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Abstract 36 

 37 

Systemic blood pressure is determined, in part, by arterial smooth muscle cells (myocytes). Several 38 

Transient Receptor Potential (TRP) channels are proposed to be expressed in arterial myocytes, but it is 39 

unclear if these proteins control physiological blood pressure and contribute to hypertension in vivo. We 40 

generated the first inducible, smooth muscle-specific knockout mice for a TRP channel, namely for 41 

PKD2 (TRPP1), to investigate arterial myocyte and blood pressure regulation by this protein. Using this 42 

model, we show that intravascular pressure and α1-adrenoceptors activate PKD2 channels in arterial 43 

myocytes of different systemic organs.  PKD2 channel activation in arterial myocytes leads to an inward 44 

Na
+
 current, membrane depolarization and vasoconstriction. Inducible, smooth muscle cell-specific 45 

PKD2 knockout lowers both physiological blood pressure and hypertension and prevents pathological 46 

arterial remodeling during hypertension. Thus, arterial myocyte PKD2 controls systemic blood pressure 47 

and targeting this TRP channel reduces high blood pressure. 48 

49 
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Introduction 50 

Systemic blood pressure is controlled by total peripheral resistance, which is determined by the diameter 51 

of small arteries and arterioles. Arterial smooth muscle cell (myocyte) contraction reduces luminal 52 

diameter, leading to an increase in systemic blood pressure, whereas relaxation results in vasodilation 53 

that decreases blood pressure. Membrane potential is a primary determinant of arterial contractility 
1
. 54 

Depolarization activates myocyte voltage-dependent calcium (Ca
2+

) channels (CaV), leading to an 55 

increase in intracellular Ca
2+

 concentration [Ca
2+

]i and vasoconstriction. In contrast, hyperpolarization 56 

reduces [Ca
2+

]i, resulting in vasodilation 
1
. In vitro studies have identified several different types of ion 57 

channel that regulate the membrane potential and contractility of arterial myocytes, but whether many of 58 

these ion channels regulate systemic blood pressure is unclear. Given that hypertension is associated 59 

with altered arterial contractility, myocyte ion channels that contribute to high blood pressure are also 60 

important to determine.  61 

Transient Receptor Potential (TRP) channels constitute a family of ~28 proteins that are 62 

subdivided into 6 different classes, including polycystin (TRPP), canonical (TRPC), vanilloid (TRPV), 63 

ankyrin (TRPA), and melastatin (TRPM) 
2
. Experiments performed using cultured and non-cultured 64 

cells and whole arteries, which contain multiple different cell types, have suggested that approximately 65 

thirteen different TRP channels may be expressed in arterial myocytes, including PKD2 (also termed 66 

TRPP1), TRPC1, TRPC3-6, TRPV1-4, TRPA1, TRPM4 and TRPM8 
2
. In many of these studies, TRP 67 

channel expression was reported in myocytes of vasculature that does not control systemic blood 68 

pressure, including conduit vessels, cerebral arteries, portal vein and pulmonary arteries 
2
. Blood 69 

pressure measurements in constitutive, global TRPC6, TRPM4 and TRPV4 channel knockout mice 70 

produced inconsistent results or generated complex findings that were associated with compensatory 71 

mechanisms 
3-6

. Thus, the contribution of arterial myocyte TRP channels to physiological systemic 72 

blood pressure and pathological changes in blood pressure are unclear. Also uncertain is whether TRP 73 

channel subtypes present in arterial myocytes of different organs are similarly regulated by 74 

physiological stimuli and if such modulation leads to the same functional outcome. 75 

 PKD2 is a six transmembrane domain protein with cytoplasmic N and C termini 
7
. PKD2 is 76 

expressed in myocytes of rat and human cerebral arteries, mouse and human mesenteric arteries and in 77 

porcine whole aorta 
8-10

. RNAi-mediated knockdown of PKD2 inhibited pressure-induced 78 

vasoconstriction (myogenic tone) in cerebral arteries 
10

 
11

. In global, constitutive PKD2
+/-

 mice, an 79 

increase in actin and myosin expression lead to larger phenylephrine-induced contractions in aorta and 80 

mesenteric arteries 
12, 13

. It has also been proposed that arterial myocyte PKD2 channels inhibit 81 
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myogenic tone in mesenteric arteries 
11

. Thus, in vitro studies have generated variable findings regarding 82 

physiological functions of arterial myocyte PKD2 channels. 83 

Here, we generated an inducible, myocyte-specific PKD2 knockout mouse to investigate blood 84 

pressure regulation by this TRP channel. We show that inducible and cell-specific PKD2 channel 85 

knockout in myocytes reduces systemic blood pressure. We demonstrate that intravascular pressure and 86 

α1-adrenoceptor activation activate myocyte PKD2 channels in systemic arteries of different tissues, 87 

leading to an inward sodium current (INa), membrane depolarization and vasoconstriction. We also show 88 

that PKD2 channels are upregulated during hypertension and that myocyte PKD2 knockout causes 89 

vasodilation, attenuates remodeling of the arterial wall and reduces high blood pressure during 90 

hypertension.  In summary, our study indicates that PKD2 channels in systemic artery myocytes control 91 

physiological blood pressure and are upregulated during hypertension, contributing to the blood pressure 92 

elevation. 93 

 94 

 95 

Results 96 

 97 

Generation of tamoxifen-inducible smooth muscle-specific PKD2 knockout mice 98 

Mice with loxP sites flanking exons 11 and 13 (Pkd2
fl/fl

) of the Pkd2 gene were crossed with tamoxifen-99 

inducible Myh11-cre/ERT2 mice, producing a Pkd2
fl/fl

:Myh11-cre/ERT2 line. Genotyping was 100 

performed using a 3-primer (a, b, c) strategy to identify wild-type (in C57BL/6J), floxed and deleted 101 

PKD2 alleles. PCR of genomic DNA from mesenteric and hindlimb arteries of wild-type mice that lack 102 

loxP sites produced a 232 bp transcript (Figure 1 - figure supplement 1). Tamoxifen-treated Pkd2
fl/fl

 103 

mouse arteries and aorta produced a transcript of 318 bp, which arose from primers a and b (Figure 1 -  104 

supplement 1). PCR amplified a 209 bp transcript in vasculature from tamoxifen-treated Pkd2
fl/fl

:Myh11-105 

cre/ERT2 mice due to primers a and c, confirming loss of the primer b annealing site. PCR of 106 

vasculature in Pkd2
fl/fl

:Myh11-cre/ERT2 arteries also produced a faint 318 bp band, suggesting that 107 

PKD2 is expressed in vascular wall cell types other than myocytes where DNA would not undergo 108 

recombination (Figure 1 - figure supplement 1). 109 

 110 

PKD2 transcripts and protein are absent in arterial myocytes of tamoxifen-treated 111 

Pkd2
fl/fl

:Myh11-cre/ERT2 mice 112 

RT-PCR was performed on RNA extracted from arterial myocytes (~500 cells) that had been 113 

individually harvested from mesenteric arteries of tamoxifen-treated Pkd2
fl/fl

 and tamoxifen-treated 114 
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Pkd2
fl/fl

:Myh11-cre/ERT2
 
mice. Arterial myocyte cDNA from both genotypes amplified transcripts for 115 

both actin and myosin heavy chain 11, a smooth muscle-specific marker (Figure 1A). In contrast, 116 

products for PECAM, an endothelial cell marker, and aquaporin 4, an astrocyte marker, were not 117 

amplified, suggesting that the isolated mRNA was from pure smooth muscle (Figure 1A). PKD2 primers 118 

were designed to anneal to a sequence in exons 9/10 (forward) and 13 (reverse), which span the 119 

recombination site (Figure 1A).  Transcripts for PKD2 were amplified by cDNA from arterial myocytes 120 

of Pkd2
fl/fl

 mice, but not arterial myocytes of Pkd2
fl/fl

:Myh11-cre/ERT2
 
mice (Figure 1A).  These data 121 

indicate that tamoxifen induces PKD2 knockout in arterial myocytes of the Pkd2
fl/fl

:smCre
+ 

mice (Figure 122 

1A). 123 

Western blotting was performed to quantify proteins in intact arteries of tamoxifen-injected 124 

Pkd2
fl/fl

:Myh11-cre/ERT2 and tamoxifen-injected Pkd2
fl/fl

 mice. In mesenteric and hindlimb arteries of 125 

Pkd2
fl/fl

:Myh11-cre/ERT2 mice, PKD2 protein was ~25.3% and 32.6%, respectively of that in Pkd2
fl/fl

 126 

controls (Figures 1B, C, figure 1 - figure supplement 2A, B). In contrast, TRPC6, TRPM4, and ANO1 127 

channels and PKD1, which can form a complex with PKD2 
14, 15

, were similar between genotypes 128 

(Figure 1C, figure 1 - figure supplement 2A, B). CaV1.2 protein was similar in mesenteric arteries, but 129 

slightly higher (~25.6 %) in hindlimb arteries of Pkd2
fl/fl

:Myh11-cre/ERT2 mice (Figures 1B, C, figure 1 130 

– figure supplement B). In aorta of Pkd2
fl/fl

:Myh11-cre/ERT2 mice, PKD2 protein was ~46.8 % of that in 131 

Pkd2
fl/fl

, whereas CaV1.2 and PKD1 were similar (Figure 1 – figure supplement 2C and D). Piezo1, 132 

angiotensin II type 1 receptors and GPR68 have been proposed to act as vascular mechanosensors (
16-19

