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Abbreviations: ACh, acetylcholine; ACTH, adrenocorticotropic hormone; Ang I, angiotensin II;
ANOVA, analysis of variance; ASMCs, arterial smooth muscle cells; BP, arterial blood pressure; CFP,
cyan fluorescent protein; CO, cardiac output; Ctrl, control; DMSO, dimethylsulfoxide; eGFP, enhanced
green fluorescent protein; exMLCK, exogenous myosin light chain kinase; FRET, fluorescent resonance
energy transfer; iv, intravenous; KO, knockout; NCX, Na*/Ca*" exchange; NO, nitric oxide; PD, passive
diameter; PE, phenylephrine; SERCA, sarcoplasmic reticulum Ca®" pump; SM, smooth muscle; SNA,
sympathetic nerve activity; SNP, Na* nitroprusside; SR, sarcoplasmic reticulum; TG, transgenic; TPR,

total peripheral resistance; TRP, transient receptor potential; YFP, yellow fluorescent protein

New and Noteworthy:

Smooth muscle Na/Ca exchanger-1 transgene overexpression (TG mice) increases femoral artery basal
cytosolic Ca®* ([Ca*"Jcyt) and tone in vivo and raises blood pressure (BP). Arterial constriction to
phenylephrine and angiotensin Il are normal, but superimposed on the augmented basal [Ca**]cyT and
tone (constriction) in TG mouse arteries. Similar effects in resistance arteries would explain the elevated
BP. Acetylcholine-induced vasodilation is unimpaired, implying a normal endothelium, but TG arteries

are hypersensitive to sodium nitroprusside (NO donor).
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ABSTRACT

The plasma membrane Na/Ca exchanger-1 (NCX1) helps regulate the cytosolic Ca®* concentration
([Ca*Tcvr) in arterial myocytes. NCX1 mediates both Ca®* entry and exit, and tends to promote net Ca**
entry in partially-constricted arteries. Mean BP (telemetry) is elevated by ~10 mm Hg in transgenic (TG)
mice that overexpress NCX1 specifically in smooth muscle. We tested the hypothesis that NCX1
overexpression mediates Ca** gain and elevated [Ca®*Jcyr in exposed femoral arteries that also express
the Ca®* biosensor, exMLCK. [Ca*"]cyr and the NCX1-dependent (SEA0400-sensitive) component,
~15% of total basal constriction in controls, were increased in TG arteries, but constrictions to
phenylephrine (PE) and angiotensin Il (Ang I1) were comparable in TGs and controls. Normalized PE
dose-response curve and constriction to 30 and 300 ng/kg iv Ang Il were virtually identical in control and
TG arteries. Ang ll-evoked constrictions, superimposed on elevated basal tone, accounts for the larger
BP responses to Ang Il in the TGs. TG and control mouse arteries fit the same pCa-constriction
relationship over a wide range of pCa (=125-500 nM). Vasodilation to acetylcholine (ACh), normalized
to passive diameter (PD), also was comparable in TGs and controls, implying normal endothelial
function. TG artery Na" nitroprusside (SNP, an NO donor)-induced dilations were, however, shifted to
lower SNP concentrations, indicating that TG myocyte vasodilator mechanisms were augmented.
Maximum arterial dilation was comparable in TG and control mice although PD was ~6-7% smaller in
TGs. The changes in TG arteries were apparently largely functional rather than structural despite the

congenital hypertension.
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INTRODUCTION

Calcium homeostasis plays a fundamental role in vasoconstriction and hemodynamics because Ca** ions
trigger contraction in vascular smooth muscle (47). The plasma membrane (PM) Na/Ca exchanger
(NCX) is unique among the many ion channels and transporters that normally regulate the cytosolic Ca®*
concentration ([Ca*]cy7) and signaling in arterial smooth muscle cells (ASMCs). NCX can transport
Ca’* either into or out of ASMCs, depending upon the Na* and Ca?* concentration gradients and the
membrane potential (Vy). The net NCX-mediated Ca®* flux direction, inward or outward, is determined
by the net driving force on the exchanger, Vi — Enaca, Where Enaca = 3Ena - 2Eca, and En, and Ec, are,
respectively, the Na* and Ca?* equilibrium potentials (9). In cardiomyocytes during diastole, and in
quiescent neurons, Vyy is on the order of -70 mV, and is more negative than Engc,; thus, NCX mediates
Ca”* efflux, primarily, in these cells. Most ASMCs are tonically contracted in vivo in order to maintain
arterial tone, and Vy, is generally about -30 to -45 mV (29, 32) and is more positive than the calculated
Enaca. NCX should therefore mediate Ca®* influx, primarily, in ASMCs (23, 44, 61, 62). In this case,
overexpression of NCX would be expected to enhance Ca?* influx, elevate [Ca**]cyt, augment Ca®*
signaling and arterial tone, and increase blood pressure (BP). In fact, transgenic (TG) mice that
overexpress NCX type-1 specifically in smooth muscle (SM-NCX1-TG mice) have elevated BP and

enhanced salt-sensitivity (23).

The Enaca should be determined from the local cytosolic Na* concentration ([Na*]cyt) in the vicinity of
NCX, assuming that the extracellular Na* and Ca®* concentrations and [Ca*"]cyt are known. In ASMCs,
the calculation is based on an estimated global [NaJcyt (2, 26). In tonically constricted arteries,
however, the local [Na*]cyr (and [Ca**]cy7) in the vicinity of NCX might be elevated due to Na* entry
through various transient receptor potential (TRP protein) channels which admit Na* and Ca®* (16).
Furthermore, Vy, [Na"Jcyt and [Ca*"]cyr , and thus, Enaca and Vi — Enaca, all vary dynamically.

Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



90 The discovery of NCX in arterial smooth muscle fostered the view that the cooperative action of
91  PM Na' pumps and NCX contributes to the regulation of ASMC [Ca*"]cyr and BP (6, 46). Indeed, NCX1
92  and ouabain-sensitive a2 Na" pumps, as well as certain receptor- and store-operated (TRP) channels that
93  are permeable to Na" and Ca**, co-localize in PM microdomains at ASMC PM-sarcoplasmic reticulum
94  (SR)junctions (“PLasmERosomes” (3, 8, 27, 65)). Together these transporters all help regulate local
95  [Na'leyr and [Ca*]cyr, and SR Ca®" stores in human and rodent ASMCs (34, 39, 54).
96 Expression of NCX1, and of the SR Ca®* pump (SERCA) and several Ca?*-selective channels is
97  increased in ASMCs in many animal models of hypertension (10, 42, 65). This Ca”" transporter ‘protein
98  remodeling’ appears to be due to a direct action of ouabain on a2 Na* pumps because incubation of
99  primary cultured rodent or human ASMCs with nanomolar ouabain also up-regulates these proteins (34,
100  43). Moreover, mice with mutant, ouabain-resistant o2 Na* pumps do not develop ouabain-induced or
101  ACTH-induced hypertension, and the NCX blocker, KBR7943, prevents the development of ACTH-
102  induced hypertension (14, 15, 36). These studies indicate that the a2 Na* pump ouabain binding site and
103 NCX1 are intimately involved in the control of Ca** homeostasis and BP, and contribute to the generation
104  of many forms of hypertension.
105 Given this key role of NCX1 in arteries, the present report describes experiments designed to test
106  the hypothesis that arterial NCX1-mediated Ca?* entry is enhanced in SM-NCX1-TG mice, thereby
107  increasing basal [Ca*"]cyr and augmenting Ca®* signaling and constriction in vivo. The studies were
108  performed on exposed femoral arteries of live, anesthetized mice because: i) Simultaneous [Ca**]cyt and
109  diameter measurements have been validated in this preparation (60); ii) The effects of local and systemic
110  application of various pharmacological agents can be assessed in vivo - e.g., femoral artery [Ca®]cyt is
111  increased and diameter is decreased in mice with angiotensin (Ang) Il-induced hypertension (58); and,
112 iii). The effects of genetic engineering (e.g., arterial NCX1 overexpression) on arterial [Ca?*]cyr and

113 diameter also can be measured directly. Since NCX1-TG mice are modestly hypertensive (23) and
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114  endothelium-dependent vasodilation is often attenuated in hypertension (55), acetylcholine (ACh)-

115  induced vasodilation was also examined.

