UNIVERSITY JOF
e ras University of Nebraska at Omaha

Omaha DigitalCommons@UNO

Health and Kinesiology Faculty Publications School of Health and Kinesiology

11-1-2014

a1- and a2-Adrenergic responsiveness in human skeletal muscle
feed arteries: the role of TRPV ion channels in heat-induced
sympatholysis

J. R. Gifford

S. J. lves

Song-young Park

R. H. I. Andtbacka

John R. Hyngstrom

See next page for additional authors

Follow this and additional works at: https://digitalcommons.unomaha.edu/hperfacpub

b Part of the Health and Physical Education Commons, and the Kinesiology Commons
Please take our feedback survey at: https://unomaha.az1.qualtrics.com/jfe/form/

SV_8cchtFmpDyGfBLE
@,


http://www.unomaha.edu/
http://www.unomaha.edu/
https://digitalcommons.unomaha.edu/
https://digitalcommons.unomaha.edu/hperfacpub
https://digitalcommons.unomaha.edu/hper
https://digitalcommons.unomaha.edu/hperfacpub?utm_source=digitalcommons.unomaha.edu%2Fhperfacpub%2F76&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1327?utm_source=digitalcommons.unomaha.edu%2Fhperfacpub%2F76&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/42?utm_source=digitalcommons.unomaha.edu%2Fhperfacpub%2F76&utm_medium=PDF&utm_campaign=PDFCoverPages
https://unomaha.az1.qualtrics.com/jfe/form/SV_8cchtFmpDyGfBLE
https://unomaha.az1.qualtrics.com/jfe/form/SV_8cchtFmpDyGfBLE
http://library.unomaha.edu/
http://library.unomaha.edu/

Authors

J. R. Gifford, S. J. Ives, Song-young Park, R. H. I. Andtbacka, John R. Hyngstrom, Michelle T. Mueller,
Gerald S. Treinman, Christopher Ward, Joel D. Trinity, and Russell S. Richardson



a1- and az-Adrenergic responsiveness in human skeletal
muscle feed arteries: the role of TRPV ion channels in

heat-induced sympatholysis

Jayson R. Gifford,!? Stephen J. Ives,'® Song-Young Park,’?2 Robert H. I.
Andtbacka,* John R. Hyngstrom,* Michelle T. Mueller,>¢ Gerald S. Treiman,>®
Christopher Ward,>% Joel D. Trinity,’¢ and Russell S. Richardson?'2¢

'Geriatric Research, Education, and Clinical Center, Salt Lake City Veterans Affairs Medical Center, Salt
Lake City, Utah; 2Department of Exercise and Sport Science, University of Utah, Salt Lake City, Utah;
3Department of Health and Exercise Sciences, Skidmore College, Saratoga Springs, New York;
4Department of Surgery, Huntsman Cancer Hospital, University of Utah, Salt Lake City, Utah; ®Division of
Surgery, Salt Lake City Veterans Affairs Medical Center, Salt Lake City, Utah; and 8Department of
Internal Medicine, University of Utah, Salt Lake City, Utah

Gifford JR, Ives SJ, Park SY, Andtbacka RH, Hyngstrom JR, Mueller MT, Treiman GS, Ward C,
Trinity JD, Richardson RS. cx1- and cxz-Adrenergic responsiveness in human skeletal muscle feed
arteries: the role of TRPV ion channels in heat-induced sympatholysis. Am J Physiol Heart Circ Physiol
307: H1288-H1297, 2014. First published August 29, 2014; doi:10.1152/ajpheart.00068.2014.

The purpose of this study was to determine if heat inhibits cx2-adrenergic
vasocontraction, similarly to cx1-adrenergic contraction, in isolated human skeletal
muscle feed arteries (SMFA) and elucidate the role of the temperature-sensitive
vanilloid-type transient receptor potential (TRPV) ion channels in this response.
Isolated SMFA from 37 subjects were studied using wire myography. cx1
[Phenylephrine (PE)]- and cx2 [dexmedetomidine (DEX)]-contractions were induced at
37 and 39°C with and without TRPV family and TRPV4-specific inhibition [ruthenium
red (RR) and RN-1734, respectively]. Endothelial function [acetylcholine (ACh)] and
smooth muscle function [sodium nitroprusside (SNP) and potassium chloride (KClI)]
were also assessed under these conditions. Heat and TRPV inhibition was further
examined in endothelium-denuded arteries. Contraction data are reported as a
percentage of maximal contraction elicited by 100 mM KCI (LTmax). DEX elicited a small
and variable contractile response, one-fifth the magnitude of PE, which was not as
clearly attenuated when heated from 37 to 39°C (12 £4 to 6 + 2% LTmax; P 0.18) as



