
response. The results obtained with tyrphostin 47 and
lavendustin A are provocative. First, both compounds
reportedly inhibit receptor-activated contraction in sev-
eral different smooth muscle preparations (54). Second,
tyrphostin 47 markedly inhibits increases in [Ca®'];
cvoked by receptor activation of primary VSMC (73,
76). Yet the minimal effects of tyrphostin 47 and laven-
dustin A on AVP-activated increases in [Ca**]; appear
to be consistent with the reports showing that some
tyrosine kinase inhibitors do not alter receptor-activated
contraction of mesenteric VSM, or the activation of
certain ion channels in VSMC (78, 79). Can these appar-
ently disparate results be reconciled? Is it possible that
different tyrosine kinase inhibitors do not always inhibit
tyrosine kinase activity in all smooth muscle prepara-
tions studied?
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Figure 7. Activation of serotoninergic receptors evokes tyrosine
phosphorylation of rasGAP (ras GTPase-activating protein). (A) Cells
were stimulated with 100 n M serotonin and processed for immunoblot
analysis (Western blot) of tyrosine phosphorylated substrates. Note
that the set of substrates phosphotylated in response to serotonin is
similar to the substrates phosphorylated in response to phenylephrine
shown in Figure 6. (B) The immunoblotted nitrocellulose membrane
photographed in Panel A was stripped of phosphotyrosine antibody
and probed with a polyclonal antibody for rasGAP. Only the 116-
kDa substrate was recognized by the rasGAP antibody. Similar re-
sults were obtained in six experiments. (From Ref. 76.)

To study these issues with AVP-activated A7r5 cells
as a model requires assessment of AVP-activated
changes in tyrosine phosphorylation. That is, are AVP-
activated increases in [Ca®'}; associated with enhanced
tyrosine phosphorylation? Does genistein block both
responses? Do tyrphostin 47 and lavendustin A also
block both responses, is only one response blocked, or
is neither response blocked? Unexpectedly, using the
same analytical procedures we used previously, we were
unable to document changes in tyrosine phosphoryla-
tion in response to AVP (Fig. 8A, Lanes 1-5). In con-
trast, vanadate-induced increases in tyrosine phosphor-
ylation were easily demonstrated (Fig. 8A, Lane 6). We
suspected that A7rS cells might possess high endoge-
nous tyrosine phosphatase activity. If so, dephosphory-
lation of phosphorylated substrates could have occurred
during the time required to process cell extracts for
analysis of tyrosine phosphorylated proteins. In support
of this idea, we observed that an apparent increase in
tyrosine phosphorylation occurred when the cells were