). 133 

Piezo1, angiotensin II type 1 receptors and GPR68 proteins were similar in mesenteric and hindlimb 134 

arteries of Pkd2
fl/fl

 and Pkd2
fl/fl

:Myh11-cre/ERT2 mice (Figure 1 - figure supplement 3).  α-adrenergic 135 

receptor subtypes 1A, 1B and 1D were also measured and all were similar in mesenteric and hindlimb 136 

arteries of Pkd2
fl/fl

 and Pkd2
fl/fl

:Myh11-cre/ERT2 mice (Figure 1 - figure supplement 3). 137 

Immunofluorescence demonstrated that PKD2 protein was present in myocytes of intact arteries 138 

and in isolated myocytes of tamoxifen-treated Pkd2
fl/fl

 control mice, but absent in myocytes of 139 

tamoxifen-treated Pkd2
fl/fl

:Myh11-cre/ERT2 mice (Figures 1D, E). In contrast, PKD2 protein was 140 

present in endothelial cells of both tamoxifen-treated Pkd2
fl/fl

 and Pkd2
fl/fl

:Myh11-cre/ERT2 mouse 141 

arteries (Figure 1D). These data indicate that PKD2 detected in Western blots of tamoxifen-treated 142 

Pkd2
fl/fl

:Myh11-cre/ERT2 mouse arteries is protein present in cell types other than myocytes that would 143 

not be targeted by the smooth muscle-specific Cre. These results indicate that PKD2 is expressed in 144 

myocytes of mesenteric and hindlimb arteries and aorta and that tamoxifen treatment of Pkd2
fl/fl

:Myh11-145 

cre/ERT2 mice selectively abolishes PKD2 expression in myocytes. From this point in the manuscript, 146 
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tamoxifen-treated Pkd2
fl/fl

:Myh11-cre/ERT2 mice will be referred to as Pkd2 smKO, with tamoxifen-147 

treated Pkd2
fl/fl

 mice used as controls in all experiments.  148 

 149 

Pkd2 smKO mice are hypotensive 150 

Telemetry indicated that diastolic and systolic blood pressures were both lower in Pkd2 smKO mice 151 

than in Pkd2
fl/fl

 mice (Figure 2A, 2B). Mean arterial pressure (MAP) was lower in Pkd2 smKO mice 152 

during both day and night cycles, was sustained for days and on average was ~22.5 % lower in Pkd2 153 

smKO mice than in Pkd2
fl/fl

 mice (Figure 2C, figure 2 - figure supplement 1A). Locomotion was similar 154 

between genotypes, indicating that the lower blood pressure in Pkd2 smKO mice was not due to 155 

inactivity (Figure 2 - figure supplement 1B). Echocardiography indicated that cardiac output, fractional 156 

shortening, ejection fraction and heart rate were similar in Pkd2 smKO and Pkd2
fl/fl

 mice (Figure 2D). 157 

Pkd2 smKO kidney glomeruli and tubules were normal and indistinguishable from those of Pkd2
fl/fl

 mice 158 

(Figure 2E). Plasma angiotensin II, aldosterone and ANP and plasma and urine electrolytes were similar 159 

in Pkd2 smKO and Pkd2
fl/fl

 mice (Table 1, p>0.05 for all). These results demonstrate that arterial 160 

myocyte PKD2 channels control systemic blood pressure and that cardiac function and kidney anatomy 161 

and function are similar in Pkd2 smKO and Pkd2
fl/fl

 mice. 162 

 163 

Myocyte PKD2 channels are essential for pressure-induced vasoconstriction in hindlimb arteries 164 

Intravascular pressure stimulates vasoconstriction in small, resistance-size arteries. This myogenic 165 

response is a major regulator of both regional organ blood flow and systemic blood pressure. To 166 

determine whether PKD2 channels contribute to myogenic tone, pressure-induced (20-100 mmHg) 167 

vasoconstriction was measured in first-order gastrocnemius arteries. Intravascular pressures greater than 168 

40 mmHg produced increasing levels of constriction in Pkd2
fl/fl

 arteries, reaching ~20.9 % tone at 100 169 

mmHg (Figures 3A, B). In contrast, pressure-induced vasoconstriction was robustly attenuated in Pkd2 170 

smKO gastrocnemius arteries, which developed only ~5.4 % tone at 100 mmHg or approximately one 171 

quarter of that in Pkd2
fl/fl

 arteries (Figures 3A, B). The passive diameters of Pkd2
fl/fl

 and Pkd2 smKO 172 

gastrocnemius arteries were similar (Figure 3 – figure supplement 1A). Depolarization (60 mM K
+
) 173 

stimulated slightly larger vasoconstriction in Pkd2 smKO than Pkd2
fl/fl

 gastrocnemius arteries (Figure 3 - 174 

figure supplement 1B). These data are consistent with the small increase in CaV1.2 protein measured in 175 

gastrocnemius arteries of Pkd2 smKO mice and indicate that attenuation of the myogenic response is not 176 

due to loss of voltage-dependent Ca
2+

 channel function and that the reduction in systemic blood pressure 177 

may stimulate CaV1.2 expression in hindlimb arteries, but not in mesenteric arteries or aorta (Figure 1C, 178 

figure 1 - figure supplement 2B). 179 
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Sympathetic control of blood pressure occurs in part due to the activation of α1-adrenergic 180 

receptors in arterial myocytes. To investigate the contribution of myocyte PKD2 channels to α1-181 

adrenergic receptor-mediated vasoconstriction, responses to phenylephrine, a selective α1-adrenergic 182 

receptor agonist, were measured. Phenylephrine stimulated similar vasoconstrictions in pressurized 183 

gastrocnemius arteries of Pkd2
fl/fl

 and Pkd2 smKO mice (Figure 3 – figure supplement 1C). To 184 

determine whether this similar response to receptor agonists was specific to α1-adrenergic receptors, 185 

vasoregulation by angiotensin II was measured.  Angiotensin II also stimulated similar vasoconstrictions 186 

in Pkd2
fl/fl

 and Pkd2 smKO mouse gastrocnemius arteries (Figure 3 - figure supplement 1D). To study 187 

vasoregulation in intact skeletal muscle, a perfused hindlimb preparation was used. Stepwise increases 188 

in intravascular flow produced lower pressures in hindlimbs of Pkd2 smKO mice than in those of 189 

Pkd2
fl/fl

 mice (Figures 3C, D). For example, at a flow rate of at 2.5 ml/min the mean pressure in 190 

hindlimbs of Pkd2 smKO mice were ~63.2 % of those in Pkd2
fl/fl

 mice (Figures 3C, D). In contrast, at 191 

constant flow, phenylephrine similarly increased pressure in hindlimbs of Pkd2 smKO and Pkd2
fl/fl

 mice 192 

(Figure 3 - figure supplement 1E). These data suggest that arterial myocyte PKD2 channels are essential 193 

for pressure-induced vasoconstriction, but not phenylephrine- or angiotensin II-induced 194 

vasoconstriction, in hindlimb arteries. 195 

 196 

Pressure-induced membrane depolarization requires myocyte PKD2 channels in hindlimb arteries 197 

To investigate the mechanism(s) by which myocyte PKD2 channels regulate contractility, membrane 198 

potential was measured in pressurized hindlimb arteries using glass microelectrodes. At 10 mmHg, the 199 

mean membrane potential of Pkd2
fl/fl

 and Pkd2 smKO arteries were similar at ~ -59.6 and -58.5 mV, 200 

respectively (Figure 4A, B). Increasing intravascular pressure to 100 mmHg depolarized Pkd2
fl/fl

 arteries 201 

by ~22.5 mV, but did not alter the membrane potential of arteries from Pkd2 smKO
 
mice (Figure 4A, 202 

B). In contrast, phenylephrine depolarized arteries to similar membrane potentials in both genotypes 203 

(Figure 4A, B). These data suggest that pressure activates PKD2 channels in myocytes of hindlimb 204 

arteries, leading to depolarization and vasoconstriction. 205 

 206 

Swelling activates PKD2 channels in hindlimb artery myocytes 207 

The contribution of PKD2 channels to mechanosensitive currents was investigated in hindlimb artery 208 

myocytes. Recent evidence indicates that recombinant PKD2 generates voltage-dependent, outwardly 209 

rectifying currents and is primarily a Na
+
-permeant channel under physiological membrane potentials 210 

and ionic gradients 
7, 20

. Whole cell ICat was recorded using the whole-cell patch-clamp configuration 211 

with symmetrical Na
+
 solutions.  In Pkd2

fl/fl
 myocytes, reducing bath solution osmolarity from 300 to 212 
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250 mOsm caused cell swelling and activated an outwardly rectifying ICat that increased 2.3±0.3- and 213 

3.0±0.7-fold at -100 and +100 mV, respectively (P<0.05, n=5, Figure 4C). Swelling-activated ICat was 214 

inhibited by Gd
3+

, a non-selective cation channel blocker (Figure 4C, D, E). The mean reversal potential 215 

for ICat was similar in isotonic (-0.2±1.3 mV) and hypotonic solutions (0.1±3.8 mV; P>0.05), suggesting 216 

that swelling activated a INa. To test this conclusion experimentally, Na
+
 substitution experiments were 217 

performed. In a hypotonic bath solution, a reduction in bath [Na
+
] from 115 to 40 mM shifted the Erev to 218 