were PE-induced contractions (59 + 5 to 24 + 4% LTmax; P < 0.05). Both forms of TRPV
inhibition restored PE- induced contraction at 39°C (P < 0.05) implicating these
channels, particularly the TRPV4 channels, in the heat-induced attenuation of cxi-
adrenergic vasocontraction. TRPV inhibition significantly blunted ACh relaxation while
denudation prevented heat-induced sympatholysis without having an additive effect
when combined with TRPV inhibition. In conclusion, physiological increases in
temperature elicit a sympatholysis-like inhibition of cx1-adrenergic vasocontraction in

human SMFA that appears to be mediated by endothelial TRPV4 ion channels.
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DURING MUSCLE CONTRACTION, the normal vasoconstriction response to
stimulation of cxi- and cxz-adrenoceptors is attenuated in a process termed functional
sympatholysis (4, 25). Inspired by the theory that exercise-induced heat generation
plays a role in mediating this local inhibition of cx-adrenergic vasoconstriction (4), our
group recently tested the effect of heat on cx1- adrenergic responsiveness in isolated
human skeletal muscle feed arteries (SMFA) (14, 15). In 2011, Ives et al. (15) reported
that simply heating these isolated feed arteries from 37 to 39°C (approximate
temperature of muscle at rest and exercise, respectively; Ref. 28) attenuated cxi1-
induced adrenergic vasocontraction by ~40%. It was later determined that this
sympatholytic effect of heat could be prevented by inhibiting endothelial nitric oxide
synthase (eNOS) (14), implicating nitric oxide (NO) as a key player in heat-induced
sympatholysis. While these studies support the concept of heat-induced sympatholysis,
they do not explain how these denervated arteries sense the increase in temperature to
initiate the relaxing response.

Within the endothelial and smooth muscle cells of the vasculature exists a family
of temperature-sensitive ion channels, known as the vanilloid-type transient receptor
potential (TRPV) ion channels, which seems poised to serve as the link between heat

exposure and sympatholysis. In fact, while investigating the function of type IV TRPV



(TRPV4) ion channels Watanabe et al. (36) reported that heating cultured cells,
including mouse aorta endothelial cells, to temperatures similar to those employed by
Ives et al. (14, 15) resulted in an influx of calcium that was prevented by treating cells
with the TRPV antagonist ruthenium red (RR) or by the genetic inhibition of the TRPV4
channels specifically. Considerable additional evidence indicates that the activation of
the TRPV ion channels by other stimuli, like shear stress and endogenous ligands, can
modulate vascular responsiveness and enhance endothelial- dependent dilation (2, 7, 8,
19, 21, 24, 35, 39). Therefore, given their known impact on vascular function and
sensitivity to physiological temperatures (2, 6, 33), it seems plausible that the TRPV ion
channels, especially TRPV4 ion channels, play a role in sensing and mediating the
sympatholytic effect of heat in human SMFA (14, 15). However, this potential
mechanism has yet to be elucidated.

Therefore, the purpose of this study was to better characterize cx-adrenergic
function in human SMFA and explore the possibility that the TRPV ion channels,
particularly the TRPV4 channel, act as the link between elevated temperature and
blunted cx-adrenergic vasocontraction (14, 15). As the function of the cx2-adrenoceptors,
which has yet to be documented in these arteries, is believed to differ from their cxi-
counterparts in distribution and sensitivity to sympatholysis (18, 23), we first sought to
compare the effects of cx1- and cxz2-agonists on human SMFA and determine whether
cxz-induced vasocontraction is also inhibited in the heat. We then tested two
hypotheses regarding the role of TRPV ion channels in the restoration of vascular
function mediated by cx1- and cxz-adrenoceptors in the heat. Specifically, based on the
observation of Watanabe et al. (36) that TRPV inhibition prevented the response of
cultured endothelial cells to heat, we first hypothesized that the inhibition of these ion
channels and/or endothelial denudation would result in the restoration of cx-adrenergic
vasocontraction at 39°C to levels observed at 37°C. Second, we tested the
hypothesis that this restorative effect of TRPV inhibition would be associated with

altered endothelial function and not altered smooth muscle function.

METHODS

Subjects and General Procedures



Thirty-seven diverse subjects (22 male, 15 female, 22—71 yr) under- going routine
melanoma-diagnosis-related surgery donated SMFA that were removed during the
normal course of the surgery. Vessels from subjects who had undergone chemotherapy
were not included in this study as this was a contraindication for the surgery. Other
medical conditions and medications used by the subjects were noted, but no exclusion
criteria were based on these data (Table 1). All protocols used in this study were
approved by the Institutional Review Board of the University of Utah and Salt Lake City
Veterans Affairs Medical Center, and informed written consent was obtained from all
subjects before surgery. All protocols were carried out in accordance with the
Declaration of Helsinki.

