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Pkd2ⴙ/ⴚ Vascular Smooth Muscles Develop Exaggerated
Vasocontraction in Response to Phenylephrine Stimulation
Qi Qian,*† Larry W. Hunter,† Hui Du,* Qun Ren,* Young Han,† and Gary C. Sieck†
*Division of Nephrology and Hypertension, †Department of Physiology and Biomedical Engineering, Mayo Clinic
College of Medicine, Rochester, Minnesota
Vascular complications are the leading cause of morbidity and mortality in autosomal dominant polycystic kidney disease.
Although evidence suggests an abnormal vascular reactivity, contractile function in Pkd mutant vessels has not been studied
previously. Contractile response to phenylephrine (PE; 10ⴚ10 to 10ⴚ4M), an ␣1-adrenergic receptor agonist, was examined.
De-endothelialized Pkd2⫹/⫺ aortic rings generated a higher maximum force (Fmax) than that in wild-type (wt; 5.78 ⴞ 0.73 versus
2.69 ⴞ 0.43 mN; P < 0.001) and a significant left shift in PE dosage-response curve. On simultaneous recordings, Pkd2⫹/⫺ aortic
helical strips also responded to PE with a greater Fmax but a lesser [Ca2ⴙ]i rise, resulting in a greatly enhanced ⌬force/⌬Ca2ⴙ
ratio than that in wt. At Fmax, a higher elevation in the phosphorylated regulatory myosin light chain was observed in Pkd2⫹/⫺
strips. Ca2ⴙ-dependent calmodulin/myosin light-chain kinase–mediated contraction was examined by direct Ca2ⴙ (pCa8-5)
stimulation to ␤-escin permeabilized aortic strips; the pCa-force curve in Pkd2⫹/⫺ strips was not shifted, thereby indicating
that PE induced dosage-response alteration that resulted from Ca2ⴙ-independent mechanisms. Quantitative analyses of
contractile proteins demonstrated elevated expressions in smooth muscle ␣-actin and myosin heavy chain in Pkd2⫹/⫺ arteries,
changes that likely contribute to the higher Fmax. Similar to those in aortas, de-endothelialized Pkd2⫹/⫺ resistance (fourthorder mesenteric) arteries responded to PE with a stronger contraction but a lesser [Ca2ⴙ]i rise than in wt. Taken together, the
arterial vasculature in Pkd2⫹/⫺ mice exhibits an exaggerated contractile response and increased sensitivity to PE. An enhanced
Ca2ⴙ-independent force generation and elevated contractile protein expression likely contribute to these abnormalities.
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A

utosomal dominant polycystic kidney disease (ADPKD) is caused by mutations to the PKD1 or PKD2
gene. The leading cause of morbidity and mortality in
ADPKD is vascular disease, the latter comprising hypertension,
intracranial aneurysms/aneurysmal rupture, thoracic aortic
dissection, renal vasoconstriction, and intracranial arterial vasospasm (1–5). Mice with targeted Pkd mutations likewise exhibit significant vascular abnormalities. Pkd1⫺/⫺ or Pkd2⫺/⫺
mutation causes lethal cardiac defects and vascular hemorrhages (6,7). Pkd1⫹/⫺ mutation or a reduced expression of polycystin-1 (the gene product of Pkd1) is associated with hypertension (8) and dissecting aortic aneurysms (9). Pkd2⫹/⫺ mutation
is associated with a reduced tolerance to hemodynamic stress
and a shorter life expectancy independent of renal dysfunction
(10,11). These observations demonstrate that PKD (human)/Pkd
(mice) mutations predispose to assorted derangements in the
vasculature, including a propensity to a heightened vasocontraction.
Vasocontraction is generated via cyclic interactions/movements between the thick and thin contractile filaments, which
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are composed of smooth muscle myosin heavy chain (SM
MHC; the molecular motor) and SM ␣-actin, respectively, in
vascular smooth muscle cells (VSMC). The key regulation to
vasocontraction lies in the phosphorylation of the regulatory
myosin light chain (MLC20). When phosphorylated, MLC20
(bound noncovalently to SM MHC) changes the structural conformation of SM MHC and permits its binding to ATP and
␣-actin, leading to actomyosin cross-bridge formation and actin-activated ATPase activation (by approximately 700-fold).
The ensuing ATP hydrolysis releases energy to generate power
stroke (force). MLC20 phosphorylation triggers a cascade of
events that ultimately convert chemical energy to mechanical
contraction (12).
The net level of phosphorylated MLC20 is determined by the
activity ratio of MLC20 kinase to phosphatase. The activities of
the kinases/phosphatase can be modulated in a Ca2⫹-dependent or Ca2⫹-independent manner. MLC20 kinases include
Ca2⫹/calmodulin (CaM)-dependent myosin light-chain kinase
(MLCK) or Ca2⫹-independent ILK and ZIPK (13,14), whereas
MLC20 phosphatase (SMPP-1M) is Ca2⫹ independent (15). A
number of well-studied vasocontractive stimulators, including
phenylephrine (PE; a ␣1-adrenergic receptor [␣1-AR] agonist),
raises cellular phosphorylated MLC20 via both Ca2⫹/CaM-dependent MLCK activation and Ca2⫹-independent SMPP-1M
inhibition (16).
Although observations suggest that an abnormal vasocontraction is associated with PKD/Pkd mutations, direct evidence
is lacking. In this study, the contractile responses of Pkd2⫹/⫺
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arteries were examined. De-endothelialized Pkd2⫹/⫺ conduit
(thoracic) arteries were found to develop an exaggerated vasocontraction in response to PE stimulation and a left shift in PE
dosage-response curve with a significantly reduced PE EC50.
Heightened levels of Ca2⫹-independent force generation and
SM contractile protein expression seem to contribute to these
abnormalities. Similarly, de-endothelialized Pkd2⫹/⫺ resistance
(fourth-order mesenteric) arteries responded to PE with an
elevated vasocontraction but a diminished rise in the [Ca2⫹]i.