-14.6±0.5 mV in Pkd2
fl/fl

 myocytes (n=5, P<0.05 versus Erev in 250 mOsm) (Figure 4F). When adjusted 219 

for the liquid junction potential caused by the solution change (+6.9 mV), the corrected Erev is -21.5±0.5 220 

mV, which is similar to the calculated ENa (-24.2 mV). Reducing bath Na
+
 also decreased inward current 221 

and increased outward current.  In contrast, swelling did not activate a ICat (P<0.05, n=5), nor did Gd
3+

 222 

alter ICat when applied in hypotonic bath solution, in hindlimb artery myocytes of Pkd2 smKO mice 223 

(Figure 4C, D, E). In further contrast to the differential effects of cell swelling, phenylephrine activated 224 

similar amplitude ICats in hindlimb artery myocytes of Pkd2
fl/fl 

and Pkd2 smKO mice (Figure 4 – figure 225 

supplement 1).  These data indicate that cell swelling activates PKD2 channels, leading to a Na
+
 current 226 

in hindlimb artery myocytes, whereas phenylephrine does not activate PKD2 channels in this cell type. 227 

 228 

Myocyte PKD2 channels contribute to phenylephrine-induced vasoconstriction in mesenteric 229 

arteries 230 

Mesenteric arteries were studied to determine whether myocyte PKD2 channels control contractility in 231 

another arterial bed that is a major regulator of systemic blood pressure. In contrast to the robust 232 

attenuation of myogenic vasoconstriction in gastrocnemius arteries of Pkd2 smKO mice, pressure- and 233 

depolarization-induced vasoconstriction was similar in mesenteric arteries of Pkd2 smKO and Pkd2
fl/fl

 234 

mice (Figure 5A, figure 5 – figure supplement 1B). Myogenic tone was similar regardless of whether 235 

third, fourth, or fifth-order Pkd2 smKO and Pkd2
fl/fl

 mouse mesenteric arteries were studied (Figure 5 - 236 

figure supplement 1A). Passive diameter of mesenteric arteries was not altered by myocyte PKD2 237 

knockout (Figure 3 - figure supplement 1A). The differential contribution of myocyte PKD2 channels to 238 

pressure-induced vasoconstriction in gastrocnemius and mesenteric arteries was not due to size, as 239 

passive diameters of first-order gastrocnemius and third-order mesenteric arteries were similar (Figure 3 240 

supplement 1A). 241 

The splanchnic circulation receives considerable sympathetic innervation. To investigate the 242 

contribution of myocyte PKD2 channels to α1-adrenoceptor-mediated responses, phenylephrine-induced 243 

vasoconstriction was measured. Phenylephrine-induced isometric contractions in mesenteric artery 244 

(first- and second-order) rings of Pkd2 smKO mice were smaller than those in Pkd2
fl/fl

 controls (Figure 245 
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5B, C). For instance, with 1 µM phenylephrine, contractions in Pkd2 smKO arteries were ~15.3 % of 246 

those in Pkd2
fl/fl

 arteries, with maximal phenylephrine-induced contraction ~57.3 % of that in Pkd2
fl/fl

 247 

arteries (Figure 5B, C). The mean concentration of phenylephrine-induced half-maximal contraction 248 

(EC50, µM) was slightly higher in Pkd2 smKO (2.4±0.2) than Pkd2
fl/fl

 (1.1±0.3) arteries (P<0.05, Figure 249 

5B, C). In pressurized (80 mmHg) mesenteric (fourth- and fifth-order) arteries of Pkd2 smKO mice, 250 

phenylephrine-induced vasoconstrictions were between ~50.9 and 64.8 % of those in Pkd2
fl/fl

 controls 251 

(Figure 5D, E). Similar results were obtained with endothelium-denuded mesenteric arteries, indicating 252 

that attenuated vasoconstriction to phenylephrine was due to loss of PKD2 in myocytes (Figure 5 - 253 

figure supplement 1C and D). In contrast to attenuated phenylephrine-mediated vasoconstriction, 254 

angiotensin II-induced constriction was not different between Pkd2
fl/fl

 and Pkd2 smKO mesenteric 255 

arteries (Figure 5 – figure supplement 1E). These data indicate that arterial myocyte PKD2 channels are 256 

activated by distinct vasoconstrictor stimuli in arteries of different tissues, contributing to α1-257 

adrenoceptor-mediated vasoconstriction in mesenteric arteries and essential for the myogenic response 258 

in hindlimb arteries. 259 

 260 

α1-adrenergic receptors stimulate myocyte PKD2 channels, leading to membrane depolarization in 261 

mesenteric arteries 262 

At an intravascular pressure of 10 mmHg, the membrane potential of Pkd2
fl/fl

 and Pkd2 smKO 263 

mesenteric arteries was similar (Figure 6A, B). An increase in pressure to 80 mmHg stimulated a similar 264 

depolarization in mesenteric arteries of Pkd2
fl/fl

 and Pkd2 smKO mice, to ~39.7 and 36.7 mV, 265 

respectively (Figure 6A, B). Phenylephrine application further depolarized Pkd2
fl/fl 

mesenteric arteries 266 

by ~19.9 mV, but did not change the membrane potential of Pkd2 smKO arteries (Figure 6A, B).  267 

To examine phenylephrine-regulation of ICat in isolated mesenteric artery myocytes, the whole-268 

cell patch-clamp configuration was used with symmetrical 140 mM NaCl. In Pkd2
fl/fl

 cells, 269 

phenylephrine activated outwardly rectifying ICat, increasing density ~1.43- and 1.57-fold at -100 mV 270 

and +100 mV, respectively (Figure 6C, D). In the presence of phenylephrine, a reduction in bath [Na]o 271 

from 140 to 40 mM shifted the Erev from 0.5±0.5 to -23.2±1.6 mV in Pkd2
fl/fl

 myocytes (n=5, P<0.05 272 

versus PE/low Na
+
). When corrected for the liquid junction potential (+5.6 mV) caused by the change in 273 

bath [Na]o, this Erev is -28.8±1.6 mV, which is similar to calculated ENa (-32.8 mV) under these 274 

conditions. Reducing bath Na
+
 also reduced inward current and increased outward current. The 275 

subsequent addition of Gd
3+

 reduced current density to ~44.9 and 20.7 % of that in phenylephrine/40 276 

mM Na
+
at -100 and +100 mV, respectively (n=5, P<0.05, Figure 6C). In contrast to effects in Pkd2

fl/fl
 277 

myocytes, phenylephrine did not alter ICat in Pkd2 smKO myocytes (Figure 6C, D). In further contrast to 278 
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the differential effects of phenylephrine, swelling activated similar amplitude ICat in mesenteric artery 279 

myocytes of Pkd2
fl/fl

 and Pkd2 smKO mice (Figure 6 - figure supplement 1).  These data indicate that 280 

phenylephrine activates PKD2 channels, leading to a INa in mesenteric artery myocytes, whereas cell 281 

swelling does not activate PKD2 channels in mesenteric artery myocytes. 282 

 283 

PKD2 channel knockout in arterial myocytes attenuates hypertension 284 

We tested the hypothesis that arterial myocyte PKD2 channels are associated with the increase in blood 285 

pressure during hypertension. Angiotensin II-infusion is a well-established method to produce a stable 286 

elevation in mean arterial pressure. Blood pressure was measured following implantation of 287 

subcutaneous osmotic minipumps that infused angiotensin II or saline in Pkd2 smKO and Pkd2
fl/fl

 mice.  288 

Angiotensin II steadily increased MAP to a plateau of ~155.6 mmHg in Pkd2
fl/fl

 mice and to ~134.6 289 

mmHg in Pkd2 smKO mice (Figure 7A). The angiotensin II-induced increase in MAP (ΔMAP) was 290 

~25.6 % smaller in Pkd2 smKO than Pkd2
fl/fl

 mice (Figure 7A). Saline infusion did not alter blood 291 

pressure in either Pkd2 smKO or Pkd2
fl/fl

 mice. These data indicate that myocyte PKD2 channel 292 

knockout reduces both the absolute systemic blood pressure and the increase in blood pressure during 293 

hypertension.  294 

 295 

Hypertension is associated with an upregulation of both total and surface PKD2 proteins in 296 

systemic arteries 297 

To investigate mechanisms by which arterial myocyte PKD2 channels may be associated with an 298 

increase in blood pressure during hypertension, total and surface proteins were measured in arteries. 299 

PKD2 total protein in mesenteric and hindlimb arteries of angiotensin II-induced hypertensive mice 300 

were ~149.2 and 143.4 %, respectively, of those in normotensive mice (Figures 7B, C). Arterial 301 

biotinylation revealed that surface PKD2 protein in mesenteric and hindlimb arteries of hypertensive 302 

mice were also ~150.3 and 145.9 % of those in controls (Figure 7D, E). In contrast, cellular distribution 303 

of PKD2 was similar in mesenteric and hindlimb arteries of normotensive and hypertensive mice, with 304 