116 BP is determined largely by the ‘tone’ (constriction as a percent of passive diameter) in small

117  ‘resistance arteries’, with only a small contribution from constriction of large muscular arteries such as
118  the femoral artery (4, 17). Nevertheless, most of the same vasoconstrictor and vasodilator receptors, and
119  Ca®" transporter proteins, including NCX1, are expressed in resistance as well as muscular arteries (39,
120 41,57, 61, 62), even though quantitative differences in Ca** handling surely contribute to functional

121 dissimilarities. We reasoned that the effects of NCX1 upregulation and increased Ca®* delivery on

122 femoral artery Ca?* signaling and diameter in vivo might also provide clues to the effects of NCX1

123 upregulation in resistance arteries. Indeed, the enhanced myogenic tone in isolated small resistance

124  arteries of TG mice (unpublished) seems consistent with the enhanced sympathetic drive-dependent tone
125  inthe femoral arteries of TG mice (this report). Thus, despite the likely compensatory action of other
126  transporters which may be differently regulated in different vascular beds, enhanced Ca?* delivery

127  mediated by upregulated NCX1 and its effects on arterial constriction appeared to dominate.

128 Notwithstanding the elevated basal arterial [Ca®*]cyr and BP in TGs, vasoconstrictor-evoked Ca®*
129  signals and ACh-induced vasodilation were comparable in control and TG mouse femoral arteries. These
130  results, which are contrary to expectation, may provide novel insight into some of the peripheral

131 mechanisms that contribute to the pathogenesis of hypertension.
132

133
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MATERIALS AND METHODS

Experimental mice and ethical approval

All hushandry and experimental procedures involving mice complied with the standards stated in
the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved
by the University of Maryland Baltimore (UMB) Institutional Animal Care and Use Committee
(IACUC). The mice were housed in the UMB Veterinary Resources facility and were fed standard
laboratory chow.

The SM-NCX1-TG mice (designated N1.37™-10) were originally generated by Prof. Takahiro
Iwamoto (Fukuoka University, Fukuoka, Japan) (23). The transgene was randomly inserted into the
genome so that mice may have several copies of the gene and greatly over-express the protein [Fig. 1 and
Supplementary Fig. 3 in (23)] but the copy number in each mouse was not determined. The mice were
generously provided to us by Prof. lwamoto, and the mouse line was re-derived on a C57BI/6
background. It was then crossed with a line that expresses a modified exogenous myosin light chain
kinase transgene (exMLCK) in smooth muscles (60); exMLCK is a green fluorescent protein (eGFP)-
based cyan/yellow fluorescent protein (CFP/YFP) FRET Ca’* biosensor (18).  The offspring
exXMLCK/SM-NCX1-TG mice (on a C57BI/6 background), were then inbred to generate mice
homozygous for both transgenes. For convenience the inbred mice will be designated as ‘NCX1-TG’ or
‘TG’ mice. Mice that expressed exMLCK, but not the NCX1 transgene, were used as controls (“Ctrl”).
The presence of the exMLCK gene has no detectable effect on the contractile and hemodynamic
properties of the arteries (60).

In a few experiments (see Results), mice in which NCX1 was conditionally knocked out in
smooth muscle (SM-NCX1-KO mice, abbreviated as “KO”) (57) were tested for comparison with the
control and TG mice.

The following are the primer set sequences employed for genotyping the mice with the two

transgenes: 1. exMLCK forward, 5’~-GCACGACTTCTTCAAGTCCGCCATGCC-3’; 2. exMLCK
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reverse, 5’- GCGGATCTTGAAGTTCACCTTGATGCC-3’; 3. NCXI1 forward, 5’-
AGGTGAAGGTATTGCGAACATCTGGA-3’; and 4. NCX1 reverse, 5’-

GGCTCCAATGAAAGCTGTCAGTAT-3".

Blood pressure measurements

Telelemtry: Telemetric BP transmitters (DSI TA11PA-C10, Data Sciences International, Minneapolis,
MN, USA) were surgically implanted in 15-18 week old mice in the UMB IACUC-approved Physiology
Phenotyping Core. The transmitter catheter was inserted into the right common carotid artery, and the tip
was threaded into the ascending aorta. Details are published (62). Following 7-10 days of recovery from
surgery, 24 hr BPs were recorded with DSI receivers and software. After stable baseline BPs were
recorded, under isoflurane anesthesia, Alzet osmotic minipumps (Durect Corp., Cupertino, CA, USA)
were implanted in the right abdominal wall for subcutaneous (sc) infusion of angiotensin Il (Ang I1) or
vehicle. The 24 hr BP data collection was performed “double-blind”: the individual measuring the BP did
not know the genotype. Animal code numbers were matched with genotype and BP after the data had
been collected.

Acute aortic BP measurements. Mice, ~15-18 weeks old, were anaesthetized with 2-3% isoflurane
supplemented with 100% O; core temperature was maintained at 37.5-38°C. An anterior midline
incision was made in the neck, and the right carotid artery and jugular vein were isolated and the trunk of
the carotid was ligated with a suture. A 1.1 French Mikro-tip pressure catheter (Millar Instruments,
Houston, TX, USA) was inserted into the artery proximal to the ligature and threaded forward to the
ascending aorta. The jugular vein was then ligated and a PE-10 catheter (Braintree Scientific, Braintree,
MA, USA) for intravenous (iv) infusions was inserted caudally and threaded down to the superior vena
cava. The incision was then closed with 5-mm EZ clips (Braintree). Arterial BP was recorded under
1.5% isoflurane anesthesia (25) at a sampling rate of 1 kHz using a PowerLab data acquisition system

(AD Instruments, Colorado Springs, CO, USA). Data were later calculated off-line (BioPac System,
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Santa Barbara, CA, USA). After the experiment, the animal was deeply anesthetized with isoflurane and

euthanized by cervical dislocation. Further details are given in (60).

Femoral artery in vivo imaging

The in vivo imaging methods and validation have been described in detail (58, 60). In brief,
under microscope observation, a femoral artery of an isoflurane-anesthetized mouse was exposed through
a cutaneous incision in the mid-thigh. The connective tissue was lightly dissected over a ~2 mm long
region of the distal part of the femoral artery, taking care to avoid severing nerves. The mouse was then
moved to the stage of the fluorescence microscope, and superfusion of the exposed artery and surrounding
muscle was initiated. The arrangement of the inlet and outlet for the superfusion fluid was made to
achieve a laminar flow over the artery of ~9 ml/min.