Materials and Methods
Animal Genotyping, BP Measurement, and Vessel
Preparation
The generation and genotyping of Pkd2⫹/⫺ mice were as reported
previously (17). All animal experiments, approved by the Institutional
Animal Care and Use Committee, were conducted using congenic male
3- to 5-mo-old wild-type (wt) and Pkd2⫹/⫺ littermates. Systolic BP was
measured at the same time of day, with previous 3-d training, using the
tail-cuff technique. The average reading from 10 measurements per
mouse was taken for analysis. For vessel preparation, an approximately
15-mm portion of descending thoracic aorta was removed from killed
mice and placed in chilled Krebs-Ringer Solution (K-R) that contained
(in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 25
NaHCO3, and 10 glucose (pH 7.4) and was aerated with 5% CO2 in
oxygen. The adventitia was excised and endothelium was removed by
insertion of a dissecting pin through the lumen and gentle rolling of the
vessel on a filter paper that was submerged in K-R. The aortas then
were cut into rings or helical strips.

Isometric Force Measurements
Aortic ring (2 mm) was mounted into an organ bath (Radnoti Glass
Technology, Monrovia, CA) via two stainless steel wires between a
stationary rod and a calibrated force transducer (FT-03D; Grass Instruments, Quincy, MA). Aortic helical strip was mounted into a 0.1-ml
quart cuvette of a Guth Scientific Instrument Muscle Research System
via two microforceps, between a force transducer and micromanipulator (described in detail previously [18,19]). The aortic rings were given
1 g of passive tension, and strips were stretched to 150% of their resting
length (the optimal tension and length, respectively, determined by
preliminary experiments) while superfused (3 to 4 ml/min) with K-R
for the rings and HBSS (pH 7.4) for the strips at 37°C, aerated with 5%
CO2 in oxygen. The preparations were maintained at their optimal
tension/length throughout the experiments. Endothelium denudation
was verified by lacking acetylcholine-induced (10⫺5 M) relaxation in PE
(5 ⫻ 10⫺6 M) contracted vessel preparations. The isometric force for
both preparations was recorded using Labview 5.0 (National Instruments, Austin, TX).

␤-Escin Permeabilization

The aortic strips (1.5 ⫻ 5.0 mm) were mounted to the Guth System.
After a contractile response to KCl (90 mM) was recording, the strips
were permeabilized with ␤-escin (2 ⫻ 10⫺7 M) in pCa9 solution (⫻30
min) as described by us previously (19). ␤-Escin creates pores in the
plasma membrane, permitting Ca2⫹ to diffuse freely across. After permeabilization, ␤-escin was removed by superfusing in pCa9. After
being treated with Ca2⫹ ionophore A23187 (10⫺6 M; ⫻20 min), the
strips were stimulated with caffeine (10⫺3 M) to deplete the sarcoplasmic reticulum (SR) Ca2⫹, verified by lack of contraction to repeated
caffeine (10⫺3 M) stimulation (20). The strips then were superfused with
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pCa9 that contained CaM (10⫺6 M, ⫻20 min) and stimulated with
incremental concentrations of Ca2⫹ (10⫺8 to 10⫺5 M).

