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ORIGINAL ARTICLE

Dynein Coordinates β2-Adrenoceptor-Mediated 
Relaxation in Normotensive and Hypertensive Rat 
Mesenteric Arteries
Jennifer van der Horst, Salomé Rognant , Ylva Hellsten , Christian Aalkjær, Thomas A. Jepps

BACKGROUND: The voltage-gated potassium channel (Kv)7.4 and Kv7.5 channels contribute to the β-adrenoceptor-mediated 
vasodilatation. In arteries from hypertensive rodents, the Kv7.4 channel is downregulated and function attenuated, which 
contributes to the reduced β-adrenoceptor-mediated vasodilatation observed in these arteries. Recently, we showed that 
disruption of the microtubule network, with colchicine, or inhibition of the microtubule motor protein, dynein, with ciliobrevin 
D, enhanced the membrane abundance and function of Kv7.4 channels in rat mesenteric arteries. This study aimed to 
determine whether these pharmacological compounds can improve Kv7.4 function in third-order mesenteric arteries from the 
spontaneously hypertensive rat, thereby restoring the β-adrenoceptor-mediated vasodilatation.

METHODS AND RESULTS: Using both wire myography and intravital microscopy, we show that ciliobrevin D enhanced the β-
adrenoceptor-mediated vasodilatation by isoprenaline. This effect was inhibited partially by the Kv7 channel blocker 
linopirdine and was dependent on an increased functional contribution of the β2-adrenoceptor to the isoprenaline-mediated 
relaxation. In mesenteric arteries from the spontaneously hypertensive rat, ciliobrevin D and colchicine both improved the 
isoprenaline-mediated vasorelaxation and relaxation to the Kv7.2–7.5 activator, ML213. Immunostaining of isolated vascular 
smooth muscle cells, confirmed ciliobrevin D enhanced the membrane abundance of Kv7.4. As well as an increase in the 
function of Kv7.4, the functional changes were associated with an increase in the contribution of β2-adrenoceptor following 
isoprenaline treatment. Immunostaining experiments showed ciliobrevin D prevented isoprenaline-mediated internalization 
of the β2-adrenoceptor.

CONCLUSIONS: Overall, these data show that colchicine and ciliobrevin D can induce a β2-adrenoceptor-mediated vasodilatation 
in arteries from the spontaneously hypertensive rat as well as reinstating Kv7.4 channel function. (Hypertension. 
2022;79:00–00. DOI: 10.1161/HYPERTENSIONAHA.122.19351.) • Supplemental Material

Key Words: colchicine ◼ dyneins ◼ mesenteric arteries ◼ microtubules ◼ muscle cells

The microtubule network forms part of the cell 
cytoskeleton that regulates a variety of cellular 
functions, including intracellular transport. The 

microtubule network has recently come to the fore-
front of trafficking research with implications in several 
diseases, including Huntington disease,1,2 Parkinson 
disease,3 and heart failure.4–6

The sympathetic nervous system controls vascular 
function through the activation of adrenoceptors, with 
noradrenaline activating α-adrenoceptors, predominantly, 

to cause a vasoconstriction. β-Adrenoceptors, primarily 
of the β1 subtype, in the vascular smooth muscle cells 
contribute to vascular relaxation, thereby opposing and 
dampening the vasoconstriction elicited by increased 
sympathetic nerve activity.7–10

Recently, our laboratory found that disruption of 
microtubules (with colchicine) enhanced the physiologi-
cally important β-adrenoceptor-mediated relaxation in 
rat mesenteric and renal arteries.11 This was associated 
with an increase in the membrane levels and function of 
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the voltage-gated potassium channel, Kv7.4, in smooth 
muscle cells, which are known to be stimulated by sec-
ondary messengers downstream of Gs protein activation. 
Furthermore, we showed that inhibition of the microtu-
bule motor protein, dynein, prevented retrograde traffick-
ing of Kv7.4 channels in vascular smooth muscle cells, 
thereby enhancing the vasorelaxations elicited by Kv7 
channel activators.12 Whether this dynein regulation of 
Kv7.4 channels impacts on β-adrenoceptor-mediated 
relaxation is still unknown.

β-Adrenoceptor-mediated relaxation is attenuated in 
arteries from hypertensive rats.13–21 Reduced expression 
and function of Kv7.4 channels in arteries from hyperten-
sive rats is one of the potential mechanisms underlying 
the reduced β-adrenoceptor-mediated relaxation.15,22,23 
However, it is unclear whether the microtubule network 
and dynein contribute to this pathophysiological feature 
of hypertension, and whether this network can be tar-
geted to restore these relaxations.

The aim of this study was to investigate the physi-
ological role of dynein on β-adrenoceptor-mediated 
relaxation in small mesenteric arteries from normoten-
sive and hypertensive rats. Based on previous data, we 
hypothesize that dynein mediates microtubule-depen-
dent retrograde trafficking of Kv7.4 channels, thereby 
blunting β-adrenoceptor-mediated relaxation. Herein, we 
show that dynein inhibition increases β2-adrenoceptor-
mediated relaxation, specifically, by preventing internal-
ization of the receptor and also augments membrane 

levels and function of Kv7.4 channels in arteries from 
both normotensive and hypertensive rats.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Detailed methods can be found in the Supplemental 
Material.

Animals
All experiments were performed in accordance with Directive 
2010/63EU on the protection of animals used for scientific 
purposes and approved by the national ethics committee and 
by local Animal Care and Use Committees.

Statistical Analysis
All statistical analysis was performed using GraphPad 
Prism 9. LogEC50 values for concentration-responses were 
determined from individual experiments by fitting data to a 
4-parameter nonlinear regression analysis (bottom/hillslope/
top/EC50). Comparison of mean logEC50 values from 2 groups 
was performed with an unpaired t test. In myography experi-
ments, where the control, ciliobrevin D and colchicine data 
were tested multiple times when comparing with additional 
pharmacological compounds, a 2-way ANOVA was performed 
on the logEC50 values to determine the source of variation 
(F ratio). The results of this analysis are reported in the fig-
ures as the F ratio (df) and P values. Following this, a 1-way 
ANOVA followed by a Šídák posttest was performed to test 
for significant differences between predetermined groups. 
The results from these tests are denoted in the figures (*) 
and provided in the results section, unless otherwise stated. 
For the morpholino experiments, where it was not possible 
to calculate logEC50 values, concentration-effect curves were 
tested with 2-way ANOVAs followed by a Bonferroni posttest 
with correction for multiple comparisons. Membrane expres-
sion data were compared with a 1-way ANOVA followed by a 
Tukey posttest or an unpaired t test, depending on the num-
ber of groups in the comparison. All data are presented as 
mean±SEM. Significance values are represented as follows: 
*P<0.05, **P<0.01, and ***P<0.001. N=(x), number of animals 
used; n=(x), number of technical replicates.

Nonstandard Abbreviations and Acronyms

BKCa  large-conductance Ca2+ activated K+ 
channel

CHIP C terminus of Hsp70-interacting protein
Hsp70 heat shock protein 70
Kv voltage-gated K+ channel
SHR spontaneously hypertensive rat
WKY Wistar-Kyoto rat

NOVELTY AND RELEVANCE

What Is New?
Vascular relaxations through the β-adrenoceptor are 
physiologically important and impaired in arteries from 
hypertensive humans and rodents.
This study reveals a novel mechanism regulating the 
β-adrenoceptor-mediated relaxations.
By targeting this mechanism we can restore the relax-
ations in arteries from hypertensive rats.

What Is Relevant?
We highlight the importance of the microtubule network 
in controlling β-adrenoceptor-mediated vasorelaxations.
We propose that the microtubule network can be tar-
geted to treat hypertension.

