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Summary:  

 

Vascular smooth muscle cells (VSMC) are the central units integrating local and 

systemic signals to regulate vascular diameter. Therefore their physiology and 

pathophysiology has gained much interest in the progress of the metabolic 

syndrome, particular the development of essential hypertension. The AMP-activated 

protein kinase (AMPK) which is well known as a key enzyme in the regulation of the 

cell metabolism has been proposed to have a multitude of effects on vascular 

signaling pathways ultimately controlling blood flow and cellular oxygen supply. Thus 

the aim of this thesis was to determine the role of AMPK in the microcirculation with 

focus on the contractile state of the VSMC.  

 

We found that AMPK stimulation induces an endothelium-independent dilation of 

rodent resistance arteries via a decrease of smooth muscle Ca2+. This could be at 

first glance be explained by the finding in isolated cells that AMPK activated BKCa 

channels and causes membrane hyperpolarization which reduces Ca2+-influx. 

Surprisingly, the inhibition of BKCa function with pharmacological compounds in 

intact vessels did not abolish the AMPK-induced relaxing effect and concomitant 

Ca2+-decrease, a finding which was confirmed by studying vessels of global knock-

out (KO) mice.  We found that this effect could be attributed to AMPK-induced 

phosphorylation of the SERCA regulating protein phospholamban on Thr17 which 

was the main mechanism underlying the decrease of Ca2+ in the vascular smooth 

muscle cells. Interestingly AMPK is able to reduce vascular tone via an additional, 

calcium independent mechanism which develops more slowly. This Ca2+ 

desensitization was not due to the classical pathways i.e. reductions of myosin light 

chain kinase (MLCK) or myosin light chain phosphatase (MLCP) activities by 

inhibitory phosphorylation. Instead, in the microvessels observed, AMPK stimulation 

caused changes in the smooth muscle actin cytoskeleton with a significant increase 

of the globular over filamentous actin ratio (G/F-actin ratio) within 35 mins, which 

could be microscopically verified by rarefaction of cytosolic actin fiber network, 

thinning of actin filaments and reduction of actin branching. Mechanistically, we found 

that AMPK indirectly activated the actin-depolymerizing protein cofilin. 
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This work assigns a novel role to AMPK as a potent regulator of tone of small 

resistance arteries. As these are the main vessels controlling not only blood flow but 

also being involved in the development of hypertension, AMPK dysfunction may 

represent a novel key element in the vascular pathophysiology as part of the 

metabolic syndrome. Further studies have to clarify whether AMPK represents a 

therapeutic target for curing patients with vascular diseases. 
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1. Introduction   

 

1.1 Importance of Vascular Smooth Muscle Contraction on the Regulation of 

Microvascular Blood Flow in Physiology and Pathophysiology 

 

Resistance arteries and especially  the arterioles exert important functions since they 

control – via alterations of the flow resistance – the blood supply of the tissue and the 

arterial blood pressure. This function of the resistance vessels critically depends on 

the function of their vascular smooth muscle cells (VSM). Thus, the main functional 

role of VSM in most small arteries (especially resistance arteries) is to maintain tone 

and controlling size of blood vessel lumen (Brozovich et al., 2016; Raghow, Seyer, & 

Kang, 2006; Sarelius & Pohl, 2010). To this end, they are regulated by a plethora of 

mechanisms which are activated or inhibited by nerval, as well as tissue derived 

signals and, in addition by signals generated in the endothelium as well as in the 

smooth muscle cells themselves. 

Not only the physiologic control of blood flow and blood pressure is critically 

dependent on the function of microvascular smooth muscle but it also has  

pathophysiologic implications: More than 90% of patients with hypertension are 

diagnosed with essential hypertension or hypertension of unknown etiology. Most of 

the current pharmacological treatments options rather act indirect than direct on the 

VSM (Schiffrin, 2012). Several mouse models targeting directly the VSM in the recent 

years highlighted that indeed the VSM and VSM contraction is vitally important in 

health and disease of blood flow regulation and the development of hypertension 

(Aldrich et al., 2000; Chutkow et al., 2002; Huang et al., 1995; Michael et al., 2008; 

Qiao et al., 2014; M. Tang et al., 2003; Y. Zhu et al., 2002). The most convincing 

experiment from Crowley et. al showed that targeted KO from AT1A-receptor in kidney 

and/or VSM contributes equally to  blood pressure regulation and underlined the 

underestimated role of VSM in the development of hypertension (Crowley et al., 

2005). Fig. 1.1 summarizes major regulation mechanisms controlling blood pressure 

and its interplay to adapt blood supply to the needs of the respective tissues. 
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Fig. 1.1: Major regulation mechanisms of blood pressure: VSMC are integrating signals 
from endothelial cells, surrounding extracellular matrix, metabolic signals from parenchymal 
cells, nerval input from the sympathetic system and hemodynamic signals (blood flow and 
pressure). Intravascular volume is controlled by the kidneys and fluid intake. As blood 
pressure is the product of systemic vascular resistance and cardiac output (BP = SVR x CO) 
both parameters are closely adapted and can partly compensate for each other. Thus, 
hypertension can be due to a failure in any one of the components depicted in this image and 
results in compensatory changes of the other systems. Blood pressure (BP), systemic 
vascular resistance (SVR), cardiac output (CO). 
 
 

1.2  Vascular Smooth Muscle Signal Transduction 

 

There is plenty of evidence that microvascular constriction or dilation is caused by 

changes in cytosolic calcium ([Ca2+]i) levels in VSM. Microvascular smooth muscle 
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[Ca2+]i is meticulously controlled by voltage-dependent calcium channels (Cav), 

sodium/calcium exchanger (SCX) (Blaustein & Lederer, 1999) and the 

sarcoendoplasmic Ca2+-ATPase (SERCA) (Brini & Carafoli, 2009). While the roles of 

Cav and SERCA are mainly to increase or decrease [Ca2+]I, respectively, is the role of 

the SCX in VSMC less well understood. In particular, recent papers favor mechanism 

in which the SCX predominantly imports Ca2+
 as evidenced by KO models or 

overexpression systems (Iwamoto et al., 2004; Youhua Wang et al., 2015). An 

increase of [Ca2+]i by any of these processes controls via the formation of a calcium-

calmodulin complex ((Ca2+)4 CaM) the activity of the myosin light chain kinase 

(MLCK) increasing the phosphorylation of myosin light chain (MLC20). An equally 

important mechanism which occurs however, independently of  dynamic changes of 

[Ca2+]i, is the regulation of the activity of MLC20 phosphatase (MLCP) since by this 

mechanism, MLC20 phosphorylation can be altered independently of MLCK activity  

(Somlyo & Somlyo, 2009). Most therapeutic approaches to affect peripheral 

resistance in hypertension or inadequate blood supply focus on one of these 

mechanisms. 

However, there is also substantial information that additional mechanisms may be 

involved in the control of smooth muscle tone (Gallant et al., 2011; Lehman & 

Morgan, 2012), especially when longer lasting changes of vascular diameter and 

tone come into focus. Some of these mechanisms are subsumed as vascular 

plasticity or short term remodeling and are considered to be mediated, amongst other 

mechanisms, by functional alterations of vascular smooth muscle structure. Such are 

thought to be achieved by alterations of the smooth muscle cell cytoskeleton, the 

anchoring of the contractile apparatus with the matrix as well as a dynamic 

rearrangement of the smooth muscle cell length and smooth muscle intercellular 

adhesions (Van Den Akker, Schoorl, Bakker, & Vanbavel, 2010). In fact, a complex 

set of cytoskeletal events can be triggered by classical vasoactive compounds and 

hormones that appear to play a fundamental role in the mechanical response of the 

muscle tissue (Gunst & Zhang, 2008; D D Tang & Anfinogenova, 2008; Yamin & 

Morgan, 2012). Thus, actin dynamic cytoskeletal processes may contribute to the 

unique adaptive properties of smooth muscle that enable them to modulate their 

contractile and mechanical properties to adapt to changes in mechanical load and to 

maintain long term alterations of vascular tone. Increasing data suggests that the 

cytoskeletal processes that appear during contractile activation of VSMC may have 
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much in common with the cytoskeletal mechanisms that direct cell motility and 

migration (Gunst & Zhang, 2008).  

 

 

 
 
 
Fig. 1.2: Central pathways regulating vascular tone: Smooth muscle contraction is 
controlled by reversible phosphorylation and dephosphorylation of the MLC20 on the myosin 
heads of the the thick  filament and cytoskeletal stabilization and destabilization of the thin 
(actin) filament.  
 

1.3 AMPK 

 

The 5’-adenosine monophosphate-activated protein kinase (AMPK) is a 

heterotrimeric enzyme which is expressed ubiquitously in mammalian cells and in 

essence in all other eukaryotes (Hardie & Ashford, 2014; Hardie, 2014; Steinberg & 
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Kemp, 2009). Its function in liver and skeletal muscle has gained tremendous interest 

since it is considered to work as a cellular fuel sensor acting on glucose uptake and 

inhibiting anabolic pathways of cell metabolism under conditions of reduced energy 

supply. These pleiotropic effects render AMPK activators potential anti-diabetic drugs 

(Gruzman, Babai, & Sasson, 2009; Hardie, 2013) which could be employed in 

diseases such as the metabolic syndrome. Since in patients suffering from the 

metabolic syndrome alterations of microvascular vasomotor function and arteriolar 

rarefaction are reported (Serné, de Jongh, Eringa, IJzerman, & Stehouwer, 2007), it 

is important to understand not only the metabolic but also the vascular effects of 

AMPK and AMPK-stimulating drugs, especially in resistance vessels. While AMPK 

has already been shown to have significant effects not only on endothelial cells but 

also on blood cells, i.e. leukocytes, platelets and macrophages (Alba et al. 2004; 

Randriamboavonjy et al. 2010; Sag et al. 2008; Fisslthaler and Fleming 2009), very 

little is known about its effect in vascular smooth muscle. Moreover most of the 

studies conducted on blood vessels were performed in large vessels. These findings 

cannot simply be extended to microvessels (Blodow et al., 2014; Boels, Troschka, 

Rüegg, & Pfitzer, 1991).  

 

1.4  Aim of the Study 

 

There is still lacking information how AMPK is controlling microvascular tone and by 

which of the aforementioned mechanism AMPK is doing so. Thus, the main aim of 

this thesis was to determine whether AMPK exerts vasomotor effects in microvessels 

and which cellular mechanisms might be involved. Therefore, we aimed to address 

the following questions: 

 

1. Does AMPK activation lead to a change of tone of small resistance arteries? 

2. Is an intact endothelium required for the vasomotor actions caused by AMPK? 

3. Does (and to which degree) AMPK influence major Ca2+-dependent and –

independent pathways involved in the regulation of vascular tone?  

4. Can molecular targets of AMPK in the microcirculation be identified which 

influence [Ca2+]i  and/ or  calcium-sensitivity? 
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We therefore studied the effects of AMPK activation on vascular tone and smooth 

muscle intracellular free calcium in small resistance arteries freshly isolated from 

skeletal muscle or the mesentery. We performed these experiments initially in 

hamster vessels, since many intravital and ex vivo microscopic investigations have 

characterized these vessels in the microcirculation very well (Bolz et al., 2003; de 

Wit, Schäfer, von Bismarck, Bolz, & Pohl, 1997). In particular, we studied whether 

stimulation with two structurally distinct AMPK activators induced changes of vascular 

tone predominantly via endothelial or smooth muscle mechanisms.  