The use of a volatile anesthetic (isoflurane) was desirable to maintain the animal in an optimal
physiological state. Such agents have, however, been reported to influence sympathetic nerve activity
(49), alter the activity of the renin/angiotensin system (53), and activate K* channels (30). Nevertheless,
femoral arteries under the conditions of these experiments maintained a high degree of vasoconstriction,
as evidenced by the large increase in diameter after total autonomic ganglion blockade (see Results).
Fluorescence and diameter recording in femoral arteries

A xenon arc lamp (Lambda LS, Sutter Instrument, Novato, CA, USA) provided intensity-
adjusted, gated fluorescent illumination at 436 £ 10 nm (excites CFP) that was controlled by a
programmable shutter (Smart Shutter, Sutter Instrument). A long working distance, high numerical
aperture Olympus MV X10 MacroView fluorescence microscope (Olympus America, Center Valley, PA,
USA) and a sensitive charge-coupled device ORCA ER camera (Hammamatsu, Bridgewater, NJ, USA)
fitted with a DualView image splitter (Photometrics, Tucson, AZ, USA) were employed. This provided
“CFP” and “YFP” images (470 and 535 nm, respectively). The camera was controlled and images were
acquired (1 frame/s) using HCImage (Hamamatsu). Image processing was performed with custom

software written using IDL 6.4 (11T Visual Information Solutions, Boulder, CO, USA). Elevation of
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208  [Ca*]cyr promotes the binding of Ca®* to calmodulin and exMLCK (a calmodulin-based biosensor (22)).
209 Inthe latter case, the CFP and YFP moieties then move apart, thereby reducing Forster Resonance Energy
210  Transfer (FRET) from CFP to YFP and, thus, increasing the CFP/YFP (FRET) ratio. The FRET ratio was
211 calibrated to determine [Ca?*]cyr; (60) provides details.

212 Avrterial ‘tone’ is the difference between the passive diameter in Ca**-free solution (PD) and the

213 observed diameter under basal or other conditions tested (Doys) as a percent of PD:

PD-DOb
214 Tone = TOS x 100.

215  Changes in Dops (ADops) due to agent applications are presented as a percent of PD [(ADops/PD) x 100].
216  Vasodilation is graphed as upward bars or curves, vasoconstriction is graphed as downward bars or

217  curves. Actual diameters are also graphed.

218  Immunoblotting

219 Published methods were employed for immunoblotting of mouse aorta membrane proteins (34,
220 61, 62). NCX1 expression was identified by chemiluminescence with R3F1 anti-NCX1 monoclonal
221  antibodies (R3F1, generously provided by Prof. Kenneth D. Philipson, UCLA, Los Angeles, CA, USA).
222 B-Actin was used as a loading control and was identified with clone AC-74 anti-f-actin monoclonal

223 antibodies (Sigma-Aldrich, St. Louis, MO, USA).

224 Reagents and solutions

225 Artery superfusion solution (in mM): 112 NaCl, 25.7 NaHCO3;, 4.9 KCI, 2.5 CaCl,, 1.2 MgSO,,
226 1.2 KH,PO4, 11.5 glucose, and 10 HEPES (pH 7.4, equilibrated with gas of 5% O,, 5% CO, and 90% N,
227  at37°C). Ca*'-free solution was made by omitting Ca®* and adding 0.5 mM EGTA.

228 Reagents and sources were as follows: ACh, angiotensin Il (Ang I1), hexamethonium chloride,
229  sodium nitroprusside (SNP), ouabain, phenylephrine (PE), and prazosin HCI (Sigma-Aldrich); losartan

230 (Merck & Co., Kenilworth, NJ, USA); SEA0400 (2-[4-[(2,5-difluorophenyl) methoxy]phenoxy]-5-

10
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231  ethoxyaniline) was a gift from Prof. Iwamoto. All reagents were reagent grade or the highest grade
232 available. SEA0400 was dissolved in DMSO; other agents were dissolved in double-distilled, deionized
233 water as stock solutions. The final bath concentration of DMSO did not exceed 0.01% (v/v) and did not

234  affect vascular function.

235  Statistics

236 Data in the figures are shown as means + S.E. The Shapiro-Wilk and Levene tests were

237  performed for, respectively, data normality and homogeneity; all data use for ANOVA passed both tests.
238  Paired or unpaired t-tests, or 2-way ANOVA with post-hoc correction using the Bonferroni approach, or
239  linear regression (SigmaPlot 11.0; Systat Software, San Jose, CA) were used to test for significant

240  differences (P<0.05), as stated in the figure legends. SigmaPlot was used for post-hoc calculation of
241  statistical power.

242

11
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243 RESULTS

244 NCX1 expression detected by immunoblotting and function

245 Relative NCX1 expression was determined by immunoblotting. NCX1 expression was markedly
246 up-regulated in aortas from NCX1-TG heterozygous mice, and even more so in homozygous TG mice
247  (Fig. 1) because each mouse may have several copies of the transgene. These results resemble those
248  obtained with the original TG line (Supplementary Fig. 3a in (23)). Homozygous overexpressors were
249  used for all experiments described below.

250 Functional evidence of NCX1 overexpression was obtained in femoral arteries of anesthetized
251 mice in vivo. First, arterial diameter and [Ca®*]cyr were measured in control and TG mouse arteries.

252 Under basal conditions, the average diameter of TG arteries was about 20% narrower than that of

253  controls, whereas the passive diameters (PDs) of TG arteries (i.e., in Ca?*-free solution) were only about
254 5% narrower than the PDs of controls (Fig. 2A and legend). Basal “tone” was, therefore, significantly
255  greater in the TG femoral arteries (Fig. 2B). This increased tone was associated with, and is likely due to,
256 the significantly elevated basal [Ca®‘]cyr in the TG arteries (Fig. 2C). The modestly smaller PD of the
257 TG arteries in age-matched mice raises the possibility that the congenital increase in arterial tone and BP
258  ((23) and this report) may have induced some structural changes in the TG arteries.

259 Second, to test for NCX1 function directly, the effects of the NCX1 inhibitor, SEA0400, on

260  [Ca*"cyr and femoral artery diameter were determined. Superfusion with 0.3 uM SEA0400 reduced

261  [Ca*"]cyr by ~50 nM in control arteries, but by ~85 nM in the TG arteries (Fig. 3A,B). This was

262  associated with significantly greater decrease in tone in the TG than the control arteries (Fig. 3C,D), as
263  expected if the arterial constriction and tone depend, in part, upon NCX1-mediated, SEA0400-sensitive
264  Ca”" entry. The SEA0400-induced 30% decline in basal tone in the TG mouse arteries was statistically
265  significant, but the 10% decline in the control arteries was not even though all 6 arteries dilated by a small

266 amount.

12
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267 Further, when the arteries were constricted by prolonged (15 min) exposure to 10 uM ouabain,
268  which should elevate [Na*]cyr and promote Ca®" entry via NCX1 (Fig. 4A), the TG arteries constricted
269  more than did the controls (Fig. 4B). SEA0400 then reduced the constriction in TG arteries to a

270  significantly greater extent than in the controls (Fig. 4B). The elevated basal [Ca?*]cyr in arteries from
271 TG mice and the difference in SEA0400-triggered decrease in tone between control and TG mice fit the
272 view that ASMC NCX1 mediates Ca®* entry, primarily, in these arteries with tone. The data in Figs 2-4

273 are all consistent with the overexpression of NCX1 protein in TG mouse arteries (Fig. 1).