Clinical/Pathophysiological Implications?
Our findings pave the way for testing whether this mech-
anism can improve vasodilatations in arteries from hyper-
tensive humans.
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RESULTS
Dynein Inhibition Enhances β-Adrenoceptor-
Mediated Relaxation in Rat Mesenteric Arteries 
Ex Vivo and In Vivo
To investigate the functional role of dynein on β-
adrenoceptor-mediated relaxation, we used the spe-
cific dynein inhibitor, ciliobrevin D, on segments of 
freshly isolated rat mesenteric arteries. Incubation with 
10 µmol/L ciliobrevin D augmented the isoprenaline-
mediated relaxation in arteries preconstricted with 
methoxamine (N=8–10; P<0.001; Figure 1A and 1B). 
The relaxation elicited by isoprenaline in the absence 
and presence of ciliobrevin D was independent of a 
functional endothelium (N=5; F[1]=0.01; P=0.92 
according to a 2-way ANOVA; Figure 1B). Ciliobrevin 
D, at a concentration of 1 µmol/L, had no effect on the 
isoprenaline relaxation (data not shown). Previously, 
we have shown that microtubule disruption with col-
chicine also enhanced β-adrenoceptor-mediated vaso-
relaxation in rat mesenteric arteries. Using ciliobrevin 
D and colchicine combined, we examined whether 
dynein inhibition and microtubule disruption enhance 
β-adrenoceptor-mediated relaxation through a simi-
lar trafficking mechanism. Ciliobrevin D (10 µmol/L) 
combined with colchicine (500 µmol/L) enhanced the 
isoprenaline-mediated relaxation to a similar level as 
ciliobrevin D alone (N=5; P<0.001; Figure S1). Again, 
this effect was independent of a functional endothe-
lium (N=5; Figure S1).

We also determined the effect of ciliobrevin D in rat 
mesenteric arteries under in vivo conditions using intra-
vital myography. Cumulative application of isoprenaline 
(0.01–3.0 µmol/L) induced a small vasodilation in con-
trol (DMSO treated) arteries (N=6; Figure 1C and 1D). 
Incubation with ciliobrevin D (30 µmol/L) enhanced the 
isoprenaline-induced relaxation compared with control 
(Figure 1D; logEC50=−7.3±0.1 versus −6.8±0.2; N=6–
8; P=0.019 according to an unpaired t test). These data 
suggest that dynein inhibition is able to enhance the iso-
prenaline-mediated relaxation in both ex vivo and in vivo 
mesenteric arteries.

Kv7 Channels Contribute to β-Adrenoceptor-
Mediated Vasorelaxation in the Absence and 
Presence of Ciliobrevin D
We investigated if blockade of Kv7 or large-conduc-
tance Ca2+ activated K+ (BKCa) channels, 2 functional 
end points of β-adrenoceptor signaling,11,15,24–27 could 
attenuate the enhanced isoprenaline-mediated relax-
ation in segments of mesenteric artery after incuba-
tion with ciliobrevin D. In line with previous reports,11,15 
application of the Kv7 channel blocker, linopirdine (10 
µmol/L), inhibited the relaxation to isoprenaline in 

control arteries by shifting the logEC50 from −6.9±0.1 
to −5.5±0.2 (N=11; P<0.001; Figure 2A and 2C) as 
well as attenuating the maximal relaxation by isopren-
aline (P<0.001; Figure 2D). In addition, linopirdine 
also attenuated the ciliobrevin D-enhanced isoprena-
line-mediated relaxation by shifting the logEC50 from 
−7.7±0.1 to −6.5±0.2 (N=8–12; P<0.001; Figure 2A 
and 2C) and attenuating the maximal relaxation 
(P=0.02; Figure 2D). Blocking the BKCa channels with 
iberiotoxin (100 nmol/L) attenuated the relaxation to 
isoprenaline in control arteries (maximal relaxation 
from 92.7±2.9% to 49.0±8.8%; N=6–11; P<0.001; 
Figure 2B), but, in contrast to linopirdine, did not affect 
the ciliobrevin D-enhanced isoprenaline relaxations 
(logEC50 of −7.73±0.141 versus −7.74±0.246; N=7–
12; P>0.99; Figure 2B and 2C).

Kv7.4 and Kv7.5 are the 2 predominant Kv7 channel 
isoforms expressed in vascular smooth muscle cells, 
where they mostly form as heteromeric Kv7.4/7.5 
channels.28–30 To investigate whether the ciliobrevin 
D-enhanced isoprenaline relaxation was mediated 
through Kv7.4 channels specifically, we knocked down 
Kv7.4 in isolated mesenteric arteries using morpho-
lino oligos targeting the Kv7.4 channel.30 Knockdown 
of Kv7.4 attenuated the isoprenaline-mediated relax-
ations (N=6; P=0.003 and P=0.03 at 1 and 3 µmol/L 
isoprenaline respectively; Figure 2E). Ciliobrevin D 
enhanced the isoprenaline-mediated relaxations in 
arteries transfected with the miss-match morpholino 
and was able to moderately improve relaxations in 
the arteries that had Kv7.4 knockdown (N=6 and 4; 
P=0.004 and P=0.047; Figure 2E). Since the linopir-
dine and morpholino experiments do not conclusively 
show an increased contribution of Kv7 channel func-
tion to ciliobrevin D-enhanced isoprenaline relaxation, 
especially at the higher concentrations of isoprena-
line, we confirmed that ciliobrevin D enhances Kv7 
channel function using a specific channel activator, 
S-1. Similar to our previous results,12 ciliobrevin D 
increased the relaxation to S-1 in segments of mes-
enteric artery (logEC50 of −5.7±0.07 to −6.2±0.1; 
N=10–11; P=0.004; Figure 2F). Taken together, 
these data suggest that Kv7 channels contribute to 
the isoprenaline-mediated relaxation, and in the pres-
ence of ciliobrevin D, the Kv7 channels are particu-
larly responsible for the enhanced relaxation at lower 
isoprenaline concentrations than the higher concen-
trations, where the BKCa channel no longer has a 
functional role.