We also studied whether AMPK stimulation elicited changes of [Ca2+]i in these 

vessels, and which of the several processes potentially involved in the control of 

[Ca2+]i was affected by AMPK stimulation. Later Ca2+-independent dilation 

experiments were conducted in murine vessels to use more diverse genetical tools, 

antibodies and KO-models. It is known that AMPK can interfere with the upstream 

regulators of the MLC20 MLCK and MLCP in large artery models and thereby cause 

Ca2+-independent vasodilation. We wanted to test if these mechanisms are also 

important in resistance arteries. As AMPK is thought  to have a major role in the 

regulation of actin cytoskeletal dynamics and reorganization at the plasma membrane 

in the control of cell motility, (Bae et al., 2011; Kondratowicz, Hunt, Davey, Cherry, & 

Maury, 2013; Miranda et al., 2010; Moon et al., 2014; E. Ross et al., 2015; Stone et 

al., 2013), it may be hypothesized that AMPK is also regulating  vascular tone by 

influencing actin polymerization,  turnover and reorganization. This would establish a 

pathway by which the energy sensing enzyme AMPK could induce long term 

adaptations of cytoskeletal stability, cell morphology and motility, features which are 

important for a remodeling process which can occur independently of a permanent 

decrease of [Ca2+]i in vascular smooth muscle cells.   
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2. Methods 

2.1 Animals 

 

All animal care and experimental protocols were conducted in accordance with 

German federal animal protection laws. Golden Syrian Hamsters (Janvier, Le 

Genest-Saint-Isle, France; 90-120g, 12-24 weeks) were euthanized by a lethal 

intraperitoneal injection of pentobarbital sodium (50 mg/kg) as described before 

(Bolz, Pieperhoff, de Wit, & Pohl, 2000). Male C57BL6/N mice (20-30g, 12-24 weeks) 

were purchased from Charles River Laboratories (Sulzfeld, Germany). The mice 

were killed by cervical dislocation. LifeAct mice were kindly provided by Reinhard 

Fässler (Max Planck Institute of Biochemistry, Martinsried, Germany) and Eloi 

Montanez (Biomedical Center, Martinsried, Germany). Immediately thereafter the 

respective vessels were dissected as described in detail below. 

 

2.2 Drugs and buffer solutions.  

 

The MOPS (3-morpholinopropanesulfone acid) -buffered salt solution used in the 

experiments contained (in mM): CaCl2*2H2O 3.0, EDTA (ethylenediaminetetraacetic 

acid) 0.02, glucose 5.0, K+ 4.7, MgSO4*7H2O 1.17, MOPS 3.0, NaCl 145, 

NaH2PO4*1H2O 1.2, pyruvate 2.0. In MOPS buffers containing 125 mM KCl and 

varying concentrations of CaCl2, concentrations of NaCl were adjusted accordingly 

so guarantee unchanged overall osmolality. PBS+ (phosphate-buffered saline with 

divalent cations) contained (in mM): CaCl2*2H2O 0.9, glucose 5.6, KCl 5.4, 

MgSO4*7H20 0.3, MgCl2*6H2O 0.3, NaCl 136.9, NaH2PO4*1H2O 0.8, KH2PO4 0.4, 

NaHCO3 3.6. Manganese (II) chloride tetrahydrate was purchased from Sigma 

Aldrich (Deisenhofen, Germany). Relaxing solution for α-toxin permeabilized arteries 

contained (in mM) 20 imidazole, 7.5 Na2ATP, 10 EGTA, 10 Mg-acetate, 10 creatine 

phosphate, 31.25 potassium-methanesulfonate, 5 NaN3, 0.01 GTP, 0.001 leupeptin, 

2 DTT, рН 7.00 at 22oC; submaximal contraction solution contained in addition 2 mM 

and 6.5 mM CaCl2 yielding a pCa (=-log[Ca2+]) of respectively 6.99 (mesenteric) and 

6.1 (tail arteries).     Norepinephrine was purchased from Aventis, indomethacin from 
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Fluka, nifedipine and Nω-Nitro-L-arginine methyl ester (L-NAME) and manganese (II) 

chloride tetrahydrate from Sigma Aldrich (Seelze, Germany), thapsigargin, PT1, 

iberiotoxin, Calyculin A,  latrunculin A, jasplakinolide, LIMKi3, compound C, A769662 

(A76), ML7 and paxilline  from Tocris (Bristol, UK). A769662 (A76) was a generous 

gift from D. Grahame Hardie (University of Dundee, Scotland, UK) and later on 

purchased from Tocris or Adooq Bioscience (Irvine, USA). 

 

2.3 Probes and Antibodies 

 

Anti-AMPK α1 and α2 antibodies were kindly provided by Beate Fißlthaler (Goethe 

University, Frankfurt a. M., Germany), anti-SERCA 2 (atp2a2), anti-AMPK β1 and β2 

antibodies were purchased from New England Biolabs (Frankfurt a. M., Germany), 

anti-GAPDH antibody from Merck Millipore (Billerica, MA, USA) and anti-

phospholamban and phospho-phospholamban (pT17) antibodies from Badrilla 

(Leeds, UK). DNAse I-Alexa 488 and Phalloidin-Alexa546 were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA), anti-pMYPT-Thr696 and anti-pMYPT-

Thr853 antibody from Millipore (Darmstadt, Germany), anti-MYPT-Total from BD 

Transduction Laboratories (San Jose, USA), Anti-pMLC20-Ser19 from Rockland 

(Limerick, USA), anti-phospho-cofilin from CellSignaling (Danvers, MA, USA), anti-

alpha-actin from Sigma Aldrich (Deisenhofen, Germany), DRAQ5 from Biostatus 

(Shepshed, UK), anti-pan-14-3-3 from Santa Cruz (Heidelberg, Germany). 

2.4 Isolation and cannulation of resistance-type arteries.  

 

Segments of small resistance arteries were excised under sterile conditions from the 

hamster gracilis muscle, cannulated with glass micropipettes, and transferred to an 

organ bath according to a protocol from Bolz et. al (Bolz, Pieperhoff, et al., 2000). 

The cannulated segments were stretched to their in situ length and a constant 

transmural hydrostatic pressure was maintained throughout the experiment.  

Likewise, arteries from mouse mesentery were removed and pinned onto a silicon-

coated petri dish for subsequent vessel dissection. Fine dissection of mesenteric 

arteries was performed in ice-cold MOPS buffer. Isolated arteries were then 

cannulated as described before (S. Bolz, de Wit, and Pohl 1999). 
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Fig. 2.1: Setup for pressurized arteries: arteries were dissected from mouse mesentery or 
hamster gracilis muscle, cannulated and fixated with ethilon 11-0 suture. Experiments were 
conducted in thermoregulated organ baths (37°C) and equilibrated for respective 
experiments.  

 

2.5 Calcium- and diameter-registration.  

 

The isolated arteries were treated as published before (Bolz et al., 1999; Bolz, 

Pieperhoff, et al., 2000). Briefly, the setup was transferred to the stage of a modified 

inverted microscope (Diaphot 300, Nikon, Düsseldorf, Germany) equipped with a 20x 

lens (D-APO 20 UV / 340, Olympus) and a video camera (Watec, WAT-902B). Organ 

bath temperature was raised to 37 °C and kept constant for the whole experiment. 

The transmural pressure was hydrostatically set to 45 mmHg for hamster vessels and 

60mmmHg for arteries of mice. The smooth muscle layer was selectively loaded from 

the abluminal side with the calcium indicator Fura-2-AM (2 μM, LifeTechnologies, 

Carlsbad, CA, USA) over an incubation period of 2 h for hamster vessels and 

90minutes for mouse vessels, respectively (Bolz et al., 1999). At the end of each 

experiment the measured Fura-2-AM signals were corrected for background 
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fluorescence with 8 mM MnCl2. Fura ratio was preferred over measurement of 

absolute calcium concentrations as several research groups have shown that in 

heterogenic biological systems the dissociation constant is difficult to obtain and 

varies over different preparations (Almers & Neher, 1985; Meininger, Zawieja, 

Falcone, Hill, & Davey, 1991). Vascular diameters videomicroscopy (Hasotec, 

Rostock, Germany) were recorded in conjunction with the [Ca2+]i.  

As shown by us before, the aforementioned vessels develop little myogenic tone 

(about 10% of resting diameters) at 45 mmHg/60mmHg (hamster/mouse) transmural 

pressure (Bolz et al., 1999). Nifedipine or Ca2+-free MOPS buffer was used to 

achieve a minimal calcium level and maximal diameter in pre-constricted vessels at 

the end of each experiment. Normalization was done by building the difference 

between maximum values and minimum values for outer diameter and the 

(background corrected) Fura ratio (diameter: maximum with nifedipine or Ca2+-free 

MOPS buffer (dmax) and minimal diameter after stimulation with norepinephrine or 

Ca2+-containing [0.5mM] buffer (dv); calcium:  maximum with norepinephrine or Ca2+-

containing [0.5mM] buffer (Rv) and minimum with nifedipine or Ca2+-free MOPS buffer 

(Rmin)). Nifedipine or Ca2+-free MOPS in the concentrations used at 5 µM/0mM 

always induced a full dilation and minimal calcium unless this was already reached 

with the highest concentration of PT1/A76. Maximal diameters were close to the 

initial resting diameters. Maximal diameter and minimal calcium levels were not 

different between (A76/PT1) treated and control vessels.  
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Fig. 2.2: Representative experimental trace illustrating how normalization for diameter 
and calcium measurements were performed 
 

 

While 0.3 µM norepinephrine were sufficient to induce more than 30% of pre-

constriction in hamster vessels, slightly higher concentrations, up to of 1 µM 

norepinephrine were necessary to constrict mouse arteries to the same extent. 

Norepinephrine induced a stable constriction and calcium signal in time control 

experiments and was therefore chosen as preconstrictor.  

Addition of any substances or of solvent as control to the organ bath usually elicited 

small, transient elevations of [Ca2+]i. Since these were considered unspecific and to 

be due to mechanical irritation and did not lead to a change in vascular tone they 

were not studied and evaluated further.  
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In order to destroy the endothelium and thus, deendothelialize vessels in some 

experiments, an air bubble of 1 ml volume was passed through the lumen with a 

syringe.  Absence of functional endothelium was verified by the absence of a dilator 

response to acetylcholine (3 µM) in preconstricted arteries (300 nM norepinephrine) 

which had dilated prior to deendothelialization by at least 90 % in response to the 

same dose of acetylcholine. 

Ca2+ sensitivity curves were performed as described elsewhere (Bolz, Galle, 

Derwand, de Wit, & Pohl, 2000): Arteries pressurized at 60mmHg were first placed in 

Ca2+-free MOPS buffer ([Ca2+]o = 0) with normal extracellular potassium 

concentration (4.7 mM). [Ca2+]o was elevated stepwise from zero to 0.5, 1, 2 and 3 

mM after the potassium concentration was increased to 125 mM to permanently open 

voltage operated calcium channels (VOCC).  Resulting changes in intracellular 

calcium and diameter were recorded at a frequency of 5 Hz. The whole procedure 

was repeated again in the presence of AMPK activators (A769662 [A76], 100 µM and 

PT1, 30 µM) and after wash out of the activators for 30 minutes. 

Another set of experiments was conducted to investigate the kinetics of the 

vasodilation caused by PT1 and A76. The protocol started with incubation of the 

mouse arteries in standard MOPS, followed by a normal potassium (4.7 mM) zero 

[Ca2+]o MOPS and a high potassium (125 mM) zero [Ca2+]o  MOPS (each for five 

minutes). Finally the arteries were constricted with MOPS containing 125 mM 

potassium and 0.5 mM [Ca2+]o to continuously open VOCC. The respective AMPK 

activators or DMSO as vehicle were applied after additional five minutes. Again the 

calcium signal and corresponding diameter values were recorded.  

