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It is estimated that as many as 90–95% of individuals with
scleroderma are subject to the cold induced vasospasm that
is characteristic of Raynaud’s phenomenon (RP). The
etiology and pathophysiological mechanism underlying this
hyperresponsiveness and the reason for its frequent associa-
tion with scleroderma remain obscure. Much of the research
in this area has focused on the dermal microcirculation.
These studies have reported changes in the responsiveness
of these blood vessels to a variety of vasoconstrictors
(adrenergic, serotonergic, and endothelin). We postulate that
in RP associated with scleroderma (RP/SSc) this altered
responsiveness involves a protein tyrosine kinase (PTK)
transduction pathway. Our reasoning: (1) PTK pathways are
important mediators of G protein coupled agonists of
vascular smooth muscle1,2. (2) The contractile effects of the
G protein coupled agonists listed above have been reported

to be mediated, at least in part, by PTK transduction path-
ways3-5. (3) Recent work has suggested an etiologic role for
PTK transduction pathways in vascular diseases such as
atherosclerosis and cerebral and coronary vasospasm6-8. (4)
A PTK transduction pathway has been implicated in the
modulation of cold induced vasoconstriction9-11. (5) The
enzymes of these pathways can be influenced by circulating
cytokines and growth factors8,12-14. (6) The concentrations of
many circulating cytokines and growth factors are abnormal
in scleroderma15,16. We investigated the response of skin
venules from healthy controls and from patients with scle-
roderma and RP (RP/SSc) to cooling and modulators of
PTK activity at normal and reduced temperature.

MATERIALS AND METHODS
Subject characteristics. Ten patients with RP/SSc (8 women, 2 men) and 8
healthy volunteers (7 women, one man) participated in this study. Because
of the number and length of the various protocols not every one could be
performed for every subject. Each protocol was carried out on vessels from
6 subjects. The protocols were randomized among subjects. The average
age was 42 ± 5.0 years for patients with RP/SSc. Scleroderma (systemic
sclerosis) was defined according to the American College of Rheumatology
criteria17. Average duration of the disease was 11.5 ± 4 years. Five patients
had the limited form of the disease and 5 had the diffuse form. All patients
had RP: defined as episodic, bilateral, digital color changes (2 out of 3
possible colors: blanching, cyanosis, rubor) provoked by cold and/or
emotional stress. The patients were recruited from a registry of scleroderma
patients in Michigan administered by one of us (MDM) and sponsored by
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the National Institutes of Health. No patient had active digital ulcers.
Subjects were not hypertensive or hypercholesterolemic. Medications
taken by the patients varied: antimetabolites, methotrexate in one; gastroin-
testinal medications, lansoprazole in one, cisapride in one, omeprazole in 2;
thyroid hormones, levothyroxine in 2; calcium antagonists, nifedipine in
one; blood flow enhancers, pentoxifylline in one; cholinergic agents, pilo-
carpine in one. All medications were withdrawn at least one week prior to
study.

Healthy volunteer controls (average age 30.8 ± 3.7 yrs, not significantly
different from mean patient age) were recruited from signs posted on our
medical campus requesting subjects for research on blood vessels. They
were screened by giving a medical history and completing an extensive
symptom questionnaire. They were free of all medication. All patients and
controls gave written informed consent according to procedures approved
by our institutional review board and were paid for their participation.

Vessel preparation. Using lidocaine (without norepinephrine) as a local
anesthetic, skin biopsies (6 mm in diameter) were taken from the medial
forearm of controls and patients with RP/SSc. In the latter, biopsies were
taken from clinically uninvolved skin as determined by the dermatologist
performing the procedure. Venules of usable size (mean diameter 244 ± 21
µm controls; 278 ± 37 mm RP/SSc patients) were dissected from the
dermal-subcutaneous boundary. Only one vessel was used from each
biopsy. They were stored in Eagle’s minimum essential medium (Sigma
Chemical Co., St. Louis, MO, USA) overnight at 4°C. Preliminary experi-
ments found no difference in reactivity between vessels used the same day
and vessels from the same biopsy used the next day. Similar results have
been reported18,19. The next morning the skin sample was placed in a
dissecting dish and covered with physiological salt solution (PSS): in mM,
NaCl, 118; KCl, 4.7; KH2PO4, 1.18; MgSO4–7H2O, 1.17; CaCl2-2H2O, 1.6;
NaHCO3, 25.0; dextrose, 5.5; and CaNa2 EDTA, 1.2; aerated with 95% O2