Vessel Harvest and Preparation

SMFAs from the axillary and inguinal regions were obtained during melanoma-
related node dissection surgeries at the Huntsman Cancer Hospital and the Salt Lake
City Veterans Affairs Hospital. Patients were anaesthetized using a standard protocol
including propofol, fentanyl, benzodiazepines, and succinylcholine. After lymph node
dissection, feed arteries entering muscles in the axillary (e.g., serratus anterior, or
latissimus dorsi) or inguinal (e.g., quadriceps femoris or hip adductors) regions were
identified and classified as SMFA based on entry into a muscle bed, structure, blood
color, and pulsatile bleed pattern. The vessels were ligated, excised, and then
immediately placed in cold (~4°C), normal physiological saline solution (NPSS), which
consisted of 125 mM NaCl, 4.7 mM KCI, 1.2 mM KH2POs4, 1.2 mM MgSOQOs4, 2.5 mM
CaClz, 18 mM NaHCOs, 0.026 mM Na2EDTA, and 11.2 mM glucose. Note that the pH
of the NPSS in the bath was maintained at 7.4 + 0.5 at all temperatures throughout the
entirety of the experiment. Vessels were then brought to the laboratory for
experimentation within 15 min of harvesting.

Once at the laboratory, feed arteries were dissected (to remove all perivascular
adipose and other tissue) under a stereomicroscope and cut into six to eight ring
segments (~2 mm in length) while immersed in cold NPSS. Rings were then mounted in
wire myography chambers (700 MO; DMT Systems, Aarhus, Denmark) in cold NPSS

that was continuously aerated with carbogen gas (95% 02-5% COz2) through-out the



experiment. The diameter and length of the mounted rings were assessed using a
calibrated micrometer eyepiece. Myography chambers were then gradually warmed to a
baseline temperature of 37°C during a 30-min equilibration period before beginning the
protocol. During the protocol, NPSS was exchanged every 15 min except during the

concentration-response curves described below.

Table 1. Subject characteristics

| Means + SE | Normal Range
Vital characteristics
Age 53+2 —
Male/female (n) 22/15 —
Height, cm 176+ 2 —
Weight, kg 883 —
Body mass index, kg/m? 28+ 1 —
Systolic blood pressure, mmHg 128+ 3 —
Diastolic blood pressure, mmHg 78+ 2 —
Mean arterial blood pressure, mmHg 94 +2 —
Blood and plasma
Glucose, mg/d| 96 + 3 65— 110
Blood urea nitrogen, mg/dl 16+ 1 6—21
Creatinine, mg/dl 1.0+ 0.1 0.52 - 0.99
Lactate dhydrogenase, U/I 317 £ 28 313618
Hemoglobin, g/dl 14+ 0.3 12-16
White blood cells, x10%/ul 7+£0.3 3.6-10.6
Red blood cells, x10%u 4.7+ 0.1 4.0-5.2
Platelets, x10%/ul 244 £ 12 150 — 400
Hematocrit, % 43 + 1 36 - 46
Cardiovascular medication(users/n)
Diuretic 3/37 —
Ca?* channel blocker 3/37 —
B-Blocker 2/37 —
Angiotensin blocker 1/37 —
Angiotensin-converting enzyme inhibitor | 5/37 —
Statin 10/37 —
Vessel location (n/total)
Axillary 27/37 —
Inguinal 10/37 —

Vessel Function Protocols

Before the administration of TRPV inhibitors all artery segments underwent a



length-tension protocol (15) at 37°C to assure that the arteries were at the length (Lmax)
that would elicit the greatest contractile response to a single exposure to 100 mM KCI
dissolved in NPSS (LTmax). Specifically, LTmax was reached when increasing the
length of the arteries increased the response to 100 mM KCI by <10% (15). Following
the length tension protocol, half of the rings were continuously incubated with a TRPV
antagonist to assess the role of the TRPV ion channels in modulating the
responsiveness of the arteries. Given that multiple TRPV ion channels may potentially
be involved in mediating the sympatholytic effect of heat, RR (30 uM) (29), a
nonspecific TRPV antagonist (6, 29), was applied to the arteries to inhibit the activity
of the family of TRPV channels. As the TRPV4 ion channel has been reported to be
activated by similar levels of heat, as utilized in this study, previously in arterial
preparations (36), the selective TRPV4 antagonist RN-1734 (20 uM) (3, 34) was applied
to a different set of arteries (n  7) to explore the role of this specific ion channel in the
sympatholytic effect of heat.

After allowing the treated rings to incubate in RR or RN-1734 for 15-20 min, cx-
adrenergic responsiveness of all rings (TRPV inhibited and control rings) was assessed
at 37°C by generating concentration-response curves to the cx1-agonist
phenylephrine (PE; 10°-10- logM) and the cx2-agonist dexmedetomidine (DEX; 10-
10.10-3 logM). Due to the variability of individual vessel ring caliber, vasocontractile
responses for each ring were normalized to the maximum response to 100 mM KCI
during the length tension protocol (i.e., LTmax) (15). As described previously (14),
the endothelium-dependent vasorelaxation was assessed with concentration-response
curves to acetylcholine (ACh; 107-10-3 logM) following preconstriction with PE to ~70%
of the maximum PE response. Note that the order of the PE and DEX concentration-
response curves was alternated in a balanced manner to account for any ordering
effect.