~85 % of protein located in the plasma membrane (Figures 7F). These data indicate that during 305 

hypertension, an increase in total PKD2 protein leads to an increase in the abundance of surface PKD2 306 

channels.  307 

 308 

 309 

 310 
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Myocyte-specific PKD2 channel knockout induces vasodilation and prevents arterial remodeling 311 

during hypertension 312 

To test the hypothesis that the reduction in systemic blood pressure in Pkd2 smKO mice during 313 

hypertension was due to vasodilation, the contractility of pressurized (80 mmHg) mesenteric arteries 314 

was measured using myography. Phenylephrine-induced vasoconstrictions in angiotensin II-treated Pkd2 315 

smKO mouse arteries were between ~67.6 and 71.1 % of those in Pkd2
fl/fl

 arteries (Figure 8A). In 316 

contrast, myogenic tone was similar in arteries of angiotensin II-treated Pkd2 smKO and Pkd2
fl/fl

 mice 317 

(Figure 8B). These results indicate that knockout of arterial myocyte PKD2 channels attenuates 318 

phenylephrine-induced vasoconstriction during hypertension. These data also suggest that hypertension 319 

does not promote the emergence of a mechanism by which PKD2 channels contribute to the myogenic 320 

response in mesenteric arteries. 321 

Hypertension is associated with inward remodeling of vasculature 
21

. To investigate the 322 

involvement of myocyte PKD2 channels in pathological remodeling, arterial sections from angiotensin 323 

II-treated Pkd2 smKO and Pkd2
fl/fl

 mice were imaged and analyzed. In saline-treated Pkd2 smKO and 324 

Pkd2
fl/fl

 mice, the wall-to-lumen ratio of mesenteric arteries was similar (Figures 8C, D). Angiotensin II 325 

infusion increased the artery wall-to-lumen ratio ~2.9-fold in Pkd2
fl/fl

 mice, but only 1.3-fold in Pkd2 326 

smKO mice, or ~89.6 % less (Figures 8C, D).  These data suggest that PKD2 knockout in myocytes 327 

attenuates arterial remodeling during hypertension. 328 

 329 

 330 

Discussion 331 

Previous studies performed in vitro have suggested that arterial myocytes express several different TRP 332 

channels, but in vivo physiological functions of these proteins are unclear. Here, we generated an 333 

inducible, smooth muscle-specific knockout of a TRP channel, PKD2, to investigate blood pressure 334 

regulation by this protein. We show that tamoxifen-induced, smooth muscle-specific PKD2 knockout 335 

dilates resistance-size systemic arteries and reduces blood pressure. Data indicate that heterogeneous 336 

vasoconstrictor stimuli activate PKD2 channels in arterial myocytes of different tissues. PKD2 channel 337 

activation leads to a INa in myocytes, which induces membrane depolarization and vasoconstriction. 338 

Furthermore, we show that hypertension is associated with an increase in plasma membrane-resident 339 

PKD2 channels. PKD2 channel knockout in myocytes of hypertensive mice caused vasodilation, 340 

prevented arterial remodeling and lowered systemic blood pressure.  In summary, using an inducible, 341 

conditional knockout model we show that arterial myocyte PKD2 channels increase physiological 342 
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systemic blood pressure.  We also show that arterial myocyte PKD2 channels are upregulated during 343 

hypertension and genetic knockout reduces high blood pressure. 344 

The regulation of blood pressure by arterial myocyte TRP proteins and involvement in 345 

hypertension are poorly understood 
2
. This lack of knowledge is due to several primary factors. First, it 346 

is unclear which TRP channel family members are expressed and functional in myocytes of resistance-347 

size systemic arteries that control blood pressure. The identification of a TRP channel in blood vessels 348 

that do not regulate systemic blood pressure, such as aorta and cerebral arteries, does not necessarily 349 

indicate that the same protein is present in arteries that do control blood pressure 
2
. Second, TRP channel 350 

expression has often been reported in myocytes that had undergone cell culture or in whole vasculature 351 

that contains many different cell types. These studies create uncertainty as to which TRP proteins are 352 

present specifically in contractile myocytes of resistance-size systemic arteries 
2
. Third, the lack of 353 

specific modulators of individual TRP channel subfamily members has significantly hampered studies 354 

aimed at identifying in vitro and in vivo functions of these proteins. Fourth, TRP channels are expressed 355 

in many different cell types other than arterial myocytes. Blood pressure measurements in global, non-356 

inducible TRP knockout mice generated contrasting results to those anticipated. Myocyte TRPM4 357 

channel activation leads to vasoconstriction in isolated cerebral arteries, but global, constitutive 358 

knockout of TRPM4 elevated blood pressure in mice 
3, 22

. Arterial myocyte TRPC6 channel activation 359 

contributes to myogenic tone in cerebral arteries, but global, constitutive TRPC6 knockout caused 360 

vasoconstriction and elevated blood pressure in mice 
4
. TRPV4 channel activation in arterial myocytes 361 

leads to vasodilation in isolated vessels, but blood pressure in TRPV4
-/-

 mice was the same or lower than 362 

controls 
5, 6

. Alternative approaches, such as the inducible, cell-specific knockout model developed here, 363 

are valuable to advance knowledge of blood pressure regulation by arterial myocyte TRP channels. 364 

Previous studies performed in vitro that investigated vasoregulation by PKD2 channels produced 365 

a variety of different findings. RNAi-mediated knockdown of PKD2 inhibited swelling-activated non-366 

selective cation currents (ICat) in rat cerebral artery myocytes and reduced myogenic tone in pressurized 367 

cerebral arteries 
10

. In contrast, PKD2 siRNA did not alter myogenic tone in mesenteric arteries of wild-368 

type mice, but increased both stretch-activated cation currents and myogenic vasoconstriction in arteries 369 

of constitutive, myocyte PKD1 knockout mice 
11

. From these results, the authors suggested that myocyte 370 

PKD2 channels inhibit mesenteric vasoconstriction 
11

. Global knockout of PKD2 is embryonic-lethal in 371 

mice due to cardiovascular and renal defects, prohibiting study of the loss of protein in all tissues on 372 

vascular function 
23, 24

. In global PKD2
+/-

 mice, an increase in actin and myosin expression lead to larger 373 

phenylephrine-induced contraction in aorta and mesenteric arteries 
12, 13

. Here, using an inducible cell-374 

specific knockout model, we show that swelling, a mechanical stimulus, activates PKD2 currents in 375 
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myocytes of skeletal muscle arteries, whereas phenylephrine activates PKD2 currents in myocytes of 376 

mesenteric arteries. Regardless of the stimulus involved, PKD2 activation leads to a Na
+
 current, 377 

membrane depolarization and vasoconstriction in both artery types. PKD2 appears to be the second TRP 378 

protein to have been described in in arterial myocytes of skeletal muscle arteries, TRPV1 being the other 379 

25
. 380 

 Few studies have measured plasma membrane currents through either recombinant PKD2 381 

channels or PKD2 channels expressed in native cell types. PKD2 channels have been observed at the 382 

cell surface, with evidence suggesting that PKD1 is required for PKD2 translocation, although the 383 

ability of PKD1 to perform this function has been questioned 
7
 
26

. Here, using arterial biotinylation we 384 

show that ~85 % of PKD2 protein is located in the plasma membrane in both mesenteric and hindlimb 385 

arteries, consistent with our previous data in cerebral arteries 
10

. PKD2 ion permeability has also been a 386 

matter of debate. Recombinant PKD2 was initially shown to both conduct Ca
2+

 and to be inhibited by 387 

Ca
2+

 
26, 27

. To increase surface-trafficking of recombinant PKD2, a recent study generated a chimera by 388 

replacing the pore of PKD2-L1, a related channel that readily traffics to the plasma membrane, with the 389 

PKD2 channel pore 
7
. This channel, which contained the PKD2 channel filter, generated outwardly-390 

rectifying whole cell currents and was more selective for Na
+
 and K

+
 than Ca

2+
, with Ca

2+
 only able to 391 

permeate in an inward direction 
7
. We also show that PKD2 channels in hindlimb and mesenteric artery 392 

myocytes are outwardly rectifying and permeant to Na
+
. At physiological arterial potentials of ~-60 to -393 

40 mV, PKD2 channel opening would produce an inward Na
+
 current, leading to myocyte membrane 394 

depolarization and voltage-dependent Ca
2+

 (CaV1.2) channel activation 
28

. The ensuing increase in 395 

intracellular Ca
2+

 concentration would stimulate vasoconstriction and an elevation in blood pressure, as 396 

observed here.  PKD2 channel knockout abolishes the stimulus-induced inward Na
+
 current, attenuating 397 

depolarization and vasoconstriction.  398 

The splanchnic and skeletal muscle circulations account for up to 35 and 80 (during physical 399 

exertion) % of cardiac output, respectively. Changes in arterial contractility within these organs leads to 400 

significant modification of total peripheral resistance and systemic blood pressure. We demonstrate that 401 

myocyte PKD2 channels regulate contractility in both of these physiologically important circulations. 402 

Our data also show that distinct mechanical and chemical stimuli activate PKD2 channels in these 403 

arteries to produce vasoconstriction. Intravasulcar pressure stimulates vasoconstriction in resistance-size 404 

arteries from a wide variety of tissues. Mice lacking α1-adrenergic receptors are hypotensive and have 405 

reduced vasoconstrictor responses to phenylephrine in mesenteric arteries, highlighting the relevance of 406 

this pathway to blood pressure regulation 
29

.  α1-adrenergic receptor activation is reported to stimulate 407 

vasoconstriction through the release of intracellular Ca
2+

 stores and the activation of voltage-dependent 408 



14 

 