274  Basal BP and the BP responses to chronic and acute Ang Il infusion are augmented in TG mice

275 The BP data in Fig. 5A supports previous reports (23, 57, 62) that SM-NCX1 knockout (KO)

276  reduces basal BP and SM-NCX1 overexpression elevates BP relative to BP in control mice. Furthermore,
277  the BP increase induced by chronic low dose sc Ang Il infusion (400 ng/kg/min for 3 weeks) was much
278  greater in the TG mice, and less in KO mice, than in controls. Also, acute iv infusion of 30 and 300 ng/kg
279  Ang Il induced a significantly larger increment in BP in TG than in control anesthetized mice (Fig. 5B).
280  This raises the possibility that arteries from TG mice may be more sensitive to Ang Il than arteries from

281  control mice and that the Ang Il dose-response curve may therefore be shifted to the left.

282  Femoral artery tone is largely dependent upon sympathetic drive

283 Femoral arteries in vivo constricted to superfused PE, the a1 adrenoceptor agonist, in a dose-
284  dependent manner (Fig. 6). Basal [Ca*"]cyr was elevated in TG arteries (Figs. 2C and 3A) and they were
285  modestly, but significantly more constricted than control arteries at baseline (Figs. 2A, 6A; and see Figs
286  7-11). Furthermore, the TG artery diameter-PE dose-response curve was shifted downward relative to
287  the curve for control arteries (Fig. 6A). When the data were normalized to PD and expressed as PE-

288 induced vasoconstriction and A[Ca2+]CYT vs PE concentration curves, however, the control and TG artery
289  curves were almost superimposable (Figs. 6B, C). Thus, the sensitivity of the TG arteries to PE appeared

290 comparable to that of the control arteries.

13
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291 Superfusion of femoral arteries with 300 nM prazosin, an a1 adrenoceptor antagonist, reduced
292  arterial [Ca2+]CYT to =80-85 nM in both TG and control anesthetized mice, and dilated the arteries and
293  decreased basal tone by about 55% in controls and 70% in TGs (Fig. 7A-C). The decrease in tone in WT
294  arteries was only modestly greater than the 46% decline observed with 100 nM prazosin (59). Of note,
295  prazosin reduced tone to about the same level (=12-14 % of PD) in TG and control arteries. This implies
296 that the TG-induced increase in tone apparently depended upon both the NCX1-mediated increase in

297  [Ca*]cyr (Fig. 3) and the sympathetic nerve activity (SNA).

298 Blockade of the autonomic ganglia by iv bolus infusion of 3 mg/kg hexamethonium reduced

299  [Ca*"]cyr to barely measurable levels, and dilated the arteries almost to PD, thereby nearly abolishing
300 tonein both TG and control mice (Fig. 8A-D). These effects of prazosin and hexamethonium indicate
301 that the higher [Ca®*]cyr and greater tone in the TG mouse femoral arteries both depend largely upon

302 SNA. The hexamethonium data signify that essentially all of the basal tone in TG arteries, as in controls
303  (see (59)), was due to sympathetic drive. Also, the mean PDs of Ctrl and TG arteries were nearly

304 identical (Fig. 2 legend), even though the TG arteries had significantly more basal tone (Figs. 2B, 3C, and
305  7A).

306 In both control and TG femoral arteries, 100 nM Ang |1 superfusion elevated [Ca®*]cyr, induced
307  vasoconstriction, and increased tone, and the magnitudes of these changes were comparable in the TG and
308  control arteries (Fig. 9A-C). Further, 100 nM losartan, the Ang Il type-1 receptor (AT;R) antagonist,
309  abolished all of these Ang Il-induced changes (Fig. 9A-C). Both the PE and Ang Il data (Figs. 6 and 9)
310 indicate that arterial contractility is comparable in control and TG mice. In comparison to the

311 sympatholytic agents (Figs. 7 and 8), however, losartan had negligible effect on [Ca®*]cyT, basal diameter
312  and tone in either control or TG arteries (Fig. 10A-C). Thus, Ang Il activation apparently contributes
313  very little to basal tone, in contrast to the dominant role of the sympathetic nervous system and

314  norepinephrine (Figs. 6 and 7; and see (59)).

315
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316  Vasodilation is not attenuated in TG mouse femoral arteries

317 ACh-induced vasodilation is impaired in human hypertension and in many animal hypertension
318  models (reviewed in (55)). Despite the modestly elevated basal BP in TG mice (Fig. 5A and (23)),

319  however, ACh-induced vasodilation of femoral arteries was comparable in TG and control mouse femoral
320  arteries (Fig. 11): the ACh-induced decline in arterial [Ca**]cyr and vasodilation, normalized to PD, were
321  virtually identical in control and TG mice (Figs. 11B, C). This implies that the endothelium-mediated
322  vasodilator mechanisms, including the release of NO, were not compromised in the TG mice despite the
323 chronic BP elevation. Although the PDs of TG mouse arteries were only slightly smaller than those of
324  the controls (Fig. 11 legend), a similar difference was seen when all arteries were averaged (Ctrl PD 397
325 £5uM,n=51; TG 380 £ 5; n = 51; P <0.03; data from experiments of Figs. 2, 6-8, 11 and 12).

326 Surprisingly, comparison of the vasodilation activated by the NO donor, SNP, in the two

327  phenotypes revealed that the TG mouse femoral arteries were significantly more sensitive to SNP than the
328  controls (Fig. 12). The TG artery diameter, normalized vasodilation and A[Ca®"]cyr SNP dose-response
329  curves were all shifted leftward (toward lower SNP doses) compared to controls (Fig. 11A-C). Thus,

330 although the endothelium-mediated vasodilator mechanisms apparently were normal (Fig. 11), either the
331  myocyte protein kinase G response to NO was enhanced, or some downstream vasodilator mechanism in

332  the ASMCs was up-regulated in the TG mice.

333
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DISCUSSION

ASMC NCX1 preferentially mediates Ca** entry under basal conditions in vivo

NCX1, along with the plasma membrane Ca?* pump (50) and various Ca**-permeable channels
(16, 24) help to maintain Ca®* homeostasis in ASMCs. NCX1 can mediate Ca®* influx as well as efflux,
and is important not only for clearing Ca?* following Ca*" transients (39, 41) but also for mediating net
Ca”* entry and maintaining elevated [Ca®*]cyt during the development and maintenance of arterial tone
(23, 44, 45, 61). The latter is exemplified by the observations that local inhibition of NCX1 modestly
lowers basal arterial [Ca?*]cyr and dilates tonically-constricted control arteries (Fig. 3B, C). Therefore it
is not surprising that increasing NCX1 capacity by transgenic overexpression of NCX1 in smooth muscle
(Fig. 1), increases basal [Ca?*]cyr and arterial tone, and elevates BP (Fig. 2) (23). This demonstrates that
NCX1 mediates Ca* entry in vivo under basal conditions.

To better understand these effects, the influence of vasoconstrictors and vasodilators on BP, and
on femoral arteries in vivo (under anesthesia), was studied in control and smooth muscle-specific NCX1-
TG mice. The homozygous TG/TG mice markedly overexpress NCX1 in arterial myocytes (Fig. 1)
because of random insertion of the transgene into the genome. The overexpression was functionally
confirmed by the augmented SEA0400-induced vasodilation and decline in A[Ca®*]cyr (Fig. 3), and the

increase in ouabain-induced, SEA0400-sensitive vasoconstriction in the TG mouse arteries (Fig. 4).