 

2.6 Western blot and Co-immunoprecipitation.  

 

Western blots were performed using different approaches. Samples were either 

single arteries, pooled arteries, mesenteries or cultured cells. Arteries and 

mesenteries were isolated, cannulated and fixed on one side and cleared from 

intraluminal blood. After excerting the respective treatment protocols, the tissue 

samples were either shock frozen with liquid nitrogen, flash-frozen in 15 % 

trichloroacetic acid (TCA) in acetone (w/v) or directly lysed in 

radioimmunoprecipitatiion assay buffer (RIPA) with the following ingredients: NaCl 



25 

 

150 mM, Tris·HCl 50 mM at pH = 8, Triton X-100 0.1 %, Na+ deoxycholate 0.5 %, 

SDS 0.1 %, EDTA 5 mM with protease inhibitor cocktail containing: AEBSF 500 µM, 

antipain 14.7 µM, aprotinin 0.77 µM, leupeptin 10 µM, NaF 500 µM and Na3VO4 500 

µM. Unless not otherwise indicated samples were processed as described by 

Lubomirov et al. (Lubomirov et al., 2006). Briefly, the arteries were thoroughly minced 

in SDS sample buffer (4% glycerol, 4% SDS, 2.5% bromophenol blue, 0.125 M Tris-

HCl and water to desired volume; DTT plus protease and phosphatase inhibitors as 

in RIPA buffer) with a glass pestle (Kimble Chase LLC, Tissue Grinder Micro PKG/6, 

art. No. 885470-0000) and repeatedly centrifuged. Than they were pipetted until only 

foam was seen in the glass mortar. The foam was then transferred into a new 

Eppendorf tube and protein concentration measured.  Table 2.1 gives an overview of 

the modifications used for different targets or tissues. 

 

target sample stimulation freezi
ng 

lysis buffer notes 

phospho-
lamban (PLB) 

half 
mesentery 
or both 
femoral 
arteries of 
mice  

1 µM 
norepinephrine 
for 5 minutes 
followed by 5 
minutes of 
norepinephrine 
plus 0.03 % 
DMSO or 
norepinephrine 
plus 30 µM A76. 

TCA SDS sample 
buffer 

sonication with 
three pulses for 
ten seconds after 
lysis 

AMPK subunit 
expression 

hamster 
femoral 
arteries 

- liquid 
nitro-
gen 

lysis buffer: 
EDTA (pH 
8.0) 1mM, 
KH2PO4 
18mM, 
Leupeptin 
1µg/ml, NaF 
50mM, 
NA4P2O7 
(10H2O) 
40mM, 
Na3VO4 (pH 
7.5) 1mM, 
pepstatin 1 
µg/ml 

Repeatedly deep 
frozen and 
scraped with a 
metallic needle 

G-actin cannulated 
single 

15 min MOPS 
with PT1/DMSO 

liquid 
nitro-

actin-
stabilizing 

2mm 
unstretched 
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mouse 
mesenteric 
arteries  

followed by 
20min 
potassium rich 
MOPS (125mM 
K+, 0.5mM Ca2+) 
with PT1/DMSO 

gen buffer from a 
commercially 
available kit 
(G-actin / F-
actin In Vivo 
Assay Kit Cat. 
# BK037, 
Cytoskeleton
, Denver, CO, 
USA). 

length; 
centrifugation for 
1h with 155.000g 
at 22°C (Moreno-
Domínguez et al., 
2014) 

pMLC20, 
pMYPT1 
(T696), 
pMYPT1 
(T853) and β-
actin 

cannulated 
single 
mesenteric 
arteries or 
isometric 
arteries 

5 min MOPS, 5 
min calcium-free 
MOPS, 5 min 
calcium-free 
high potassium 
(125mM) MOPS, 
20min 
potassium rich 
MOPS (125mM 
K+, 0.5mM Ca2+) 
all solutions 
with PT1 or 
DMSO 

TCA  SDS sample 
buffer 

2mm 
unstretched 
length; isometric 
arteries were 
permeabilized 
with α-toxin (5 
U/µl) in a EGTA 
(free [Ca2+] pCa = 
-log [Ca2+] >8) 
and ATP-
containing buffer 
(relaxing 
solution) as 
described earlier 
(Lubomirov et al., 
2006). 

cofilin Ser3 half murine 
mesentery, 
single 
cannulated 
mesenteric 
arteries, 
PCASMC 

15 min MOPS 
with PT1/DMSO 
followed by 
20min 
potassium rich 
MOPS (125mM 
K+, 0.5mM Ca2+) 
with PT1/DMSO 
(120min for 
A76) 

Liquid 
nitro-
gen 
(ar-
teries) 

SDS sample 
buffer 
(arteries), 
RIPA (cells) 

Enhanced 
chemilumines-
cence (ECL)  or 
near infrared 
Western blot 

14-3-3 PCASMC 15 min MOPS 
with PT1/DMSO 
followed by 
20min 
potassium rich 
MOPS (125mM 
K+, 0.5mM Ca2+) 
with PT1/DMSO 

- 150 mM 
NaCl 150, 50 
mM TrisHCl 
(pH = 8.0), 
1% Triton X-
100 in water 
plus 
protease and 
phosphatase 
inhibitors 

Co-immunopre-
cipitation 

 

Table 2.1: Western blot techniques 
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Protein band visualization was achieved by one of the following techniques:  

 

Enhanced chemiluminescence (ECL) Western blot: The isolated proteins were 

separated via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), transferred onto a nitrocellulose membrane (AMPK detection) or 0.2 µm 

PVDF membrane (pMLC20, pMYPT1 (T696), pMYPT1 (T853) and β-actin, G-actin, 

Cofilin, phospholamban detection, 14-3-3, GAPDH), fixed by incubation with 0.5 % 

PonceauS and incubated with the primary antibody overnight in a shaker at 4 °C. 

After that step, the membrane was washed with Tris-buffered saline and tween 

(TBST) buffer and incubated with the horseradish peroxidase (HRP)-conjugated 

secondary antibody. Finally, bound secondary antibody was visualized by HRP-

mediated luminol oxidation (AppliChem, Darmstadt, Germany) which was detected 

with a CCD camera. 

 

Near-infrared Western blot: Lysates from single arteries and PCASMCs were 

separated via PAGE and transferred to a PVDF membrane. The membrane was 

blocked with 5 % BSA in TBST. Afterwards, it was incubated with a mixture of anti-

phospho-cofilin and anti-total-cofilin antibody at 4°C. The membrane was washed 

subsequently and incubated with a mixture of a goat anti-mouse (IgG IRDye 680RD 

goat anti mouse) and a goat anti-rabbit secondary antibody (IgG IRDye 800CW goat 

anti rabbit, both LI-COR Biosciences, Bad Homburg, Germany). After washing the 

membrane was dried and scanned with a LiCor Odyssey CLx system (LI-COR 

Biosciences, Bad Homburg, Germany). The secondary antibodies were detected by 

excitation at 700 and 800 nm, respectively. Quantification was performed using 

Image Studio Lite version (LI-COR Biosciences, Bad Homburg, Germany). 

 

Co- immunoprecipitation: Cells were grown in 10 cm culture dishes until 80 % 

confluence. Medium was removed and the cells were kept in MOPS buffer for 1 h to 

equilibrate. Then they were stimulated according to the Ca2+-sensitivity protocol (see 

section 2.5 calcium an diameter registration) for 15 min with MOPS + 0.03 %DMSO 

or 30 µM PT1 followed by 125 mM K+ plus DMSO/PT1 for 20 min. Cells were then 

lysed in a buffer of the following composition: 150 mM NaCl 150, 50 mM TrisHCl (pH 

= 8.0), 1% Triton X-100 in water(?) plus protease and phosphatase inhibitors (AEBSF 
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500 µM, antipain 14.7 µM, aprotinin 0.77 µM, leupeptin 10 µM, NaF 500 µM, Na3VO4 

500 µM). Lysates were incubated over night at 4°C with a polyclonal pan-14-3-3 

antibody and with µMACS Protein A MicroBeads (Miltenyi Biotec, Bergisch 

Gladbach, Germany). The mixture was then loaded onto MACS separation columns 

(Miltenyi Biotec, Bergisch Gladbach, Germany) and processed according to the 

manufacturer’s instructions. Lysates, precipitates and flow-through samples were 

subsequently quantified by Western blot.  

 

2.7 Cell culture.  

 

Human Umbilical Artery Smooth Muscle Cells (HUASMCs, Lonza, Verviers, Belgium) 

or Porcine Coronary Artery Smooth Muscle Cells (PCASMCs, Sigma Aldrich, 

Deisenhofen, Germany) were cultured according to the provider’s instructions in a 

humidified chamber with ambient conditions of 95 % O2 and 5 % CO2. 

 

2.8 Isolation of vascular smooth muscle cells and patch clamp measurements. 

 

Gracilis muscle arteries of mouse and hamster were dissected and carefully freed of 

surrounding muscle, fatty and connective tissue. The vessel segments were then  

isolated and the cells thereof enzymatically digested as described elsewhere 

(Dietrich et al., 2005). Different time periods of the digestion protocol were tested and 

for the specific samples (hamster/mouse arteries) optimized. Isolated vascular 

smooth muscle cells (VSMC) were plated on a cell culture dish coated with polylysin 

and allowed to adhere. Then the cells were analysed with the perforated patch 

technique (this technique was used to retain the integrity of cytoplasmic components 

like soluble second messengers): After adhesion, VSMCs were superfused with an 

extracellular solution: NaCl 135 mM, KCl 5 mM, CaCl2 1 mM, MgCl2 1 mM, glucose 

10 mM, HEPES 10 mM, adjusted to pH 7.4 with NaOH. Glass cannulas with 

resistances of 2.5 to 4.0 MΩ were choosen as patch pipettes and caused series 

resistances of 6 to 11 MΩ. The tip of a patch electrode was first filled with an 

amphotericin B-free solution (KCl 30 mM, K-aspartat 110 mM; MgCl2 1 mM, EGTA 

0.1 mM and HEPES 10 mM, titrated to pH 7.2 with NaOH) and carefully controlled 
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that no air bubbles got into the system. The osmolarity of all solutions was controlled 

with vapor osmometer Vapro 5520 (Wescor, Logan, USA). The liquid junction 

potential was +13.8 mV and offset corrections were made by the Patch Master 

software (v2.52, HEKA, Lambrecht, Germany). The perforation induced by 

amphotericin started shortly after seal formation and reached a steady-state level 

within a few minutes. Cells with high leakage current were excluded from analysis. 

Patch Master software was used to automatically approximate and adapt the values 

of pipette and cell membrane capacitance and limiting voltage errors. Data 

acquisition was done with a frequency of 10 kHz after using a low bandpass filter 

(1.67 kHz) with an EPC10 patch clamp amplifier (HEKA, Lambrecht, Germany) 

integrated in the Patch Master software. The cells were depolarized in a stepwise 

manner from -70 to +40 mV (with increments of 10 mV) and certain substances 

applied. Concomitant currents (membrane potentials) were measured in the perforate 

patched mode.  

2.9 Determination of mRNA levels in isolated arteries.  

 

cDNA isolation was carried out from murine mesenteric arteries as previously 

described (Blodow et al., 2014). Total RNA from hamster and mouse vessels was 

isolated using Tri Reagent (Sigma, Munich, Germany). First strand synthesis was 

performed with random hexamers as primers, using RevertAid reverse transcriptase 

(Thermo Fisher Scientific, Waltham, MA, USA). The Quantitative PCR was performed 

on a StepOne machine (LifeTechnologies, Carlsbad, CA, USA) using the SYBR-

Green reagent (Power SYBR Green, LifeTechnologies, Carlsbad, CA, USA) with 

normalization of the target genes to the geometric mean of hprt1 (hypoxanthine 

phosphoribosyltransferase 1), ywhaz (tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, zeta polypeptide) and sdha (succinate 

dehydrogenase complex, subunit A) (Vandesompele et al., 2002). PCR primer 

sequences were: 

  

Phospholamban:  (plb_for): tgagctttcctgcgtaacag  

 (plb_rev): tggtcaagagaaagataaaaagttga  
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SERCA2: (atp2a2_for):  tcgaccagtcaattcttacagg  

 (atp2a2_rev):  cagggacagggtcagtatgc  

   

AMPKα1:  (prkaa1_for):  ccttcgggaaagtgaaggt 

       (prkaa1_rev): gaatcttctgccggttgagt  

   

Hprt1:  (hprt1_for): tcctcctcagaccgctttt 

 (hprt1_rev): cctggttcatcatcgctaatc 

   

Ywhaz:  (ywhaz_for): taaaaggtctaaggccgcttc  

 (ywhaz_rev): caccacacgcacgatgac  

   

Sdha: (sdha_for): ccctgagcattgcagaatc 

Sdha: (sdha_rev): tcttctccagcatttgcctta. 