Increased β2-Adrenoceptor Activity Determines 
the Ciliobrevin D-Enhanced Isoprenaline 
Relaxation
To assess the role of β-adrenergic receptor subtypes in the 
ciliobrevin D-enhanced isoprenaline-mediated relaxation, 
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Figure 1. Ciliobrevin D enhances isoprenaline-mediated relaxation in rat mesenteric arteries ex vivo and in vivo.
A, Representative isometric tension recordings of rat mesenteric artery segments preconstricted with methoxamine (•) before sequentially 
increasing concentrations of isoprenaline were applied in control and ciliobrevin D (10 µmol/L)-treated arteries. B, Mean concentration-effect 
curves and logEC50 values to isoprenaline showing the effect of isoprenaline in endothelium intact or endothelium cells denuded (-EC) rat 
mesenteric artery segments in control or ciliobrevin D (10 µmol/L) preincubated artery segments. A 2-way ANOVA was performed on the 
logEC50 values to determine the source of variation – F ratio (df) and P value are denoted. Mean logEC50 values were compared according to 
a 1-way ANOVA followed by a Šídák multiple comparisons test with ***P<0.001. C, Representative traces of isoprenaline-induced vasodilation 
of in vivo rat mesenteric artery segments preconstricted with methoxamine (•) in control (left) and ciliobrevin D (30 µmol/L)-treated arteries. 
D, Mean concentration-effect curves and logEC50 values to isoprenaline showing the effect of isoprenaline in in vivo rat mesenteric arteries in 
control and after 30 µmol/L ciliobrevin D incubation. Mean logEC50 values were compared according to an unpaired t test with *P<0.05.
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Figure 2. Ciliobrevin D-enhanced isoprenaline-mediated relaxations are partially mediated through voltage-gated potassium 
channel (Kv)7 channels.
A, Mean concentration-effect curves showing the effects of linopirdine (10 µmol/L) and ciliobrevin D (10 µmol/L) on the isoprenaline relaxation 
in mesenteric artery segments. B, Mean concentration-effect curves showing the effects of iberiotoxin (IbTx; 100 nmol/L) and ciliobrevin D 
(10 µmol/L) on the isoprenaline relaxation in mesenteric artery segments. C, LogEC50 values showing the effects of linopirdine (10 µmol/L), 
iberiotoxin (IbTx; 100 nmol/L) and ciliobrevin D (10 µmol/L) on the isoprenaline relaxation in mesenteric artery segments. A 2-way ANOVA was 
performed on logEC50 values to determine the source of variation – F ratio (df) and P value are denoted. One-way ANOVA followed by a Šídák 
multiple comparisons test was performed on the mean logEC50 values with **P<0.01 and ***P<0.001. D, The maximal relaxation of mesenteric 
artery segments to 3 µmol/L isoprenaline showing the effects of linopirdine (10 µmol/L) and ciliobrevin D (10 µmol/L) with * and *** denoting 
P<0.05 and P<0.001, respectively. E, Mean isoprenaline concentration-effect curves in rat mesenteric arteries transfected with either a Kv7.4 
targeted or control (miss-match) morpholino in the absence and presence of 10 µmol/L ciliobrevin D. A 2-way ANOVA followed by a Bonferroni 
multiple comparisons test was performed on the concentration-effect curves with *P<0.05 and **P<0.01. F, Mean concentration-effect curves 
and logEC50 values to the Kv7.2–Kv7.5–specific activator S-1 showing the effect of S-1 in rat mesenteric artery segments in the absence and 
presence of 10 µmol/L ciliobrevin D incubation. Mean logEC50 values were compared according to an unpaired t test with **P<0.01.
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we used the nonselective (propranolol), β1-selective 
(bisoprolol) and β2-selective (ICI 118 551) adrenoceptor 
antagonists. Propanolol (10 nmol/L) inhibited the control 
relaxation to isoprenaline (logEC50=−5.55±0.209 ver-
sus −6.4±0.1; N=6–7; P=0.009; Figure 3A and 3D) and 
was able to inhibit the ciliobrevin D-enhanced isoprena-
line relaxation to a similar extent (logEC50=−5.87±0.2 
versus −7.1±0.1; N=6–7; P<0.001; Figure 3A and 3D). 
Bisoprolol (10 nmol/L) attenuated the control isoprena-
line relaxation (logEC50=−5.6±0.3 versus −6.4±0.1; 
N=7; P=0.01; Figure 3B and 3D) but had no effect 
on the ciliobrevin D-enhanced isoprenaline-mediated 
relaxation (N=6–7; Figure 3B and 3D). In contrast, ICI 
118 551 (100 nmol/L) had no effect on the control 
isoprenaline relaxations but attenuated the ciliobrevin 
D-enhanced isoprenaline relaxations (logEC50 −6.3±0.1 
versus −7.1±0.07; N=6–7; P=0.01; Figure 3C and 3D). 
These data suggest that the ciliobrevin D-improved iso-
prenaline relaxations are mediated through increased 
β2- but not β1-adrenoceptor activity.

Ciliobrevin D and Colchicine Improve the 
Attenuated Isoprenaline Relaxations in 
Hypertensive Rat Arteries
In hypertensive animals, β-adrenergic responsiveness is 
impaired leading to attenuated vasorelaxations.15,18,19 We, 
therefore, tested whether ciliobrevin D could improve the 
attenuated β-adrenoceptor-mediated vasorelaxations in 
mesenteric artery segments of spontaneously hyperten-
sive rats (SHRs). Figure 4A and 4B confirmed the iso-
prenaline-mediated relaxation is attenuated in mesenteric 
artery segments from SHRs compared with Wistar-Kyoto 
rat (WKY) arteries (logEC50=−5.7±0.2 versus −7.0±0.1; 
N=8–9; P=0.001; Figure 4A and 4B). Ciliobrevin D 
enhanced the isoprenaline-mediated relaxation in SHR 
mesenteric artery segments (logEC50=−7.6±0.1 versus 
−5.7±0.2; N=5–8; P<0.001; Figure 4A and 4B), to the 
same level as in the ciliobrevin D-treated WKY arteries. 
Previously, we have shown that microtubule disruption 
with colchicine also enhanced β-adrenoceptor-mediated 

Figure 3. Increased β2-adrenoceptor activity contributes to the ciliobrevin D-enhanced isoprenaline relaxation.
Mean concentration-effect curves showing the effect of (A) nonspecific β-adrenoceptor antagonist, propranolol (10 nmol/L), (B) β1-
selective antagonist, bisoprolol (10 nmol/L), and (C) β2-selective antagonist, ICI 118 551 (100 nmol/L) on isoprenaline-mediated relaxations 
in control and ciliobrevin D incubated rat mesenteric arteries. D, Mean logEC50 values showing the effect of different β-adrenoceptor 
antagonists in the absence and presence of ciliobrevin D. A 2-way ANOVA was performed on logEC50 values to determine the source 
of variation – F ratio (df) and P value are denoted. A 1-way ANOVA followed by a Šídák multiple comparisons test was performed with 
*P<0.05, **P<0.01, and ***P<0.001.
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Figure 4. Ciliobrevin D and colchicine improve the attenuated β-adrenoceptor-mediated relaxations in hypertensive rat arteries.
A, Representative isometric tension recordings of Wistar-Kyoto rat (WKY; top) and spontaneously hypertensive rat (SHR; bottom) rat 
mesenteric artery segments preconstricted with methoxamine (•) before sequentially increasing concentrations of isoprenaline were applied 
in control, ciliobrevin D (10 µmol/L) and colchicine (500 µmol/L)-treated arteries. Mean concentration-effect curves and logEC50 values to 
isoprenaline showing the effect of ciliobrevin D (B) and colchicine (C) on isoprenaline-mediated relaxations in WKY and SHR mesenteric artery 
segments, in the absence and presence of linopirdine (10 µmol/L). A 2-way ANOVA was performed on logEC50 values to determine the source 
of variation – F ratio (df) and P value are denoted. A 1-way ANOVA followed by a Šídák multiple comparisons test was performed on the mean 
logEC50 values with *P<0.05, **P<0.01, and ***P<0.001.
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vasorelaxation in normotensive Hannover mesenteric 
arteries (Lindman et al11). Figure 4A and 4C shows 
that the colchicine enhanced the isoprenaline-mediated 
relaxation in SHR arteries to a similar degree as cilio-
brevin D treatment (logEC50 from −5.6±0.3 to −7.7±0.2; 
N=7; P<0.001).

Next, we determined whether the improved 
β-adrenoceptor vasorelaxations in SHR arteries follow-
ing ciliobrevin D treatment was due to an increased func-
tional contribution of Kv7 channels. Similar to our findings 
in normotensive Hannover mesenteric artery segments, 
application of linopirdine partially attenuated the control 
and ciliobrevin D-enhanced isoprenaline-mediated relax-
ations in the WKY arteries (N=5; P=0.002 and N=6; 
P=0.03, respectively; Figure 4B). In addition, linopir-
dine partially attenuated the ciliobrevin D-enhanced 
isoprenaline relaxation in SHRs (logEC50=−6.5±0.2 
versus −7.6±0.1; N=5–7; P=0.03; Figure 4B). Further-
more, application of linopirdine inhibited the colchicine-
enhanced isoprenaline-mediated relaxation in both WKY 
and SHR arteries (N=8; P=0.03 and N=6; P=0.009; 
Figure 4C), returning the isoprenaline response to con-
trol levels. Together these data suggest that ciliobrevin D 
and colchicine can restore the attenuated β-adrenergic 
relaxation in SHR arteries, partially by increasing Kv7 
channel function.

Kv7 Channel Function and Expression Is 
Enhanced in WKY and SHR After Dynein 
Inhibition
To determine whether the ciliobrevin D-enhanced Kv7 
channel function in WKY and SHR mesenteric arteries, 
we applied the Kv7.2 to Kv7.5 activator, ML213, to pre-
constricted mesenteric artery segments. In segments 
from the SHR, relaxations to ML213 were attenuated 
compared with WKY arteries (logEC50 −5.3±0.2 ver-
sus −6.5±0.2; N=9; P<0.001; Figure 5A). Ciliobrevin 
D and colchicine treatment both enhanced the ML213 
relaxation in the WKY and SHR artery segments (Fig-
ure 5A). In isolated vascular smooth muscle cells, 
total protein expression of Kv7.4 was decreased in the 
SHR compared with WKY mesenteric artery myocytes 
(N=3, n=8–10; P=0.003; Figure 5B and 5C). Treat-
ment of the isolated myocytes with ciliobrevin D for 
30 minutes increased the Kv7.4 membrane expression 
relative to total expression in both WKY and SHR mes-
enteric artery myocytes (N=3, n=8–10; P=0.0013; 
Figure 5B and 5C).