 

Ca
2+

 channels and non-selective cation channels (
30-32

). We show that intravascular pressure stimulates 409 

PKD2 channels in myocytes of hindlimb arteries, whereas phenylephrine activates PKD2 channels in 410 

mesenteric artery myocytes. Stimulus-induced PKD2 channel activation in these arteries leads to 411 

vasoconstriction. Surprisingly, we found that myocyte PKD2 channels do not contribute to the myogenic 412 

response in mesenteric arteries or to phenylephrine-induced vasoconstriction in hindlimb arteries. 413 

Angiotensin II-induced vasoconstriction did not require myocyte PKD2 channels in either hindlimb or 414 

mesenteric arteries.  These data indicate that stimuli which activate myocyte PKD2 channels are 415 

vascular bed-specific, strengthening the concept that the regulation and function of a protein is not 416 

homogeneous in the circulation and findings in myocytes of one arterial bed should not simply be 417 

translated to other vasculature.  418 

Arteries of diverse organs are exposed to unique environments, including the range of 419 

intravascular pressures and the types and concentrations of vasoconstrictor and vasodilator stimuli that 420 

regulate contractility. Thus, it would be surprising if the molecular components of intracellular signaling 421 

pathways were identical in arterial myocytes of different organs. It was outside of the central aim of this 422 

study and beyond scope to determine the differential mechanisms by which pressure and adrenergic 423 

receptors activate PKD2 channels in arteries of different organs. Several possibilities exist. Pressure-424 

induced vasoconstriction was described over 100 years ago and yet the mechanosensor, intracellular 425 

signal transduction pathways and the ion channels that produce this physiological response are still 426 

unresolved 
33

. Candidates for the pressure mechanosensor include, one or more proteins that have been 427 

proposed in smooth muscle or non-smooth muscle cell types, proteins that have not yet been discovered, 428 

elements of the cytoskeleton, or ion channels that act alone, in series or in parallel with other proteins 429 

and may be homomultimeric or heteromultimeric proteins. Piezo1, angiotensin II type 1 receptors and 430 

GPR68 have been proposed to act as vascular mechanosensors (
16-19

). Importantly, we show here that 431 

there is not a singular, homogeneous mechanism that mediates the myogenic response in all artery types, 432 

adding additional complexity to this question. It is possible that intravascular pressure mechanosensors 433 

are different in hindlimb and mesenteric artery myocytes. If this is the case, the mechanosensor 434 

protein(s) present in hindlimb artery myocytes activates PKD2 channels, whereas the mechanosensor(s) 435 

in mesenteric artery myocytes does not stimulate PKD2 and vice versa. The intracellular signaling 436 

pathways by which pressure and α1-adrenergic receptors activate PKD2 channels may also not be the 437 

same or may couple differently in myocytes of each artery type. Intracellular pathways that transduce 438 

the pressure signal to activate ion channels are not resolved, although Gq11-coupled phospholipase C 439 

(PLC) activation is one candidate 
34

. α1-adrenergic receptors also activate Gq/11. Thus, if pressure and α1-440 

adrenergic receptors both stimulate Gq11, local or global proximity signaling to PKD2 channels may 441 
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underlie differential signaling in each artery type. When considering the molecular identity of the 442 

channels that are involved, PKD2 can form both homotetramers and heteromultimers with other 443 

channels, including TRPC1 and TRPV4 
26, 35-38

. Whether PKD2 forms homomers or heteromers with 444 

other TRP channels in arterial myocytes is unclear, but differential PKD2 channel tetramerization may 445 

also underlie the distinct activation of these proteins by pressure and α1-adrenergic receptors in hindlimb 446 

and mesenteric arteries. Other channels, including TRPC6, TRPM4 and ANO1 contribute to the 447 

myogenic tone in cerebral arteries, but their relationship to PKD2-mediated responses in mesenteric and 448 

hindlimb arteries is unclear 
39-41

. Conceivably, other ion channels may signal in series to PKD2, with the 449 

proteins involved and the sequence of events differing in mesenteric and hindlimb artery myocytes. 450 

Given the large number of unresolved signaling elements and the possible permutations that would 451 

require study, it was beyond scope to determine the differential mechanisms by which pressure and 452 

adrenergic receptors activate PKD2 channels in arteries of different organs. Future studies should 453 

investigate these possibilities. 454 

Having established that myocyte PKD2 channels regulate arterial contractility and systemic 455 

blood pressure, we investigated whether hypertension is associated with an alteration in PKD2 456 

expression, surface protein and function. Total and surface PKD2 protein were both higher in mesenteric 457 

and hindlimb arteries of hypertensive mice than in normotensive controls, indicating upregulation. 458 

PKD2 protein was primarily located in the plasma membrane in arteries of normotensive and 459 

hypertensive mice demonstrating that the distribution of channels was unchanged.  These data indicate 460 

that hypertension is associated with an increase in the amount of PKD2 protein, which traffics to the 461 

plasma membrane, thereby increasing surface channel number. Myocyte-specific PKD2 knockout 462 

reduced both phenylephrine-induced vasoconstriction and systemic blood pressure and prevented an 463 

increase in wall-to-lumen thickness in hypertensive mice. The angiotensin II-induced elevation in blood 464 

pressure was smaller in Pkd2 smKO mice than in Pkd2
fl/fl

 controls, supporting the concept that a higher 465 

abundance of surface PKD channels in arterial myocytes was associated with vasoconstriction. Our data 466 

demonstrate that myocyte PKD2 channels are upregulated during hypertension and that PKD2 targeting 467 

reduces vasoconstriction, blood pressure and arterial remodeling during hypertension, eliciting multi-468 

modal benefits. 469 

When considering our findings, a discussion of human diseases that are known to be associated 470 

with PKD2 is warranted. Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most 471 

prevalent monogenic human disease worldwide, affecting 1 in 1000 people. ADPKD occurs due to 472 

mutations in either PKD1 or PKD2 proteins 
42

. Currently, more than 275 human variants in PKD2 have 473 

been identified (Autosomal Dominant Polycystic Kidney Disease Mutation Database, Mayo Clinic; 474 



16 

 

 

http://pkdb.pkdcure.org). ADPKD is characterized by the appearance of renal cysts, although a 475 

significant proportion of patients with apparently normal renal function develop hypertension prior to 476 

the development of cysts 
42-44

. Here, we show that myocyte PKD2 knockout reduced systemic blood 477 

pressure, which is in apparent contrast to the blood pressure increase observed in ADPKD patients. 478 

There are several explanations for these differential findings. First, the effects of complete PKD2 479 

abrogation, such as in the knockout studied here, and that of a PKD2 mutation found in an ADPKD 480 

patient, on arterial myocyte function may differ. Second, a global PKD2 mutation in an ADPKD patient 481 

will alter the function of all cell types in which PKD2 is expressed.  Such widespread changes in the 482 

physiology of many different cell types could alter arterial myocyte contractility and blood pressure 483 

through a variety of mechanisms, leading to net vasoconstriction even if myocyte PKD2 function is also 484 

compromised. Third, in ADPKD patients PKD2 mutation is constitutive, whereas here we studied the 485 

effects of PKD2 knockout over a three week period in fully developed adult mice.  A constitutive PKD2 486 

mutation may modify vascular development and may have chronic effects on myocyte signaling that 487 

would not occur in our study. Fourth, the loss of PKD2 function in arterial myocytes of ADPKD patients 488 

may attenuate the blood pressure elevation that occurs due to the loss of PKD2 function in other cell 489 

types. Future studies should be designed to investigate the effects of PKD2 mutations that occur in 490 

ADPKD patients on vascular myocyte function and systemic blood pressure. Our demonstration that 491 

myocyte PKD2 channels regulate blood pressure is a step forward to better understanding the 492 

significance of this myocyte ion channel in cardiovascular physiology and disease. 493 

 In summary, we show that arterial myocyte PKD2 channels are activated by distinct stimuli in 494 

arteries of different tissues, increase systemic blood pressure, are upregulated during hypertension and 495 

genetic knockout in vivo leads to vasodilation and a reduction in both physiological and high blood 496 

pressure. 497 

 498 
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Materials and Methods 508 

 509 

Key Resources 

Table 

    

Reagent type 

(species) or 

resource 

Designation Source or 

reference 

Identifiers Additional 

information 

strain, strain 

background (Mus 

musculus) 

Pkd2
fl/fl

 John Hopkins 

PKD Core 

PMID 20862291 Mice with Pkd2 

gene flanked by 

loxP regions 

strain, strain 

background (M. 

musculus) 

Myh11-cre/ERT2 Jackson 

Laboratories. 