  

 

1 µM of each primer pair and 1 μl of synthesized cDNA were added to the reaction 

mixture (5µl SYBR Green and 3µl aqua dest), and PCR was carried out using the 

following conditions: 10 min initial activation and 45 cycles of 15 s at 95 °C and 60 s 

at 60 °C each. All primers were tested by using diluted complementary DNA (cDNA) 

of reference tissues from skeletal muscle, heart, kidney and liver to confirm linearity 

of the reaction and to determine particular efficiencies. Gene of interest expression 

levels were calculated by normalizing to the geometric mean expression of the three 

reference genes. Melting curves were performed to assess whether their intercalating 

dye PCR/qPCR assays have produced single, specific products with continuous 

fluorescence registration from 60 °C to 95 °C. Crossing points were determined by 

the software program. For each qPCR experiment, the arteries of a whole mesentery 

were pooled and mRNA levels were measured in triplets. At least three independent 

qPCRs experiments were performed.  
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Fig. 2.3: PCR of isolated arteries: PCR protocol and amplification plot: A, after an initial 
activation step, 45 cycles were performed to amplify the PCR products. Finally a melting 
curved was conducted. B,  amplification plot with different dilutions of cDNA ranging from 
1:40 to 1:640. The y-axis is depicting the fluorescence signal and thus the products 
generated by the PCR cycles.  

 

2.10 Measurement of membrane potential of VSMC in intact arteries.  

 

Membrane potential was recorded in intact pressurized arteries using conventional 

intracellular glass microelectrodes filled with 3% agarose in 3M KCl solution. An AgCl 
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counter electrode was connected to this setup. Glass cannulas with a tip size <1 µm 

and  resistance of 60-100 MΩ  were shaped with an laser based micropipette puller 

system (P-2000, Sutter, Novado, CA, USA) and mounted on a micromanipulator unit 

(Scientifica, Uckfield, UK). The arteries were impaled and membrane potential 

continuously recorded. Therefore a pre-amplifier (BA-01X, Npi Electronic GmbH, 

Tamm, Germany) was connected to a data-acquisition system (LabChart, 

ADInstruments, Bella Vista, Australia). Two different protocols were conducted: In a 

first series of experiments arteries were constricted with 1 µM norepinephrine and 

subsequently relaxed by application of 30 µM  A769662 followed by application of 

100 nM iberiotoxin. In a second set of experiments 1 µM thapsigargin was applied 

after pre-constriction with 1 µM  norepinephrine, followed by 30 µM A76. Criteria for 

acceptance of recordings were: (1) a sharp negative deflection in potential on 

impalement of the cell; (2) stable membrane potential for at least 2 min before 

experimental manipulations; (3) sharp positive deflection upon retraction of the 

microelectrode with no change in tip potential compared to the initial values. 

 

 

Fig. 2.4: Membrane potential measurement of intact arteries  
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2.11 Image analysis and calculation of anisotropy.  

 

An anisotropy index was calculated from time lapse Life-Act images or arteries which 

were fixed in a pressurized state and thereafter stained for G- and F-Actin. Individual 

VSMC were identified and encircled thereby defining them as a region of interest. For 

Life-Act time-lapse images, changes in anisotropy were followed over time after 

sequential application of the following substances for indicated time periods: high 

potassium (125mM) MOPS buffer for 20minutes, PT1 for 60 minutes and Compound 

C/PT1 for additional 30 minutes. Pressurized arteries were also treated alternatively 

with several substances (PT1, Compound C, LIMKi3 (a LIM kinase inhibitor), 

Latrunculin, Jasplakinolide), fixed and stained (details in chapter 2.x 

Immunfluorescence). Again, borders of individual VSMC were detected and circled 

and anisotropy measured. To do so, computation of anisotropy was performed with 

the Fiji ImageJ plugin FibrilTool (Boudaoud et al., 2014). Briefly, this technique is 

based on building unit vector tangents to fibrils depending on the gradient of intensity 

levels in a region of interest in an image. These unit vectors build a tensor and the 

circular variance of their direction expresses a score how well fibrils are ordered (0 

for no order (isotropic) and 1 for perfectly parallel ordered fibrils (anisotropic)). 

 

 

 
Fig. 2.5: Measurement of anisotropy in pressurized arteries: VSMC were encircled and 
the Fiji ImageJ Plugin FibrilTool used to calculate the anisotropy after different treatments. 
DMSO control on the left and PT1 on the right. The light blue line is an index of the 
anisotropy. The higher the anisotropy the more parallel and directed are the actin filaments.  
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2.12 Immunofluorescence.  

 

Cannulated and pressurized or isometrically mounted arteries were fixed for one hour 

with 3.7% formaldehyde. Thereafter, the vessels were permeabilized for 30 minutes 

with 0.5% Triton X-100, blocked with 1% BSA in phosphate-buffered saline with 

divalent cations (PBS+) followed by incubation with the respective dyes for 2h or the 

indicated antibodies overnight.  After thorough washing with PBS+, transmural image 

stacks (thickness 3µm) of three adjacent areas were obtained in each vessel using 

Leica TCS SP5 confocal microscope (Leica Microsystems). Images were analyzed in 

a blinded manner using Fiji ImageJ Software as follows. For F/G-ratio analysis the 

mean grey values of 5 random cytosolic areas of 3 µm z-stacks (0.3 µm slice 

distance, maximum intensity projection) of the phalloidin as well as the corresponding 

DNAseI images were calculated.  

Profiles of Life-Act intensity through individual VSMCs in isometrically mounted 

arteries were analyzed according to Flavahan et al. (Flavahan, Bailey, Flavahan, 

Mitra, & Flavahan, 2005). Therefore, time lapse images of the same vessel area 

(61.51 µm x 61.51 µm) were recorded after sequential application of high potassium 

(125 mM, 10 minutes incubation time), PT1 (30 µM, 60 minutes incubation time) and 

compound C (15 µM, 30 minutes incubation time), respectively. A line perpendicular 

(y-axis) to the long axis of the VSMC (x-axis) was drawn through individual VSMCs. 

The edges of the cell were defined as the first and final peaks in relative Life-Act 

intensity with normalization to the maximum value of each cell.  The width of the 

VSMC was normalized and calculated as the distance between the two peaks with 

the first peak being defined as site 0 and the final peak as site 1. Curves were plotted 

with an additional 0.2 margin of normalized Life-Act intensity distance on either side. 

Area under the profile curve (AUC) was determined with a Sigma Plot-Plugin for each 

individual cell and used for statistical evaluation via One Way Repeated Measures 

ANOVA followed by Holm-Sidak method (representative image in Fig. 3.15).  

To investigate morphological changes in cytoskeletal architecture caused by AMPK 

HUAMSC were cultured and seeded on 8 well µ-slides (Ibidi, Martinsried, Germany) 

coated with poly-L-lysine (6 µg/cm2) (Biochrom, Berlin, Germany) for 24 hours. 

Adherent HUASMC were incubated either with DMSO or PT1 in 125 mM K+. 

Afterwards, HUASMC were fixed for 15 minutes in 3.7% formaldehyde, thoroughly 
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washed, permeabilized for 30 minutes in 0.5% Triton X-100, blocked with 1% bovine 

serum albumin (BSA) in phosphate buffered saline plus divalent cations (PBS+), 

carefully washed again, incubated with alpha-actin-antibody overnight and stained 

with a secondary anti-actin antibody and phalloidin on the next day. Cells were then 

embedded in confocal matrix (Micro Tech Lab, Graz, Austria). Leica TCS SP5 

confocal microscope was used to record 3 random 120.6 µm x 120.6 µm images 

from each well (Leica Microsystems).  These images were automatically pre-

processed with Fiji ImageJ Software with following algorithm to achieve comparability 

between different samples as further explained after each command: 

Firstly, z-stacks (0.3 µm slice distance, maximum intensity projection) of 3µm 

thickness were calculated to correct for filaments running slightly oblique in z-

direction: 

run("Z Project...", "projection=[Max Intensity]");  

run("Grays"); 

run("Unsharp Mask...", "radius=4 mask=0.90"); 

A high-pass filter was applied to the picture to account for uneven illumination at the 

outskirts of the image 

run("Bandpass Filter...", "filter_large=40 filter_small=3 suppress=None tolerance=5 

autoscale saturate"); 

run("Enhance Contrast...", "saturated=5"); 

getRawStatistics(nPixels, mean, min, max); 

t2 = max; 

t1 = 1.2*mean; 

setThreshold(t1, t2); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

run("Invert"); 

For the indirect analysis of intersection density by measurement of the mean actin 

filament length between intersections a Fiji ImageJ Plugin DiameterJ was used 

(Hotaling, Bharti, Kriel, & Simon, 2015). Filament thickness was calculated by 

building the mean of the minors (minimal diameter of the shorter axis of a region of 

interest (ROI)) of all particles of the pre-processed images with following 

characteristics:  

size (in microns): 2-infinity (to subtract for background fluorescence) 
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circularity: 0.0-0.4 (to analyze only particles/filaments and not round antibody 

aggregates)  

2.13 Statistics 

 

For data presentation and computation of statistical tests SigmaPlot (Systat, Erkrath, 

Germany) was used. An initial pre-test for normality distribution (Shapiro-Wilk test) 

was run to decide if a subsequent parametric or non-parametric test was appropriate. 

Parametric tests comprised Two Way ANOVA followed by  post hoc Tukey’s test or 

Holm-Sidak method, One Way ANOVA was  followed by post hoc Holm-Sidak 

method, One Way Repeated Measures ANOVA was followed by  post hoc Shapiro-

Wilk test. I addition  paired t-test, and t-test for unpaired data were performed when 

appropriate. When the data not normally distributed, non-parametric tests, i.e. signed 

Rank test, Friedman Repeated Measures ANOVA on Ranks followed by Tukey’s test 

were used. The exact method used in a particular set of experiments is indicated in 

the figure legends or in the description of specific results, respectively. For 

descriptive reasons, all values are presented as means ± standard error of the mean 

(SEM) plus n designating sample size. Differences were considered statistically 

significant when the error probability was < 0.05. 
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3. Results 

 

3.1 Expression of AMPK subunits targeted by the AMPK stimulators.  

 

First we tested if the AMPK subunits through which our AMPK activators act are 

expressed in VSMC of small arteries. While PT1 has been reported to activate AMPK 

by binding between the kinase and auto-inhibitory domains of the α1 or α2 subunits 

(Pang et al., 2008), A769662 (A76) has been shown to stimulate AMPK on a 

carbohydrate-binding module of the β1 subunit and the N-lobe of the kinase domain 

(Scott et al., 2008). Western blots from hamster arteries were performed and yielded 

signals consistent with the expression of α1, α2, β1 and β2 subunits of AMPK (Fig. 

3.1). 

 

 

 

Fig. 3.1:  Western blots demonstrating the expression of all AMPK α (upper and middle lane) 
and β subunits (lower lane) in two hamster femoral arteries (FA1, 2). Taken from 
Schneider&Schubert et al.(Schneider et al., 2015). 
 

 

3.2 AMPK-mediated, endothelium-independent vasodilation paralleled by a 

decrease in [Ca2+]i.  
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Stimulation of AMPK by A76 in pressurized arteries which had been pre-constricted 

with norepinephrine induced a concentration-dependent decrease in cytosolic 

calcium along with vasodilation (Figs. 3.2A, 3.2B are depicting a representative single 

experiment). A second AMPK activator was used to exclude non-specific 

pharmacological actions of A76. PT1 was chosen because this compound activates 

AMPK at a  subunit different from the A76 binding one (Pang et al., 2008). PT1 

caused comparable vasodilation (Fig. 3.2E), and calcium decrease (see below). 