The chambers were then heated from 37 to 39°C over a period of 10 min. After a
20- to 30-min equilibration period, the concentration- response curves for PE, DEX, and
ACh were performed once again as described above. As prior exposure to heat has
been reported to alter adrenergic responsiveness (27) we, like others (15, 20), always
per- formed the highest temperature phase last. Given the potential for a time effect in



this design, we performed a time control experiment in a set of six arteries by
generating concentration-response curves to PE (10°-10-3 logM), with the temperature
held constant at 37°C at hour 1 and hour 2 of the experiment in the presence and
absence of RR. As previous research has suggested that the sympatholytic effect of
heat may be mediated by the endothelium (14), we also sought to determine whether
the effect of the TRPV ion channels on vascular function was endothelium dependent
by performing the control and RR experiments in endothelium denuded arteries (n 6).
Arteries were denuded by passing 2 ml of air through the lumen of the artery before it
was dissected and mounted on the wire myograph (22). Once mounted, denudation
was verified by the vessel rings exhibiting <10% relaxation to ACh (10-3) at 37°C.

Another set of arteries was used to assess the effect of heat and TRPV
inhibition on smooth muscle function. Following the length tension protocol described
earlier, rings were rinsed with NPSS and allowed to recover to baseline tension. To test
receptor-independent smooth muscle vasocontraction with and without TRPV
inhibition, KCI was added to the NPSS buffer at 37 and 39°C to progressively raise the
concentration of KCI in the bath from 10 to 100 uM, with and without RR. Endothelium-
independent relaxation was assessed with concentration-response curves to the NO
donor sodium nitroprusside (SNP; 10-°-10 logM) in all conditions (37 and 39°C with
and without RR) following preconstriction with PE. As pilot studies suggested that prior
exposure to SNP may alter vascular responsive- ness, each ring used in the SNP
protocol was exposed to only one of the four conditions (37 or 39°C, with or without
RR).

Statistical Analyses

All myography tension data were acquired at 4 Hz with an analog- to-digital data
acquisition system (Biopac Systems, Goleta, CA). As described above, unless
otherwise stated, contraction data are represented as a percentage of the maximum
contraction elicited by 100 mM KCI during the length tension protocol (i.e., %L Tmax) for
each arterial ring, and relaxation data are represented as the magnitude of relaxation
from preconstriction tension divided by the magnitude of preconstriction tension for each

arterial ring (i.e., %relaxation). As the arterial rings do not always reach peak relaxation



or tension at the highest drug concentration, maximum relaxation and contraction data,
regardless of concentration, are presented in addition to the concentration-response
curve data. Sensitivity of the arteries to PE, DEX, KCI, and SNP was assessed by
calculating the logECso with asigmoidal parameter {(a + b - a)/[1 + 10*)]} as
described previously (15).

Statistical analyses were performed using SPSS statistical software (SPSS
version 17; SPSS, Chicago, IL), while graphs and figures were created using Sigma Plot
version 11 (Systat Software, San Jose, CA). Note that values presented in text and
figures are means + SE, unless otherwise stated. Repeated-measures ANOVA followed
by Tukey’s post hoc test was used to determine if cx1- and cxz-stimulation resulted in
significant contractions above baseline levels. A paired t-test was used to examine
differences between maximal cx1- and cxz-induced vasocontraction. Repeated-
measures ANOVA followed by Tukey’s post hoc test was used to examine the effect of
temperature and TRPV inhibition and denudation on arterial responsiveness for each
concentration-response curve, maximum response, and logECso. The level of

significance for all tests was set a priori at cx 0.05.

RESULTS
Vessel Characteristics

Twenty-seven SMFA from the axillary region and ten SMFA from the inguinal
region were harvested for this study. The average internal diameter of the feed arteries
was 515 +£40 ym. The maximum response to the length tension protocol (LTmax) was
1,076 £ 135 mg at Lmax, with a starting tension of 1,254 £ 82 mg.

Vessel Function

as- and az-Adrenergic responsiveness. At 37°C, exposure to the cxi-agonist PE
and the cxz agonist DEX resulted in significant contractions above baseline tension (P <
0.05), with higher concentrations of DEX tending to elicit relaxation from the tension
generated in response to lower concentrations of DEX (Fig. 1). Interestingly,
responsiveness to DEX proved to be more varied from artery to artery with many

arteries exhibiting little-to-no response to DEX while several others exhibited strong



responses to DEX (~45% LTmax). This variance was not accounted for by age nor
gender, although females did tend to have a greater response to DEX than males (17
6 and 8 + 3, respectively, P  0.18). Nevertheless, Fig. 1 illustrates that on average the
magnitude of maximal cxz- induced contractions was far less than the magnitude of the
maximal cx1-induced contractions (59 + 5 and 12 + 4% LTmax, respectively; P < 0.001).