Role of arterial NCX1 activity in the control of basal [Caz‘”]CYT and arterial tone

If NCX1 helps regulate [Ca®*]cyt in ASMCs primarily by promoting Ca* entry (23, 62), and, if
arterial constriction and tone depend on Ca** signals (13, 29, 60), it follows that knockout of myocyte
NCX1 would be expected to lower [Ca*"]cyr, and reduce arterial tone and BP, as observed (44, 57, 62).
Conversely, overexpression of NCX1 in ASMCs may be expected to raise [Ca*"]cyr, and augment arterial
tone (Figs. 2, 3). Further, the elevated BP in TG mice (Fig. 5A) (23) fits with the inference that the role
of NCX1 observed in muscular femoral arteries also applies to small resistance arteries with myogenic

tone (57, 62).
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359 The contribution of NCX1 to basal [Ca2+]CYT and arterial tone is indicated by the effects of

360 genetically-altered NCX1 expression and NCX1 blockade by SEA0400. The amplification of the effects
361  of blockade in TG arteries (Fig. 3) and, especially, the absence of effects on arterial tone and BP in NCX1
362  knockout mice (57, 62), indicates the specificity of low-dose (0.3 uM) SEA0400 action. While the

363  SEA0400-induced fall in [Ca*]cyt Was significant, the 17% decline in control muscular artery basal tone
364  did not reach statistical significance (Fig. 3). [Power analysis indicates that a far larger number of arteries
365  would be required, given the small magnitude of the decrease and the variance of the measurements.]

366  Nevertheless, the trend conforms to the similar, but statistically significant, ~15% decrease in resistance
367  artery myogenic tone previously observed in 0.3 uM SEA0400-treated isolated control arteries (23, 44).
368  The SEA0400-induced changes indicate that NCX1 accounted for about 27% of basal [Ca”]cw and about
369  19% of basal tone in TG mouse femoral arteries.

370 In a post hoc analysis following completion of all the experiments, the relationship between

371 femoral artery [Ca®*]cy and tone was examined for the myriad conditions tested. The data (o, ¥ and A),
372 shown as an in vivo (under light anesthesia) pCa vs arterial constriction plot in Fig. 13, reveal that

373 constriction is nearly linearly related to log[Ca* ]yt between 100 and 550 nM [Ca?*]cyr. The exMLCK
374  FRET calibration data (58) are included in the figure (®). For comparison, a plot of pCa vs myogenic

375  constriction in isolated, pressurized rat small cerebral arteries (29) is also shown (m) because myogenic
376  tone in small arteries is directly related to intracellular [Ca?*] measured with fura-2 (13, 29). The

377  inflection point (~120 nM [Ca®*]cyT; pCa = 6.92) is similar for the femoral and small cerebral arteries,
378  presumably because this is close to the contraction threshold. However, the normalized small artery

379  constriction curve is steeper than that for the femoral arteries, and reaches maximal constriction (diameter
380  ~40 um) at [Ca®*]cyr ~ 325 nM (pCa = 6.5). The larger arteries have a larger range of constriction (from
381 =400 to =150 um vs ~200 to ~40 um for the small arteries) and are not yet maximally constricted at

382 [Ca*]cyr = 550 nM (pCa = 6.26). This relationship implies that small NCX1-dependent changes in

383  [Ca®']cyr may have a large effect on arterial constriction and BP. The evidence that control and TG
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384  artery data fit the same curve implies that the sensitivity of the contractile apparatus to Ca** did not vary

385 under the conditions examined here, consistent with the data in Figs. 6 and 8.

386  Dominant role of sympathetic drive in maintaining basal femoral artery tone

387 In contrast to the modest effects of SEA0400 in control mice, blockade of a1l adrenceptors with
388  prazosin reduced femoral artery [Ca?*]cyt by ~65% and basal tone by ~55% (Fig. 7). Blockade of

389  sympathetic ganglia with hexamethonium reduced [Ca®*]cyT and basal tone by > 90% in control mice and
390 by even more in TG mice (Figs. 8). Nevertheless, the data in Fig. 3 suggest that a modest fraction of the
391  almost entirely SNA-driven tone (59), perhaps =~15% in normal femoral arteries, also depends upon

392  NCX1-mediated Ca* entry, but the majority apparently depends upon other Ca®* transporters and

393 channels. Basal [Ca®"]cyr and tone in TG as well as control mouse arteries were, however, negligibly
394  affected by the AT;R inhibitor, losartan (Fig. 10), even though it effectively blocked Ang I1-evoked

395  [Ca*]cyr elevation and vasoconstriction (Fig. 9). These findings corroborate earlier reports that in vivo

396  basal arterial tone in the mouse femoral arteries is largely determined by sympathetic drive (58, 59).

397  Why is Ang ll-induced BP elevation greater in SM-NCX1-TG mice than in controls?

398 Ang I, whether infused acutely (iv) or chronically (sc), is widely known to increase BP (37, 48,
399  58). Interestingly, not only is basal BP modestly elevated in SM-NCX1-TG mice, but both acute and
400  chronic Ang Il induced a larger BP increment in TGs than in controls (Fig. 5). Conversely, SM-NCX1-
401 KO mice are modestly hypotensive (57, 62) and the chronic Ang Il-induced BP elevation tends to be
402  smaller than in either control or TG mice (Fig. 5A). Thus, the Ang ll-induced BP elevation appears to be
403  arterial NCX1 ‘dose-dependent’.

404 The results summarized in the preceding paragraph might suggest that TG mouse arteries are
405  more sensitive to vasoconstrictors than are control arteries. For example, if basal [Ca*"]cyt is elevated,
406  the SR Ca*" stores and evoked Ca*" signals might be expected to increase, but this apparently is not the
407  case. Femoral arteries in anesthetized TG and control mice exhibited virtually identical vasoconstrictor

408  responses (measured as ‘A diameter’) to locally superfused PE (Fig. 6) and Ang Il (Fig. 9A). The
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409  downward shift of the PE dose vs TG artery diameter curve (i.e., the dose-response curve), relative to the
410  control artery curve (Fig. 6A), implies that the PE constriction of TG arteries is superimposed on the

411  augmented basal constriction. The normalized curves (relative to PD; Fig. 6B) are nearly identical,

412  however, indicating that there is no difference in PE sensitivity (i.e., half-maximal activation or Kgs)

413  between control and TG. It is noteworthy that a very similar result was obtained when PE-induced

414  femoral artery vasoconstriction was compared in controls and in mice infused chronically with Ang Il to
415  induce hypertension (58).

416 Complementary effects were observed in SM-NCX1-KO mice which have low BP. Basal

417  myogenic tone was lower in KO than in control resistance arteries, and the PE dose-response curve was
418  simply displaced downward in the KOs (62). In vivo-infused Ang Il dose-BP response data also indicate
419 that the curve for the KO mouse arteries paralleled that of controls but was displaced downward (63).
420  Thus, basal tone and BP are directly related to the level of NCX1 expression in control, TG and KO

421  arteries.