Simultaneous Ca2⫹ and Force Measurement in Intact Aortic
Helical Strips
Aortic strips (1.0 ⫻ 3.0 mm) were mounted on the Guth System,
loaded with 5 M fura 2-AM/0.1% pluronic F-127 in HBSS (⫻3 h) at
their optimal length, superfused in HBSS (37°C, ⫻20 min) to remove
extracellular fura 2-AM, and stimulated with PE (5 ⫻ 10⫺6 M). PE,
rather than angiotensin II or vasopressin or thromboxane agonist, was
used throughout the study because PE seemed to generate responses
with less inter- or intraexperimental variation. The size of the strips was
determined on the basis of our preliminary studies that demonstrated
an optimal fura 2-AM loading and emission capturing. The fluorescence emission at 510 nm, with 340 and 380 nm excitations by a
mercury lamp, was collected by a photomultiplier tube. The emission
ratio (R340/380) and force (in mV) were recorded simultaneously. At
the end of each experiment, the background fluorescence, the emission
at 510 nm with excitation at 360 nm (the isobestic point for fura 2
fluorescence) after the strips were treated with ionomycin (4.0 ⫻ 10⫺6
M ⫻ 20 min) followed by MnCl2 (2.0 ⫻ 10⫺3 M ⫻ 20 min), was
subtracted from the measured emissions. Mn2⫹ rapidly binds to and
quenches fura 2 fluorescence, allowing the determination of background fluorescence (21).

Total and Phosphorylated MLC20 Measurement

Aortic helical strips, with or without PE (5.0 ⫻ 10⫺6 M) stimulation
according to the same protocol as the force measurement, were flashfrozen in dry ice– cooled acetone that contained 10% (wt/vol) trichloroacetic acid and 10 mM dithiothreitol (DTT). The strips then were
thawed to room temperature, washed in acetone that contained 10 mM
DTT, and air-dried. The dry weight of the strips was 168 to 252 g.
MLC20 was extracted at room temperature (⫻1 h) in buffer that contained 10 mM DTT, 8 M urea, 20 mM Tris base (pH 8.8), and 22 mM
glycine, as described previously (22). The ratio of added extraction
buffer (l) to sample weight (g) was 1:2 (vol/wt). Half of the total
extraction from each sample was divided further and subjected to
SDS-PAGE in 10% Bis-Tris gel (Dinitrogen, Carlsbad, CA). MLC20 was
detected by hybridization of electrotransferred nitrocellulose membrane with a polyclonal MLC20 antibody. This method does not separate phosphorylated from nonphosphorylated MLC20 and thus detects
the total MLC20. The other half, also evenly divided, was subjected to
urea-glycerol gel electrophoresis to separate phosphorylated MLC20
(22). The proteins then were electrotransferred, detected by immunoblottings, and quantified by densitometry using a 300-dpi digital scanner.

PE Stimulation in Pressurized Mesenteric Arteries
The mesenteries from killed mice were removed en block into chilled
K-R solution. A 3-mm segment of fourth-order mesenteric artery was
dissected and cannulated at both ends in a pressure arteriograph and
mounted onto the stage of an inverted microscope (TE300; Nikon,
Melville, NY). The endothelium was removed by infusion of 0.5 ml of
air through the artery. The intraluminal pressure was elevated gradually to 60 mmHg using a servo-controlled pressure system (Living
Systems Instrumentation, Burlington, VT). The pressurized arteries
then were loaded with 5 M fura 2-AM (⫻1 h) followed by superfusion
with K-R (37°C) that was aerated with 5% CO2 in oxygen (⫻30 min) to
remove extracellular fura 2-AM. The arteries then were stimulated with
PE (10⫺10 to 10⫺4 M). The fluorescence emission at 510 nm (R340/380)
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and the changes of the arterial external diameter, monitored by a video
microscopy (IonOptix, Milton, MA), were recorded simultaneously.