Effect of TRPV inhibiton and heat on a-adrenergic function. Treating
arteries with RR or RN-1734 had no significant effect on baseline tension at 37°C (P >
0.05). Heating human SMFA from 37 to 39°C resulted in a small, yet significant,
increase in baseline tension (35 + 15 mg; P < 0.05). While statistically significant, it
should be noted that this change in basal tension only represents an increase equivalent
to 3% LTmax. Interestingly, inhibition of the TRPV ion channels prevented the heat-
related increase in baseline tension such that no significant change in basal tone was
observed when heated in the presence of RR (-8 + 6 mg; P > 0.05).

As illustrated in Fig. 1, cxi-adrenergic responsiveness, as assessed by
concentration-response curves with PE, was significantly attenuated at 39°C (24 £ 4%
LTmax) compared with the 37°C control condition (P < 0.05). cx2-Adrenergic contraction
with DEX also exhibited a similar tendency for decreased vasocontraction when
comparing 37 to 39°C (12 £ 4, 6 £ 2% LTmax), but due to the already recognized
variability in the responses, this heat-induced sympatholysis did not reach statistical
significance (P 0.18). As hypothesized, treating arteries with RR restored cxi-
adrenergic contraction at 39°C to levels observed under the 37°C control condition, such
that there was no significant difference between the 37°C control response curve and
the 39°C RR curve (P > 0.05) or maximum contraction elicited by the drugs (PE: 48 +
7% LTmax, and DEX: 14 + 3% LTmax respectively; P > 0.05). Similarly, no evidence of
heat-induced sympatholysis of cx-adrenergic vasocontraction at 39°C was observed in
arteries treated with RN-1734 (65 £ 11% LTmax; Fig. 1, C and D).

To determine if the restorative effect of RR and RN-1734 on the heat-induced
attenuation of cx-adrenergic vasocontraction was due to the blocking of the
sympatholytic effect of heat or if it was acting through some other mechanism, we also
examined the effect of the drugs on adrenergic responsiveness of the arterial rings at

37°C (Fig. 1). Initially, due to a tendency that failed to reach statistical significance, it



appeared that PE- and DEX-induced vasocontraction may be potentiated by TRPV
inhibition at 37°C, but, despite raising the n to increase statistical power, no significant
effect of RR on PE- or DEX- induced vasocontraction at 37°C was observed (P >
0.30). It should also be noted that neither temperature nor treatment with RR or RN-
1734 elicited significant differences between any other pairings besides those including
the 39°C control condition and did not significantly alter the sensitivity of the arteries
(i.e., logECso0), which averaged -4.9 £ 0.1 logM for PE and -7.3 £ 0.2 logM for DEX.

Effect of heat and TRPV inhibition on endothelial function.

As illustrated in Fig. 2A, heating from 37 to 39°C tended to augment but ultimately had
no significant effect on endothelial- dependent relaxation induced by exposure to ACh
(maximum relaxation: 65 £ 5 and 75 £ 8%, respectively; P> 0.05) while the application
of RR significantly and strongly attenuated ACh-induced vasorelaxation compared
with control condition at both 37 and 39°C (P < 0.05). It is worth noting that relaxation in
the presence of RR was similarly blunted at 37 and 39°C such that no significant
difference between the two conditions was observed (maximal relaxation: 38 + 4 and
32 £ 5%; P> 0.05). As illustrated in Fig. 2B, inhibition of the TRPV4 channels with RN-
1734 yielded a similar significant attenuation of ACh-induced dilation at 37°C (20 + 8%
relaxation) and 39°C (17 £ 7% relaxation). As TRPV inhibition appeared to affect
endothelial function, ACh-induced dilation with RR was tested in endothelial-denuded
arteries (Fig. 2, Cand D). There was no significant difference in ACh-induced dilation
between endothelial-denuded arteries with or without RR.

Like TRPV inhibition, endothelial denudation prevented the sympatholytic effect of
heat on cx1-adrenergic contraction (Fig. 3A; P > 0.05). Furthermore, no additive effect of
TRPV inhibition was revealed in endothelium-denuded arteries suggesting that the
effect of the TRPV ion channels in this response is largely endothelially mediated.
Endothelial denudation with or without RR had no statistically discernible effect on cxo-
adrenergic contraction at 37 or 39°C (Fig. 3, B and D). Additionally, it should be noted
that neither temperature nor treatment with RR or RN-1734 elicited significant
differences between any other pairings besides those including the control condition.
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Fig. 1. Effect of temperature with and without vanilloid-type transient receptor potential (TRPV) family and
TRPV4-specific inhibition [ruthenium red (RR) and RN-1734, respectively] on cx1 [phenylephrine (PE)]-
and cx2 [dexmedetomidine (DEX)]-induced adrenergic vasocontraction. A: effect of temperature and RR
on PE concentration-response curve. B: effect of temperature and RR on DEX concentration-response
curve. C: effect of temperature and RN-1734 on PE concentration-response curve. D: effect of
temperature and RN-1734 on DEX concentration-response curve. *Response to concentration
significantly different than same concentration in the 37°C control condition (P < 0.05). tConcentration-
response curve significantly different than 37°C control curve (P < 0.05).
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TConcentration-response curve significantly different than 37°C control curve (P < 0.05).