422 TG and control arteries also constricted to the same extent when tested with 100 nM Ang 11 (Fig.
423 9A). Furthermore, the amplitude of the Ang Il-induced rise in [Ca®*]cyT also was virtually identical in the
424  control and TG arteries (i.e., the signal, itself, was not amplified), but it was superimposed on a higher
425  basal [Ca*"]cyt in the TG arteries (Fig. 9B). A possible explanation for the lack of signal amplification is
426  that compensatory mechanisms (e.g., reduced SERCA expression) might be triggered to minimize the
427  effects of the enhanced Ca* entry in TG mouse ASMCs; this needs verification. Importantly, our

428  measurements of [Ca®*]cyt are spatial averages of cytoplasmic Ca**. We cannot eliminate the possibility
429 that overexpression of NCX1 changed [Ca®'] in other cellular compartments in which Ca** signaling

430 occurs, such as the endoplasmic reticulum or nuclear envelope. Thus, differences between control and
431  SM-NCX1-TG mice could, in ways yet unknown, be due also to changes in [Ca*"] in these compartments.
432 In contrast, femoral arteries of mice with Ang Il-induced hypertension give attenuated [Ca*"Jcyr
433 and vasoconstrictor responses to superfused Ang 11, relative to controls (58). In that case, the sustained
434  elevation of plasma Ang Il likely caused down-regulation of AT;Rs (56) to compensate (partially) for the
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435  hyper-stimulation. There is no reason to expect hyper-stimulation of either a1 adrenoceptors or AT;Rs in
436  NCXI1-TG hypertension; consequently, agonist-induced down-regulation of the cognate receptors seems
437  unlikely.

438 If TG arteries do not have enhanced sensitivity to vasoconstrictors, what accounts for the

439  augmented BP elevation in TG mice, vs controls, when Ang Il is infused (Fig. 5)? A likely explanation is
440  based on the evidence that basal arterial diameter is smaller and arterial tone is greater not only in TG
441  mouse muscular arteries than controls (Fig. 2) but, importantly, also in resistance arteries (unpublished)
442  which account for most of the total peripheral resistance (TPR). Furthermore, artery resistance, R, is

443  proportional to 1/r*, where r = artery radius (4). Under these circumstances, the same vasoconstrictor-
444  induced artery diameter decrease in control and TG mice should cause a greater increase in TPR and BP
445  inthe TG mice (assuming constant cardiac output, CO, since BP = CO x TPR (4)). In other words, the
446  vasoconstrictor-induced increase in TPR and, thus, in BP, is amplified in the TG mice simply because the

447  increase is superimposed on a greater basal tone.

448  SNP-, but not ACh-induced vasodilation is enhanced in TG mouse arteries

449 Endothelium-dependent vasodilation, as measured with ACh stimulation (38), is often impaired
450 in the arteries of hypertensive humans and animal models (55). One might anticipate, therefore, that

451  ACh-induced vasodilation would be attenuated in TG mice with chronically elevated BP. On the

452  contrary, the data in Fig. 11 reveal that the response of TG mouse arteries to ACh is normal. This implies
453  that the endothelial impairment in hypertension may not simply be the result of the elevated intravascular
454  pressure (19). When vasodilation was induced with SNP, however, the dose-response curve was shifted
455  tothe leftin TG arteries; i.e., sensitivity to the NO donor was increased: the apparent ECso was ~100 nM
456 in controls, but only ~20 nM in the TG arteries (Fig. 11). This is not totally unexpected because there are
457  reports that the sensitivity to SNP, largely an endothelium-independent vasodilator (for evidence of

458  endothelium-dependent effects see (28)), is increased in some forms of hypertension (12, 52). In arterial

459  myocytes, NO stimulates protein kinase G to increase the cyclic GMP level; this activates myosin light
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chain phosphatase which promotes vasodilation by reducing myocyte sensitivity to Ca®* (11), although
other mechanisms may also contribute (33, 64). It seems possible that one or more of these vasodilator
pathways was augmented to help compensate for the tendency of NCX1 overexpression to drive BP up.

Indeed, others have suggested that Ca®* sensitivity may be reduced in hypertension (1).

Conclusions

The aim of this in vivo study was to test the seemingly intuitive hypothesis that elevated arterial
myocyte [Ca*]cyr and enhanced myocyte Ca®* signaling can explain the mild hypertension in NCX1-TG
mice. While TG mice have high basal [Ca®*]cyr and enhanced arterial tone, the data indicate that the
arterial myocytes are not hyper-sensitive to vasoconstrictors, as also has been reported for human small
arteries (1, 51). Aalkjaer and colleagues (1) attributed the enhanced agonist-induced pressor response
without a change in agonist sensitivity to “altered vascular structure” but “unchanged or possibly
depressed” myocyte function. In contrast, however, the present results indicate that the increased pressor
response in the TG-hypertensive mice is largely due to the superimposition of normal agonist-induced
contraction on an artery with already enhanced basal tone. Despite the (presumably) congenitally high
BP, the arterial functional responses appeared normal: the arteries constricted normally to PE and Ang I,
and dilated to a PD that was only about 6-7% narrower than that of the controls in response to ACh and
SNP. This suggests that there is relatively little structural remodeling (21, 31) of the TG arteries despite
longstanding hypertension. Thus, at least in NCX1-TG hypertension, the primary defect appears to be the
NCX1-mediated elevation of [Ca2+]CYT and its functional consequences, most notably, enhanced basal
tone, that lead directly to increased TPR. Because arterial NCX1 is up-regulated in many forms of
hypertension (10, 42, 43, 65), it seems reasonable to anticipate that similar functional (active contraction)
changes likely also apply at least during the early stages of the hypertension. We also made the
unexpected observation that endothelial function is not attenuated in the femoral arteries of modestly

hypertensive SM-NCX1-TG mice (Fig. 11), and that vasodilator mechanisms are even augmented (Fig.
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484  12). These observations seem inconsistent with the popular view that BP elevation, per se, impairs

485  endothelium-dependent vasodilation (35).

486 The key observation is that, while sympathetic drive is the dominant mechanism responsible for
487  sustaining arterial tone, Ca** entry via NCX1 plays a small but crucial role in helping to maintain

488  [Ca”]cyr above contraction threshold. The critical relationship between [Ca®*]cyr and arterial tone (Fig.
489  13)illustrates how enhanced net NCX1-mediated Ca?* entry can increase tone. Net Ca®" transport by
490  NCX1 is governed by the PM Na" electrochemical gradient (Introduction and (9)) that is controlled by
491  adjacent o2 Na* pumps in myocyte PLasmERosomes (Introduction and (8, 27, 39)). Apparently, a2 Na*
492  pump activity is ultimately responsible for modulating arterial tone, TPR and BP through NCX1 (7). The
493  steep relationship between [Ca**]cyr and arterial tone (Fig. 13) suggests that very modest increases in
494  SNA (40) and plasma endogenous ouabain (5, 20), which increases arterial NCX1 expression (43, 66),
495  may act in concert to elevate BP in many forms of hypertension.

496

497
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Figure Legends

Fig. 1. NCX1 is overexpressed in smooth muscle-specific NCX1-transgenic mice. Immunoblot of de-
endothelialized aortic membrane proteins from control (Ctrl), and heterozygous and homozygous SM-
NCX1-TG mice (TG/+ and TG/TG, respectively). TG/TG mice were used for all physiological
experiments in this study. The NCX1 transgene was randomly inserted into the genome and the protein
was therefore greatly overexpressed, as illustrated. The protein samples had to be markedly diluted so
that both the control and TG NCX1 bands could be visualized on the same gel (also see Fig. S3 in (23)).

B-Actin was used for the loading control.