Protein Fractionation and Quantitative Western Analysis
Total SM homogenates from the media of aortas were separated by
SDS-PAGE, as described previously (23,24). Briefly, SM homogenates (150
ng of protein from each sample) were obtained by grinding, sonicating,
and boiling in a sample buffer that contained (in M) 8 urea, 2 thiourea, 0.05
Tris (pH 6.8), 0.7 2␤-mercaptoethanol, and 3% SDS and were separated
electrophoretically in a 5 to 8% polyacrylamide gradient gel (20 ⫻ 40 cm,
pH 8.8). The SM MHC were identified by silver staining that showed
dominant bands of approximately 200 kD (SM1 and SM2 isoforms as two
closely positioned bands) and confirmed by protein sequencing (25)
(Mayo Proteomic Research Center). SM ␣-actin was detected by hybridization of the electrotransferred nitrocellulose membrane with monoclonal
SM ␣-actin antibody (Sigma, St. Louis, MO) (11). The relative expression of
SM MHC and ␣-actin was quantified by densitometry.

␣-Actin Immunostaining
Paraffin-embedded aortic sections were deparaffinized in xylene
(⫻12 min), hydrated in ethanol, rinsed in TBS, and blocked in a universal blocking solution (Dako Cytomation, Carpinteria, CA). The sections were stained with SM ␣-actin antibody or mouse isotype IgG as
negative control in antibody diluents at room temperature overnight.
The sections then were rinsed in TBS, treated in Envision⫹(mouse),
rinsed again in TBS and deionized water, stained with hematoxylin,
dehydrated in ethanol, and mounted for visualization.

3

Statistical Analyses
All values are expressed as means ⫾ SEM. Comparisons between
wt and Pkd2⫹/⫺ arteries were performed using t test or two-way
ANOVA with Bonferroni post hoc analysis. P ⬍ 0.05 was considered
significant.

Results

Pkd2⫹/⫺ Mice Show No Evidence of BP Elevation

Systemic BP was measured in 12 wt and 16 Pkd2⫹/⫺ male
littermates, age within 3 to 5 mo, using the tail-cuff method. No
significant difference was found (wt 114.5 ⫾ 4.04 versus Pkd2⫹/⫺
119.33 ⫾ 4.47 mmHg; P ⫽ 0.43).

Pkd2⫹/⫺ Aortic Rings Develop an Exaggerated
Vasocontraction to PE Stimulation and a Left Shift in the
PE Dosage-Response Curve
For determination of the agonist-induced vasocontraction,
de-endothelialized rings, isolated from the thoracic aortas of
male wt and Pkd2⫹/⫺ littermates, were stimulated with incremental concentrations of PE, and PE-induced isometric forces
were recorded. Figure 1A shows a representative dosage-response trace of a Pkd2⫹/⫺ aortic ring. Figure 1B depicts the
PE-stimulated isometric contraction; Pkd2⫹/⫺ rings responded
to PE with a higher maximum force (Fmax; 5.78 ⫾ 0.73 mN) than
that of wt (2.69 ⫾ 0.43 mN; P⬍ 0.001) studied in parallel.
Furthermore, the PE dosage-response curve of Pkd2⫹/⫺ rings

Figure 1. Pkd2⫹/⫺ have an elevated maximum force (Fmax; in mN) and a left shift of phenylephrine (PE) dosage-response curve.
(A) Representative trace of PE stimulation and corresponding isometric force generation in a Pkd2⫹/⫺ aortic ring. ⫹Escalating
concentration of PE (10⫺10 to 10⫺4 M). Y axis denotes force in volts (V). (B) Isometric contraction generated by incremental
concentrations of PE stimulation in wt (n ⫽ 8, 6 mice) and Pkd2⫹/⫺ (n ⫽ 10, 5 mice) aortic rings. Contraction is plotted as a
function of PE concentration (⫺log M). The PE dosage-force curves from wild-type (wt) and Pkd2⫹/⫺ rings were compared using
two-way ANOVA. Pkd2⫹/⫺ rings generated a higher force than that of wt (P ⬍ 0.001). (C) The data from B were plotted to show
the percentage contraction as a function of PE concentration (⫺log M). The curve from Pkd2⫹/⫺ rings shifted to the left of that from
wt rings. PE EC50 is lower in Pkd2⫹/⫺ than that in wt rings.
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shifted to the left (Figure 1C) and PE EC50 was reduced (60.9 ⫾
6.2 versus 30.4 ⫾ 5.5 nM; P ⬍ 0.001), indicating an increased
sensitivity to PE stimulation.