Effect of heat and TRPV inhibition on smooth muscle function. Figure 4 illustrates
that receptor-independent vasocontraction (KCl) was unaffected by heating from 37 to
39°C (maximum contraction: 94 + 5 and 97 + 6% LTmax respectively; P > 0.05).
Additionally, the inhibition of the TRPV channels with RR did not significantly alter KCI-
induced contraction at 37°C (maximum contraction: 95 + 4% LTmax; P > 0.05) or 39°C
(maximum contraction: 95 + 6% LTmax; P > 0.05). Neither heat nor TRPV inhibition
significantly altered the sensitivity of the arteries to KCI (ECso 34 + 3 mM). Likewise,
neither temperature nor RR significantly affected endothelium-independent relaxation as
assessed by cumulative exposures to SNP (P > 0.05). Finally, as illustrated in Fig. 5,
time had no significant effect on PE-induced vasocontraction (P > 0.05).

DISCUSSION

In this study we sought to better characterize cx-adrenergic function in human
SMFA and determine if the temperature- sensitive TRPV ion channels act as the
mechanistic link between elevated temperature and attenuated cx-adrenergic
responsiveness in these arteries. This study resulted in three novel observations. First,
we described the relative roles of the cx1- and cxz-adrenoceptors in human SMFA and
documented that cx2-mediated vasocontraction is not as clearly inhibited by heat as cxi-
mediated vasocontraction. Second, we observed that inhibiting the TRPV ion channels,
particularly the TRPV4 channel, results in the restoration of cx1-adrenergic
vasocontraction at 39°C, thereby implicating this channel in the sympatholytic effect
of heat. Third, we determined that heat- induced sympatholysis, and the role of the

TRPV ion channels in this phenomenon, occur in an endothelium-dependent manner.

Characterization a1- and az-Vasocontraction in Human SMFA

Others have reported that the contribution of cx2-mediated constriction is greater
in distal resistance arterioles than in proximal conduit arteries (38). With the feed
artery lying somewhere between the proximal conduit and distal resistance arteries (16,
17, 30), the role of the cxe-receptors in human SMFA is unknown. Therefore, we

performed concentration-response curves with both cx1- and cxz2-agonists (PE and DEX,
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Fig. 3. Effect of endothelial denudation and TRPV family ion channel inhibition (RR) on heat-induced
sympatholysis of cx1 (PE) and cx2 [dexmedetomidine (DEX)] adrenergic vasocontraction. A: effect of
temperature and endothelial denudation on the PE concentration-response curve. B: effect of
temperature and endothelial denudation on the DEX concentration-response curve. C: effect of
temperature and nonspecific TRPV inhibition (RR) with endothelial denudation on the PE concentration-
response curve. D: effect of temperature and nonspecific TRPV inhibition (RR) with ndothelial
denudation on the DEX concentration-response curve. *Response to concentration significantly
different than same concentration in the 37°C control condition (P < 0.05). tConcentration-
response curve significantly different than 37°C control curve (P < 0.05).
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respectively) to determine what contribution the cxz-receptors make at the level of the

feed artery. Indeed, the stimulation of cxz-adrenoceptors resulted in significant



vasocontraction above baseline; however, the magnitude of responsiveness varied
dramatically from artery to artery with some exhibiting little- to-no response to DEX and
others exhibiting robust responses on the order of ~45% LTmax. Additionally, among
many subjects higher concentrations of DEX (>10* M) tended to result in relaxation and
not constriction, as observed at the lower concentrations. The reason for this large
variability is unclear but may possibly be related to the heterogeneity among subjects
participating in this study who varied considerably in terms of sex, age, and health
history (31). Despite the variability of responses, on average the magnitude of the
maximum cxz-induced contraction was relatively small, amounting to approximately only
20% of the magnitude of maximum cx1- induced vasocontraction (Fig. 1, A and B). Itis
possible that the in vitro isolation itself may have diminished the responsiveness of the
cxz-adrenoreceptors as others have reported that in vitro isolation of arteries decreases
cxz-adrenergic contraction by ~60% (13). However, it is important to note that even if
our in vitro response was 40% of what would be observed in vivo, the corrected
maximal cxz-adrenergic contraction would still amount to only 45% of its cxi-
counterpart. Therefore, our data indicate that the cxz-adrenoceptor plays less of a role
than the cxi-adrenoceptor in regulating the diameter and tone of human SMFA.