PMID 18084302 

Stock # 019079 

RRID:IMSR_JAX:01907

9 

Mice with 

tamoxifen-

inducible Cre 

recombinase that 

is expressed under 

the smooth 

muscle myosin 

heavy polipeptide 

11 (Myh11) 

promoter. 

strain, strain 

background (M. 

musculus) 

Pkd2
fl/fl

:Myh11-

cre/ERT2 

This paper   Mouse line 

created in-house 

by mating 

Pkd2
fl/fl

 with 

Myh11-

cre/ERT2. Mice 

with inducible 

smooth muscle-

specific deletion 

of PKD2. 

antibody anti PKD2 (rabbit 

polyclonal) 

Baltimore PKD 

Core 

Rabbit mAB 3374 CT-

14/4, 

IF 1:200 dilution 

antibody anti PKD2 (mouse 

monoclonal) 

Santa Cruz Cat. # sc-100415 

RRID:AB_1127284 

WB 1:100 

dilution, IF 1:100 

dilution 
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antibody anti PKD1 (mouse 

monoclonal) 

Santa Cruz Cat. # sc-130554 

RRID:AB_2163355 

WB 1:100 

dilution 

antibody anti CaV1.2 (mouse 

monoclonal) 

UC Davis/NIH 

NeuroMab 

Cat# 73-053. 

RRID:AB_10672290 

WB 1:100 

dilution 

antibody anti ANO1 (rabbit 

monoclonal) 

Abcam Cat. # ab64085 

RRID:AB_1143505 

WB 1:100 

dilution 

antibody anti TRPC6 (rabbit 

polyclonal) 

Abcam Cat. # ab62461 

RRID:AB_956401 

WB 1:1000 

dilution 

antibody anti TRPM4 (rabbit 

polyclonal) 

Abcam Cat. # ab106200 

RRID:AB_10865760 

WB 1:500 

dilution 

antibody anti Actin (mouse 

monoclonal) 

Millipore Sigma Cat. # MAB1501 

RRID:AB_2223041 

WB 1:5000 

dilution 

antibody Alexa 555 

secondary 

antibodies (anti 

rabbit and anti 

mouse) 

Thermofisher Cat. # A-21429 

(RRID:AB_141761) and  

# A-31570 

(RRID:AB_2536180) 

IF 1:400 dilution 

other Nuclear staining 

(DAPI) 

Thermofisher Cat. # 3571 

RRID:AB_2307445 

IF 1:1000 dilution 

commercial assay or 

kit 

EZ-Link Sulfo-

NHS-LC-LC-Biotin 

Thermofisher Cat. # 21338   

commercial assay or 

kit 

EZ-Link 

Maleimide-PEG2-

Biotin 

Thermofisher Cat. # 21901BID   

commercial assay or 

kit 

Mouse Angiotensin 

II ELISA kit 

Elabscience Cat. # E-EL-M2612   

commercial assay or 

kit 

Mouse Atrial 

Natriuretic Peptide 

ELISA kit 

Elabscience Cat. # E-EL-M0166   

commercial assay or 

kit 

Mouse Aldosterone 

ELISA kit 

Mybiosource Cat. # MBS775626   

chemical compound, 

drug 

Angiotensin II Sigma-Aldrich Cat. # A9525   

 510 
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Animals. All procedures were approved by the Animal Care and Use Committee of the University of 511 

Tennessee. Pkd2
fl/fl

 mice with loxP sites flanking exons 11-13 of the Pkd2 gene were obtained from the 512 

John Hopkins PKD Core. Pkd2
fl/fl

 mice were crossed with tamoxifen-inducible smooth muscle-specific 513 

Cre mice (Myh11-cre/ERT2, Jackson Labs, ref. 
36

) to produce Pkd2
fl/fl

:Myh11-cre/ERT2 mice. Male 514 

Pkd2
fl/fl

:Myh11-cre/ERT2 or Pkd2
fl/fl

 mice (6-10 weeks of age) were injected with tamoxifen (1 mg/ml, 515 

i.p.) once per day for 5 days and studied no earlier than 17 days after the last injection. C57BL/6J mice 516 

(12 weeks old) were purchased from Jackson Laboratories. Angiotensin II (1.5 ng/g/min) and saline (0.9 517 

NaCl) were infused in mice using subcutaneous osmotic minipumps (Alzet). 518 

 519 

Tissue preparation and myocyte isolation. Mice were euthanized with isofluorane (1.5 %) followed 520 

by decapitation. First- to fifth-order mesenteric and hindlimb (saphenous, popilital and gastrocnemius) 521 

arteries were removed and placed into ice-cold physiological saline solution (PSS) that contained (in 522 

mM): 112 NaCl, 6 KCl, 24 NaHCO3, 1.8 CaCl2, 1.2 MgSO4, 1.2 KH2PO4 and 10 glucose, gassed with 523 

21% O2, 5% CO2 and 74% N2 to pH 7.4. Arteries were cleaned of adventitial tissue and myocytes 524 

dissociated in isolation solution containing (in mM): 55 NaCl, 80 sodium glutamate, 5.6 KCl, 2 MgCl2, 525 

10 HEPES and 10 glucose (pH 7.4, NaOH) using enzymes, as previously described 
14

.  526 

 527 

Genomic PCR. Genomic DNA was isolated from mesenteric and hindlimb arteries using a Purelink 528 

Genomic DNA kit (ThermoFisher Scientific). Reaction conditions used are outlined in the Baltimore 529 

PKD core center genotyping protocol 530 

(http://baltimorepkdcenter.org/mouse/PCR%20Protocol%20for%20Genotyping%20PKD2KO%20and%531 

20PKD2%5Eneo.pdf).  Genotyping was performed using a 3-primer strategy, with primers a (5’-532 

CCTTTCCTCTGGTTCTGGGGAG), b (5’-GTTGATGCTTAGCAGATGATGGC) and c (5’-533 

CTGACAGGCACCTACAGAACAGTG) used to identify floxed and deleted alleles. 534 

 535 

RT-PCR. Fresh, dissociated mesenteric artery myocytes were manually collected using an enlarged 536 

patch pipette under a microscope. Total RNA was extracted from ~500 myocytes using the Absolutely 537 

RNA Nanoprep kit (Agilent Technologies, Santa Clara, CA, USA). First-strand cDNA was synthesized 538 

from 1–5 ng RNA using SuperScript IV (Invitrogen, Life Technologies). PCR was performed on first-539 

strand cDNA using the following conditions: an initial denaturation at 94°C for 2 min, followed by 40 540 

cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 1 min. 541 

PCR products were separated on 2 % agarose–TEA gels. Primers were used to amplify transcripts of 542 

PKD2, aquaporin 4, myosin heavy chain 11, platelet-endothelial cell adhesion molecule 1 (PECAM-1) 543 
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and actin (Supplementary file 1). The PKD2 forward primer spanned the junction of exons 9 and 10 and 544 

the reverse primer annealed to exon 13. 545 

 546 

Western blotting. Proteins were separated on 7.5% SDS-polyacrylamide gels and blotted onto PVDF 547 

membranes. Membranes were blocked with 5% milk and incubated with the following primary 548 

antibodies: CaV1.2 (Neuromab), PKD1 and PKD2 (Santa Cruz, sc-100415), ANO1, TRPC6 and TRPM4 549 

(Abcam) and actin (MilliporeSigma) overnight at 4°C. Membranes were washed and incubated with 550 

horseradish peroxidase-conjugated secondary antibodies at room temperature. Protein bands were 551 

imaged using an Amersham Imager 600 gel imaging system (GE Healthcare) and quantified using 552 

ImageJ software. 553 

 554 

En-face arterial immunofluorescence. Arteries were cut longitudinally and fixed with 4 % 555 

paraformaldehyde in PBS for 1 h. Following a wash in PBS, arteries were permeabilized with 0.2 % 556 

Triton X-100, blocked with 5 % goat serum and incubated overnight with PKD2 primary antibody 557 

(Rabbit mAB 3374 CT-14/4: Baltimore PKD Center) at 4 ºC. Arteries were then incubated with Alexa 558 

Fluor 555 rabbit anti-mouse secondary antibody (1:400; Molecular Probes) and 4’,6-diamidino-2-559 

phenylindole, dihydrochloride (DAPI) (1:1000; Thermo Scientific) for 1 hr at room temperature. 560 

Segments were washed with PBS, oriented on slides with the endothelial layer downwards and mounted 561 

in 80 % glycerol solution. DAPI and Alexa 555 were excited at 350 nm and 555 nm with emission 562 

collected at ≤437 nm and ≥555 nm, respectively. 563 

 564 

Isolated arterial myocyte immunofluorescence. Myocytes were plated onto poly-L-lysine-coated 565 

coverslips, fixed with 3.7 % paraformaldehyde in PBS and permeabilized with 0.1 % Triton X-100. 566 

After blocking with 5 % BSA, cells were incubated with mouse monoclonal anti-PKD2 antibody (Santa 567 

Cruz) overnight at 4 °C. Slides were then washed and incubated with Alexa Fluor 555 rabbit anti-mouse 568 

secondary antibody (Molecular Probes). Secondary antibodies were washed and coverslips mounted 569 

onto slides. Images were acquired using a Zeiss 710 (Carl Zeiss) laser-scanning confocal microscope 570 

and 40x and 63x oil immersion objectives.  571 

 572 

 573 

Kidney histology. Kidney sections were stained with H&E and examined by Probetex, Inc (San 574 

Antonio, Texas). Briefly, tubules, glomeruli and vasculature were examined for frequency or 575 

homogeneity of pathologic abnormalities. These included characteristics of hypercellularity, 576 
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hypocellularity, necrosis, apoptosis, matrix accumulation, inflammation, fibrosis and protein droplets. 577 

