Impaired cholinergic dilator response of resistance arteries isolated

from patients with Raynaud’s disease
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Aims We examined the effect of cooling on the response to the endothelium-
dependent and -independent dilators, acetylcholine (ACh) and sodium nitroprusside
(SNP), respectively, in human microvessels in vitro, and compared the responses
between Raynaud’s disease (RD) patients and controls, in order to assess the
pathogenic role of the endothelium in RD.

Methods Subcutaneous resistance arteries were dissected from gluteal fat biopsies
taken from patients with RD (n=18) and from age-and sex-matched control subjects
(n=17). Vessels were cannulated in a small vessel arteriograph, in which a pressure
of 50 mmHg was maintained across the vessel wall. Cumulative concentration-
response curves for ACh (10710—1074 M) and SNP (10710—1073 M) were generated
in vessels at either 37° C or 24° C, with endothelium intact for ACh and removed
for SNP (n=6 per group).

Results Neither dilator showed significant differences in sensitivity when comparing
responses between vessels from RD patients and controls, at either temperature, but
the maximal relaxation to ACh was depressed in vessels from RD patients compared
with controls at 37° C (E,,x=45+13 in RD vs 89+4 in controls; P=0.004).
Conclusions These results support the hypothesis that impaired endothelium-
dependent vasodilatation is involved in the pathophysiology of RD.
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Introduction

Raynaud’s disease (RD) affects up to 20% of the
population and is characterized by intense vasospasm of
the extremities, particularly the digits, in response to cold
exposure or marked emotion. It causes numbness and
pallor, followed by cyanosis, and can produce extreme
local discomfort on reperfusion [1]. Despite its first
description over 130 years ago [2], the pathophysiology
of primary RD remains unresolved. Interestingly, there
is a higher incidence of RD in patients with migraine
and/or variant angina [3—5], suggesting that RD may be
part of a generalized vascular disorder. Thus, investigation
into the pathogenesis of RD may clarify the mechanisms
underlying these other vasospastic conditions, and point
to new directions for the development of drug therapy
for vasospasm.

The vascular endothelium generates several vasoactive
substances, including  the

potent vasoconstrictor
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endothelin-1 (ET-1) [6], and the vasodilator nitric oxide
(NO) [7, 8]. A temperature-dependent disorder of the
endothelium, involving either underproduction of NO
or overproduction of ET-1, might be the critical factor
underlying the pathogenesis of the prolonged cold-
induced vasospasm of RD. Results from clinical studies
examining vasodilatation in RD are conflicting. In dorsal
hand veins, endothelium-dependent dilatation to brady-
kinin is impaired in RD patients [9], and this finding is
supported by a study in digital arteries using acetylcholine
[10]. Conversely, enhanced fingertip and forearm blood
flow responses to the endothelium-dependent dilator
methacholine were observed in patients with RD
compared with control subjects [11]. However, responses
to methacholine are not affected by inhibitors of the NO
synthase enzyme [12], implying that methacholine elicits
dilatation through an NO-independent mechanism,
which perhaps explains the discrepancy between the
above studies.

In the present study we investigated the pathogenic
role of the vascular endothelium in RD by examining
responses to the endothelium-dependent and -indepen-
dent dilators, acetylcholine (ACh), a stimulator of NO
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synthase, and sodium nitroprusside (SNP), an NO donor,
respectively, in subcutaneous resistance arteries isolated
from gluteal fat biopsies taken from RD patients and age-
and sex-matched control subjects. As mentioned above,
RD may be part of a generalized vasospastic disorder.
Thus, we hypothesize that any defect present in the
digital circulation will be manifest in arteries taken from
the gluteal region. Further support for the use of such
arteries comes from a study which demonstrates that
endothelial dysfunction is not confined to sites affected
by RD [9]. RD is primarily an arterial condition but in
this study impaired endothelium-dependent dilatation was
present in dorsal hand veins. In the present study vessels
were examined at both 37° C and 24° C, temperatures
which represent body temperature and moderate cooling,
respectively [13]. The effect of cooling on the response
to ACh and SNP is an important factor which, until
now, has not been addressed in the vessels of patients

with RD.