Unfortunately, PT1 interfered with the fluorescence signal at one of the wavelengths 

required to obtain the Fura-2 ratio. Thus, a quantitative analysis of the Fura-2 ratio, 

reflecting intracellular calcium levels was not possible in the presence of PT1. 

Both compounds induced a maximal dilation of the vessels at their highest 

concentrations (A76 100µM, PT1 30µM; see Fig. 3.2C and Fig. 3.2E). To test if the 

effects of the AMPK stimulators were mediated by the endothelium, the endothelium 

was removed by perfusion with an air bubble. Neither vasodilation nor calcium 

decrease were reduced by removal of the endothelium. The responses to A76 and 

PT1 were rather slightly pronounced (Fig. 3.2C, 3.2D, 3.2E). In arteries with intact 

endothelium incubation with L-NAME (30 µM) and indomethacin (30 µM) to inhibit the 

function of NO-synthase (NOS) and cyclooxygenase (COX), respectively, showed no 

effect on the AMPK-induced dilation and calcium decrease. Nonetheless, all further 

experiments on pressurized arteries were conducted in the presence of L-NAME and 

indomethacin as part of the standard procedures established in our laboratory. 
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Fig. 3.2: Representative example of an original recording of the effects of A76 (1 - 0.1 mM) 
on diameter (A) and intracellular calcium (B). Arrows indicate application of A76 at increasing 
concentrations. The small resistance artery pre-constricted with 0.3 μM norepinephrine 
showed potent vasodilatation associated with a decrease of [Ca2+], especially at the higher 
concentrations.  The application of the Cav-channel blocker nifedipine (5 μM) elicited no 
further dilation and only minor additional calcium        decrease. Microvessels showed dose-
dependent and endothelium-independent vasodilation (C) associated with a decrease of 
[Ca2+]i  (D) when exposed to A76 in concentrations reaching from 10-6 to 3*10-4 M (n=4-5). E: 
The application of the alternative AMPK stimulator PT1 (3*10-7 to 3*10-5 M) also caused 
dose-dependent and endothelium-independent vasodilation (n=3-4 per group). The 
dilatations were normalized to the maximal possible dilator responses of the pre-constricted 
vessels as obtained in the presence of nifedipine (*=P<0.05, intact endothelium vs. without 
endothelium). Taken from Schneider&Schubert et al.(Schneider et al., 2015).  



40 

 

 

Table 2.1 summarizes the absolute diameters of hamster vessels under various 

conditions (basal, 0.3 µM norepinephrine, 0.3 µM norepinephrine + 100 µM A76, 5 

µM nifedipine) to allow evaluation of relative changes.  

 

Treatment Mean diameter ± SEM, n (steady state) 

Basal 233.1 ± 8.5 µm, n=55 

0.3 µM norepinephrine (NE) 125.9 ± 9.4 µm, n=15 

0.3 µM + 100 µM A769662 206.1 ± 14.3 µm, n=10 

5 µM nifedipine 228.5 ± 6.9 µm, n=55 

 
Table 3.1:  Mean diameters of hamster vessels in response to various stimuli. Taken from 
Schneider&Schubert et al.(Schneider et al., 2015) 
 

3.3 AMPK effects in VSMC involve activation of BKCa channels and associated 

hyperpolarization.  

 

To investigate the potential role of potassium channels which may cause membrane 

hyperpolarization and dilation, VSMC were freshly isolated from hamster or mouse 

resistance arteries to perform perforated patch clamp analysis in single cells. AMPK 

activation by A76 or PT1 (again two independent activators of AMPK were chosen to 

exclude unspecific pharmacologic effects) showed a concentration-dependent 

increase in outward current that was sensitive to inhibition by paxilline and iberiotoxin 

(Ibtx), suggesting the involvement of BKCa potassium channels. This BKCa-dependent 

outward current was abolished upon stimulation with A76/PT1 in BKCa -/- mice. 

Furthermore, the AMPK inhibitor compound C (dorsomorphin), while not a completely 

specific inhibitor of AMPK (Bain et al., 2007), also abolished the outward current 

induced by A76 (Fig. 3.3H).  
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Fig. 3.3: AMPK effects in VSMC involve activation of BKCa channels and associated 
hyperpolarization. Top row, A: Patch clamp studies in freshly isolated smooth muscle cells 
derived from small mouse mesenteric arteries demonstrating BKCa-dependent outward 
currents upon stimulation with A76 in WT but not in BKCa -/- mice (B) and increased current 
densities upon the two independent AMPK stimulators A76 and PT1 in WT but not -/- cells 
(C; n=3-4, *=P<0.05, t-test). D: Membrane potential recordings obtained in smooth muscle 
cells of mouse mesenteric arteries in situ under non stimulated conditions (resting membrane 
potential, RMP), upon stimulation by norepinephrine (NE) alone, together with A76 in the 
presence or absence of iberiotoxin (IbTx) and thapsigargin (TG; n= 13-25 measurements 
from 5-13 vessels, *=P<0.05, One Way ANOVA, Holm-Sidak). 
Bottom row: Results in isolated smooth muscle cells freshly obtained from hamster vessels. 
E: BKCa-dependent outward currents in the absence and presence (F) of A76 at increasing 
holding potentials.  G: Dose dependency of A76 induced outward currents and effects of 
compound C and BKCa channel blockers (H). J: Membrane potentials of isolated cells, 
showing hyperpolarization induced by A76, and reversible inhibition by the AMPK inhibitor 
compound C (n=5-27, **=P<0.01, ***=P<0.001, paired t-test). Taken from 
Schneider&Schubert et al.(Schneider et al., 2015).  
 

3.4 PT1 mimics the effect caused by A76 
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PT1 also produced a BKCa-dependent outward current (Fig. 3.4B) similar as 

observed with A76 at a concentration that induced 15% dilation (Fig 3.2C and 3.3G)  

Again, the inhibitor of AMPK, compound C, virtually eliminated the outward current 

elicited by PT1 (Fig. 3.4B). 

 

 

Fig. 3.4: A, The application of PT1 (3*10-7 to 3*10-5 M) also caused dose-dependent and 
endothelium-independent vasodilation (n=3-4 per group). The dilatations were normalized to 
the maximal possible dilator responses of the pre-constricted vessels to nifedipine 
(*=P<0.05, intact endothelium vs. without endothelium, Two Way ANOVA, Tukey). B, PT1 
(30mM) induced outward current was blocked by incubation with the BKCa-inhibitor paxilline, 
as well as with the AMPK-inhibitor Compound C. Modified from Schneider&Schubert et 
al.(Schneider et al., 2015) 
 

3.5 Membrane potential in intact arteries 

 

Measurements of membrane potential in isolated VSMC yielded a membrane 

potential of -52 ± 3 mV (n=8) under the influence of A76. This was reversed to -23 ± 

2 mV by compound C (n=6, Fig. 3.5B). Likewise, impalement of murine mesenteric 

arteries smooth muscle cells in situ with sharp microelectrodes revealed a membrane 

potential of -34 ± 2 mV (n=6) after pre-constriction with norepinephrine, while under 

AMPK activation by A76 a mean of  -60 ± 3 mV (n=6, Fig. 3.5C) was measured, a 

value that was comparable to isolated VSMC. This was consistent with BKCa 

potassium channel activation by AMPK. 
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Fig. 3.5: A: Measurements in isolated VSMC confirmed hyperpolarization upon AMPK 
activation that was reversed by addition of compound C. B: Summary of the time series 
performed on single cells depicting reversible A76-induced hyperpolarization. C: 
Measurements of membrane potential with sharp microelectrodes showed a mean 
membrane potential of -34 ± 2 mV after preconstriction with norepinephrine (NE, 1 µM). A76 
(30 µM) induced a hyperpolarization to -60 ± 3 mV (n=6, ***=P<0.001) Taken from 
Schneider&Schubert et al.(Schneider et al., 2015). 

3.6 No changes by BKCa channel inhibitors on AMPK-induced effects in intact 

vessels. 

 

Despite the convinincing electrophysiological evidence from the BKCa-KO mice and 

outward current inhibition of AMPK-induced BKCa activity by  paxilline and iberiotoxin, 

these compounds showed only minor inhibitory effects on AMPK-mediated dilation of  

intact  vessels and, in particular, did not affect the calcium decreases induced by A76 

in intact arteries (Fig. 3.6A and 3.6C). Compatible with this, BKCa gene-deficient mice 

showed no impairment of the AMPK-induced vasodilation, though VSMC from BKCa 

gene-deficient mice showed no outward current upon AMPK activation as 

demonstrated in Fig 3.3C. 

 

3.7 Significant impairment of dilation and of calcium decreases by SERCA 

inhibition. 

 

We therefore conducted another series of concentration response curves (CRC) with 

AMPK stimulators in intact vessels to study the effects of the SERCA inhibitor 

thapsigargin (1 µM), with or without iberiotoxin or paxilline. Application of thapsigargin 

to vessels pre-constricted with norepinephrine gradually augmented VSMC cytosolic 

A B C 
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Ca2+ throughout the incubation time (2 minutes) suggesting ongoing store depletion 

(not shown).  

In sharp contrast to results obtained with BKCa inhibition alone, pretreatment with 

thapsigargin alone substantially and significantly reduced the dilatory and calcium-

decreasing effects of AMPK stimulation. The effects of thapsigargin could be 

reproduced with a second SERCA inhibitor, cyclopiazonic acid (10 µM, not shown). 

Combinations of thapsigargin with iberiotoxin or paxilline virtually abrogated the 

calcium decrease but still left a small dilator response (Fig. 3.6A). 

  

 

 
Fig. 3.6:  Reduced AMPK effects under SERCA inhibition. Thapsigargin and iberiotoxin 
show inhibitory effects on the vasodilation (A) and calcium decrease (B) mediated by AMPK. 
The blockade of BKCa channels with iberiotoxin (IbTx, 100 nM) caused no significant 
reduction of the AMPK induced vasodilator effects, contrary to SERCA inhibition with 
thapsigargin (TG, 1 µM). Simultaneous application of IbTx and TG virtually abolished the 
A76-induced calcium decrease and severely reduced dilation (n=4-6, *=P<0.05, Two Way 
ANOVA, Tukey). Little difference between BKCa KO mice and WT littermates: mesenteric 
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arteries from BKCa KO mice showed no impairment in dilation (C) in response to A76. Rather, 
dilation was significantly higher at 30 µM A76. D, Likewise, the decrease in [Ca2+]i was 
unaffected (n=4 each,*=P<0.05, Two Way ANOVA, Tukey). Taken from Schneider&Schubert 
et al.(Schneider et al., 2015) 

 

3.8 Increased SERCA activity upon AMPK stimulation.  

 

To further address the issue of an effect of AMPK on SERCA in intact vessels, we 

indirectly assessed smooth muscle sarcoplasmic reticulum (SR) calcium content by 

measuring the calcium transient upon application of caffeine (1 mM) (Potocnik & Hill, 

2001). This transient was recorded in calcium-free buffer to avoid any confounding 

effects of channel-related influx. The relative height of the resulting calcium peak 

after caffeine application was taken as a measure of SR calcium content. 

Pretreatment with A76 indeed increased calcium transients in response to caffeine 

(Fig. 3-7A-C). In a separate set of experiments, voltage-gated calcium channels were 

blocked by nifedipine and again caffeine was applied in the absence or presence of 

A76. Pretreatment with A76 also enhanced the nifedipine-mediated basal [Ca2+]i (Fig. 

3.7D-F). Initially, the vessels were stimulated with norepinephrine (NE) to assess 

their calcium reactivity. After washout of NE, nifedipine with and without A76 was 

added to the organ bath and the resulting decrease of calcium was studied. 