The size and thickness of the cortex, medulla, papilla, glomeruli, tubules and vasculature were also 578 

examined. 579 

 580 

Telemetric blood pressure measurements. Radiotelemetric transmitters (PA-C10, Data Sciences 581 

International) were implanted subcutaneously into anesthetized mice, with the sensing electrode placed 582 

in the aorta via the left carotid artery. Seven days later blood pressures were measured using a PhysioTel 583 

Digital telemetry platform (Data Sciences International). Dataquest A.R.T. software was used to acquire 584 

and analyze data. 585 

 586 

Echocardiography. Mice were anesthetized with isofluorane. Ultrasound gel was placed on a hairless 587 

area of the chest before and echocardiography performed using a Visual Sonics Vevo 2100 system. 588 

Anesthetic depth, heart rate and body temperature were monitored throughout the procedure.  589 

 590 

Arterial histology. Arteries were fixed with paraformaldehyde and embedded in paraffin. 5 µm thick 591 

sections were cut using a microtome and mounted on slides. Sections were de-paraffinized, blocked in 592 

BSA and incubated with H&E. Images were acquired using a transmitted light microscope (Nikon 593 

Optiphot-2) and measurements made using Stereo Investigator software (MicrobrightField, Inc.). Wall-594 

to-lumen ratios were calculated as wall thickness/lumen diameter, where the wall (tunica media) 595 

thickness and lumen diameter of each section was the averages of four and two equidistant 596 

measurements, respectively. 597 

Blood and urine analysis. Retro-orbital blood was drawn from isofluorane-anesthetized mice using a 598 

Microvette Capilliary Blood Collection System (Kent Scientific Corporation). Plasma was extracted and 599 

angiotensin II (Elabscience), aldosterone (Mybiosource) and atrial natriuretic peptide (Elabscience) 600 

concentrations measured using commercially available ELISA kits and an EL800 plate reader (BioTeK). 601 

Mice were housed in individual metabolic cages for 72 hours and urine collected for the final 24 hours. 602 

Plasma and urine electrolyte concentrations were measured using the MMPC Core at Yale University.  603 

 604 

Pressurized artery myography. Experiments were performed using isolated mouse third-, fourth and 605 

fifth-order mesenteric arteries and first-order gastrocnemius arteries using PSS gassed with 21% O2/5% 606 

CO2/74% N2 (pH 7.4). Arterial segments 1-2 mm in length were cannulated at each end in a perfusion 607 

chamber (Living Systems Instrumentation) continuously perfused with PSS and maintained at 37°C. 608 

Intravascular pressure was altered using an attached reservoir and monitored using a pressure transducer. 609 
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Luminal flow was absent during experiments. Arterial diameter was measured at 1 Hz using a CCD 610 

camera attached to a Nikon TS100-F microscope and the automatic edge-detection function of 611 

IonWizard software (Ionoptix). Myogenic tone was calculated as: 100 x (1-Dactive/Dpassive) where Dactive is 612 

active arterial diameter, and Dpassive is the diameter determined in the presence of Ca
2+

-free PSS 613 

supplemented with 5 mM EGTA).  614 

 615 

Perfused hindlimb pressure measurements. Isolated hindlimbs were inserted into a chamber 616 

containing gassed PSS (21% O2/5% CO2/74% N2) that was placed on a heating pad to maintain 617 

temperature at 37 °C. The femoral artery was cannulated with a similar diameter glass pipette and 618 

perfused with gassed PSS at 37°C using a peristaltic pump. Perfusion pressure was measured using a 619 

pressure transducer connected to the inflow. The flow rate was increased stepwise from 0 to 2.5 mL/min 620 

in 0.25 mL/min steps to generate a response curve. Values were corrected by subtracting the pressure 621 

produced by the pipette alone at each flow rate. Prior to measuring responses to phenylephrine, flow rate 622 

was adjusted to maintain a constant perfusion pressure of 80 mmHg. Data were recorded and analyzed 623 

using IonWizard software (Ionoptix). 624 

 625 

Wire myography. Mesenteric artery segments (1st and 2nd order, 2 mm in length) were mounted on 626 

tungsten wires in a multi-channel myography system (Danish Myo Technology). Chambers contained 627 

PSS that was continuously gassed with 21% O2/5% CO2/74% N2 (pH 7.4). Arterial rings were subjected 628 

to a resting tension of 10 mN and allowed to equilibrate prior to experimentation. Responses were 629 

measured to increasing concentrations of phenylephrine or 60 mM K
+
. Data were acquired and analyzed 630 

using LabChart software (ADInstruments). 631 

 632 

Pressurized artery membrane potential measurements. Membrane potential was measured by 633 

inserting sharp glass microelectrodes (50–90 mΩ) filled with 3 M KCl into the adventitial side of 634 

pressurized mesenteric or hindlimb arteries. Membrane potential was recorded using a WPI FD223a 635 

amplifier and digitized using a MiniDigi 1A USB interface, pClamp 9.2 software (Axon Instruments) 636 

and a personal computer. Criteria for successful intracellular impalements were: (1) a sharp negative 637 

deflection in potential on insertion; (2) stable voltage for at least 1 minute after entry; (3) a sharp 638 

positive voltage deflection on exit from the recorded cell and (4) a <10% change in tip resistance after 639 

the impalement. 640 

 641 
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Patch-clamp electrophysiology. Isolated arterial myocytes were allowed to adhere to a glass coverslip 642 

in a recording chamber. The conventional whole-cell configuration was used to measure non-selective 643 

cation currents (Icat) by applying voltage ramps (0.13 mV/ms) between -100 mV and +100 mV from a 644 

holding potential of -40 mV. For cell swelling experiments, the pipette solution contained (in mM): Na
+
 645 

aspartate 115, mannitol 50, HEPES 10, glucose 10, EGTA 1, NaGTP 0.2, with free Mg
2+

 and Ca
2+

 of 1 646 

mM and 200 nM, respectively (pH 7.2, NaOH). Isotonic (300 mOsm) bath solution contained (in mM): 647 

Na
+
 aspartate 115, mannitol 50, glucose 10, HEPES 10, CaCl2 2, MgCl2 1 (pH 7.4, NaOH). Hypotonic 648 

(250 mOsm) bath solution was the same formulation as isotonic bath solution with the exclusion of 649 

mannitol (pH 7.4, NaOH). For experiments that measured ICat regulation by phenylephrine, the bath 650 

solution contained (in mM): 140 NaCl, 10 glucose, 10 HEPES, 1 MgCl2, and pH was adjusted to 7.4 651 

with NaOH. Pipette solution contained: 140 NaCl, 10 HEPES, 10 Glucose, 5 EGTA, 1 MgATP, 0.2 652 

NaGTP, and pH was adjusted to 7.2 with NaOH. Total MgCl2 and total CaCl2 were adjusted to give free 653 

Mg
2+

 concentrations of 1 mM and free Ca
2+

 of 200 nM. Free Mg
2+

 and Ca
2+

 were calculated using 654 

WebmaxC Standard (http://www.stanford.edu/~cpatton/webmaxcS.htm). Na
+
 concentration was reduced 655 

in bath solutions through equimolar replacement with N-methyl-D-glucamine.  Liquid junction 656 

potentials that occurred due to a reduction in bath Na
+
 concentration were measured experimentally and 657 

used to correct reversal potential values measured in myocytes during voltage-clamp experiments.  658 

Briefly, liquid junction potentials were determined by measuring the immediate shift in voltage that 659 

occurred in a patch-clamp pipette containing pipette solution when bath solution containing normal Na
+
 660 

concentration was replaced with one containing low Na
+
. Currents were recorded using an Axopatch 661 

200B amplifier and Clampex 10.4 (Molecular Devices), digitized at 5 kHz and filtered at 1 kHz.  Offline 662 

analysis was performed using Clampfit 10.4. 663 

 664 

Arterial biotinylation. Procedures used were similar to those previously described 
15

. Briefly, arteries 665 

were biotinylated with EZ-Link Sulfo-NHS-LC-LC-Biotin and EZ-Link Maleimide-PEG2-Biotin. 666 

Unbound biotin was quenched with glycine-PBS, washed with PBS and then homogenized in 667 

radioimmunoprecipitation assay (RIPA) buffer. Protein concentration was normalized and biotinylated 668 

surface protein was captured by incubating cell lysates with avidin beads (Pierce) at 4°C. Proteins 669 

present in biotinylated and non-biotinylated samples were identified using Western blotting. 670 

 671 

Statistical analysis. OriginLab and GraphPad InStat software were used for statistical analyses. Values 672 

are expressed as mean ± SEM. Student t-test was used for comparing paired and unpaired data from two 673 

populations and ANOVA with Student-Newman-Keuls post hoc test used for multiple group 674 

http://www.stanford.edu/~cpatton/webmaxcS.htm
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comparisons. P<0.05 was considered significant. Power analysis was performed to verify that the sample 675 

size gave a value of >0.8 if P was >0.05. 676 

 677 
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 Pkd2
fl/fl

 Pkd2 smKO 

Plasma hormones (pg/ml)   

Angiotensin II 202.5±17.2 (n=16) 204.7±12.1 (n=15) 

Aldosterone 341.0±18.2 (n=16) 365.6±14.0 (n=10) 

ANP 107.2±9.4 (n=18) 118.3±12.3 (n=18) 

Plasma electrolytes (mM)   

Na
+
 142.3±1.0 (n=7) 152.0±5.5 (n=6) 