Methods

The protocol of this study was approved by the Lothian
Research Ethics Committee, and written, witnessed,
informed consent was obtained from each subject.
Seventeen control subjects (29—-64 years; 14 females and
3 males) and 18 RD patients (28—60 years; 16 females
and 2 males) were recruited to this study [Table 1].
Patients with primary RD were classified according to
the criteria of Allen & Brown [14]: (1) colour changes
occurring bilaterally in the hands evoked by cold or
emotional stimuli; (i1) absence of gangrene; (iii) absence
of any known causative disease; and (iv) history of
symptoms for a minimum of 2 years. The mean duration
of the RD was 1843 years (mean+s.e. mean). One
patient had Raynaud’s phenomenon associated with
Sjogren’s syndrome. All subjects had an alcohol intake
<14 (females) and <21 (males) units per week, and
were normotensive (systolic blood pressure <140 mmHg;
diastolic blood pressure <90 mmHg). Three control

subjects, and one RD patient, were smokers. Except for
one control subject and one RD patient who were taking
hormone replacement therapy, none of the volunteers
was receiving any medication at the time of the study,
and all were in general good health. All subjects abstained
from aspirin-containing drugs for 1 week, and from
caffeine-containing drinks or alcohol for 12 h before the
biopsy was taken. A 50 ml blood sample was taken from
each subject for immunological screening and for the
measurement of haemoglobin, erythrocyte sedimentation
rate, urea and electrolytes, glucose and creatinine.

Skin biopsies, &2 cm long, 0.75 cm wide and 0.75 cm
deep, were taken from the gluteal region under local
anaesthesia (1% lignocaine, Astra Pharmaceuticals Ltd,
UK) [15] and were placed directly into physiological salt
solution (PSS) (mm: 118 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2
MgSOy, 1.2 KH,PO,, 25.0 NaHCO3, 0.026 EDTA, and
5.5 glucose). Small arteries with a mean luminal diameter
of 323 4+92 um (n=48) were excised under a dissecting
microscope and cannulated in a perfusion myograph
(Living Systems Instrumentation Inc., Burlington, VT,
USA). Usually, the biopsy yielded more than one artery.
If there were two arteries, the first was mounted in the
myograph, whilst the second was kept in a refrigerator
overnight to use the following day. Although this does
not appear to have any adverse effects on the functional
responses of the vessel [16], the order of experiments
performed on the arteries was randomised to prevent any
influence of overnight storage on the results. A pressure
servo unit maintained intraluminal pressure, without flow,
at 50 mmHg. Luminal diameter was measured using a
video dimension analyser. After a 60—90 min equilibration
period, during which the vessel chamber was superfused
with PSS, continuously gassed with 95% O,/5% CO,,
and the temperature raised to 37° C, the contractility of
the microvessels was assessed separately using noradrena-
line 10> m (NA) and potassium chloride 60 mm (KCl).
Acetylcholine 10~ ° M (ACh) was given during maximal
contraction to NA to assess endothelial integrity. Removal
of the endothelium was achieved by passing air through

Control subjects

Raynaud’s patients

Table 1 Subject and patient details, and
baseline data for vessels studied at 37° C

37 C 24 C 37 C 24 Cc and24°C.
Age (years) 4244 38+3 4442 4643
Sex ratio (M : F) 1:7 2:7 1:8 1:8
Lumen diameter 350+39 328 +21 327 +26 285+20
% Contraction to KCl 65+4 68+3 66+2 68+1
% Relaxation to ACh 72+7 65+12 64+11 81+5

Values are mean +s.e.mean. Values represent n=12 for lumen diameter and percentage

contraction to KCI (intact and denuded vessels), and n=6 for percentage relaxation to ACh

(intact vessels only). Resting lumen diameter (um); potassium chloride, KCI (60 mm);

acetylcholine, ACh (107° m).
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the lumen of the vessel [17] and confirmed by the loss
of ACh-induced relaxation during constriction to NA.
Cooling was achieved by passing the superfusate through
a rapid heat-exchange Peltier element (Moor Instruments
Ltd, Millwey, Axminster, Devon, UK) before it entered
the arteriograph. Cumulative concentration-response
curves to the endothelium-dependent dilator ACh
(10710—1074M) and the endothelium-independent
dilator sodium nitroprusside (SNP; 10 1_107? M) were
generated in the presence of NA (1075 M) in intact and
denuded vessels, respectively, at either 37° C or 24° C
(n=06 for each group).

Compounds

Acetylcholine HCI, noradrenaline HCI, potassium chlor-
ide and sodium nitroprusside dihydrate were obtained
from Sigma Chemical Co., UK. All drugs were dissolved
in PSS.