Consistent with a higher activity of a second, probably SERCA mediated calcium 

removing mechanism, the calcium decrease after blockade of the calcium influx by 

nifedipine was significantly enhanced (Fig. 3.7 D-F). 
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Fig. 3.7:  A: Increased SERCA activity upon AMPK stimulation. A: Stimulation of calcium 
release via caffeine (10 mM) under calcium-free conditions elicited a smaller calcium 
transient in the time control vessels (dark triangles) compared to AMPK activated vessels 
(grey circles). B: In hamster arteries, as well as in mouse arteries (C), 1 mM caffeine and 10 
mM caffeine, respectively, induced higher transients after A76 pretreatment than under 
control conditions. This transient could be inhibited by thapsigargin (TG, B). There was no 
statistically significant difference between the native state (time control) and thapsigargin, 
albeit the tendency suggests an intermediate store filling. D, E: Representative original 
registrations of intracellular calcium [Ca2+]i. in an isolated  vessel. Nifedipine (Nif, 5 µM) was 
applied alone (D) or in combination with A76 (30 µM, E). The resulting reduction in [Ca2+]i 
was calculated as percent of the maximum calcium reduction under calcium-free conditions. 
In both cases, the previous calcium response to norepinephrine (300 nM) is shown for 
comparison. F: Upon blockade of extracellular calcium influx by nifedipine (5 µM), AMPK 
stimulation with 30 µM A76 caused a significantly stronger [Ca2+]i reduction. (B: n=5-9, 
*=P<0.05, Kruskal-Wallis test, Dunn’s method, C: n=4 each, D-F: n=7-9,*=P<0.05, t-test). 
Taken from Schneider&Schubert et al.(Schneider et al., 2015). 

 

3.9 Increased phosphorylation of the SERCA modulator phospholamban in 

microvascular smooth muscle after AMPK stimulation. 

 

Since phospholamban is an important modulator of SERCA activity in many 

tissues(Eggermont, Wuytack, Verbist, & Casteels, 1990) we studied its expression 

and potential changes of its phosphorylation state in mouse microvessels. 

Quantitative PCR and Western blot experiments showed mRNA and protein 

expression of phospholamban in small mesenteric resistance arteries (Fig. 3.8). The 

protein was expressed in much smaller amounts than observed in cardiac muscle 

tissue (not shown) so that several vessel segments had to be pooled. After 

incubation with submaximal dilator doses of the AMPK activator A76, the 

phosphorylation of phospholamban at the regulatory Thr17 site (Fig. 3.8B) was 

significantly increased in vessels from both vascular regions. 
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Fig. 3.8:  Increased phosphorylation of the SERCA modulator phospholamban in 
vascular smooth muscle after AMPK stimulation. A: Representative Western blot from 
pooled femoral arteries to assess phosphorylation of phospholamban at threonine 17 (pT17-
PLB, 24 kDa) in pooled arteries stimulated with norepinephrine and treated either with 30 µM 
A76 (A76) or with solvent only (0.03 ‰ DMSO, Ctrl). A76 increased PLB phosphorylation. 
Heart tissue (“Heart”) stimulated with isoprenaline (ISO) was used as a positive control. 
B: T17 phosphorylation in A76 stimulated arteries was 3-fold higher than in  vehicle treated 
control (n=4, *=P<0.05, paired t-test).  
C: Relative mRNA levels in mouse mesenteric arteries show comparably low quantities for 
phospholamban (pln) in contrast to SERCA 2 (atp2a2). For comparison with mRNA levels of 
an already confirmed transcript AMPK alpha 1 (prkaa1) was also amplified (n=3 qPCR 
reactions from 3 different cDNA isolates). D: Representative Western blot from 2 hamster 
femoral arteries (FA) which confirms the expression of SERCA2. Taken from 
Schneider&Schubert et al.(Schneider et al., 2015) 
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3.10 Small persistent remaining dilation after blockade of BKCa- and SERCA-

mediated calcium decrease. 

 

As shown in Fig. 3.6A, the combined inhibition of BKca channels and of SERCA 

largely abolished the acute dilator response and the calcium decrease induced by 

AMPK stimulation. However, since a small, obviously calcium independent dilation 

persisted, we analyzed this dilation further and over a longer time period.  A longer 

exposure of de-endothelialized mouse arteries, pre-constricted with 125 mM K+ (full 

inactivation of  potassium channels) and pre-treated with the SERCA inhibitor 

thapsigargin induced a slowly developing dilation upon stimulation with PT1 (Fig. 

3.9A) reaching a plateau (48 % of maximal dilation) after 35 min. This dilation was 

calcium independent as shown in Fig. 3.9B and 3.10B. 

 

 

 
 
Fig. 3.9: Remaining dilation in de-endothelialized, Tharpsigargin and high potassium 
pre-treated vessels caused by AMPK activation. A, De-endothelialized arteries were pre-
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incubated in Ca2+-free MOPS buffer. Tharpsigargin followed by high potassium (125mM) 
MOPS were applied to inhibit SERCA and BKCa activity, respectively. After ten minutes (red 
arrow) PT1 (30 µM, red curve) or DMSO (0.03%, grey curve) were added to the organ bath 
and the diameter continuously recorded. Dilation after 40 minutes was 49 % ± 1.5% for PT1 
and 0% ± 3.3% for control vessels (p=0.0212, t-test: AUC PT1 vs. AUC ctrl; 600-3000 s). 
Vessels were normalized to their initial maximal diameter in Ca2+-free MOPS buffer. PT1 
decreases Ca2+ sensitivity of mouse mesenteric arteries: Cannulated arteries were subjected 
to increasing concentrations of extracellular calcium in high potassium (125mM) MOPS 
buffer and their diameter (B) and intracellular calcium (C) continuously recorded. The graphs 
depict the constriction before (black) and after addition of PT1 (red) in the same artery. While 
the intracellular Ca2+ increase was the same before and after application of PT1, PT1 
incubation caused a significant impairment of contractility starting from 1 mM extracellular 
Ca2+ concentration (**P<0.01; ***p<0.001 PT1 vs. before PT1 addition; Two Way ANOVA, 
Holm-Sidak). This change in contractility was absent in time control vessels which were 
treated with an identical protocol but without PT1 in the second step (not shown). Relative 

ratio was normalize to [Ca2+]i values in Ca2+-free MOPS (100%). D, Likewise, PT1 pre-

incubation inhibited the constriction upon addition of high potassium by 52% compared to 
DMSO treated vessels. Modified from Schubert&Qiu et al. in revision. 

3.11 Reduced Ca2+ sensitivity of VSMC after prolonged AMPK activation. 

 

To further substantiate the calcium independent nature of the dilation, mesenteric 

arteries were depolarized by using high (125 mM) extracellular K+ concentrations. 

Under these conditions of continuously opened  voltage dependent  calcium 

channels, increases of extracellular Ca2+ concentrations starting from zero Ca2+ 

induced respective changes in intracellular Ca2+ as measured by Fura2 ratios (Fig. 

3.9B and 3.10B). Pre-incubation with the AMPK-activators PT1 and A76 significantly 

impaired the constriction induced by the elevations of cytosolic Ca2+ (Fig. 3.9C and 

3.10A). PT1-induced impairment of constriction was stronger than in A76-treated 

arteries (not shown). The concentrations of both compounds used induced at least 

60% acute dilation of arteries pre-constricted with norepinephrine (Fig. 3.2 C, E). 

Wash-out of the AMPK activators partly reversed their inhibitory effect (not shown). 

The [Ca2+]i increases induced by  the stepwise increase of extracellular Ca2+ 

concentrations were virtually the same under  all three conditions, suggesting a 

reduction of Ca2+ sensitivity caused by AMPK activation (Fig. 3.9C and 3.10A). 

Likewise, PT1 pre-incubation reduced the ability of mesenteric arteries to constrict in 

response to potassium depolarization by ~50% compared to DMSO-incubated 

control vessels (Fig. 3.9D).  



51 

 

 

 
Fig. 3.10: Ca2+ sensitivity curves conducted on pressurized arteries. Typical 
experimental trace showing that A76 (red circles) caused a significant decrease in 
contractility (A) to increasing concentrations of extracellular Ca2+ while the intracellular Ca2+ 
increase was not significantly different (B).  Taken from Schubert&Qiu et al. in revision. 
 
 

3.12 Unchanged MLC20 and MYPT1 phosphorylation status after pre-activation 

of AMPK prior to constriction. 

 

To study whether the reduced  calcium dependency was due to an enhanced 

activation of myosin phosphatase,  single mesenteric arteries pre-treated with high K+ 

and thapsigargin in the presence or absence of the AMPK stimulator PT1 were snap 

frozen after 20 minutes incubation and processed as described. Neither the 

phosphorylation of MLC20 nor the phosphorylation of regulator of from time controls in 
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spite of the fact that PT1 had induced a dilation of 48 % at this time point. In contrast, 

incubation with the Rho kinase inhibitor Y27632 (Y27, 10 µM), taken as positive 

control, caused a dephosphorylation of T853 as well as of MLC20 (not shown). T696 

phosphorylation of MYPT1 by rho kinase inhibition was not affected. Similar results 

were obtained in a separate series on mouse tail arteries stimulated with PT1 under 

isometric conditions (not shown). 

 

 

 
Fig. 3.11: AMPK does not change MLC20 or MYPT-phosphorylation status. A, MLC20 
phosphorylation was not significantly different between control and AMPK stimulation by 
PT1. B, No differences in MYPT1- phosphorylation status (p=0.695, Signed Rank Test). C, 
These data were confirmed in an isometric setup on mouse tail arteries. ROCK-inhibition by 
Y27632 as a positive control caused a significant reduction on T853 of MYPT1. *p<0.05 vs 
ctrl and **p<0.01 vs. PT1, One Way ANOVA, Holm-Sidak.  Taken from Schubert&Qiu et al. in 
revision. 
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3.13 No effect of PT1 on MLCK.  

 

In order to test if AMPK causes vasodilation by inhibiting MLCK function, another 

important regulator of VSMC calcium-sensitivity, we incubated our arteries with the 

MLCK-inhibitor ML7 (10 µM) before adding 125 mM K+. The constriction in the 

presence of ML7 had significantly prolonged constriction half-life compared to AMPK 

treated arteries, suggesting AMPK does not regulate Ca2+-independent vasodilation 

by inhibition of MLCK. 

 

Fig. 3.12: Different dilation kinetics after PT1 and ML7.  All arteries were pre-incubated 
with CalyculinA to block MLCP function and constricted with high extracellular potassium 
concentrations in the additional presence of DMSO (control group), PT1 or ML7 (MLCK 
inhibitor). While constriction kinetics of PT1-treated vessels do not differ from those of the 
control group, ML7-treated arteries depict substantial delay of full constriction. (PT1: n=4, 
Ctrl: n= 5, ML7: n=3). 
 

3.14 Increased G-actin levels in intact arteries after prolonged AMPK activation. 

 

Single cannulated arterial segments were snap-frozen after 20 min with high 

potassium (125mM) MOPS buffer in the presence of PT1 or solvent (DMSO). Arteries 

pre-treated with PT1 showed significantly higher G-actin levels compared to DMSO-

treated ones (Fig. 3.13 A).  

The AMPK-induced G-actin formation was compared with the effect of other 

compounds known to affect the actin cytoskeleton. In this series of experiments we 
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stained isolated and cannulated arteries with DNAseI and phalloidin to label G-actin 

and F-actin, respectively. All effects were compared to jasplakinolide, an agent that 

stimulates actin polymerization and hence maximizes F/G-actin ratio. The other end 

of the F/G-actin ratio spectrum was marked by stimulation with latrunculin A, an 

agent that inhibits actin polymerization. The F/G actin ratio observed after PT1 was 

close to the low values induced by latrunculin A. Of note, inhibition of LIMK with 

Limki3 led to similarly low F/G -actin ratios as PT1, suggesting LIMK itself or one of 

its downstream targets being involved in the AMPK-induced vasodilation (Fig. 3.13C). 