Dynein Inhibition Increases β2-Adrenoceptor 
Signaling in WKY and SHR Arteries
Application of bisoprolol (10 nmol/L) inhibited the iso-
prenaline relaxation in the WKY artery segments under 
control conditions by shifting the logEC50 from −6.9±0.2 

to −6.2±0.1 (N=6–10; P=0.01) but had no effect on 
the control isoprenaline relaxation in the SHR artery seg-
ments (N=5–6; Figure 6B). Bisoprolol had no effect on 
the ciliobrevin D-enhanced isoprenaline-mediated relax-
ations in arteries from both WKY or SHR arteries (Fig-
ure 6A and 6B). In the WKY and SHR mesenteric artery 
segments, application of ICI 118 551 (100 nmol/L) had 
no effect on isoprenaline relaxations under control condi-
tions but inhibited the ciliobrevin D-enhanced isoprena-
line relaxations (WKY: N=6; P<0.001 and SHR: N=7; 
P=0.008; Figure 6B). These findings suggest that the 
ciliobrevin D-enhanced isoprenaline relaxation is medi-
ated through an increase in β2-adrenoceptor signaling.

Agonist-Induced β2-Adrenoceptor 
Internalization Is Prevented With Ciliobrevin D
Agonist stimulation of β-adrenoceptors can lead to 
desensitization and receptor internalization.31 Further-
more, it is reported that β2-adrenoceptor internalization 
is microtubule dependent.32 Since dynein is an important 
motor protein that traffics endocytosed cargo vesicles 
away from the membrane to facilitate internalization,33 
we examined whether dynein inhibition with ciliobrevin 
D can reduce agonist-induced β2-adrenoceptor internal-
ization. Membrane abundance of β2-adrenoceptors was 
slightly decreased in freshly isolated mesenteric artery 
smooth muscle cells from SHRs compared with WKY 
(N=3, n=9–10; P=0.01; Figure 6C and 6D). Treatment 
of the isolated myocytes with isoprenaline (1 µmol/L) for 
20 minutes before fixing, decreased β2-adrenoceptor 
membrane expression compared with nontreated artery 
myocytes in both WKY (N=3, n=9–10; P=0.0007) and 
SHR (N=3, n=9; P=0.03; Figure 6C and 6D). Strik-
ingly, preincubation of the myocytes with ciliobrevin D 
(3 µmol/L) for 10 minutes before adding isoprenaline 
(1 µmol/L) prevented the decrease in β2-adrenoceptor 
membrane expression (Figure 6C and 6D). In contrast, 
isoprenaline had no effect on the β1-adrenoceptor mem-
brane expression (Figure S2). These results indicate iso-
prenaline can cause internalization of β2-adrenoceptors 
in isolated mesenteric artery myocytes, which is pre-
vented by dynein inhibition.

DISCUSSION
β-Adrenoceptor signaling stimulates adenylate cyclase, 
which elevates cAMP production in smooth muscle. 
Although many downstream effectors are activated via a 
cAMP-dependent mechanism, it is now well established 
that β-adrenoceptor stimulation activates voltage-gated 
Kv7 channels in vascular smooth muscle. Both Kv7.4 and 
Kv7.5 have been implicated as downstream targets of 
cAMP signaling across various arterial beds.11,23,24,27,29,34–36 
In this study, we confirm that Kv7 channels are stimulated 
following β-adrenoceptor activation and our morpholino 
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Figure 5. Ciliobrevin D enhances voltage-gated potassium channel (Kv)7 channel function and expression in rat mesenteric arteries.
A, Mean concentration-effect curves and logEC50 values to the Kv7.2–Kv7.5–specific activator ML213 showing the effect of ML213 in Wistar-
Kyoto rat (WKY) and spontaneously hypertensive rat (SHR) rat mesenteric artery segments in control and after ciliobrevin D (10 µmol/L) 
incubation. A 2-way ANOVA was performed on logEC50 values to determine the source of variation – F ratio (df) and P value are denoted. A 1-
way ANOVA followed by a Šídák multiple comparisons test was performed on the mean EC50 values with *P<0.05, **P<0.01, and ***P<0.001. 
B, Representative mid-cell section of a mesenteric artery myocyte treated with or without ciliobrevin D (3 µmol/L) and stained for Kv7.4 (green) 
and wheat germ agglutinin (WGA; purple). Scale bars, 5 µm. C, Mean total Kv7.4 intensity and Kv7.4 membrane intensity in cells treated with 
ciliobrevin D compared with nontreated cells were calculated from a single mid-cell section. Significance was determined by a 1-way ANOVA 
followed by a Tukey multiple comparisons test. **P<0.01.
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Figure 6. Ciliobrevin D increases β2-adrenoceptor signaling in Wistar-Kyoto rat (WKY) and spontaneously hypertensive rat 
(SHR) arteries and prevents isoprenaline-induced β2-adernoceptor internalization.
Mean concentration-effect curves and logEC50 values to isoprenaline in the presence of β1-selective antagonist, bisoprolol (10 nmol/L) and 
β2-selective antagonist, ICI 118 551 (100 nmol/L), in WKY (A) and SHR (B) rat mesenteric artery segments in control and after ciliobrevin D 
(10 µmol/L) incubation. A 2-way ANOVA was performed on logEC50 values to determine the source of variation – F ratio (df) and P value are 
denoted. A 1-way ANOVA followed by a Šídák multiple comparisons test was performed on the mean logEC50 values with *P<0.05, **P<0.01, 
and ***P<0.001. C, Representative mid-cell section of WKY and SHR mesenteric artery myocytes from nontreated (control), isoprenaline (1 
µmol/L) or ciliobrevin (3 µmol/L) + isoprenaline (1 µmol/L) treated cells, stained for β2-adrenoceptors (red) and WGA (green). Scale bars, 
5 µm. D, Mean membrane intensities in the different groups of treated cells were calculated from a single mid-cell section. Significance was 
determined by a 1-way ANOVA followed by a Tukey multiple comparisons test with *P<0.05 and ***P<0.001.
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data suggest an important role for Kv7.4 in eliciting the 
relaxation in rat mesenteric arteries.

Our laboratory showed previously that microtubule 
disruption with colchicine and nocodazole enhanced 
β-adrenoceptor-mediated vasorelaxation, which was 
at least partially mediated by an increase in Kv7 chan-
nel function and elevated membrane levels of the 
Kv7.4 protein.11 Moreover, we showed recently that the 
microtubule motor protein dynein, targeted Kv7.4 chan-
nels for retrograde trafficking away from the cell mem-
brane.12 In the present study, we investigated whether 
this dynein-dependent regulation of Kv7.4 channels 
influenced β-adrenoceptor-mediated vasorelaxation in 
vascular smooth muscle cells. Dynein inhibition with 
ciliobrevin D enhanced the isoprenaline relaxation in 
ex vivo artery segments from both Wistar Hannover 
and Kyoto rat strains, in a similar manner to microtu-
bule disruption. With our in vivo myograph model, we 
were able to confirm the ciliobrevin D effects in a more 
physiological system. Interestingly, we observed a lack 
of control relaxation to isoprenaline with the intra vital 
myography. Under in vivo conditions, it is possible that 
β-adrenoceptor relaxations are masked but are appar-
ent (perhaps unphysiologically) under ex vivo wire 
myograph conditions. However, by using intra vital 
myography, we show that ciliobrevin D can induce iso-
prenaline relaxations under in vivo conditions, thereby 
strengthening the translatability of our findings.