Pkd2⫹/⫺ Aortic SM Strips Generate a Higher Level of
Force for a Given Change of [Ca2⫹]i Responding to PE
Stimulation
To determine the Fmax for a given level of [Ca2⫹]i, we examined PE-stimulated changes in force and [Ca2⫹]i simultaneously. Using a custom-built Guth system, aortic strips were
stretched passively to their optimal length and loaded with fura
2-AM. The changes in isometric force and [Ca2⫹]i to PE stimulation (1.0 ⫻ 10⫺5 M) were recorded in real time. As did the
aortic rings, Pkd2⫹/⫺ aortic strips developed a higher force
(4.31 ⫾ 0.89 versus 2.2 ⫾ 0.62 mN; P ⫽ 0.038; Figure 2, B and C,
representative traces in black). However, the rise in [Ca2⫹]i was
diminished markedly (0.047 ⫾ 0.002 versus 0.012 ⫾ 0.003; P ⫽
0.016; Figure 2, B and C, traces in red), resulting a higher
⌬force/⌬ [Ca2⫹]i ratio than that in wt (P ⬍ 0.001; Figure 2A).
Therefore, in response to PE stimulation, Pkd2⫹/⫺ aortic SM are
able to generate a higher force at a given rise of [Ca2⫹]i.

Pkd2⫹/⫺ Aortic SM Strips Generate a Higher Level of
Phosphorylated MLC20 Responding to PE Stimulation
Because of its key role in force generation, the levels of
MLC20, total and phosphorylated, were examined. As shown in
Figure 3A, at baseline (time 0), wt and Pkd2⫹/⫺ aortic SM
showed similar percentage levels of phosphorylated MLC20.
Under maximal PE (1.0 ⫻ 10⫺5 M) stimulation (⫻3 min, sufficient time for the strips to reach Fmax on the basis of our
observation), Pkd2⫹/⫺ SM generated a higher level of phosphorylated MLC20 than those in wt (75.75 ⫾ 5.52 versus 56.58 ⫾
3.33%; P ⬍ 0.01). Furthermore, the total level of MLC20, quantified by densitometric analyses of the Western blots hybridized
with polyclonal MLC20 antibody, was elevated significantly in
Pkd2⫹/⫺ than in wt aortic SM (82.75 ⫾ 2.94 ⫻ 103 versus 73 ⫾
2.09 ⫻ 103; P ⫽ 0.03). The representative blots of the total and
phosphorylated MLC20 are shown in Figure 3B.

Pkd2⫹/⫺ and wt Aortic SM Have a Similar pCa Percentage
Force Relationship
We reasoned that an elevated vasocontraction with a diminished rise in [Ca2⫹]i in Pkd2⫹/⫺ arteries might result from a
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heightened sensitivity of CaM/MLCK/force generation to
Ca2⫹, which would shift the pCa-force curve (15,26 –28). To
study the pCa2⫹–force relationship, de-endothelialized aortic
helical strips were permeabilized with ␤-escin using an established protocol (29) and stimulated with Ca2⫹ (pCa8-5). ␤-Escin
was chosen because it permeabilizes the plasma membrane
more completely in this full-thickness preparation than ␣ toxin
(Q.Q., preliminary observations). Because contractile proteins
and MLCK are not detergent extractable, ␤-escin permeabilization ensures a synchronized exposure of contractile proteins to
known concentrations of Ca2⫹ without compromising contraction. Forces were elicited at pCa 6.7 to 5.0; Fmax was reached at
pCa approximately 5.5 for both wt and Pkd2⫹/⫺ strips. The
pCa-force curves were superimposable (Figure 4A), indicating
that similar levels of CaM/MLCK activity were elicited at given
concentrations of Ca2⫹. Therefore, compared with that in wt,
the Ca2⫹-dependent CaM/MLCK pathway in Pkd2⫹/⫺ aortic
SM was not more sensitive to Ca2⫹.
Although the pCa-force curves were nearly identical, a significant difference in the absolute Fmax was detected. Pkd2⫹/⫺
strips developed a higher Fmax (0.624 ⫾ 0.06 mN) than that in
wt (0.456 ⫾ 0.07 mN; P ⬍ 0.01; Figure 4B). A higher Fmax
without a shift of pCa-force curve suggests that the difference
in Fmax could be distal to Ca2⫹/CaM/MLCK and might be
related to a different level of contractile protein expression in
wt and Pkd2⫹/⫺ arteries.
It should be noted that the Fmax that was elicited from this
group of experiments cannot be compared numerically with the
Fmax from the aortic ring studies. This is because the orientations of VSMC are not the same between the two preparations;
neither were the stimulants: The permeabilized strips were
stimulated by Ca2⫹, whereas the rings were evaluated by PE.