Inhibition of AMPK via compound C yielded ratios comparable to jasplakinolide 

despite concomitant stimulation with PT1. Also, in cultured human VSMC AMPK 

induced a decrease in the F/G-actin ratio when compared to control (not shown). 
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Fig. 3.13: A, G-actin content of single pressurized arteries was significantly enhanced in 
response to AMPK activation (*p<0.05, Mann-Whitney Rank Sum Test).  Likewise, AMPK 
activation caused a decrease of F/G-actin levels as detected by immunofluorescence signals 
from isolated pressurized arteries. B shows representative images (z stacks, 3 µm depth) in 
VSMC of arteries stained with phalloidin (F-actin, red) and DNAse I (G-actin, green). 
Jasplakinolide (Jasp) and Latrunculin A (Lat) as respective enhancer and inhibitor of actin 
polymerization were chosen as positive and negative control. PT1 application showed a 
decrease in the F-actin signal while it increased the G-actin signal causing a lowering of the 
F/G-actin ratio. C, quantitative analysis of the images depicted in B. Interestingly, PT1 
inhibition by Compound C increased the F/G-ratio to about the same degree as 
jasplakinolide, whereas LIMK inhibition by LIMKi3 as well as Y27632 (Y27) incubation 
changed the F/G-ratio to levels comparable to AMPK activation.  # p<0.05 vs. Jasp; § p<0.05 
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vs. PT1/CC; One Way Repeated Measures ANOVA, Shapiro-Wilk. Taken from 
Schubert&Qiu et al. in revision.  
 

3.15 Decreased mean actin filament thickness and filament network branching 

points in cultured human smooth muscle cells upon AMPK activation. 

 

Confocal images of human umbilical artery smooth muscle cells (HUASMC) revealed 

that upon AMPK activation by PT1, actin filaments were significantly thinner by 7.4 ± 

1.6 % (Fig. 3.14B). Moreover, AMPK activation increased the average length of 

filaments between branching points, suggesting reduced ramification (Fig. 3.14C).  
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Fig. 3.14: A, representative images stained for alpha-actin (green) in cultured HUASMC 
(nuclei: red): areas with comparable nuclei count were chosen, pre-processed (for algorithm: 
see methods) and thereafter the filament thickness and intersection density (normalized by 
measuring the filament length between intersections) analysed. Left column: overview, 
second column: magnification of the marked fields in column 1(showing alpha actin only), 
right column: after pre-processing, mask for analysis of intersection points. HUASMC were 
stimulated, fixated and stained for alpha-actin and phalloidin. B, PT1 significantly decreased 

A 
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filament thickness as compared to DMSO treated cells. C, indirect measurement of 
branching point density by calculating the filament length between intersections revealed an 
increase after PT1 incubation suggesting reduced intersections and branching points. 
*p<0.05 paired t-test. Modified from Schubert&Qiu et al. in revision. 
 

3.16 AMPK-dependent rarefaction of F-actin in living arterial VSMC in situ. 

 

Vessels from mice expressing LifeAct (Riedl et al., 2010) were used to test the effect 

of AMPK activation on dynamic changes of the actin cytoskeleton. The vessels were 

kept under isometric conditions in a wire myograph to avoid confounding effects by 

changes of vascular diameter and hence, muscle length and thickness. Vessels were 

first studied after stimulation with high K+. Thereafter, PT1 was added to the organ 

bath. In a third step, the AMPK inhibitor compound C was added. PT1 led to a loss of 

the LifeAct/F-actin signal preferentially in the middle of the cells, an effect that was 

reversed upon addition of compound C in the continuous presence of PT1. The 

recovery of the signal in the center part excluded simple bleaching of LifeAct (Fig. 

3.15B). In accordance with a change of filament arrangement the anisotropy of the 

actin signal increased after PT1 and decreased again after inhibition of AMPK (Fig. 

3.15D). These findings were confirmed in an additional experimental series on 

pressurized arteries (Fig. 3.16). In these arteries, LIMK inhibition again mimicked the 

augmenting effects of PT1 on anisotropy. Likewise, compound C blunted AMPK-

mediated filament anisotropy increase. 
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Fig. 3.15: Mesenteric arteries from LifeAct mice were fixed in an isometric setup and 
subsequently stimulated with high potassium (K+ 125 mM) for ten minutes, followed by PT1 
(30 µM) for 90 minutes and compound C/PT1 (15 µM/30 µM) for additional 30 minutes. A, 
PT1 causes a decrease in LifeAct signal intensity which was most notably in the center part 
of the VSMCs. This decrease was partly reversible after compound C incubation. B, shows a 
representative cell highlighted in A. The surrounding cells are cleared for better detection of 
the cell borders and clarification of the quantitative analysis in the artery samples: The red 
line represents a typical cross-section for grey value calculation via plot profile analysis and 
the length of the blue line is a graphical representation of the calculated anisotropy. AMPK 



60 

 

activation causes a central darkening which could be stopped and led even to the restoration 
of central F-actin signal after application of compound C. All scale bars 10 µm. C, summary 
of plot-profiles depicting the significant mid-central darkening after PT1 application (*p=0.019 
AUC PT1 vs. AUC ctrl) which is partly reversed after AMPK inhibition with Compound C. 
p=0.259 AUC CC vs. ctrl, Repeated Measures ANOVA, Holm-Sidak. D, quantitative analysis 
of the anisotropy index of individual VSMCs (9 cells per artery) followed over time from 
isometric LifeAct mice (n = 3). Anisotropy values of each individual VSMC were normalized 
to their initial values under high K+ conditions (125mM, ctrl). * p<0.05, ** p<0.01, ***p<0.001 
(Friedman Repeated Measures ANOVA on Ranks, Tukey). Modified from Schubert&Qiu et 
al. in revision. 
 

 

Fig. 3.16: VSM F-actin anisotropy in pressurized arteries. Cannulated arteries were 
stimulated with high K+ in the presence of either jasplakinolide, an F-actin stabilizing agent, 
latrunculin A, an actin polymerization inhibitor, PT1, PT1 plus AMPK inhibitor compound C 
and Limki3, a LIMK inhibitor. Of note, PT1 induced the same anisotropy values as did the 
actin polymerization inhibitor and the LIMK inhibitor. The PT1-induced effect was reversible 
by parallel inhibition of AMPK. (Jasp: n= 3, Latr: n= 3, PT1: n= 3, PT1/CC: n=4, Limki: n=3; 
#p<0.05 vs. Jasp, One Way Repeated Measures ANOVA, Holm-Sidak).  
 

 

3.17 Decreased cofilin phosphorylation after AMPK activation.  

 

In search for a mechanism by which AMPK could cause actin disassembly we 

conducted a phosphorylation array of proteins relevant for the actin cytoskeleton in 
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porcine femoral artery (not shown) and found a reduced phosphorylation status of the 

actin severing protein cofilin after stimulation with PT1.  Since cofilin is known to be 

inhibited by LIMK-mediated phosphorylation and LIMKi3 treatment mimicked the 

effect of PT1, further studies were performed in pooled mesenteric arteries. Western 

blots showed cofilin dephosphorylation after incubation of these arteries with PT1 

(Fig. 3.17A). Likewise, immunofluorescence staining of phospho cofilin in 

pressurized, PT1-treated arteries was reduced as compared to DMSO-treated 

arteries (Fig. 3.17B-D). 
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Fig. 3.17: A, Western-Blots conducted in arterial samples showed a significant 
dephosphorylation of cofilin in PT1 treated mesenteries. *p<0.05, paired t-test. B, 
pressurized arteries which were stained for paxillin (green) as well as for phospho-cofilin (S3, 
green) showed less phospho cofilin signal after AMPK activation with PT1 compared to 
DMSO-treated vessels. Comparable paxillin staining between both groups showed sufficient 
permeabilization and delineated the cell margins and nuclei (white asterisks).  C, A histogram 
for quantitative analysis of grey values from indicated central regions of interests (yellow 
rectangles from Fig. 3.17B) revealed a leftward shift in PT1 treated arteries and a significant 
reduction in the mean grey value (D) *p<0.05, Mann-Whitney Rank Sum Test. Taken from 
Schubert&Qiu et al. in revision. 
 

3.18 AMPK leads to liberation of Cofilin from 14-3-3 

 

As AMPK as a kinase cannot directly dephosphorylate cofilin we studied a potential 

mechanism controlling cofilin activity and phosphorylation status.  Lysates from 

porcine coronary artery smooth muscle cells were subjected to co-

immunoprecipitation for 14-3-3 and cofilin. AMPK activation led to a significant 

reduction in 14-3-3-bound cofilin (Fig. 3.18B). This suggests that AMPK could 

mediate the liberation of cofilin from 14-3-3, hence increasing its free cytosolic 

fraction exposing it to the influence of an yet unknown phosphatase.  
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Fig. 3.18: AMPK induces displacement of cofilin from 14-3-3 protein. A, representative 
Western blot from PCASMC showing that in PT1-treated cells less cofilin co-
immunoprecipitates with 14-3-3 protein. Arrows indicate two different molecular weight 
isoforms of 14-3-3 which were both pulled down by the pan-14-3-3 antibody. Note the 
enrichment of the lower molecular weight band in the IP groups. B, Quantification of cofilin 
protein bound to 14-3-3 reveals significantly less bound cofilin in the AMPK-activated state 
(*p<0.05, paired t-test, n=3). Modified from Schubert&Qiu et al. in revision. 
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4. Discussion 

 

 

The main aim of this thesis was the characterization of AMPK as a potential central 

regulator of microvascular tone. Indeed, we found that AMPK can induce vasodilation 

of arterial microvessels by causing a substantial decrease of [Ca2+]i (“Ca2+-dependent 

dilation”) as well as by changing the calcium sensitivity of the contractile apparatus 

(“Ca2+-independent dilation”). “Ca2+-dependent” vasodilation was found to be due to 

activation of BKCa channels and activation of SERCA via PLN Thr17 phosphorylation 

while “Ca2+-independent” vasodilation is caused by remodeling of the actin 

cytoskeleton. The latter is achieved via dephosphorylation of actin severing protein 

cofilin which probably occurs after AMPK-dependent liberation of cofilin from its 

binding partner, protein 14-3-3. 

 

4.1 Principles of VSMC Signal Tranduction 

4.1.1 Regulation of MLC20 Phosphorylation 

 

The two key enzymes in the regulation of the MLC20 phosphorylation are MLCK and 

MLCP. The activity of MLCK on the one hand mainly depends on [Ca2+]i levels and 

their spatiotemporal distribution (Amberg & Navedo, 2013). While influx of 

extracellular Ca2+ is primarily regulated by the activity of L-type Ca2+ channels (LTCC) 

(Navedo & Amberg, 2013) and some transient receptor cation channel subtypes 

(TRPs) (Earley & Brayden, 2015) the intracellular calcium concentration is also 

determined by Ca2+ removal from the cytosol as achieved by  SERCA and potentially, 

the activity of the sodium/calcium exchanger. Although [Ca2+]i is predominantly 

associated with contraction processes of VSM it also controls numerous enzymes 

and transcription factors and therefore, ultimately, the VSM phenotype. Calcium 

handling in VSM is highly compartmentalized and requires a highly orchestrated 

network of several channels and regulating proteins to produce calcium sparklets, 

sparks, waves or store operated calcium entry (SOCE) (Brozovich et al., 2016). Local 

transient increases in cytoplasmic Ca2+ resulting from influx through single or small 

clusters of LTCCs are defined as  Ca2+ sparklets and are closely coupled to changes 
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in membrane potential. LTCC Ca2+ sparklets require a pentadic complex involving the 

plasmalemmal anchor protein and LTCC-regulator AKAP150, the protein kinases 

PKC and PKA, and the counteracting phosphatase calcineurin (Navedo & Amberg, 

2013). The LTCC-containing microdomains closely interact with several TRP-

channels of which TRPV4 and TRPM4 have been best described so far (Earley & 

Brayden, 2015). Highly restricted, large amplitude Ca2+ release events through SR 

RyRs are defined as Ca2+ sparks and can be divided into sparks coupled to Ca2+ 

gated K+ channels on the one side and Cl- channels on the other side. The central 

player of the Ca2+ gated K+ channel-coupled sparks is the large conductance 

potassium channel (BKCa) whose changes in expression and function have  been 

linked to pathogenesis as well as to compensatory alterations  in hypertensive 

disease (Cox & Rusch, 2002; Nieves-Cintron, Amberg, Nichols, Molkentin, & 

Santana, 2007). BKCa channel expression and splice variants differ between vascular 

beds and contribute to functional distinctions between them (Nourian et al., 2014). 