Much controversy exists as to the extent to which each cx-receptor subtype is
inhibited under sympatholytic conditions. Several studies have reported that cx1-
adrenoceptors are insensitive or less sensitive to sympatholysis than their cxe-
counterparts (1, 5, 32, 38) while others have reported that both cx-subtypes are equally
sensitive to sympatholysis (26). As illustrated in Fig. 1, both cx1- and cxz-induced
vasocontraction tended to be inhibited when heated to 39°C, but only cxi1- induced
contraction was significantly inhibited by the heat. At first glance it seems that the cxeo-
receptors are not sensitive to heat-induced sympatholysis as they were not
significantly inhibited at 39°C; however, upon further examination the tendency for heat-
induced sympatholysis is evident in the cxz-induced contraction (Fig. 1, B and D).
Thus it seems possible that the lack of a significant attenuation of cxz-induced
vasocontraction may be more related to the relatively small and varied vasocontraction
associated with cxe-induced contractions rather than a lack of sensitivity to heat. Further

research is needed to determine if these adrenoceptors do, in fact, differ in terms of



sensitivity to heat. Additionally, the varied nature of the DEX response may have also
obscured the effect of other conditions like TRPV inhibition and denudation on cxo-

induced vasocontraction, which revealed no clear trends.
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Role of TRPV Channels in Heat-induced Sympatholysis of Adrenergic Vasocontraction
Given their known temperature sensitivity (2, 6, 11, 21, 36) and interaction with
vascular function ranging from coronary to cutaneous circulation (7, 10, 21, 37, 40), we
hypothesized that the TRPV ion channels would serve as the link between elevated
temperature and attenuated cx-adrenergic contraction in isolated human SMFA. Indeed,
as illustrated in Fig. 1A, the inhibition of the TRPV ion channel family with RR restored
cx1-adrenergic vasocontraction at 39°C to levels observed at 37°C implying that the
TRPV ion channels play a role in mediating heat-induced sympatholysis. Such inhibition
had no significant effect on cxz2-adrenergic vasocontraction (Fig. 1B). Having observed
that nonspecific TRPV inhibition restored cxi-adrenergic contraction in the heat, we
sought to determine if a single member of the TRPV family could be implicated in this
response. Given their sensitivity to temperatures ranging from 25 to 39+°C (2) and their
previously described relation- ship with endothelium-dependent dilation (21, 41), we
explored the possibility that the TRPV4 ion channel mediates the sympatholytic effect of
heat. As illustrated in Fig. 1C, similar to arteries treated with nonspecific TRPV
inhibition, arteries treated with the TRPV4-specific inhibitor RN-1734 exhibited normal
levels of vasocontraction in the face of the heat stim- ulus. Thus these data indicate that
the TRPV4 ion channel is specifically involved in mediating the sympatholytic effect of
heat, which is in agreement with previous research that has documented that heating
cultured rat aortic endothelial cells elicits an intracellular calcium flux that was prevented
by inhibiting the TRPV4 channels (36). Thus it appears that the TRPV4 ion channel
senses, either directly or indirectly (2, 36), the increase in temperature and subsequently
initiates the sympatholytic effect of heat. Interestingly, although TRPV inhibition at 37°C
tended to augment adrenergic contraction in some cases, this did not do occur
consistently or significantly suggesting that the TRPV channels have only a minor
influence on cx1- and cxz-induced vasocontraction under seemingly normothermic

conditions.

Potential Mechanisms of Involvement of TRPV Channels in Heat-Induced
Sympatholysis

As we have previously determined that heat-induced sympatholysis is the result



of increased NO production (14), it seems likely that the activation of the TRPV4 ion
channels with heat attenuates adrenergic vasocontraction by precipitating an increase in
endothelial NO production. The likelihood of this potential explanation is supported by
several lines of evidence. Using isolated endothelial cells and arteries from rats, Kohler
et al. (21) found that applying moderate warmth (~37°C) increased the activity of the
TRPV4 ion channels and reported that such an increase in activity did in fact augment
NO-dependent vasodilation. Furthermore, the putative relationship between TRPV
activation and NO production is supported by reports that the activation of TRPV1 ion
channels increases eNOS activity and NO production in isolated skeletal muscle
arterioles and endothelial cells (7, 19).

Although we did not measure NO production in the current study, we did probe
the role of the endothelium in this phenomenon by assessing endothelial-dependent
vasorelaxation with ACh and examining the effect of heat on endothelium- denuded
arteries. As illustrated in Fig. 2, when the TRPV ion channels were inhibited, with RR or
RN-1734, ACh-induced relaxation was potently attenuated thereby supporting the
relationship between the TRPV channels and the endothelium that has been reported
previously (21). If the TRPV channels in the endothelium initiated that sympatholytic
effect of heat, it stands to reason that one would find augmented ACh-induced
vasorelaxation in the heated condition. Interestingly, although such a tendency existed,
we did not observe a significant potentiation of ACh-induced relaxation, possibly due to
the heterogeneity among subjects. Nevertheless, more concrete evidence that the
TRPV ion channels mediate the sympatholytic effect of heat in an endothelium-
dependent manner comes from the current experiments that indicated that the
endothelium is vital for the sympatholytic effect of heat. Specifically, that TRPV inhibition
in conjunction with endothelial denudation had no additive effect on the response to PE
in denuded arteries (Fig. 3). Considering that denudation prevented the sympatholytic
effect of heat, and that TRPV inhibition attenuated endothelium-dependent relaxation
while preventing the sympatholytic effect of heat, it seems likely that the TRPV4 ion
channels mediate the response in an endothelium-dependent manner and not by way of
altered smooth muscle function, which was not significantly affected by heat and TRPV
inhibition (Fig. 4).