pre-incubated with vanadate to inhibit endogenous
phosphatase activity (Fig. 8A, Lanes 1 and 6). This result
was consonant with results reported from this and other
laboratories showing that vanadate enhances tyrosine
phosphorylation (55, 56, 63). Importantly, AVP-induced
tyrosine phosphorylation became apparent in cells pre-
incubated with vanadate (Fig. 8B). That is, the extent
of phosphorylation attained during AVP activation was
greater than that attained in the presence of vanadate
alone. Moreover, the time course for AVP-induced tyro-
sine phosphorylation was consistent with the time
course for AVP-induced increases in [Ca?*};, again sug-
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Figure 8. AVP induces a transient increase in tyrosine phosphoryla-
tion in A7r5 cells after pre-incubation with 10 mM vanadate. In this
and subsequent photographs of immunoblots, arrows at left point to
tyrosine phosphorylated substrates. The apparent M, and mobility of
marker proteins are shown at right, incubation conditions are given
above the photograph, and electrophoretic lanes are identified by
numbers at the bottom of the photographs. (A) No change in tyrosine
phosphorylation, relative to untreated control cells (Lane 1, Con),
occurred during exposure to 20 nM AVP for 15, (Lane 2), 30 (Lane
3), 60 (Lane 4), or 120 sec (Lane 5). Though not shown, similar
results were obtained with cells fixed in 20% trichloroacetic acid, or
with cells homogenized in the presence of 10 mMvanadate. However,
pre-incubation of the cells in 10 mMvanadate alone (Lane 6) induced
a pronounced increase in tyrosine phosphorylation of several sub-
strates of 202, 150-155, 116, 95, 65, and 55 kDa. (B) In subsequent
experiments, cells were either untreated (Lane 1, Con), pre-incubated
with 10 mM vanadate alone (Lane 5, Van), or activated with 20 nM
AVP after pre-incubation with vanadate (Lanes 2-4, AVP + Van).
Under these conditions, AVP always induced pronounced transient
increases in tyrosine phosphorylation of a similar set of substrates
(55—202 kDA) that were greater than the increase produced by vana-
date alone. Similar results were obtained in five experiments with
maximal phosphorylation occurring 10-20 sec after AVP activation.
(From Ref. 72.)
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Figure 9. Vanadate-induced tyrosine phosphorylation is associated
with a small increase in [Ca?*); that is dependent of extracellular Ca?”,
inhibited by genistein, and unexpectedly enhanced by lavendustin A
and tyrphostin 47, two different tyrosine kinase inhibitors. (A) Expo-
sure of A7r5 cells to vanadate induced a slow progressive rise in
[Ca?"] that was reversed when extracellular Ca?” was chelated by 5
mM EGTA and blocked by pre-incubation with 0.5 mM EGTA. (B)
Pre-incubation with 148 .M genistein (Lane 2), 105 nM lavendustin
A (Lane 3), or 80 uMtyrphostin 47 (Lane 4) did not significantly alter
basal tyrosine phosphorylation (Lane 1). However, like the results
shown in Figure 6, genistein inhibited vanadate-induced phosphoryla-
tion (Lanes 5 and 6). Surprisingly, pre-incubation with lavendustin
(Lane 7) or tyrphostin (Lane 8) markedly enhanced vanadate-induced
phosphorylation. (C) Genistein inhibited the vanadate-induced in-
crease in [Ca?"]; during early exposure to vanadate (5-15 min) that
became less pronounced after longer times (20—30 min). In contrast,
lavendustin did not alter the early increase in the 340/380 ratio in-
duced by vanadate (5—15 min) but progressively increased the ratio
after longer exposure to vanadate (20—-30 min). (From Ref. 72.)

gesting that the two events probably are functionally
coupled (Fig. 8B). Further, AVP-activated increases in
tyrosine phosphorylation and [Ca’~]; were both blocked
by genistein (72).

However, because tyrosine phosphorylation was en-
hanced by vanadate alone, it was necessary to assess its
effects on [Ca>];. As shown in Figure 9A, vanadate
induced a slow monotonic rise in [Ca’"] that was depen-
dent on extracellular Ca®". This increase (340/380 ratio:
0.94 = 0.04; n = 196) was only about 15%-25% of the
maximal increase that occurred in response to AVP
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(340/380 ratio: 3.11 = 0.22; n = 233; P < 0.0001). What
about the effects of tyrosine kinase inhibitors on vana-
date-induced increases in tyrosine phosphorylation and
[Ca?*];? Can the effects observed help us to reconcile
the apparent disparities described earlier?

Neither genistein, lavendustin A, nor tyrphostin 47
exerted a significant effect on basal levels of tyrosine
phosphorylation (Fig. 9B, Lanes 1-4). In contrast, gen-
istein markedly inhibited vanadate-induced tyrosine
phosphorylation (Fig. 9B, Lanes 5 and 6). Genistein
also inhibited the vanadate-induced increase in [Ca?*];
that was dependent on extracellular Ca®* (Fig. 9C). Sur-
prisingly, the effects of lavendustin A and tyrphostin 47
were more complex. Unlike the effect of genistein, both
lavendustin A and tyrphostin 47 greatly stimulated van-
adate-induced phosphorylation (Fig. 8B, Lanes 5, 7, and
8). Indeed, the increase in vanadate-induced phosphory-
lation produced by these compounds precluded assess-
ment of their effects on AVP-activated tyrosine phos-
phorylation. Moreover, lavendustin A did not inhibit
the increase in [Ca®*"}; that occurred during 10-15 min
of exposure to vanadate (Fig. 9C). However, after 20
min, the response to vanadate was greater in cells
treated with lavendustin A. We suspect that the potenti-
ation of vanadate-induced increases in [Ca?*]; produced
by lavendustin A may reflect increased Ca’" influx
resulting from the stimulation of vanadate-induced
tyrosine phosphorylation. Thus, an increase in [Ca?*];
occurred when vandate-induced phosphorylation was
cnhanced either by receptor activation with AVP (Fig.
8B) or by treatment with lavendustin A (Fig. 9, B and
(). Though more difficult to interpret, potentiation of
vanadate-induced tyrosine phosphorylation by laven-
dustin A and tyrphostin 47 may be reflective of complex
and reciprocal regulatory relationships between protein
tyrosine Kinases and tyrosine phosphatases (82, 83).
Since src-related kinases are negatively regulated by
phosphorylation of specific tyrosine residues, dephos-
phorylation of these sites by tyrosine phosphatases
results in increased tyrosine kinase activity (see Nonre-
ceptor Tyrosine Kinases above). Similarly, tyrosine
phosphatase activity can be regulated by tyrosine phos-
phorylation. The need for pre-incubation of A7r5 cells
with vanadate to demonstrate AVP-activated tyrosine
phosphorylation (Fig. 8), compared with the ease of
demonstrating receptor-activated tyrosine phosphoryla-
tion in primary VSMC without pre-incubation with van-
adate, suggests that the complex regulatory interplay
between tyrosine kinase and phosphatase activity may
differ in different cells.