In the presence of ciliobrevin D, Kv7 channels still 
contributed to the isoprenaline relaxation. However, the 
logEC50 shift of linopirdine on the isoprenaline relax-
ation was comparable in the absence and presence 
of ciliobrevin D suggesting that perhaps there was not 
an enhanced contribution of Kv7 channel function in 
these relaxations. Conversely, at the lower concentra-
tions of isoprenaline, the ciliobrevin D-enhanced iso-
prenaline relaxation is completely inhibited by linopirdine, 
reflecting an important contribution of Kv7 channels in 
mediating this ciliobrevin D effect. Moreover, although 
morpholino-induced Kv7.4 channel knockdown attenu-
ated the ciliobrevin D-enhanced isoprenaline responses, 
it was unable to inhibit the vasorelaxation to the same 
extent as the Kv7.4 knockdown control artery segments. 
These data suggest that the enhanced isoprenaline-
mediated relaxation with dynein inhibition is only par-
tially mediated through Kv7 channels and thus cannot 
solely be explained by increased Kv7.4 channel function. 
Functional and molecular studies show that Kv7.4 and 
Kv7.5 are most likely to exist as a heteromeric channel 
in vascular smooth muscle cells,28,29 with the participa-
tion of the accessory subunit KCNE4.30 Whether Kv7.5 
channels are similarly regulated by dynein, thereby con-
tributing to the effects observed with linopirdine, remains 
to be determined. Interestingly, BKCa channel inhibition 
had no effect on the isoprenaline-mediated relaxation in 
ciliobrevin D-treated arterial segments but did inhibit the 

isoprenaline-mediated relaxation in control segments. 
This is in line with our previous finding that colchicine 
treatment of mesenteric arteries also removed the effect 
of BKCa channel inhibition on isoprenaline-mediated 
relaxations.11 In the current study, we have not investi-
gated the role of the microtubule network or dynein on 
BKCa channel function, however, a previous study found 
BKCa channel function was attenuated in mouse cerebral 
arteries by microtubule depolarization, which was caused 
by a dissociation of the channel from calcium released by 
the sarcoplasmic reticulum.37 In addition, a recent study 
found a functional interdependency between Kv7 and 
BKCa channels in the rat saphenous artery.38 Based on 
this model, colchicine or ciliobrevin D would increase the 
number of activated Kv7 channels following isoprena-
line application and increase the hyperpolarization of the 
arterial myocyte, thereby reducing the functional impact 
of membrane depolarization by iberiotoxin.39 Whether 
BKCa channel activity is attenuated by a direct effect of 
dynein inhibition, or the functional impact of iberiotoxin is 
reduced by increased Kv7 channel activity remains to be 
determined.

Since the ciliobrevin D-enhanced isoprenaline 
responses can only partially be attributed to increased 
Kv7 channel function, we sought to determine upstream 
mechanisms underlying the increased isoprenaline 
response. Isoprenaline binds primarily to β1 and β2-
adrenoceptors on arterial smooth muscle cells.9,40,41 
Activation of these receptors leads to increased intra-
cellular cAMP and ultimately vascular smooth muscle 
relaxation, which occurs in both a hyperpolarization-
dependent and -independent manner.10 Evidence sug-
gests that β1-adrenoceptors predominate, particularly 
in the rat mesenteric vasculature.7–9,42,43 Using selective 
β1- and β2-adrenoceptor antagonists, our data support 
a predominating role of β1-adrenoceptors underling the 
isoprenaline-mediated vasorelaxations in control rat mes-
enteric arteries. However, we found that increased β2-
adrenoceptor activity was responsible for the ciliobrevin 
D-enhanced isoprenaline relaxation, since ICI 118 551 
abolished the effect of ciliobrevin D on the isoprenaline 
relaxation. In contrast, the β1 blocker, bisoprolol, had no 
effect on the isoprenaline response in the presence of cil-
iobrevin D, perhaps because the β2-adrenoceptor path-
way now predominates. In the presence of propranolol, at 
a concentration known to inhibit β1/2 adrenoceptors,44 
a relaxation at the higher concentrations of isoprenaline 
was still observed. It is possible this occurs through the 
β3-adrenoceptors found on the endothelium, whose 
function is normally suppressed by β1/2 adrenocep-
tors.41 We did not explore whether the β3-adrenoceptor 
activity was altered following treatment with ciliobrevin 
D, however, given that propranolol and ICI 118 551 com-
pletely inhibited the improved isoprenaline relaxation, it 
seems unlikely that β3-adrenoceptors play a role. Thus, 
dynein inhibition increases the isoprenaline-induced 
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relaxation through an increased functional contribution 
of β2-adrenoceptors.

Dysfunction of the β-adrenoceptor pathway is a 
dominant feature in blood vessels from hypertensive 
animals,17–19 however, little is known about the molec-
ular mechanisms responsible. In the renal artery of the 
SHR, where Kv7.4 expression is reduced, isoprenaline 
does not cause a relaxation, in line with an attenuated 
relaxation to Kv7 activators.15 Our study confirms com-
promised β-adrenoceptor relaxation and Kv7 channel 
activity in mesenteric artery segments from hypertensive 
rats and reduced total Kv7.4 protein levels in SHR mes-
enteric myocytes, compared with normotensive controls. 
Based on our findings that dynein inhibition and micro-
tubule disruption by colchicine, as previously shown,11 
could enhance the β-adrenoceptor relaxation in normo-
tensive rat mesenteric arteries, we tested whether cil-
iobrevin D or colchicine could improve the attenuated 
β-adrenoceptor-mediated vasorelaxation in mesenteric 
artery segments of the hypertensive rat. Both drugs 
enhanced the isoprenaline response in SHR mesenteric 
artery segments, to the same extent as in normotensive 
WKY mesenteric arteries. Furthermore, dynein inhibition 
enhanced the diminished responses to the Kv7.2 to Kv7.5 
channel activator, ML213, in SHR arteries, providing 
strong evidence that dynein inhibition can reinstate Kv7 
channel function in arteries from hypertensive rats, which 
may contribute to enhanced isoprenaline relaxations, 
particularly at the lower concentrations. We showed pre-
viously12 that dynein inhibition increased the membrane 
levels of Kv7.4 protein in isolated smooth muscle cells 
from the mesenteric arteries of normotensive Wistar rats. 
In this study, we confirm that dynein inhibition increased 
the membrane levels of Kv7.4 protein in smooth muscle 
cells from normotensive WKY rats and also SHR. Thus, 
although the total expression of Kv7.4 protein is lower in 
vascular smooth muscle cells of the SHR, dynein inhibi-
tion can increase the functional contribution of the chan-
nel by increasing the membrane levels of the protein, 
thereby helping to restore the β-adrenoceptor function 
in arteries from hypertensive animals.

Interestingly, it has previously been shown that angio-
tensin II enhanced the interaction of Kv7.4 with the E3 
ubiquitin ligase CHIP (C terminus of Hsp70 [heat shock 
protein]-interacting protein), and thereby promotes Kv7.4 
ubiquitination and degradation in vascular smooth muscle 
cells.45 Dynein can associate with Hsp70 for microtubule 
minus-end directed transport and ultimately degradation 
by the aggresome.46 Therefore, dynein might regulate 
the CHIP dependent degradation of Kv7.4 channels in 
arteries. Whether this Kv7.4-CHIP-dynein degradation 
mechanism is present in mesenteric arteries and aug-
mented in hypertension remains to be clarified.