It is worth noting that, like eNOS inhibition (14), denudation had no significant
effect on cx1- or cxz-vasocontraction at 37°C indicating that endothelial activity does not
significantly sup- press adrenergic contraction under normothermic conditions.
Additionally, it is important to note that the arteries in this preparation were studied in
isolation, thus precluding a role of the central nervous system in the sympatholytic effect
of heat. Nevertheless, it should be noted that even with careful dissection it is likely
impossible to completely remove all nerve fibers from the SMFA and therefore there
remains the possibility that TRPV ion channels on sensory and/or sympathetic nerve
endings embedded in the artery wall mediate the vascular response in a manner similar
to the axon reflex that mediates cutaneous hyperemia in response to local heating (12,
37).

Experimental Considerations

As prior exposure to heat has been reported to alter adrenergic responsiveness
(27), we, like others (15, 20), performed the highest temperature phase last.
Recognizing that with this design the observed decreases in adrenergic responsiveness
may be due to time and not temperature, we performed a time control experiment with
PE in SMFA. As illustrated in Fig. 5, and in agreement with prior work (15), adrenergic
vasocontraction was preserved over the duration of the experiment indicating that time
was likely not a factor in the decreased adrenergic responsiveness we observed with
heating. Due to the limited supply of human SMFA we limited the time control
experiment to PE-induced contractions reasoning that if time had an effect on
adrenergic contraction it would likely affect PE-induced and DEX-induced contraction
similarly.

Based on previous research (36), we hypothesized that the TRPV4 ion channel
would mediate the sympatholytic response to heat, but given the potential overlap in
temperature sensitivity by other members of the TRPV family we could not rule out the
possibility that other TRPV ion channels were involved in mediating the response.
Therefore, we used the chemical RR, a nonspecific TRPV ion channel inhibitor, to
screen for the role of the TRPV family in the sympatholytic effect of heat. Once the data

using RR pointed to a role for TRPV ion channels, a more specific inhibitor, RN-1734,



was utilized to pinpoint which TRPV channel was involved. With regard to RR it is
important to consider that it is not completely specific to the TRPV ion channels and
may affect other channels like the cold-sensitive TRPM8 channels, which are not likely
to be active under the warm conditions of our experiment, and ryanodine receptors (8).
Thus the possibility exists that these other channels may account, in part, for some of
the results of this experiment. Nevertheless, the response to stimuli, like heat, by
tissues treated with RR and by tissues in which the TRPV channels have been
genetically nullified, document good agreement (9, 24, 36). Additionally, it should be
noted that in the current study there was good agreement between the effects of RR and
RN-1734 and there was no significant impact of RR on baseline tension, like in the
work of Kohler et al. (21). Thus it appears that RR had the majority of its effects on the
heat-sensitive TRPV ion channels and not on other putative targets of the drug.

As documented in Table 1, the subjects participating in this study were
heterogeneous in terms of age, sex, and health history and therefore do not reflect a
specific subset of the population but rather represent humans as a whole. Further-
more, although the SMFA were harvested during sentinel node biopsies, performed to
determine if melanoma has spread from the skin, this was of little significance as, in the
majority of these cases, the cancer was determined not to have had systemic
consequences. Thus the conclusions of this study are likely applicable to the population

as whole.

Conclusions

In this study we sought to describe the functional roles of cx1- and cxo-
adrenoceptors in SMFA and explore the possibility that the TRPV ion channels,
particularly the TRPV4 channel, act as the link between elevated temperature and
blunted cx-adrenergic vasocontraction. We conclude that the contribution of the cxe-
receptors in human SMFA is minimal, more varied, and not as clearly inhibited by heat
compared with the cxi-receptors. As hypothesized, the inhibition of TRPV ion channels,
particularly the TRPV4 channels, restored cxi-adrenergic vasocontraction at 39°C to
levels observed at 37°C, thereby implicating the TRPV ion channels as a component of

the heat-induced sympatholysis acting in an endothelial-dependent manner. Thus it



appears that physiological increases in temperature, typical of the muscle bed during
moderate intensity exercise, likely activate the endothelial TRPV4 ion channels to
modulate vascular function, ultimately yielding a sympatholysis-like attenuation of cx-

adrenergic vasocontraction.
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