The unexpected results obtained with lavendustin
A and tyrphostin 47 underscore the need for measuring
changes in tyrosine phosphorylation when tyrosine ki-
nase inhibitors are used to assess the potential role of
tyrosine kinase activity during a biological response.
Accordingly, the disparate conclusions regarding the



involvement of tyrosine kinases in contraction of mesen-
teric microvessels (78) or in channel regulation (79) may
be due to peculiarities of the inhibitors used rather than
the participation of tyrosine kinase activity. The key
point is that when inhibition of receptor-activated tyro-
sine phosphorylation can be documented, inhibition of
receptor activated increases in [Ca?"]; also occurs (Figs.
6 and 7).

Tyrosine Phosphorylated Substrates in VSMC.
Multiple substrates are tyrosine phosphorylated during
receptor activation of VSMC (Figs. 6-9). Most of the
substrates are yet to be identified. Which of the sub-
strates may participate in coupling receptor-activation
and increases in [Ca?*]; is unknown. It is also important
to note that not all phosphotyrosine proteins are recog-
nized by phosphotyrosine antibodies, and that relevant
substrates might escape detection because they may be
low abundance proteins. Therefore much work needs
to be done to identify, characterize, and elucidate the
function(s) of substrates that are tyrosine phosphory-
lated during receptor activation of VSMC.

Nevertheless, one of the substrates, a protein of
116-120 kDa, is recognized by antibodies for rasGAP,
the GTPase-activating protein for the small G protein
called ras (Fig. 7). Interestingly, the activity of rasGAP
is downregulated when it is tyrosine phosphorylated (84,
85). Therefore, its ability to enhance the GTPase activity
of ras is suppressed, a situation implying that ras can
be maintained in its activated GTP-bound state. Acti-
vated ras stimulates neuronal Ca** channels (86), a con-
dition that should result in an increase in [Ca®*];. More-
over, rasGAP is tyrosine phosphorylated by pp60°
(87). Since VSMC contain ras (88), rasGAP (55, 73, 76),
and high levels of pp60~™ (46-48), it is tempting to
suggest that they function in a signaling pathway cou-
pling receptor activation to influx of Ca?*. In this con-
text, Wijetunge et al. (89) showed that voltage-activated
Ca® currents in rabbit ear artery smooth muscle cells
were inhibited by tyrosine kinase inhibitors. In more
recent studies, Wijetunge and Hughes reported that
pp60~" can enhance voltage-dependent Ca’* currents
in VSMC and that the effects of the enzyme were
blocked by a synthetic peptide that inhibits the enzyme
and by tyrosine kinase inhibitors (90). Preliminary stud-
ies in this laboratory showed that Ba?' influx occurs
through L-type Ca’* channels in A10 VSMC, and that
such influx was virtually abolished by genistein (91).
However, further studies are required to determine
whether the inhibitory effect of genistein on Ba?* is
mediated (i) at the level of the L channel itself, (ii)
by an unidentified auxiliary protein, and/or (iii) by an
upstream regulatory mechanism, such as inhibition of
a K* channel. Additionally, it is also possible that
pp60°*, either directly or indirectly, can regulate Ca?*
release. Interestingly, Harnick et al. (92) demonstrated
that the type 1 IP; receptor in T lymphocytes was subject

to tyrosine phosphorylation. A subsequent preliminary
communication by Ondrias et al. (93) reported that IP;-
mediated Ca?* release in lymphocytes was regulated
by tyrosine kinase activity. These results are exciting
because the type 1 IP; receptor is also present in VSMC
(94), and receptor-activated Ca’* release in VSMC
appears to be regulated by tyrosine kinase activity
(Figs. 4 and 9) (55, 60, 72, 73, 76, 77).