Data analysis

Responses are expressed as percentage (%) relaxation
towards resting lumen diameter in vessels preconstricted
with NA (1075 M). ECs, values (the concentration
producing 50% relaxation) were calculated from individual
log concentration-response curves via Graphpad Prism
2.1. ECsy and E, ., (the maximal dilatation relative to
resting lumen diameter) values are shown as mean+s.e.
mean, and n=the number of vessels studied. One-way
analysis of variance (ANOvA) was performed to compare
the responses between the 37° C and 24° C groups, and
the control and RD groups, followed by Bonferroni
posthoc tests if significant. The nonparametric Kruskal—-
Wallis one-way ANOVA on ranks test was performed
when the variances of the groups differed significantly.
Statistical significance was accepted at P<0.05.

Results

The mean arterial pressure in control subjects and patients
with RD did not differ significantly (9242 mmHg
for controls vs 94+2mmHg for RD; P=0.48).
Haemoglobin and erythrocyte sedimentation rate (ESR)
were normal for each group, there being no significant
difference in values between the groups (haemoglobin:
128+3 gli1 for controls vs 13143 gli1 for RD; P=
0.47; ESR: 54+1 mm h™' controls vs 541 mm h™! for
RD: P=0.94). Normal urea, electrolytes, glucose and
creatinine were confirmed in all volunteers. The results
from the immunological screening showed fluorescence
antinuclear antibodies (FANA) were positive (titre greater
than 40) in one control subject and four RD patients:
two of the RD patients had a low titre (>40 but<160),
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one had a moderate titre (>160 but<640), all with
speckled pattern, and the control subject and one RD
patient had a high titre (>640; rheumatoid factor was
present in the control subject and anticentromere antibody
in the RD patient).

Mean resting lumen diameter, % contraction to KCI,
and percentage relaxation to ACh (for intact artery
studies) did not differ significantly between the control
subjects when studied at 37° C and 24° C, and the RD
patient group at 37° C and 24° C (Table 1). The addition
of ACh (1076 M) did not result in an increase in diameter
beyond that of the resting lumen diameter in any of the
groups, suggesting myogenic tone was not present in any
of the vessels studied.

Responses to acetylcholine

ACh produced a concentration-dependent relaxation in
all vessels (Figure 1). Cooling had no significant effect on
the sensitivity to ACh in arteries from control and RD
patients (P=0.10, Kruskal-Wallis; Table 2), although
there was a marked enhancement in the maximal
relaxation attainable at 24° C in RD vessels (B, .=
45413 at 37°C vs 8643 at 24° C in RD; P=0.006,
ANova-Bonferroni; Figure 3).

Comparison of the relaxant responses to ACh obtained
in arteries from control subjects with those from RD
patients showed that sensitivity did not differ (P=0.10,
Kruskal-Wallis; Table 2 and Figure 1) but the maximal
relaxation was significantly depressed in RD patients at
37° C (Emax=89+4 in controls vs 45+ 13 in RD; P=
0.004, anova-Bonferroni; Figure la and Figure 3). At
24° C relaxation to ACh was not significantly different
between controls and RD patients (P=0.26, ANOVA-
Bonferroni; Figure 1b, Figure 3 and Table 2).

Responses to sodium nitroprusside

SNP produced a concentration-dependent relaxation in
all arteries (Figure 2). Neither sensitivity nor maximal
relaxation to SNP differed significantly after cooling in
either control or RD vessels (P=0.13, Kruskal-Wallis
for ECsg; Table 2; P=0.45, aNova for E,,.; Figure 3).

Although there were no statistically significant differ-
ences in the relaxation to SNP between arteries from
RD patients and controls, at 37° C there was trend
towards a rightward-shift in the concentration-relaxation
curve generated in RD vessels (Figure 2a). The maximal
relaxation to SNP tended to be reduced in vessels from
RD patients compared with that in controls at 37° C,
but this failed to reach statistical significance (E, .=
95+ 14 in controls vs 74+10 in RD, P=0.45, ANOVA;
Figure 3). When calculating the power of the study to
detect differences between patients and controls it was
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Figure 1 Comparison between the relaxant response to ACh in
subcutaneous resistance arteries, isolated from control subjects and
RD patients preconstricted with NA (10~ M): concentration-
relaxation curves to ACh (expressed as percentage relaxation
towards resting lumen diameter (LD)) at (a) 37° C and (b) at

24° C in vessels from control subjects (O; n=6) and RD patients
(@; n=06). All values are mean +s.e.mean. *P<0.05 (Kruskal—

Wallis).
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Figure 2 Comparison between the relaxant response to SNP in
subcutaneous resistance arteries, isolated from control subjects and
RD patients preconstricted with NA (1075 M): concentration-
relaxation curves to SNP (expressed as percentage relaxation
towards resting lumen diameter (LD)) at (a) 37° C and (b) at

24° C in vessels from control subjects (O; n=6) and RD patients
(@; n=6). All values are mean +s.e.mean.