and 5% CO2. Isolated dermal venules were cannulated (perfusion pressure
= 10 mm Hg, no flow) in a microvascular chamber (Living Systems
Instrumentation, Burlington, VT, USA) placed on the stage of an inverted
microscope. Changes in lumen diameter in response to vasoactive
substances added to the superfusate were observed and quantified with a
video dimension analyzer (Living Systems Instrumentation) connected to a
chart recorder. After the bath temperature was raised to 37°C the vessel was
allowed to equilibrate for 45 min. All vessels were then exposed to PSS
containing 95 mM KCl (equimolar substitution for NaCl). Only vessels
exhibiting a reduction in diameter > 50% were used.

Experimental protocol. Concentration-response curves were constructed
for clonidine, a predominantly α2-adrenergic agonist, (10-9 to 3 × 10-6 M),
and serotonin, a non-adrenergic agonist (10-9 to 10-5 M) at 37°C and then at
31°C. This temperature was chosen because preliminary results indicated
that lower temperatures significantly inhibited contraction to these
agonists. No contractile response was seen at 24°C in venules from either
group of subjects. Both clonidine and serotonin have been reported to exert
their contractile effects, at least in part, via the PTK pathway. Results were
expressed as percentage change in lumen diameter. The effect of PTK inhi-
bition on agonist induced contraction was determined by cumulatively
adding genistein (1–100 µM) to the bath after contraction to the highest
concentration of the agonist had reached a plateau.

The response of vessels to cooling from 37°C to 31°C was determined
in the absence and presence of sodium orthovanadate (10 µM), an inhibitor
of tyrosine phosphatase. Superfusion fluid temperature was reduced
quickly (< 2 min) by adding a predetermined quantity of ice to the circu-
lating water bath. Venules exhibiting significant contraction (> 10%) to
cooling were then exposed to increasing concentrations of genistein (1–100
µM).

Data analysis. Results were analyzed by t test or one-way analysis of vari-
ance (ANOVA) supported by the Bonferroni test when pairwise between-
group comparisons were performed. In all cases, p < 0.05 denoted
statistical significance between groups. All results were expressed as means
± standard error. Sensitivity to a particular agonist was expressed as the

concentration causing a change in diameter that is equal to 50% of the
plateau minimum diameter, i.e., maximum contraction (EC50).

Drugs. All drugs and chemicals were obtained from Sigma Chemical Co.,
St. Louis, MO, USA. Genistein was dissolved in dimethyl sulfoxide.

RESULTS
In experiments performed at 37°C, the difference in sensi-
tivity and maximum contraction to clonidine of venules
from patients with RP/SSc was significantly less compared
to those from control subjects (p < 0.05; Table 1). The sensi-
tivity and maximum contraction to serotonin, however, were
significantly greater in venules from RP/SSc subjects than
in those from control subjects (p < 0.05; Table 1). When the
PTK inhibitor genistein was applied to venules maximally
contracted to either clonidine or serotonin it caused a
concentration dependent relaxation (Figure 1). Venules
contracted with PSS containing 95 mM KCl did not relax in
response to genistein (data not shown). In venules
contracted using serotonin, those from patients with RP/SSc
exhibited greater relaxation at most concentrations of genis-
tein than those from controls (Figure 1).

At 31°C, the response of venules from control subjects to
clonidine and serotonin was attenuated compared to that
observed at 37°C (p < 0.001 and p < 0.05, respectively)
whereas the response of venules from RP/SSc patients was
not (Table 1). As at 37°C, the contraction of venules from
RP/SSc patients to clonidine and serotonin at 31°C was
reversed by cumulative addition of genistein (Figure 1). The
curves at 31°C, however, were shifted to the left compared
to those at 37°C. Because of the minimal contraction of
venules from control subjects to clonidine and serotonin at
31°C responsiveness to genistein was not tested.