Fig. 2. Effects of smooth muscle-specific NCX1 overexpression on femoral artery [Ca**]cyT, diameter
and tone. (A) Baseline diameter and passive diameter (PD), (B) basal tone (PD minus baseline diameter
as a % of PD), and (C) basal [Ca**]cyr in the exposed femoral arteries of Ctrl and TG mice in vivo, under
light anesthesia. Baseline diameter was reduced, and basal tone and [Ca*"]cyt were increased in TG
mouse arteries. * = P<0.05 vs Ctrl (Student’s unpaired t-test); *** = P<0.001 vs Ctrl and ### = P<0.001
vs the respective basal diameter (2-way ANOVA with pairwise comparisons using the Holm-Sidak
method). Numbers of Ctrl and TG mice are shown in parentheses at the top. The difference between the
mean Ctrl PD and TG PD was not significant (P = 0.085; 2-way ANOVA). When the mean PD values
from 6 independent experiments (with 51 Ctrl and 51 TG arteries) were analyzed, however, the respective
means of the means from each experiment (Ctrl PD =397.2 + 3.9 um and TG PD = 379.5 + 5.3 um) were
significantly different (P = 0.023; Student’s unpaired t-test). The 95% confidence interval for the
difference of the means was 3.043 to 32.291; the power of the t-test was 0.617.

Fig. 3. Effects of 0.3 M SEA0400 on basal [Ca**]cyr (A) and basal tone (B) in Ctrl and TG femoral
arteries in vivo. The SEA0400-induced decrease in [Ca?*]cyt (A[Ca*Jcvt) and vasodilation (diameter
increase as % of PD) are also shown (B and D, respectively). The effects of SEA0400 were augmented in
TG mouse arteries. Statistics: 2-way ANOVA; * = P<0.05 vs the respective Ctrl; # = P<0.05 and ## =

P<0.01 vs basal TG; A = P<0.05 vs basal TG. Numbers of mice are in parentheses.

Fig. 4. Effects of ouabain and SEA0400 on femoral artery [Ca*"]cyr and diameter. (A) [Ca®*]cyr increase
(A[Ca*"]cyr) and (B) vasoconstriction (diameter decrease, as a % of PD) induced by a 15 min superfusion
with 10 uM ouabain, and the effects of 0.3 uM SEA0400 on these changes. The ouabain-induced,
SEA0400-sensitive effects were amplified in TG mouse arteries. Statistics: paired T-test; # = P<0.05 vs

ouabain alone. Numbers of mice are in parentheses.
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713  Fig.5. The acute and chronic Ang ll-induced BP elevation is augmented in TG mouse arteries. A. Mean
714 Dblood pressure (24 hr MBP) in awake, mobile SM-NCX1-KO (KO), Ctrl, and SM-NCX1-TG (TG) mice
715  infused with saline- or Ang Il (400 ng/kg/min, sc) for 3 weeks. B. Increases in aortic MBP (AMBP)

716  induced by acute iv infusion of 30 or 300 ng/kg Ang Il in lightly anesthetized KO, Ctrl and TG mice.
717  Statistics: 2-way ANOVA; * = P<0.05; *** = P<0.001 for the pairs indicated. Numbers of mice are in

718  parentheses.

719  Fig. 6. Phenylephrine (PE) cumulative dose-response curves for exposed femoral arteries in Ctrl and TG
720  mice in vivo; the PE was applied by superfusion. A. PE dose vs artery diameter; Ctrl PD = 404£21 pum (n
721  =9); TG PD = 37445 um (n = 11). B. PE-induced vasoconstriction (as a % of PD). C. PE-induced

722 increase (A) in [Ca*"]cyr. Basal [Ca®]|cyr was 221 + 29 nM in Ctrl and 319 + 36 nM in TG mouse

723 arteries, but the normalized vasoconstriction curves (B) and [Ca®*]cyt curves (C) from Ctrl and TG mice

724 are virtually superimposable (2-way ANOVA).

725  Fig. 7. Effects of al-adrenergic blockade (prazosin) on femoral artery [Ca®‘]cyr, diameter and tone in
726  femoral arteries of control and SM-specific NCX1 overexpression (TG) mice. A. Diameters of exposed
727  femoral arteries of Ctrl and TG mice in vivo, and the effects of superfusion with 300 nM and 1 uM

728  prazosin. PD (arteries superfused with Ca®*-free medium) is also shown; Ctrl PD = 403+13 um (n = 6);
729 TG PD =397+12 um (n = 6). B, C. [Ca*"]cyr (B) and arterial tone (as % of PD; C) in Ctrl and TG mouse
730  arteries under basal conditions and during superfusion with 300 nM prazosin. Prazosin reduced [Ca*Jcyt
731  and tone to a greater extent in TG than in Ctrl mice. Statistics: 2-way ANOVA,; * = P<0.05, ** = P<0.01,
732 *** = P<0.001 vs basal Ctrl; ## = P<0.01, ### = P<0.001 vs basal TG. Numbers of mice are in

733 parentheses.

734  Fig. 8. Effects of iv injection of 3 mg/kg hexamethonium on arterial diameter (A; representative original
735  recording) and mean arterial tone (B), and on [Ca®*]cyT representative original data (C) and mean data (D)
736 in exposed femoral arteries of Ctrl and WT mice in vivo. Hexamethonium redued [Ca®*Jcyt to <<50 nM
737  and virtually abolished tone in both Ctrl and TG arteries. Ctrl PD = 382+14 um (n = 8); TG PD = 386+12
738 um (n=8). Statistics: 2-way ANOVA,; * = P<0.05, *** = P<0.001 vs basal Ctrl; ### = P<0.001 vs basal

739  TG. Numbers of mice are in parentheses.

740  Fig. 9. Effects of superfusing 100 nM Ang Il + 100 nM losartan on the diameter (A), [Ca**Jcyr (B) and
741  tone (C; as % of PD) of exposed femoral arteries in Ctrl and WT mice in vivo. Losartan abolished nearly

742 all of the Ang ll-induced increases in [Ca®*]cyr and tone in both Ctrl and TG arteries. Statistics: 2-way
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743  ANOVA: *** = P<0.001 vs respective Ctrl or TG basal; ## = P<0.01 vs Ang Il alone; A = P<0.05 vs Cirl

744  basal. Numbers of mice are in parentheses.

745  Fig. 10. Effects of superfusion with 100 nM losartan on the diameter (A), [Ca*]cyr (B) and tone (C; as
746 % of PD) on exposed femoral arteries in Ctrl and WT mice in vivo. Losartan had negligible effect on
747 [Ca2+]CYT and tone in both Ctrl and TG arteries. Statistics: 2-way ANOVA; * = P<0.05 vs basal Ctrl.

748  Numbers of mice are in parentheses.

749  Fig. 11. Acetylcholine (ACh) cumulative dose-response curves for exposed femoral arteries in Ctrl and
750 TG mice in vivo; the ACh was applied by superfusion. A. ACh dose vs artery diameter; Ctrl PD =

751  390+19 um (n =6); TG PD = 361+16 um (n = 10). B. PE-induced vasodilation (as a % of PD). C. ACh-
752  induced decrease (A) in [Ca*"]cyr. Basal [Ca®*]cyr was 230 + 23 nM in Ctrl and 335 + 10 nM in TG

753 mouse arteries, but the normalized vasodilation curves (B) and [Ca®*]cyt curves (C) from Ctrl and TG
754  mice are virtually superimposable (2-way ANOVA).

755  Fig. 12. Sodium nitroprusside (SNP) cumulative dose-response curves for exposed femoral arteries in
756  Ctrland TG mice in vivo; the SNP was applied by superfusion. A. SNP dose vs artery diameter; Ctrl PD
757  =407£23 um (n =6); TG PD =387+13 um (n = 6). B. SNP-induced vasodilation (as a % of PD). C.
758  SNP-induced decrease (A) in [Ca®*]cyr. Basal [Ca?*]cyr was 219 + 31 nM in Ctrl and 309 + 27 nM in TG
759  mouse arteries. The TG curves are all significantly shifted to the left (lower SNP ECsq’s) relative to the

760  respective Ctrl curves (* = P<0.05). Statistics: 2-way ANOVA. Numbers of mice are in parentheses.