Pkd2⫹/⫺ Aortas Contain Elevated Levels of Contractile
Proteins
Previously, in the course of quantifying polycystin-2 (the
protein product of Pkd2), we noted that SM ␣-actin tended to be
higher in Pkd2⫹/⫺ VSMC (11). This previous finding plus the
finding of a higher Ca2⫹-induced Fmax suggests an altered level
of contractile protein expression in Pkd2⫹/⫺ VSMC. As shown
in Figure 5A, quantitative Western analyses of aortic SM homogenates that were isolated from five pairs of littermates

Figure 2. (A) PE induced a much larger ⌬force/⌬Ca2⫹ ratio in Pkd2⫹/⫺ aortic strips (n ⫽ 7, 6 mice) than in wt (n ⫽ 7, 5 mice). (B
and C) Representative traces of simultaneously recorded [Ca2⫹]i (red) and force (black) changes in response to PE (5 ⫻ 10⫺6 M)
stimulation in wt (B) and Pkd2⫹/⫺ (C) strips.
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Figure 3. (A) The percentage of phosphorylated MLC20 is expressed as the density of mono- and diphosphorylated MLC20 bands
divided by the density of the total MLC20 bands. At time 0, wt and Pkd2⫹/⫺ showed a similar percentage level of MLC20
phosphorylation. With 3 min of PE (5 ⫻ 10⫺6 M) stimulation, Pkd2⫹/⫺ strips generated a higher percentage level of phosphorylated
MLC20 (n ⫽ 4 wt and four Pkd2⫹/⫺ mice, at each time point). (B) Representative immunoblots from quantitative Western analyses
showing the total MLC20 (top) detected by a polyclonal MLC20 antibody (FL-172, sc-15370) and phosphorylated MLC20 (middle)
separated by 8 M urea-glycerol gel and detected by a antiphosphoserine antibody (Chemicon AB1603), and the blot (from the
middle) was stripped and reprobed with anti-Thr18 and Ser19 phosphorylated MLC20 (Santa Cruz sc-12896; bottom). Pkd2⫹/⫺
strip showed a higher level of phosphorylated MLC20 after PE stimulation.

Figure 4. (A) pCa-force curves in wt (n ⫽ 5, 5 mice) and Pkd2⫹/⫺ (n ⫽ 6, 6 mice) strips plotted to show the percentage contraction
as a function of Ca2⫹ concentration (pCa in ⫺log M). (B) The same data presented as the contraction in mN as a function of pCa.
*P ⬍ 0.01, significant difference in Fmax between the wt and Pkd2⫹/⫺ strips.
showed that Pkd2⫹/⫺ SM expressed a higher level of SM ␣-actin
(61.89 ⫾ 7.69 ⫻ 103 versus 46.34 ⫾ 4.68 ⫻ 103; P ⫽ 0.01). This
finding was verified by direct SM ␣-actin immunostaining of
the cross-sections of aortas. Although much less quantitative,
the staining of three pairs of aortas from wt and Pkd2⫹/⫺
littermates showed the same trend. Representative pictures are
shown in Figure 5, C and D. Total MHC expression was quantified by electrophoretic separation of aortic SM homogenates,
which generated prominent bands that could be visualized by
silver stain (150 ng of protein loading) at approximately 200
and 42 kD, consistent with SM MHC and ␣-actin (23,24,30). The
protein sequence–verified MHC (SM1 and SM2 isoforms) on a
silver-stained SDS-PAGE gel are shown (Figure 5B). Pkd2⫹/⫺
SM contained a higher level of total SM MHC (4.61 ⫾ 0.16 ⫻
103) than that in wt (3.98 ⫾ 0.18 ⫻ 103; P ⫽ 0.037).

of changes in isotonic vasocontraction and [Ca2⫹]i (Figure 6A).
Fourth-order de-endothelialized mesenteric arteries (external
diameter of 200 to 240 m) from male wt or Pkd2⫹/⫺ littermates
were mounted, pressurized (60 mmHg), loaded with fura
2-AM, and stimulated with PE. Figure 6B shows representative
traces of the simultaneously recorded changes in the external
arterial diameter (representing isotonic contraction) and corresponding increases in [Ca2⫹]i in a wt mesenteric artery. At each
PE concentration, the maximal change in [Ca2⫹]i and a sustained change in diameter were used for analysis. As shown in
Figure 7B, Pkd2⫹/⫺ arteries elevated [Ca2⫹]i by approximately
half of that in wt. Despite the difference in [Ca2⫹]i, Pkd2⫹/⫺
mesenteric arteries, as did aortas, generated a higher level of
contraction than that in wt (P ⬍ 0.001; Figure 7A).