When the bath temperature was reduced from 37 to 31°C,
untreated venules from controls and RP/SSc patients dilated
slightly, 2.3 ± 0.73% and 0.96 ± 0.76%, respectively (Figure
2). Pretreating the venules with the protein tyrosine phos-
phatase inhibitor sodium orthovanadate (SOV), however,
caused venules from controls and RP/SSc to now contract to
cooling, –5.1 ± 3.2% and –38.7 ± 9.0%, respectively (p <
0.001; Figure 2). The contraction of the venules from
RP/SSc subjects to cooling in the presence of SOV was
reversed by cumulative addition of genistein (1 µM: 17 ±
7% to 100 µM: 88 ± 4% reversal of contraction). Because of
the minimal contraction of venules from control subjects to
cooling, responsiveness to genistein was not tested.

DISCUSSION
Our results support our hypothesis that abnormalities in
agonist and cooling mediated contraction associated with
RP/SSc are secondary to an abnormality of a PTK transduc-
tion pathway.

The diminished responsiveness to clonidine at 37°C of
venules from RP/SSc patients (Table 1) appears to be
consistent with the results of an in vivo study by Freedman,
et al20. They measured finger blood flow (FBF) using
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venous occlusion plethysmography (VOP) in RP/SSc
patients and controls. In response to intraarterial infusion of
clonidine FBF increased in RP/SSc and decreased in
controls. In a separate study, isolated arterioles from RP/SSc
and control subjects contracted equally to clonidine (unpub-
lished results). Therefore, the increased FBF in vivo in
RP/SSc patients may reflect decreased venule compliance,
i.e., diminished venule contraction. The lesser responsive-
ness of venules from RP/SSc patients contrasts with the
greater responsiveness of arterioles reported by Flavahan, et
al21. They reported that isolated skin arterioles from sclero-
derma subjects exhibited greater maximum contraction to
the specific α2-adrenergic agonist UK 14,404 than those
from healthy subjects. The difference in results between the
2 studies may be attributable to differences in agonist speci-
ficity and/or differences in the responsiveness between
venules and arterioles based on anatomy, function, receptor
types, and numbers.

The greater sensitivity and maximum contraction to sero-
tonin at 37°C observed in venules from patients with
RP/SSc compared to controls (Table 1) is consistent with the
results reported by Winkelmann, et al22. They observed that
isolated wrist cutaneous blood vessels from subjects with
scleroderma exhibited hypersensitivity to serotonin
compared to those from control subjects.

The relaxation of both clonidine and serotonin induced
contractions by genistein (Figure 2) is consistent with the
results of studies implicating a PTK transduction pathway as
a mediator of their contractile effects. The greater respon-
siveness of venules from RP/SSc contracted with serotonin
may indicate a greater dependence on the PTK pathway in
these vessels. Although the venules contracted with cloni-
dine responded similarly to genistein, the magnitude of
contraction in the venules from patients with RP/SSc was
less versus controls. These results are also consistent with
the possibility that venules from the RP/SSc patients are
more dependent on the PTK pathway for the mediation of
contraction.

Reducing bath temperature elicited changes in the
response of venules to the 2 agonists. The diminution of the

response in venules from controls is opposite to the response
reported in 2 studies by Harker and colleagues for human
saphenous vein23,24. They reported significant potentiation
of the contractile response to serotonin and the α2-adren-
ergic agonist B-HT 920 at 24°C. Similar findings have been
reported for canine saphenous vein25,26 and human hand
veins27,28. Although the authors of some of these studies link
the effects of cooling on α2-adrenergic induced contraction
to changes in the receptors for this agonist, no explanation is
provided for the effect of cooling on serotonin induced
contraction. In fact, the similar effect of cooling on 2 such
dissimilar agonists suggests that cooling is exerting its
effects “downstream” of the receptors. We have postulated
that this occurs in the PTK transduction pathway.