We also investigated the effects of β1- or β2-
adrenoceptor-selective antagonists on the isoprenaline 
responses in WKY and SHR mesenteric arteries. In the 

SHR, the β1-adrenoceptor response was compromised, 
since bisoprolol no longer had an effect on the control 
isoprenaline relaxation, and, as in the WKY, ICI 118 551 
also had no effect on the control isoprenaline relaxation. 
In line with mesenteric arteries from the Wistar Han-
nover, we found that ICI 118 551 inhibited the ciliobrevin 
D-enhanced isoprenaline response for both WKY and 
SHR artery segments. In contrast, the β1-adrenoceptor-
selective antagonist, bisoprolol, did not affect the cil-
iobrevin D-enhanced relaxation. These functional data 
indicate that dynein inhibition increases the functional 
contribution of the β2-adrenoceptors to isoprenaline-
mediated relaxations. This mechanism can reinstate the 
isoprenaline-mediated relaxation in the SHR by func-
tionally substituting the compromised β1-adrenoceptor 
with β2-adrenoceptors. Previous studies found that 
agonist stimulation of β-adrenoceptors can lead to 
internalization of the receptor, resulting in a decreased 
abundance of functional β-adrenoceptors in the plasma 
membrane.31 Furthermore, previous studies report that 
β2-adrenoceptors are more prone to agonist-induced 
internalization compared with β1-adrenoceptors.47–51 
β-Arrestin is involved in the agonist-induced internal-
ization of the β2-adrenoceptor.52 Dynein was identified 
in the β-arrestin interactome53 and other receptors are 
known to undergo agonist-induced internalization that 
is β-arrestin and microtubule dependent.54 In this study, 
we have not investigated the complex internalization pro-
cess involving β-arrestin. Importantly, a previous study32 
revealed that disruption of microtubules with nocodazole 
blocked the isoprenaline-induced internalization of β2-
adrenoceptors. Furthermore, it has been well described 
that dynein is important for endosomal sorting, where por-
tions of the plasma membrane, containing receptors and 
their ligands, are internalized and subsequently sorted to 
various locations to be recycled or degraded.33,55,56 That 
dynein plays a crucial role in this mechanism is supported 
by reports showing reduced and disorganized trafficking 
of endocytic vesicles after dynein complex disruption or 
inhibition.55,57,58 Given that internalization and endosomal 
trafficking of internalized membrane vesicles is micro-
tubule and dynein dependent, we postulated that cilio-
brevin D can prevent β2-adrenoceptor internalization, and 
thereby increase the membrane abundance of the recep-
tor, which could explain the increased β2-adrenoceptor 
functional contribution to isoprenaline responses 
observed with dynein inhibition. Our immunocytochemistry 
experiments revealed that β2-adrenoceptors in the mem-
brane of both WKY and SHR mesenteric artery myocytes 
were decreased with isoprenaline stimulation, suggesting 
agonist-induced receptor internalization. Strikingly, pre-
incubation of the myocytes with ciliobrevin D prevented 
the isoprenaline-induced decrease of β2-adrenoceptors 
in the plasma membrane. Together with the functional 
myography data, these results provide compelling evi-
dence that the motor protein dynein plays a key role in 
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the agonist-induced internalization of β2-adrenoceptors 
in vascular smooth muscle.

PERSPECTIVES
To conclude, we propose that the microtubule network 
and dynein motor protein coordinate the β-adrenoceptor-
mediated relaxation in rat mesenteric arteries. In arteries 
from the SHR, where the β1-adrenoceptor-mediated relax-
ation is impaired, disruption of the microtubule network and 
dynein inhibition restored these physiologically important 
vasorelaxations by promoting the functional contribution 
of β2-adrenoceptors. We identify dual mechanisms under-
lying the restored β-adrenoceptor-mediated relaxation 
in the SHR, namely increased Kv7.4 channel membrane 
abundance and function, and increased β2-adrenoceptor 
functional contribution by inhibition of its agonist-induced 
internalization. Not only do these findings increase our 
understanding of the microtubule network and trafficking 
of β-adrenoceptors in arteries but also suggest pharmaco-
logical targeting of the microtubule network to treat hyper-
tension. Colchicine is a clinically available drug known to 
reduce the incidence of cardiovascular disease. Clinical 
studies have already started to investigate whether target-
ing the microtubule network, with colchicine, can improve 
vasodilatations and overall vascular health in humans with 
hypertension (URL: https://www.clinicaltrials.gov; Unique 
identifiers: NCT04303689 and NCT04916522).

ARTICLE INFORMATION
Received March 15, 2022; accepted July 12, 2022.

Affiliations
Department of Biomedical Sciences (J.v.d.H., S.R., C.A., T.A.J.) and The August 
Krogh Section for Human Physiology, Department of Nutrition, Exercise and 
Sports (J.v.d.H., Y.H.), University of Copenhagen, Denmark. Department of Bio-
medicine, Aarhus University, Denmark (C.A.).

Acknowledgments
T.A. Jepps, J. van der Horst, and C. Aalkjær contributed to the conception of 
the work and study design. J. van der Horst and S. Rognant performed experi-
ments. J. van der Horst, S. Rognant, and T.A. Jepps analyzed data. J. van der 
Horst, T.A. Jepps, Y. Hellsten, and C. Aalkjær interpreted results of experiments. 
J. van der Horst, T.A. Jepps, C. Aalkjær, and Y. Hellsten drafted the article. All 
authors contributed to the revision of the article and have approved the final 
version before submission.

Sources of Funding
This study was funded by the Lundbeck Foundation (grant R323-2018-3674 to 
T.A. Jepps), Danmarks Frie Forskningsfond (grant 9039-00409B to T.A. Jepps), 
and the European Union’s Horizon 2020 research and innovation program under 
the Marie Sklodowska-Curie scheme (grant agreement no. 081199 to J. van 
der Horst).

Disclosures
None.

REFERENCES
 1. Dompierre JP, Godin JD, Charrin BC, Cordelières FP, King SJ, Humbert S, 

Saudou F. Histone deacetylase 6 inhibition compensates for the transport 

deficit in Huntington’s disease by increasing tubulin acetylation. J Neurosci. 
2007;27:3571–3583. doi: 10.1523/JNEUROSCI.0037-07.2007

 2. Varma H, Yamamoto A, Sarantos MR, Hughes RE, Stockwell BR. Mutant 
huntingtin alters cell fate in response to microtubule depolymerization via 
the GEF-H1-RhoA-ERK pathway. J Biol Chem. 2010;285:37445–37457. 
doi: 10.1074/jbc.M110.125542

 3. Pellegrini L, Wetzel A, Grannó S, Heaton G, Harvey K. Back to the 
tubule: microtubule dynamics in Parkinson’s disease. Cell Mol Life Sci. 
2017;74:409–434. doi: 10.1007/s00018-016-2351-6

 4. Caporizzo MA, Chen CY, Prosser BL. Cardiac microtubules in health and 
heart disease. Exp Biol Med (Maywood). 2019;244:1255–1272. doi: 
10.1177/1535370219868960

 5. Cheng G, Takahashi M, Shunmugavel A, Wallenborn JG, DePaoli-Roach AA, 
Gergs U, Neumann J, Kuppuswamy D, Menick DR, Cooper G 4th. Basis 
for MAP4 dephosphorylation-related microtubule network densification in 
pressure overload cardiac hypertrophy. J Biol Chem. 2010;285:38125–
38140. doi: 10.1074/jbc.M110.148650

 6. Cooper G 4th. Cytoskeletal networks and the regulation of cardiac contractility: 
microtubules, hypertrophy, and cardiac dysfunction. Am J Physiol Heart Circ 
Physiol. 2006;291:H1003–H1014. doi: 10.1152/ajpheart.00132.2006

 7. Graves J, Poston L. Beta-adrenoceptor agonist mediated relaxation of rat 
isolated resistance arteries: a role for the endothelium and nitric oxide. Br J 
Pharmacol. 1993;108:631–637. doi: 10.1111/j.1476-5381.1993.tb12853.x

 8. White R, Bottrill FE, Siau D, Hiley CR. Protein kinase A-dependent and 
-independent effects of isoproterenol in rat isolated mesenteric artery: inter-
actions with levcromakalim. J Pharmacol Exp Ther. 2001;298:917–924.