Pkd2⫹/⫺ Resistance Arteries Develop an Exaggerated PEInduced Vasocontraction with a Diminished Rise in [Ca2⫹]i

Discussion

To examine the contractile response in resistance arteries, we
built a minivessel system that allowed simultaneous recording

The exaggerated vasocontraction in Pkd2⫹/⫺ arteries that was
induced by PE is reminiscent of arterial vasospasms that were
observed in ADPKD (4,5). The absence of hypertension in mice
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Figure 5. (A) Representative quantitative Western blot (left) and densitometric analysis (right) of smooth muscle (SM) ␣-actin,
showing Pkd2⫹/⫺ vascular SM have a reduced polycystin-2 (PC2) expression and an elevated SM ␣-actin (␣-ACT) expression (n ⫽
5; P ⬍ 0.01 versus wt). Calreticulin (RET) shows equal protein loading. (B left) Representative silver-stained gels showing the
electrophoretically separated myosin heavy chain (MHC) isoforms (SM1 and SM2). (Right) Densitometric analysis of SM MHC
quantification showing an elevated SM MHC expression in Pkd2⫹/⫺ SM (n ⫽ 7; P ⫽ 0.03 versus wt). (C and D) Representative
immunostaining of SM ␣-actin in wt (C) and Pkd2⫹/⫺ (D) aortas. Inserts show enlarged pictures of the same sections.

with which the vasocontractile function was studied eliminates
possible confounding factors in force generation, including alterations in SM internal load and stiffness (12,31,32). However,
our previous observations of reduced SR Ca2⫹ store and basal
[Ca2⫹]i in Pkd2⫹/⫺ VSMC would not have predicted these
results. This dilemma was addressed by concomitant examination of the PE-induced vasocontraction and the change in
[Ca2⫹]i. We found (Figure 2) that Pkd2⫹/⫺ aortic strips developed a higher force associated with a higher level of phosphorylated MLC20 (Figure 3) yet a diminished rise in [Ca2⫹]i. These
observations thus confirm the results from PE-stimulated aortic
ring preparations (Figure 1) and our previous finding of [Ca2⫹]i
derangements in single Pkd2⫹/⫺ VSMC (11).
PE selectively activates ␣1-AR, G␣q/11 protein– coupled receptors (G␣q/11PCR). ␣1-AR activation induces MLC20 phosphorylation and vasocontraction by activating Ca2⫹-dependent
MLCK and Ca2⫹-independent PKC and Rho/ROK kinases,
which, in turn, inhibit MLC20 de-phosphorylation (26,28,33).
We considered two possibilities for the exaggerated PE-induced vasocontraction in Pkd2⫹/⫺ arteries. The first possibility
is that CaM/MLCK in Pkd2⫹/⫺ VSMC are abnormally sensitive

to [Ca2⫹]I and thereby capable of being fully activated at a
lower level of [Ca2⫹]i. The second possibility is that CaM/
MLCK activity is unaltered but rather the Ca2⫹-independent
signaling functions at a higher level. If the former is correct,
then a left shift of the pCa-force curve in Pkd2⫹/⫺ vessels to that
in wt would be observed. If the pCa–force relationship is unaltered, then hyperfunction of the Ca2⫹-independent mechanisms likely would exist and account for the observed abnormalities.
These possibilities were dissected by separating the Ca2⫹stimulated effect from the ␣1-AR–mediated signaling. ␤-Escin
permeabilized aortic strips were stimulated by Ca2⫹ alone. As
shown in Figure 4A, when ␣1-AR was unstimulated, Ca2⫹ did
not shift the pCa-force curve in Pkd2⫹/⫺ strips, indicating that
CaM/MLCK in both types of arteries displayed a similar sensitivity to Ca2⫹. The left shift of the PE dosage-response curve
and elevated ⌬force/⌬[Ca2⫹]i in Pkd2⫹/⫺ strips likely resulted
from a heightened, ␣1-AR–mediated Ca2⫹-independent signaling.
Although the absolute levels vary, a similar pattern of force/
[Ca2⫹]i abnormalities was elicited by PE stimulation in Pkd2⫹/⫺
resistance (fourth-order mesenteric) arteries (Figure 7). The dif-
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Figure 6. (A) Minivessel system. Top left shows two ends of the fourth-order mesenteric arteries connected to glass cannulas in an
arteriograph positioned on an inverted microscope (bottom left). Top right shows the change in the external diameters of
mesenteric arteries before and after PE stimulation. (B) Representative traces of the changes in the external diameter of the artery
(top) and corresponding changes in [Ca2⫹]i (bottom) with PE stimulation.