The involvement of PTK transduction in the contractions
elicited by clonidine and serotonin at 31°C is evidenced by
the relaxation of these contractions caused by genistein
(Figure 1). In fact, the sensitivity to genistein appears to be
greater at 31°C than at 37°C (Figure 1). The greater sensi-
tivity may indicate that a PTK pathway mediates a greater
proportion of the contraction at the lower temperature. A
recent report suggests that cooling significantly increases
tyrosine phosphorylation in lung tissue29. Lung tissue main-
tained at 4°C exhibited much greater tyrosine phosphoryla-
tion, as determined by Western blotting, than the same tissue
after rewarming.

Enhanced PTK activity is consistent with the results of
the experiment in which venules from controls and RP/SSc
patients were cooled from 37 to 31°C in the absence and
presence of the protein tyrosine phosphatase (PTP) inhibitor
SOV. In the absence of SOV, venules from control and
RP/SSc subjects dilated slightly when cooled (Figure 2).
Eliminating the dephosphorylating action of PTP with SOV,
however, caused venules from controls to contract slightly
in response to cooling and those from RP/SSc patients to
contract more forcefully (Figure 2). The PTK dependence of
the forceful contraction of the venules from RP/SSc patients
is indicated by its reversal by genistein.

Our results support the view that Raynaud’s phenomenon
associated with scleroderma is the result of defects in the
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Table 1. EC50 and maximum contraction values for clonidine and serotonin at normal and reduced temperature.

37˚C 31˚C
Clonidine Serotonin Clonidine Serotonin

Control
EC50, µM 0.018 ± 0.006 0.087 ± 0.012 0.28††† ± 0.013 0.14† ± 0.026
Maximum change in diameter, % –48 ± 6.7 –30.1 ± 4.9 –16.3†† ± 3.3 –9.3† ± 7.6

RP/SSc
EC50, µM 0.038* ± 0.01 0.042* ± 0.011 0.031*** ± 0.007 0.011**† ± 0.008
Maximum change in diameter, % –22.1* ± 9.1 –56.2* ± 11.4 –36.5* ± 4.7 –43.4** ± 9.4

* p < 0.05, ** p < 0.01, *** p < 0.001; RP/SSc value vs control value.
† p < 0.05, †† p < 0.01, ††† p < 0.001; 31˚C value vs 37˚C value.
Values are expressed as mean ± SEM. Sample size is 6 for all groups.
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Figure 1. Left panels. The effect of increasing concentrations of the PTK inhibitor genistein on the contraction induced at 37˚C by 3 µM clonidine (top) or
10 µM serotonin (bottom) in venules from controls (solid lines) and patients with RP/SSc (broken lines). Right panels. The effect of increasing concentra-
tions of the PTK inhibitor genistein on the contraction induced by 3 µM clonidine (top) or 3 µM serotonin (bottom) in venules from RP/SSc subjects at 37˚C
(small broken lines) and 31˚C (large broken lines). *p < 0.05, **p < 0.01, ***p < 0.001; ANOVA. Sample size = 6 for all.
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peripheral vasculature. The major defect is consistent with
the hypothesis of an alteration in a protein tyrosine kinase
transduction pathway that mediates G protein coupled
agonist induced contraction. This defect may underlie many
of the secondary vascular abnormalities reportedly associ-
ated with RP/SSc. The precise nature of the PTK pathway
and specific defect(s) are impossible to determine from the
current results. Studies using more specific PTK and PTP
inhibitors and molecular biology techniques may pinpoint
the defect.
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Figure 2. The effect of cooling from 37 to 31˚C on the contractile response
of venules from healthy controls (shaded bars) and patients with RP/SSc
(black bars) in the absence and presence of 10 µM sodium orthovanadate
(SOV), an inhibitor of protein tyrosine phosphatase. The response of the
venules from controls and RP/SSc patients in the presence of SOV was
significantly greater than their responses in its absence, **p < 0.01 and
***p < 0.001, respectively. The contraction of the venules from RP/SSc
patients in the presence of SOV was significantly greater versus control
subjects, ###p < 0.001. Sample size = 6.
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