Available evidence also suggests that formation of
IP; can be regulated by tyrosine phosphorylation. Mar-
rero et al. (95) reported that stimulation of receptors
for angiotensin II in rat VSMC induced tyrosine phos-
phorylation and activation PLC-y1, another known sub-
strate for pp60° (96). The time course for phosphoryla-
tion of PL.C-y1 was commensurate with the time course
for angiotensin II stimulation of IP; formation. Both
events, activation of PLC-y1 and formation of IP;, were
inhibited by genistein. In subsequent studies, Marrero
et al. (92) reported that electroporation of antibodies
for pp60~™ virtually abolished angiotensin II-mediated
phosphorylation of PLC-yl and markedly suppressed
formation of IP;. Since IP; has been assigned a major
role in Ca®* release in VSMC and other cell types (1, 2,
4-6), these studies again point to an important potential
function of pp60°™ and tyrosine phosphorylation in
VSMC (46-49, 97). However, because Ca** release or
changes in [Ca®']; were not included in these experi-
ments, further studies are required to directly link acti-
vation of PLC-y1 and Ca?* release in VSMC. This is
particularly important because evidence suggests that
the generation of IP; in VSM is dependent on a trimeric
G protein, and that the relevant PLC is apt to be the
B isoform (4). Therefore, additional studies are required
to resolve this issue.

Summary and Perspectives

In summary, results obtained in this and other labo-
ratories show the following:

1. Tyrosine kinase activity of pp60°™ is about 500- to
800-fold greater in smooth muscle than it is in skele-
tal or cardiac muscle (46-48).

2. Structurally diverse inhibitors of tyrosine kinase ac-
tivity suppress smooth muscle contraction induced
by activation of a-adrenergic receptors, muscarinic
receptors, and receptors for other vasoactive agents,
such as serotonin, vasopressin, endothelin 1, or an-
giotensin II; yet none of these receptors is a tyrosine
kinase (54, 55, 58-60).

3. Vanadate, a known inhibitor of tyrosine phospha-
tase activity, induces contraction of smooth muscle;
this contraction is dependent on extracellular Ca?*
and is associated with enhanced protein tyrosine
phosphorylation (55, 56).

4. Incubation of VSMC with vanadate induces an in-
crease in [Ca**"]; that is dependent on extracellular
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Ca® and associated with enhanced protein tyrosine
phosphorylation (72, 73).

5. Receptor activation of intact smooth muscle or cul-
tured VSMC induces tyrosine phosphorylation of a
set of substrates that includes proteins of 40-205
kDa; one of the substrates is rasGAP, and another
is PLC-y1 (55, 73, 76, 95, 97).

6. Receptor activation of primary and clonal VSMC
induces an increase in [Ca®']; that is characterized
by a transient increase in [Ca’]; which usually is
due to influx of extracellular Ca’" and release of
Ca® from the SR; the transient is followed by a
lower sustained increase in [Ca®*];, which is due to
only influx of Ca*" (1, 5, 6, S5, 68-73, 76, 77).

7. When receptor-activated tyrosine phosphorylation
in VSMC is blocked by compounds that inhibit tyro-
sine kinase activity, receptor-activated increases in
Ca?* influx and release are also blocked (55, 72,
73, 76).

8. Activation of voltage-dependent Ca** currents in
VSMC is promoted by pp60-™ and blocked by gen-
istein; similarly, influx of Ba®* appears to occur
through L-type Ca’* channels that are directly or
indirectly modulated by tyrosine kinase activity
(89-91).

9. Activation of receptors for angiotensin II in VSMC
involves pp60~*“-dependent tyrosine phosphoryla-
tion of PLC-~yl and formation of IP;.

In addition, preliminary studies indicate that in-
creased [Ca*}, may stimulate tyrosine phosphatase
activity or inhibit tyrosine kinase activity such that
receptor-activated tyrosine phosphorylation may be
regulated through a negative feedback loop (Kaplan
and Di Salvo, unpublished observations). Collectively,
these results lend strong support to the hypothesis that
receptor-activated increases in protein tyrosine phos-
phorylation of one or more substrates, such as rasGAP
and PLC-vy1, may be coupled to receptor-activated in-
creases in influx of extracellular Ca® and release of
intracellular Ca®* stored in the SR (Fig. 1).