Figure 7. (A) The change in percentage of external diameter of the mesenteric arteries, representing the isotonic vasocontractions,
is plotted as a function of PE concentration (⫺log M). The pressurized Pkd2⫹/⫺ arteries (n ⫽ 6, 6 mice) developed a higher level
of contraction that in wt arteries (n ⫽ 5, 5 mice) arteries (P ⬍ 0.001) (B) Simultaneously recorded changes in fura 2 fluorescence
emission, representing the changes in the [Ca2⫹]i, is plotted as a function of PE concentration (⫺log M), showing that Pkd2⫹/⫺
arteries had a lesser [Ca2⫹]i elevation (P ⬍ 0.001). *Significant difference between the two data sets.

ference in the magnitude of force alteration between Pkd2⫹/⫺
aortic and mesenteric arteries was not unexpected, because
agonist-induced force is an integrated output of multiple determinants (31,34). In a given genotype, determinants vary
between conduit and resistance arteries, including the shape
and geometry of VSMC, the number of focal attachments
(dense plaque and dense bands), the ␣1-AR densities (34), the
dynamic cytoskeleton rearrangement during force generation
(31), and the amount of contractile proteins (32). Therefore,
PE-induced force may not be altered to the same degree. However, a similar pattern of contractile abnormality in both arterial
beds suggests a common underlying mechanism(s) and suggests an overall functional abnormality in Pkd2⫹/⫺ arteries.
Exactly how this aberrant vasocontractile response to PE

might relate to Pkd mutation is beyond the scope of our data.
Nevertheless, the consensus on the functions of polycystins
offers the following possibilities. Polycystin-1 constitutively activates GPCR, including ␣q-coupled receptors (35); polycystin-2
inhibits polycystin-1–mediated GPCR signaling (36). It is
tempting to speculate that a reduced polycystin-2 in Pkd2⫹/⫺
VSMC (11) might limit the polycystin-2–mediated inhibition,
thereby heightening the GPCR signaling. Alternatively, the
Ca2⫹ derangements as a result of Pkd2⫹/⫺ mutation (also observed in ADPKD renal cells [37,38]), might alter the receptor
desensitization because PE stimulation–induced ␣1-AR desensitization/internalization is a Ca2⫹-dependent process (39,40).
Although our data are consistent with these possibilities, other
yet-to-be-identified mechanisms cannot be excluded.
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The elevated contractile protein expression in Pkd2⫹/⫺ VSMC
is a novel finding that merits further investigation. We speculate that such elevated expression may be linked to the [Ca2⫹]i
dysregulation. Reduction in [Ca2⫹]i can promote actin polymerization by interfering with the function of Ca2⫹-sensitive
actin-capping/severing proteins (41– 43); excess actin polymerization increases the release of myocardin (an SM transcription
factor) from globular actins. Myocardin promotes the expression of a number of SM proteins, including SM ␣-actin and
MHC (44). Given the [Ca2⫹]i dysregulation that was observed
in Pkd2⫹/⫺ VSMC, it is possible that the altered contractile
protein expression may be linked to an altered [Ca2⫹]i homeostasis.
In addition to the [Ca2⫹]i dysregulation, quiescent Pkd2⫹/⫺
VSMC show approximately two-fold elevation in cAMP (45).
cAMP is known (in some cellular systems) to decrease SR Ca2⫹
release (46) and Rho/ROK-mediated SMPP-1M inhibition (47).
Therefore, in unstressed conditions, cAMP and [Ca2⫹]i dysregulation are expected to restrain contraction in Pkd2⫹/⫺
VSMC. In this regard, impaired visceral SM function that was
observed in Pkd2 mutant drosophila (although cAMP level was
not given) could be relevant (48). In our study, however, such
considerations likely are overwhelmed by the dominant ␣1-AR
signaling that was provoked by acute PE stimulation.

4.

5.

6.

7.

8.

9.

10.

Conclusion

We demonstrate that Pkd2⫹/⫺ arterial SM exhibit an increased sensitivity and exaggerated contraction to ␣1-AR agonist stimulation as a result, in part, of significant elevations in
agonist-mediated, Ca2⫹-independent force generation and SM
contractile protein expression. These defects may underlie the
recognized predisposition to assorted vascular diseases that are
associated with Pkd mutation.
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