Control subjects
37 C 24° C

Table 2 ECs values for acetylcholine

Raynaud’s patients (ACh) and sodium nitroprusside (SNP)

24° C concentration-response curves in human

ACh 83+27x10 °m 1.340.4x10 "M
SNP 2140.6x10" M 2.140.7x10 "M

7.846.3x10 "M
63+46x10 "m

resistance arteries obtained from gluteal
1.841.0x10 'm  biopsies.
1.140.9x10 "M

ECs (the concentration producing 50% relaxation) values are shown as mean +s.e.mean; n=06

for each group.
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Figure 3 Maximum relaxation (expressed as a percentage of the
resting lumen diameter) in subcutaneous resistance arteries

isolated from control subjects (open bars; n=6) and RD patients

(hatched bars; n=0) preconstricted with NA (1075 M) to (a)

acetylcholine and (b) sodium nitroprusside at 37° C and 24° C.
All values are mean +s.e.mean. **P<0.01 (one-way ANOVA;
Bonferroni).

found that the power of the performed test (with alpha) =
0.05 for both ECs, (Kruskal-Wallis) and E,,,. (ANOVA),
hence the negative findings should be interpreted
with caution.

Discussion

In the present study, using arteries obtained from gluteal
fat biopsies, cooling was found to have no significant
effect on the sensitivity to the endothelium-dependent
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vasodilator, ACh, in either vessels from RD patients or
controls, however, the maximal relaxation to ACh was
attenuated in RD arteries at 37° C compared with 24° C,
but not in control arteries. When comparing responses
to ACh between arteries from RD patients and control
subjects, there was a significantly reduced maximal
relaxation attainable in RD ws controls. This difference
was only apparent at 37° C and not during cooling.
Sensitivity to ACh was not significantly different between
the groups. Neither sensitivity nor maximal relaxation to
the endothelium-independent vasodilator, SNP, was
significantly affected by cooling in control and RD
vessels, nor when comparing responses between the
RD and control groups. The results from recent clinical
studies examining endothelium-dependent dilatation in
dorsal hand-veins [9] and digital arteries [10] of patients
with RD are in agreement with the present data, in that
the cutaneous resistance arteries of patients with RD
responsiveness to
dependent dilator at 37° C, without a significant difference
in endothelium-independent dilatation and, thus, support
the hypothesis that gluteal
arteries manifest a defect present in the digital vascular
bed.

The present finding that endothelium-dependent relax-
ation was impaired at 37° C in RD vessels implies there
is a dysfunction of the endothelium in RD. Unexpectedly,

show impaired an endothelium-

subcutaneous resistance

however, no such impairment was found during cooling.
Relaxation to SNP was similar at both temperatures,
suggesting that smooth muscle sensitivity to NO 1is not
temperature-dependent in RD patients and that any
dysfunction in the NO pathway lies at a site proximal to
the smooth muscle. The finding that endothelium-
dependent dilator activity is relatively depressed at 37° C
in RD, but is normal at 24° C would appear contradictory
in the context of cold-induced vasospasm, but can perhaps
be explained by the fact that we studied agonist-
stimulated generation of endothelium-dependent vaso-
dilators, which may not necessarily reflect basal production
in vivo. There is evidence to suggest that cooling increases
the affinity of a wide range of agonists for their receptors.
This may reflect changes in the fluidity of the cell
membrane which reveal binding sites on the receptor
surface more easily [18]. In addition, increased formation
of high affinity receptor-G-protein complexes, which are
sensitive to temperature, has been shown to occur for a
number of receptor types, including muscarinic receptors
[19]. Studies using canine saphenous arteries and veins
support such an increase in the affinity of muscarinic
receptors during cooling, since both the constrictor [20]
and dilator responses [21] to ACh were found to be
augmented by cooling. Perhaps, then, a depressed
response to the endothelium-dependent dilator at 24° C
is being masked by a concomitant increase in muscarinic
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receptor number and/or affinity, though the lack of
potentiation of responses in control vessels during cooling
would argue against such an explanation.