761  Fig. 13. Femoral artery constriction (% of PD) in vivo graphed as a function of pCa (-log[Ca*"]cyr). The
762  data were taken from Figs. 2-12 (o = Ctrl; ¥ = TG) and from (58) (A). The regression lines for the three
763 sets of data, for [Ca*"]cyr = 100-500 nM (R = 0.91, 0.69 and, 0.97, respectively) were indistinguishable,
764  and correspond to a constriction of approximately 10% of PD per 100 nM increase in [Ca®"]cyr. For

765  comparison, the myogenic constriction vs pCa data in isolated, pressurized (60 mm Hg) rat small

766  posterior cerebral arteries taken from Fig. 10 of (29)) are also shown (m); the constriction, as a % of PD
767  was calculated based on a PD of 210 um. The graph also contains the normalized exMLCK FRET ratio
768  curve (e; where 0 = “0” [Ca*"]cyr; 100 = saturating [Ca®*]cyr) from Fig. 1B of (58).

769
770

771

30

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



A

o
O

[ Ctrl (15) B8 TG (14)

n
o
]
p
N
o
S

HH
400+ == i

=
o
i

W
o
<

w

e

200+

Diameter (uM)
Basal tone
(diameter as a % of PD)
)
e

[Caz+]CYT (nM)
O S
o o o
S 9O 9

100+

Y
o
1

o
L
o
L

Basal PD

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



] Basal

A [ +0.3 uM SEA0400
*

w
)
o

Hi
A

N

)

&)
*

=
o
o

[Ca]cyT (NM)

Ctrl(6) TG (5)

O

Tone (% of PD)
N W S

S < <9

H

=
-

ctrl6) TG (5)

o

SA
o =
S £
g
c £
)
o —
o
gcu
58
m<l
-120-
D
A 15+
T O
O
go
S S -
S & 10
T
© O
O =
38 5-
<< T
42
U)tti
> -

TG

*
(5)

(5)
*

(6)

i

Ctrl TG

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.




Quabain-induced

AlCa*" eyt (NM)

120
100-
80+
60+
40+
201

Fig. 4

1 10 pM Ouabain
+0.3 pM SEA0400

N\

#

D

N

Ctrl (6)

TG (5)

B

Ouabain-induced
vasoconstriction (% of PD)
rh
|
|

Ctrl (6)

TG (5)

—
o
[ ]

N\

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



MBP (mm Hg)

A. Chronic sc Ang Il
[ Vehicle

Fig. 5

B. Acute iv Ang Il
[1 30 ng/Kg Il 300 ng/Kg

Bl Ang ll, 400 ng/kg/min sc *

-

NS

£ 3 ¥ %k % % ‘

- =

* ,

T

N
<

N
s

T

AMBP (mm Hg)

KO(6,8) Ctrl(9,8) TG(6,6)

KO(6,6) Ctrl(6,7) TG(7,6)

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.

Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



A B C
300 o
9(.; 0~ 2401
= 2501 S T 20,
- c ~ 160+
(3 i< o
GE) 200- S 20- :{'cc 120~
A 5 O, 801
1501 - Ctrl (9) 2 9 30- < 40+
-+ TG (11) S 0-
(4]
L] L] L] L] L] 1 > ] | | | | | | | | | ] | | | | | | | | |
9 8 7 6 5 -4 9 8 7 6 5 -4 9 -8 7 6 5 -4
[PE] (log M) [PE] (log M) [PE] (log M)

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



Flg. 7 [] Basal W PD
300 nM Prazosin

(6)

KKk
(6)
*k

>

(15)

Diameter (uM)
O 100 200 300 400

Ctrl

o)
(@)

400- . Octie 50
@ TG (6)

300+

200+

*k*%k it

[Ca*"]; (nM)

oA TR

Tone (% of PD)

Basal 300 nM Pra 0 Basal 300 nM Pra

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



>

Diameter (pum)

(@)

[Ca*]; (uM)

450 ¢
400 |
350
300 |
250 #
200
150
100

Hexamethonium
3 mg/kg wi i.v

400
Time (s)

T % T Lt T

600

2.0
15}

]
|
I
" 1
0 200
I
I
1
I
I
I
I
[ I
10+ [
[ I
I

0.5 M ]

‘F\.a.

< Y
o [T e s etieal

20 200 400 600

Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.

Fig. 8
B [ Basal (14)

B +Hexamethonium (8)

50+

N W b
o O O

Tone (% of PD)
[N
o

O
AN
)
S

300+

200+

[Ca2+]CYT (nM)

100+

*k*k

Ctrl

*k*k

| i

Ctrl

_19_

HiH#H

I

TG

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.



Diameter (um)

[] Basal

B +100 nM Ang Il
Bl +100 nM Losartan B
and 100 nM Ang Il

300+ idid

100+

Ctrl(7)

Fig. 9

TG(6) O T o) TG(6)

(@)
o

N
o

Tone (% of PD) €
D
o

*k*%k

Downloaded from www.physiology.org/journal/ajpheart by ${individual Qet&%z&na} H individual UserIrﬁ&ﬁ)G&OlS.lm.OS?:) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



Diameter (um)

Fig. 10

[J Basal (6)
B +100 nM Losartan (6)

(@)

300- 4007 501 *
—
* A 404
T < 3001 0
- c Y—
200 € S 30-
& 200+ S
& o 201
100+ S c
= 100- = 10-
0- 0- 0-
Ctrl TG Ctrl TG Ctrl TG

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



Diameter (uM)

Fig. 11

B C
4501 - Ctrl (6) Q' 50; 0-
4004 TE(10) "\§ 40+ =
< £ -100-
3501 = 301 S
300 8 201 '8 2001
© 10_ —
2501 3 <
S o -300-
9 8 -7 6 -5 -4 9 8 7 6 5 -4 9 8 7 -6 -5 -4
[ACh] (log M) [ACh] (log M) [ACh] (LogM)

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



Diameter (uM)

)
(5. T
2 2

Gt
=
e

250~

Fig. 12

— Ctrl (6) B E
-+ TG (6) 0 Q 50+
= S 404 &
X i 2
e= 100 £ 30
S £ 20-
= 2004 * =
<] t E 10-
-300- S o0-
109 8 -7 6 -5 4 109 87 65 4 9 8 -7 6 -5
[SNP] (log M) [SNP] {log M) [SNP] (log M)

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



Fig. 13

0
o
]

|
|

Normalized FRET ratio "

Ctrl Arteries . R
TG Arteries RS
Wang et al. (2013) o'
Knot & Nelson (1998) 04

D
o
R>d4000

Constriction (% of PD)
or Normalized FRET ratio

N =
o o

Q
.

«

.

®

0"0-8 ' C?O ¥ ¥ ¥ ) ) ]

76 74 72 70 68 66 64 6.2 6.0
pCa (og[Calcy, M)

Downloaded from www.physiology.org/journal/ajpheart by ${ individual User.givenNames} ${individualUser.surname} (163.015.154.053) on November 23, 2018.
Copyright © 2018, American Journal of Physiology-Heart and Circulatory Physiology. All rights reserved.



	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13