K
+
 6.4±0.4 (n=7) 6.8±0.3 (n=6) 

Cl
-
 78.8±0.7 (n=7) 84.1±4.3 (n=6) 

Urine electrolytes (mM)   

Na
+
 136.9±9.3 (n=15) 147.0±16.2 (n=15) 

K
+
 563.2±30.2 (n=15) 548.6±37.6 (n=15) 

Cl
-
 455.4±24.7 (n=15) 479.1±42.0 (n=15) 

 803 

Table 1. Plasma hormones and plasma and urine electrolytes. 804 

  805 



29 

 

 

Legend 806 

 807 

Supplementary file 1. Primers used for RT PCR. The PKD2 forward primer recognizes nucleotides in 808 

exon 9 and 10 and the reverse primer was aligned with a sequence in exon 13. 809 

 810 
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Figure 1: Activation of Cre recombinase abolishes PKD2 in arterial myocytes of Pkd2fl/fl:myh11- 

cre/ERT2 mice.  A. RT-PCR showing the absence of PKD2 transcript in isolated myocytes from  

tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice. B: Western blots illustrating the effect of  

tamoxifen-treatment in Pkd2fl/fl and Pkd2fl/fl:myh11-cre/ERT2 mice on PKD2, CaV1.2L (full-length  

CaV1.2) and CaV1.2S (short CaV1.2) proteins in mesenteric and hindlimb arteries. C: Mean data for  

proteins in mesenteric arteries of tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice when compared  

to those in tamoxifen-treated Pkd2fl/fl mice. n=4-7. * indicates p<0.05 versus Pkd2fl/fl. D: En-face  

immunofluorescence imaging illustrating that PKD2 protein (red, Alexa Fluor 555) is abolished in  

myocytes of mesenteric and hindlimb arteries in tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice  

(representative of 6 mesenteric and 6 hindlimb arteries). In contrast, PKD2 protein in endothelial  

cells is unaltered. Nuclear staining (DAPI) is also shown. Scale bars = 20 µm.  E: Confocal and DIC  

images illustrating that PKD2 protein (Alexa Fluor 555) is abolished in isolated mesenteric artery  

myocytes of tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice (representative data from 5 Pkd2fl/fl  

and 5 Pkd2fl/fl:myh11-cre/ERT2 mice). Scale bars = 10 µm.  
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Figure 1 – figure supplement 1 Genotyping of mouse lines. Ethidium bromide gel illustrating PCR 

products in vasculature of C57BL/6J (WT) mice and tamoxifen-treated Pkd2fl/fl and Pkd2fl/fl:myh11-

cre/ERT2 mice. 
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Figure 1 – figure supplement 2: PKD2 protein is lower in aorta and mesenteric and hindlimb  

arteries from tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice. A: Western blots illustrating  

PKD2 protein was lower in mesenteric arteries of tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice,  

whereas other proteins were similar. B: Mean data for proteins in hindlimb arteries of Pkd2 smKO  

mice (n=4-6). C: Western blots of proteins in aorta. Cav1.2L, full-length Cav1.2; Cav1.2S, short  

Cav1.2. D: Mean data from aorta (n=4). * indicates p<0.05 versus Pkd2fl/fl.  
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Figure 1 – figure supplement 3: Several proteins that regulate arterial contractility are  

unchanged in tamoxifen-treated Pkd2fl/fl:myh11-cre/ERT2 mice. A: Western blots illustrating  

Angiotensin II type 1 receptor (AT1R), Piezo1, α1-adrenergic receptor A (α1A), α1-adrenergic  

receptor B (α1B), α1-adrenergic receptor D (α1D) and G protein-coupled receptor 68 (GPR68) protein  

levels in mesenteric and hindlimb arteries of Pkd2fl/fl and Pkd2fl/fl:myh11-cre/ERT2 mice. B: Mean  

data from mesenteric and hindlimb arteries (n=4 per group).  
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Figure 2: Pkd2 smKO mice are hypotensive with normal cardiac function and renal histology. 

A: Original telemetric blood pressure recordings from Pkd2 smKO and Pkd2fl/fl mice. B: Mean 

systolic and diastolic blood pressures in Pkd2fl/fl (n=11) and Pkd2 smKO (n=12) mice. * indicates 

p<0.05 versus Pkd2fl/fl. C: Mean arterial blood pressures (MAP) in Pkd2fl/fl (n=11) and Pkd2 smKO 

(n=12) mice during day and night (gray) cycles. ZT: Zeitgeber Time. * indicates p<0.05 versus 

Pkd2fl/fl for all data points. D: Mean echocardiography data. Cardiac output (CO), fractional 

shortening (FS), ejection fraction (EF) and heart rate (HR). (Pkd2fl/fl, n=5; Pkd2 smKO mice, n=4). 

E: Representative images of H&E stained kidney cortex used for histological assessment (n=3 mice 

used for for each group). 
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Figure 2 - figure supplement 1: Lower blood pressure is sustained in Pkd2 smKO mice. A:  

Mean arterial blood pressure (MAP) in Pkd2 smKO and Pkd2fl/fl mice (n=6 per group). * indicates  

P<0.05 versus Pkd2fl/fl. B: Mean data of locomotor activity, n=6 per group.  



A

 

 
 

 

Time (min)

Ve
ss

el
 d

ia
m

et
er

 (µ
m

)
160

180

140

220

200

Pressure (m
m

H
g)

100

80

60

40

20

20 40 60 800
0

100 120

Pkd2fl/fl

Pkd2 smKO240

 

 

*
**

Pressure (mm Hg)

M
yo

ge
ni

c 
To

ne
 (%

) 20

10

0
40 6020 80 100

5

15

B

 

 

Time (min)

Pr
es

su
re

 (m
m

H
g)

100

50

1.5

1

0.5

0
0

2

10 20 30 40
0

150 Flow
 rate (m

L/m
in)

2.5
C

 

 

Pr
es

su
re

 (m
m

H
g)

1 1.50.5 2 2.5
0

0

Flow rate (ml/min)

*

120

40

80

D

Pkd2 smKO

Pkd2 smKO

Pkd2 smKO
Pkd2fl/fl

Pkd2fl/fl

Pkd2fl/fl

Figure 3: Pressure-induced vasoconstriction is attenuated in Pkd2 smKO mouse hindlimb  

arteries. A: Representative traces illustrating diameter responses to intravascular pressure in  

gastrocnemius arteries of Pkd2fl/fl and Pkd2 smKO mice. B: Mean data for myogenic tone in  

gastrocnemius arteries (Pkd2fl/fl, n=5; Pkd2 smKO, n=6). * indicates P<0.05 versus Pkd2fl/fl. C:  

Representative traces illustrating hindlimb perfusion pressure in response to increasing flow. D:  

Mean data for hindlimb perfusion pressure (Pkd2fl/fl, n=6; Pkd2 smKO, n=4). * indicates P<0.05  

versus Pkd2fl/fl.  
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swelling-activated Na+ currents in hindlimb artery myocytes. A: Representative traces of 2 
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µM. Scale bars: Y= 10 mV, X=20 s. B: Mean data for membrane potential recordings in pressurized 5 
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mmHg+PE, n=13 and Pkd2 smKO: 10 mmHg, n=11; 100 mmHg, n=10; 100 mmHg+PE, n=14). * 7 

indicates p<0.05 versus 10 mmHg in Pkd2fl/fl. # indicates p<0.05 versus 100 mmHg in the same 8 

genotype. C: Representative ICats recorded between -100 and +100 mV in isotonic (300 mOsm), 9 

hypotonic (250 mOsm) and hypotonic bath solution with Gd3+ (100 µM) in the same Pkd2fl/fl and 10 

Pkd2 smKO mouse hindlimb artery myocytes. D: Representative I-V relationships of Gd+3 -sensitive 11 
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for Gd3+-sensitive ICats recorded in hypotonic solution in Pkd2fl/fl and Pkd2 smKO myocytes (n=5 for 13 
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Figure 7: Angiotensin II-induced hypertension is attenuated in Pkd2 smKO mice. A: Telemetric 

blood pressure time course showing the development of angiotensin II-induced hypertension in 

Pkd2fl/fl (n=6) and Pkd2 smKO mice (n=9). Osmotic minipumps containing either saline or 

angiotensin II were implanted one day prior to day 0. * indicates p<0.05 versus Pkd2fl/fl in the same 

condition. B: Western blots illustrating total PKD2 protein in mesenteric and hindlimb arteries of 

saline- and angiotensin II-treated control mice. C: Mean total PKD2 protein in mesenteric and 

hindlimb arteries of angiotensin II-treated mice compared to saline control (n=8 for each group). * 

indicates p<0.05 versus saline in the same arterial preparation. D: Western blots showing surface and 

intracellular PKD2 protein in arteries of saline- and angiotensin II-treated mice. E: Mean surface 

PKD2 protein in mesenteric and hindlimb arteries of angiotensin II-treated mice compared to saline 
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Figure 8: Arterial myocyte PKD2 knockout attenuates vasoconstriction and arterial wall 

remodeling during hypertension. A: Mean phenylephrine-induced vasoconstriction in pressurized 

(80 mmHg) mesenteric arteries from angiotensin II-treated mice (Pkd2fl/fl, n=7-8; Pkd2 smKO, n=8). 
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