 9. Briones AM, Daly CJ, Jimenez-Altayo F, Martinez-Revelles S, Gonzalez JM, 
McGrath JC, Vila E. Direct demonstration of beta1- and evidence against 
beta2- and beta3-adrenoceptors, in smooth muscle cells of rat small 
mesenteric arteries. Br J Pharmacol. 2005;146:679–691. doi: 10.1038/ 
sj.bjp.0706369

 10. Garland CJ, Yarova PL, Jiménez-Altayó F, Dora KA. Vascular hyperpo-
larization to β-adrenoceptor agonists evokes spreading dilatation in rat 
isolated mesenteric arteries. Br J Pharmacol. 2011;164:913–921. doi: 
10.1111/j.1476-5381.2011.01224.x

 11. Lindman J, Khammy MM, Lundegaard PR, Aalkjær C, Jepps TA. Microtu-
bule regulation of Kv7 channels orchestrates cAMP-mediated vasorelax-
ations in rat arterial smooth muscle. Hypertension. 2018;71:336–345. doi: 
10.1161/HYPERTENSIONAHA.117.10152

 12. van der Horst J, Rognant S, Abbott GW, Ozhathil LC, Hägglund P, 
Barrese V, Chuang CY, Jespersen T, Davies MJ, Greenwood IA, et al. Dynein 
regulates Kv7.4 channel trafficking from the cell membrane. J Gen Physiol. 
2021;153:e202012760. doi: 10.1085/jgp.202012760

 13. Asano M, Masuzawa K, Matsuda T. Role of stimulatory GTP-binding pro-
tein (Gs) in reduced beta-adrenoceptor coupling in the femoral artery of 
spontaneously hypertensive rats. Br J Pharmacol. 1988;95:241–251. doi: 
10.1111/j.1476-5381.1988.tb16570.x

 14. Asano M, Masuzawa K, Matsuda T. Evidence for reduced beta-adreno-
ceptor coupling to adenylate cyclase in femoral arteries from spontane-
ously hypertensive rats. Br J Pharmacol. 1988;94:73–86. doi: 10.1111/j. 
1476-5381.1988.tb11501.x

 15. Chadha PS, Zunke F, Zhu HL, Davis AJ, Jepps TA, Olesen SP, Cole WC, 
Moffatt JD, Greenwood IA. Reduced KCNQ4-encoded voltage-dependent 
potassium channel activity underlies impaired β-adrenoceptor-mediated 
relaxation of renal arteries in hypertension. Hypertension. 2012;59:877–
884. doi: 10.1161/HYPERTENSIONAHA.111.187427

 16. Cheng JB, Shibata S. Vascular relaxation in the spontaneously hyper-
tensive rat. J Cardiovasc Pharmacol. 1981;3:1126–1140. doi: 10.1097/ 
00005344-198109000-00022

 17. Fujimoto S, Dohi Y, Aoki K, Matsuda T. Beta 1- and beta 2-adrenoceptor-
mediated relaxation responses in peripheral arteries from spontaneously 
hypertensive rats at pre-hypertensive and early hypertensive stages. J 
Hyperten. 1988;6:543–550. doi: 10.1097/00004872-198807000-00005

 18. Goto K, Fujii K, Abe I. Impaired beta-adrenergic hyperpolarization in arter-
ies from prehypertensive spontaneously hypertensive rats. Hypertension. 
2001;37(2 Pt 2):609–613. doi: 10.1161/01.hyp.37.2.609

 19. Masuzawa K, Matsuda T, Asano M. Decreased arterial responsiveness to 
multiple cyclic AMP-generating receptor agonists in spontaneously hyper-
tensive rats. Br J Pharmacol. 1989;96:227–235. doi: 10.1111/j.1476- 
5381.1989.tb11804.x

 20. Blankesteijn WM, Raat NJ, Willems PH, Thien T. beta-Adrenergic relaxation 
in mesenteric resistance arteries of spontaneously hypertensive and Wistar-
Kyoto rats: the role of precontraction and intracellular Ca2+. J Cardiovasc 
Pharmacol. 1996;27:27–32. doi: 10.1097/00005344-199601000-00005



OR
IG

IN
AL

 A
RT

IC
LE

14  October 2022 Hypertension. 2022;79:00–00. DOI: 10.1161/HYPERTENSIONAHA.122.19351

van der Horst et al Dynein Regulates β-Adrenoceptor-Mediated Relaxation

 21. Stekiel WJ, Contney SJ, Rusch NJ. Altered beta-receptor control of in 
situ membrane potential in hypertensive rats. Hypertension. 1993;21(6 Pt 
2):1005–1009. doi: 10.1161/01.hyp.21.6.1005

 22. Jepps TA, Chadha PS, Davis AJ, Harhun MI, Cockerill GW, Olesen SP, 
Hansen RS, Greenwood IA. Downregulation of Kv7.4 channel activity in 
primary and secondary hypertension. Circulation. 2011;124:602–611. doi: 
10.1161/CIRCULATIONAHA.111.032136

 23. Stott JB, Barrese V, Jepps TA, Leighton EV, Greenwood IA. Contribution 
of Kv7 channels to natriuretic peptide mediated vasodilation in normal and 
hypertensive rats novelty and significance. Hypertension. 2015;65:676–
682. doi: 10.1161/HYPERTENSIONAHA.114.04373

 24. Mani BK, Robakowski C, Brueggemann LI, Cribbs LL, Tripathi A, Majetschak  
M, Byron KL. Kv7.5 potassium channel subunits are the primary targets for 
PKA-dependent enhancement of vascular smooth muscle Kv7 Currents. Mol 
Pharmacol. 2016;89:323–334. doi: 10.1124/mol.115.101758

 25. Satake N, Shibata M, Shibata S. The inhibitory effects of iberiotoxin and 
4-aminopyridine on the relaxation induced by beta 1- and beta 2-adreno-
ceptor activation in rat aortic rings. Br J Pharmacol. 1996;119:505–510. 
doi: 10.1111/j.1476-5381.1996.tb15700.x

 26. Song Y, Simard JM. β-Adrenoceptor stimulation activates large-conductance 
Ca2+-activated K+ channels in smooth muscle cells from basilar artery of 
guinea pig. Pflügers Archiv. 1995;430:6. doi: 10.1007/BF01837413

 27. Stott JB, Povstyan OV, Carr G, Barrese V, Greenwood IA. G-protein βγ 
subunits are positive regulators of Kv7.4 and native vascular Kv7 chan-
nel activity. Proc Natl Acad Sci U S A. 2015;112:6497–6502. doi: 
10.1073/pnas.1418605112

 28. Brueggemann LI, Mackie AR, Cribbs LL, Freda J, Tripathi A, Majetschak M, 
Byron KL. Differential protein kinase C-dependent modulation of Kv7.4 and 
Kv7.5 subunits of vascular Kv7 channels. J Biol Chem. 2014;289:2099–
2111. doi: 10.1074/jbc.M113.527820

 29. Chadha PS, Jepps TA, Carr G, Stott JB, Zhu HL, Cole WC, Greenwood IA. 
Contribution of kv7.4/kv7.5 heteromers to intrinsic and calcitonin gene-
related peptide-induced cerebral reactivity. Arterioscler Thromb Vasc Biol. 
2014;34:887–893. doi: 10.1161/ATVBAHA.114.303405

 30. Jepps TA, Carr G, Lundegaard PR, Olesen SP, Greenwood IA. Fundamental 
role for the KCNE4 ancillary subunit in Kv7.4 regulation of arterial tone. J 
Physiol. 2015;593:5325–5340. doi: 10.1113/JP271286

 31. Claing A, Laporte SA, Caron MG, Lefkowitz RJ. Endocytosis of G pro-
tein-coupled receptors: roles of G protein-coupled receptor kinases and 
beta-arrestin proteins. Prog Neurobiol. 2002;66:61–79. doi: 10.1016/s0301- 
0082(01)00023-5

 32. Shumay E, Gavi S, Wang HY, Malbon CC. Trafficking of beta2-adrener-
gic receptors: insulin and beta-agonists regulate internalization by dis-
tinct cytoskeletal pathways. J Cell Sci. 2004;117(pt 4):593–600. doi: 
10.1242/jcs.00890