Yet, in spite of the rapidly growing body of support-
ing data, further studies are needed to establish a causal
link between receptor-activated tyrosine phosphoryla-
tion and changes in [Ca?*];. In this context, an attractive
feature of the working hypothesis is that it generates
relevant questions that can be pursued to delineate spe-
cific signaling pathways that couple receptor-activated
tyrosine phosphorylation to release and to influx of Ca*".
Testable questions that require resolution include the
following:

1. How does interaction between agonists and recep-
tors that are not tyrosine kinases induce stimulation
of tyrosine kinase activity?
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2. Is pp60° the relevant tyrosine kinase that is acti-
vated following agonist-receptor interaction?

3. How is tyrosine phosphorylation coupled to release
of intracellular Ca** from the SR? Which of the
tyrosine phosphorylated substrates is coupled to re-
lease? Does tyrosine phosphorylation regulate for-
mation of second messengers that induce Ca’* re-
lease? Do multiple redundant signaling pathways
exist between receptor activation and Ca?* release?
Is tyrosine phosphorylation and activation of PLC-
v1 involved in coupling agonist-receptor interaction
and release, are rasGAP and ras also involved, and
does another signaling pathway exist that involves
PLC-B? Does tyrosine phosphorylation modulate
the sensitivity of IP3 receptors, ryanodine receptors,
and/or other receptors that mediate Ca?* release?

4. How is tyrosine phosphorylation coupled to influx
of extracellular Ca?*? Which of the tyrosine phos-
phorylated substrates is coupled to Ca** influx? Is
tyrosine phosphorylation of rasGAP a prominent
mechanism for coupling agonist-receptor interac-
tion and influx, is ras involved, and are other mono-
meric or trimeric G proteins involved? What types
of Ca?" influx pathways are modulated by tyrosine
phosphorylation? Is MAP kinase involved?

5. To what extent are release and influx pathways in
communication with each other? Does tyrosine
phosphorylation participate in the communication
mechanism? How do tyrosine phosphorylation-
dependent pathways communicate with Ca?* signal-
ing pathways that are independent of tyrosine phos-
phorylation?

6. How are the Ca’* signaling pathways that are initi-
ated by tyrosine phosphorylation terminated? Is
there more than one relevant tyrosine phosphatase?
Is the phosphatase(s) regulated?

One can easily recognize that this is only a partial list
of relevant questions that require resolution. Some of
the listed questions are descriptive in nature, but all are
amenable to experimental study and offer the potential
for developing new insight into underlying mechanisms.

Establishing a causal link between receptor-acti-
vated tyrosine phosphorylation and receptor-activated
increases in [Ca®**]; has significant pathophysiologic im-
plications. Conceivably, unscheduled upregulation of
one or more sites in the signaling pathway evoked by
receptor activation may produce undesired increases
in [Ca®]; that could result in vascular spasm, perhaps
culminating in myocardial infarction or stroke. Pro-
longed upregulation may also be a contributing factor
to certain forms of progressive hypertension. Similarly,
inappropriate downregulation may contribute to failed
peripheral vasoconstriction resulting in circulatory fail-
ure as in shock and/or limit neurohumoral regulation
of blood pressure. Because protein tyrosine phosphory-



lation is also an important regulatory mechanism for cell
growth, and because certain vasoactive neurohumoral
agents such as serotonin, angiotensin II, AVP, and endo-
thelin 1 can modulate VSMC growth (33-35), the possi-
bility that defects in the signaling pathway may exacer-
bate, or contribute to, diseases such as atherosclerosis
or peripheral vascular disease associated with diabetes
merits investigation. In like fashion, smooth muscle dis-
eases involving the genitourinary tract or the gastroin-
testinal system may also involve defects in the signaling
pathway(s) coupling receptor activation, enhanced pro-
tein tyrosine phosphorylation, and increased [Ca*'};.
Moreover, identification of defects in the signaling path-
way(s) should offer insight into developing new pharma-
cologic interventions to correct the defect. Accordingly,
future studies that are aimed at establishing causal rela-
tionships among receptor activation, enhanced protein
tyrosine phosphorylation, and increases in [Ca?*]; prom-
ise to yield new understanding of mechanisms that cou-
ple receptor activation and [Ca**}; in vascular and other
types of smooth muscle.
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