Despite there being a tendency for RD arteries to have
a reduced relaxant response to the endothelium-
independent dilator, SNP, at 37° C compared with
controls, this did not reach statistical significance.
Interestingly, in their study of dorsal hand veins, Bedarida
et al. [9] reported that the ECs, values for SNP were
highly variable in the RD group. The same is true of the
present data and, as mentioned in the results section, the
power of our study is likely to be insufficient to detect
small differences between the groups. Thus, we cannot
exclude the possibility that a decreased smooth muscle
sensitivity to NO exists in RD patients. The fact that we
were able to detect a significant attenuation of the
relaxation induced by the endothelium-dependent dilator
ACh, but not to the NO donor SNP, is suggestive that
the response to ACh is not mediated solely through NO
release. The generation of additional vasodilators, such as
prostacyclin (PGI,) [22] and endothelium-derived hyper-
polarising factor (EDHF) [23] may contribute to the
response. Indeed, Deng and colleagues [24] found only
30% of the relaxation response to ACh in subcutaneous
resistance arteries isolated from gluteal biopsies, as used
in the present study, could be blocked by inhibition of
NOS, with a significant proportion of the remaining
response being mediated by EDHF. The mediators of
the response to ACh would appear to depend upon the
age of the subject from whom the resistance artery is
taken because the NOS inhibitor NG-nitro—L—arginine
(I-NOARG) was shown to completely abolish the ACh-
induced relaxation in gluteal resistance arteries taken from
patients of the mean age range 68—70 years [25],
indicating little or no contribution from other dilator
factors in these vessels. In the study by Deng et al. [24]
the mean age range of the subjects was 38—45 years,
which is very similar to that in the present study
(38—46 years). One would therefore anticipate that a
similar profile of mediators of the ACh-induced relaxation
would be found for the vessels used in the present study,
i.e. about a third being due to NO. Interestingly,
vasodilatation to ACh has been
dependent on NO in both the finger skin microcirculation

shown to be less

and the forearm vasculature in patients with RD compared
with controls [26]. These results are further corroborated
by a recent study by Khan and coworkers [27] who
reported that the attenuated vasodilator responses to ACh
in the cutaneous digital circulation were not improved
by oral supplementation of r-arginine, the substrate for
NOS. The authors concluded that the reduced vasodilat-
ation in RD is unlikely to be due to an impairment in
the L-arginine/NO pathway, but it could also be because
this pathway has little involvement in the response to
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ACh in RD. Further experiments could be carried out
using antagonists and inhibitors of the NO, EDHF, and
PGI, pathways, to elucidate mediators of the ACh
response, both at 37° C and during cooling, in resistance
arteries isolated from patients with RD.

The attenuated vasodilatation to ACh found in arteries
from RD patients at 37° C is thought to represent an
impaired responsiveness to endothelium-dependent vaso-
dilator factors. An alternative explanation would be that
there is an increase in vascular smooth muscle responsive-
ness to ACh which counteracts the dilator response
directly, through muscarinic receptor-mediated contrac-
tion or indirectly, through the release of vasoconstrictor
prostanoids. However, this would seem unlikely given
that there was no contraction observed at higher doses
of ACh (10~°-10"* m), merely a blunting of the
relaxation-response curve. To confirm this, experiments
would need to be repeated in endothelial-denuded vessels,
and in the presence of the cyclooxygenase inhibitor,
indomethacin.

Impaired endothelium-dependent dilatation in RD
patients is likely to lead to an enhanced response to
vasoconstrictor factors such as ET-1 through a direct
reduction in counteracting relaxation and also as a result
of a decrease in the inhibition of ET-1 synthesis [28].
In recent parallel studies in our laboratory examining
the role of ET-1 in the pathogenesis of RD, using
arteries from the same group of patients and controls as
in this study, we found that neither the responsiveness
of gluteal resistance arteries to ET-1, nor plasma levels
of ET-1, differed significantly between RD patients and
control subjects [29]. We concluded that ET-1 was
unlikely to play a primary pathogenic role in RD, but
may be involved in mediating vasospasm secondary to
impaired endothelium-dependent vasodilatation, as dem-
onstrated in the present report. Under physiological
conditions, cold-induced vasoconstriction is likely to be
balanced by local vasodilator mechanisms, whereas, in
the pathophysiological setting of RD, our results suggest
a dysfunctional endothelium-dependent dilator system
leads to vasospasm, the prolonged nature of which
favours the involvement of a sustained vasoconstrictor
such as ET-1. Clearly, the mechanism(s) involved in the
impaired cholinergic dilator response in RD requires
further investigation.

In summary, the results obtained at 37° C support the
hypothesis that vascular endothelial function is abnormal
in RD, in that resistance arteries from RD patients
displayed an attenuated response to the endothelium-
dependent dilator, ACh, compared with control vessels.
Whilst the involvement of abnormal vascular smooth
muscle responsiveness cannot be excluded, these results
implicate the vascular endothelium in the pathophysiology
of RD.
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