 33. Xiang X, Qiu R, Yao X, Arst HN Jr, Peñalva MA, Zhang J. Cytoplasmic dynein 
and early endosome transport. Cell Mol Life Sci. 2015;72:3267–3280. doi: 
10.1007/s00018-015-1926-y

 34. Stott JB, Barrese V, Greenwood IA. Kv7 channel activation underpins 
EPAC-dependent relaxations of rat arteries. Arterioscler Thromb Vasc Biol. 
2016;36:2404–2411. doi: 10.1161/ATVBAHA.116.308517

 35. Stott JB, Greenwood IA. Complex role of Kv7 channels in cGMP and 
cAMP-mediated relaxations. Channels (Austin). 2015;9:117–118. doi: 
10.1080/19336950.2015.1046732

 36. van der Horst J, Greenwood IA, Jepps TA. Cyclic AMP-dependent regulation 
of Kv7 voltage-gated potassium channels. Front Physiol. 2020;11:727. doi: 
10.3389/fphys.2020.00727

 37. Pritchard HAT, Gonzales AL, Pires PW, Drumm BT, Ko EA, Sanders KM, 
Hennig GW, Earley S. Microtubule structures underlying the sarcoplasmic 
reticulum support peripheral coupling sites to regulate smooth muscle con-
tractility. Sci Signal. 2017;10:eaan2694. doi: 10.1126/scisignal.aan2694

 38. Ma D, Gaynullina D, Schmidt N, Mladenov M, Schubert R. The functional 
availability of arterial Kv7 channels is suppressed considerably by large-
conductance calcium-activated potassium channels in 2- to 3-month old 
but not in 10- to 15-day old rats. Front Physiol. 2020;11:597395. doi: 
10.3389/fphys.2020.597395

 39. Coleman HA, Tare M, Parkington HC. Nonlinear effects of potassium chan-
nel blockers on endothelium-dependent hyperpolarization. Acta Physiol 
(Oxf). 2017;219:324–334. doi: 10.1111/apha.12805

 40. Guimarães S, Moura D. Vascular adrenoceptors: an update. Pharmacol Rev. 
2001;53:319–356.

 41. Saunders SL, Hutchinson DS, Britton FC, Liu L, Markus I, Sandow SL, 
Murphy TV. Effect of β1 /β2 -adrenoceptor blockade on β3 -adrenoceptor 
activity in the rat cremaster muscle artery. Br J Pharmacol. 2021;178:1789–
1804. doi: 10.1111/bph.15398

 42. Chruscinski A, Brede ME, Meinel L, Lohse MJ, Kobilka BK, Hein L. Differ-
ential distribution of beta-adrenergic receptor subtypes in blood vessels of 
knockout mice lacking beta(1)- or beta(2)-adrenergic receptors. Mol Phar-
macol. 2001;60:955–962. doi: 10.1124/mol.60.5.955

 43. Søndergaard AM, Overgaard CB, Mazur A, Postnov DD, Matchkov VV, 
Aalkjaer C. Rat mesenteric small artery neurogenic dilatation is predomi-
nantly mediated by β1 -adrenoceptors in vivo. J Physiol. 2019;597:1819–
1831. doi: 10.1113/JP277368

 44. Baker JG. The selectivity of beta-adrenoceptor antagonists at the human 
beta1, beta2 and beta3 adrenoceptors. Br J Pharmacol. 2005;144:317–
322. doi: 10.1038/sj.bjp.0706048

 45. Barrese V, Stott JB, Figueiredo HB, Aubdool AA, Hobbs AJ, 
Jepps TA, McNeish AJ, Greenwood IA. Angiotensin II promotes KV7.4 
channels degradation through reduced interaction with HSP90 (Heat 
Shock Protein 90). Hypertension. 2018;71:1091–1100. doi: 10.1161/ 
HYPERTENSIONAHA.118.11116

 46. Sha Y, Pandit L, Zeng S, Eissa NT. A critical role for CHIP in the aggresome 
pathway. Mol Cell Biol. 2009;29:116–128. doi: 10.1128/MCB. 
00829-08

 47. Jung G, Fajardo G, Ribeiro AJ, Kooiker KB, Coronado M, Zhao M, Hu DQ, 
Reddy S, Kodo K, Sriram K, et al. Time-dependent evolution of functional 
vs. remodeling signaling in induced pluripotent stem cell-derived cardio-
myocytes and induced maturation with biomechanical stimulation. FASEB 
J. 2016;30:1464–1479. doi: 10.1096/fj.15-280982

 48. Shiina T, Nagao T, Kurose H. Low affinity of beta1-adrenergic recep-
tor for beta-arrestins explains the resistance to agonist-induced 
internalization. Life Sci. 2001;68:2251–2257. doi: 10.1016/s0024- 
3205(01)01013-x

 49. Shiina T, Kawasaki A, Nagao T, Kurose H. Interaction with β-arrestin 
determines the difference in internalization behavior between β1- and 
β2-adrenergic receptors. J Biol Chem. 2000;275:29082–29090. doi: 
10.1074/JBC.M909757199

 50. Suzuki T, Nguyen CT, Nantel F, Bonin H, Valiquette M, Frielle T, Bouvier M. 
Distinct regulation of beta 1- and beta 2-adrenergic receptors in Chinese 
hamster fibroblasts. Mol Pharmacol. 1992;41:542–548.

 51. Yoshihara T, Yonoki Y, Saito M, Nakahara T, Sakamoto K, Ishii K. Ago-
nist-induced receptor internalization in Chinese hamster ovary cells sta-
bly co-expressing β(1)- and β(2)-adrenergic receptors. Biol Pharm Bull. 
2013;36:114–119. doi: 10.1248/bpb.b12-00595

 52. Beautrait A, Paradis JS, Zimmerman B, Giubilaro J, Nikolajev L, 
Armando S, Kobayashi H, Yamani L, Namkung Y, Heydenreich FM, et 
al. A new inhibitor of the β-arrestin/AP2 endocytic complex reveals 
interplay between GPCR internalization and signalling. Nat Commun. 
2017;8:15054. doi: 10.1038/ncomms15054

 53. Xiao K, McClatchy DB, Shukla AK, Zhao Y, Chen M, Shenoy SK, 
Yates JR 3rd, Lefkowitz RJ. Functional specialization of beta-arrestin 
interactions revealed by proteomic analysis. Proc Natl Acad Sci U S A. 
2007;104:12011–12016. doi: 10.1073/pnas.0704849104

 54. Ferrão FM, Cardoso LHD, Drummond HA, Li XC, Zhuo JL, 
Gomes DS, Lara LS, Vieyra A, Lowe J. Luminal ANG II is internalized as a 
complex with AT1R/AT2R heterodimers to target endoplasmic reticulum 
in LLC-PK1 cells. Am J Physiol Renal Physiol. 2017;313:F440–F449. doi: 
10.1152/ajprenal.00261.2016

 55. Driskell OJ, Mironov A, Allan VJ, Woodman PG. Dynein is required for 
receptor sorting and the morphogenesis of early endosomes. Nat Cell Biol. 
2007;9:113–120. doi: 10.1038/ncb1525

 56. Flores-Rodriguez N, Rogers SS, Kenwright DA, Waigh TA, Woodman PG, 
Allan VJ. Roles of dynein and dynactin in early endosome dynamics revealed 
using automated tracking and global analysis. PLoS One. 2011;6:e24479. 
doi: 10.1371/journal.pone.0024479

 57. Burkhardt JK, Echeverri CJ, Nilsson T, Vallee RB. Overexpression of 
the dynamitin (p50) subunit of the dynactin complex disrupts dynein-
dependent maintenance of membrane organelle distribution. J Cell Biol. 
1997;139:469–484. doi: 10.1083/jcb.139.2.469

 58. Reck-Peterson SL, Redwine WB, Vale RD, Carter AP. The cytoplasmic 
dynein transport machinery and its many cargoes. Nat Rev Mol Cell Biol. 
2018;19:382–398. doi: 10.1038/s41580-018-0004-3