Further channels involved in the generation of Ca2+ sparks belong to the Cl- channel 

family (CACC: TMEM16 and bestrophins)  and are rather poorly described due to 

their still unknown molecular identity and lack of specific targeting compounds 

(Matchkov, Boedtkjer, & Aalkjaer, 2015). Ca2+ waves are Ca2+ signals triggered by 

the opening of sarcoplasmic reticulum IP3Rs and RyRs which causes a  self-

renewing wave of Ca2+ release events across the entire length of VSMC, usually 

close to the plasma membrane. Eventually, waves contribute to the so-called calcium 

induced calcium release (CICR) and allow for a more homogenous contraction of 

VSM. They depend on the activity of phospholipase C (PLC) and its upstream 

activators like endothelin or norepinephrine (Amberg & Navedo, 2013; Lamont, 

Vainorius, & Wier, 2003). The SR Ca2+ sensor STIM1 (stromal interaction molecule) 

and certain TRP channels (TRPC1,3,6) are associated with Orai [CRAC (calcium 

release activated calcium channel)] and can influence SOCE and SR calcium 

handling. Although under physiologic conditions these molecular interactions seems 

to be of minor importance they  appear to be involved in certain forms of 

hypertension due to VSM phenotype switches (Beech, 2013; Trebak, 2012). 

MLC20 dephosphorylation on the other hand is catalyzed by MLCP which in turn is 

regulated by numerous signaling pathways. MLCP is a holoenzyme consisting of a 

catalytic subunit (PP1c-δ), a 20-kDa subunit of unknown function (M20), and a 

myosin targeting subunit (MYPT1) (Hartshorne, Ito, & Erdödi, 1998). Major regulators 
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of MLCP activity include small GTPases, such as Rho, and PKC. Rho activity is 

controlled by a multitude of guanine nucleotide exchange factors (GEFs), GTPase 

activating proteins (GAPs), and guanine dissociation inhibitors (GDI) which are all 

expressed in a tissue-specific manner (Puetz, Lubomirov, & Pfitzer, 2009). When 

activated Rho can phosphorylate CPI-17 at Thr38, PHI-1 at Thr57 and MYPT1 at 

both Thr696 and Thr850 (El-Toukhy, Given, Ogut, & Brozovich, 2006; Kitazawa & 

Kitazawa, 2012; Murányi et al., 2005). Likewise, PKC can phosphorylate CPI-17 at 

Thr38 and PHI-1 at Thr57 (M Eto, Ohmori, Suzuki, Furuya, & Morita, 1995; Masumi 

Eto, Karginov, & Brautigan, 1999). Other less well understood kinases which are 

involved in the regulation of MLCP activity comprise ZIP kinase (ZIPK) and integrin-

linked kinase (ILK). All these phosphorylation events inhibit MLCP activity and thus 

induce vasoconstriction. Because these pathways do not require Ca2+  as transmitter 

they are considered to be calcium-independent (i.e. independent of changes of Ca2+
i) 

but are able to alter the apparent calcium-sensitivity of the  contractile apparatus  

(Somlyo & Somlyo, 2009).  

 



68 

 

 

 
Fig. 4.1: Signaling pathways for regulation of MLC20 phosphorylation: The balance of 
MLCK and MLCP activities defines the level of MLC20 phosphorylation and force generation. 
MLCK is activated by the binding of (Ca2+)4 CaM leading to the phosphorylation of MLC20 at 
serine 19 that permits myosin-actin interaction, cross-bridge cycling and contraction. 
Therefore, MLCK is mainly regulated by VSM calcium handling which is controlled by a 
highly organized network of receptors, ion channels and their regulating proteins. MLC20 is 
dephosphorylated by MLCP. The activity of the latter is controlled by a handful of kinases 
which integrate the signals of several signalling cascades and is mostly independent of acute 
changes of intracellular free calcium.  
Abbreviations: CACC (Ca2+ gated Cl2 channels), LTCC (L-type calcium channels), TRPV4 
(transient receptor potential cation channels vanilloid subfamily member 4), BKCa (large 
conductance calcium-activated potassium channel), guanine nucleotide exchange factors 
(GEFs), GTPase activating proteins (GAPs), and guanine dissociation inhibitors (GDI), STIM 
(stromal interaction molecule), Orai [CRAC (calcium release activated calcium channel)], 
PKA (protein kinase A), PKB (protein kinase B), AKAP150 (A-kinase anchoring protein 150), 
IP3R (inositol 1,4,5-trisphosphate receptor), SOCE (store operate calcium entry), MLCK ( 
myosin light chain kinase), MYPT1 (myosin phosphatase-targeting subunit 1), CPI-17 
(protein kinase C-potentiated inhibitor protein of 17 kDa), ZIPK (zipper-interacting protein 
kinase), ILK (integrin linked kinase), ROK (rho associated coiled-coil containing protein 
kinase 1), DAG (diacylglycerol), IP3 (inositol 1,4,5-trisphosphate), PLC (phopholipase C), SR 
(sarcoplasmatic reticulum), SERCA (sarcoplasmic/endoplasmic reticulum Ca2+ ATPase), 
PLN (phospholamban). 
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4.1.2 Cytoskeletal Regulation in contractile VSMC 

 

For a long time neglected because of their apparent mere structural role for VSM, 

cytoskeletal proteins have recently gained attention because researchers became 

aware of their implication in fields such as cell migration and vascular remodeling 

(Brozovich et al., 2016; Gerthoffer, 2005; D D Tang & Anfinogenova, 2008; Yamin & 

Morgan, 2012). The major types of filaments in cytoskeletal networks besides myosin 

are: intermediate filaments, microtubules and actin. Studies about the role of 

intermediate filaments, dystrophin, utrophin, and microtubules in the control of 

vascular tone are relatively sparse. Nonetheless, they form a cable-like network in 

VSM connecting non-contractile actin in cytoplasmic dense bodies to membrane-

bound focal adhesions. They can dynamically adjust their length and also serve as 

scaffolds for proteins controlling the tone of VSM (Yamin & Morgan, 2012; J. Zhang, 

Herrera, Paré, & Seow, 2010).   

Actin architecture also undergoes dynamic reorganization via polymerization and 

depolymerization. A pool of 25-30% of  non-sequestered globular actin (G-actin) can 

undergo polymerization to filamentous (F-actin) in response to pharmacological and 

mechanical stimuli which can go along with changes of vascular tone (Moreno-

Domínguez et al. 2014;  D. D. Tang and Tan 2003; D. D. Tang and Tan 2003).  Actin 

assembles at its barbed ends near the membrane while it disassembles on pointed 

ends on the opposite side (D D Tang & Anfinogenova, 2008). Findings that actin 

stabilization (e.g. via the compound jasplakinolide) and actin destabilization (e.g. via 

the compounds latrunculin or cytochalasin D) can go along with VSM contraction 

warrant investigations of proteins which control actin dynamics. Focal adhesions 

(membrane dense bodies) in particular have been suggested as the sites of actin 

dynamics and force transmission for the following reasons: they are highly organized 

protein-rich domains connecting the actin cytoskeleton via vinculin/talin “force 

transduction anchors” and integrins to the extracellular matrix and they are the sites 

where actin filament polymerization is initiated and regulated (Brozovich et al., 2016; 

Kanchanawong et al., 2010; Poythress, Gallant, Vetterkind, & Morgan, 2013; D D 

Tang & Anfinogenova, 2008). Cellular proteins described to be involved in VSM actin 

dynamics in VSM can be divided in protein kinases associated with integrins and/or 

membrane receptors (Abl, Src, FAK, PAK, MAK), the small RhoGTPases (Rac, 

Cdc42 and Rho) and actin regulating proteins as effectors of the upstream signaling 
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pathways (VASP, N-WASP, Arp2/3 complex, cofilin, profilin, HSP family) (Brozovich 

et al., 2016; Gerthoffer, 2005; Gunst & Zhang, 2008; D D Tang & Anfinogenova, 

2008; Yamin & Morgan, 2012). An interesting but largely unknown role in the 

regulation of the cytoskeleton has been proposed for phosphatases and 14-3-3 

adapter proteins (Freeman & Morrison, 2011; Rubio et al., 2004; Sluchanko & Gusev, 

2010). Human tissues contain seven 14-3-3 isoforms which interact with more than 

300 targets. Whereas their role in carcinogenesis and neurodegenerative diseases 

due to regulation of apoptosis, cell cycle, proliferation, transcription, replication, 

functioning of ion channels and organization of cytoskeleton is increasingly valued, 

their function in VSMC remains largely uninvestigated. 
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Fig. 4.2: Molecular organisation and signalling cascades for actin polymerization and 
depolymerisation in VSM: Actin filaments are linked to integrin proteins via actin cross-
linking proteins (talin, actinin, paxillin) that bind to the cytoplasmic tails of integrin proteins. 
Scaffolding proteins regulate the assembly of protein complexes at adhesion junctions 
(vinculin, α-Parvin, PINCH, ILK). Contractile agonist and mechanical signals activate protein 
kinases (abl, FAK, src, MAPK, etc.) and small GTPases (Rho, Cdc42 and Rac) especially at 
sites of integrin clusters in interaction with the scaffolding proteins. Kinase activity regulates 
the downstream effectors (CAS/CrkII, N-WASP, the Arp2/3 complex, profilin, paxillin/Hic-5, 
HSP27, cofilin, VASP, etc.) and thus actin polymerization, cytoskeletal stability and VSM 
contractility. Intracellular Ca2+ modulated by electric signals (changes in membrane potential), 
receptor dependent pathways or FAK/Src may also mediate actin dynamics by regulating the 
PYK/paxillin/CAS pathway.  
Abbreviations: EM (extracellular matrix), I-P-αP (ILK[integrin linked kinase]-
PINCH[particularly interesting new Cys-His protein]-α-Parvin-complex), LIMK (LIM domain 
kinase), Cdc42 (cell division cycle 42), PAK (P21 protein (cdc42/rac)-activated kinase), 
p38MAPK (P38 mitogen activated protein Kinase), CAS (Crk-associated substrate), Arp2/3 
(Actin related protein 2/3), HSP (heat shock protein), Pyk2 (protein tyrosine kinase 2). 

4.1.3 AMPK effects on vascular tone in EC and VSMC 

 

There are conflicting results how AMPK influences vascular tone via actions in EC 

and/or VSMC. This is probably not  only due to the known differences between large 

and small vessels and cell cultures but also due to the differences between organs 

and species from which the vessels or cells originated as well as the AMPK 

stimulator used (see section 1.3 and Table 4.1). 

 

reference vessel/cell model AMPK 
stimulator 

effector 

(Ford et al., 
2011) 

Aorta from WKY and SHR rats AICAR Endothelium: NO, EDCF 

(Ford et al., 
2012) 

Thoracic aorta and 
mesenteric artery from WKY 
and SHR rats 

AICAR Endothelium: NO, mean 
arterial pressure (MAP) 
decrease in SHR but not in 
WKY 

(Enkhjargal et 
al., 2014) 

Mesenteric arteries from 
endothelial AMPKα1 
single/AMPKα2 single 
/AMPKα1+2 double KO  mice 

KO models Endothelium: inhibited 
EDH and hyperpolarization 
in eAMPKα1 and 
eAMPKα1/2-KO   

(Bradley et al., 
2010) 

Cremaster muscle arteries ex 
vivo and hindlimb arteries in 
vivo from rats 

AICAR Endothelium: NO 

(Zhao et al., 
2014) 

Mesenteric  arteries from 
rats, HUVECs 

Metformin Endothelium: IKCa and 
SKCa 

(Weston et al., 
2013) 

Mesenteric arteries from 
mice 

Adiponectin, 
ADHF from 
PVAT 

VSM: BKCa 
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(Zaborska, 
Wareing, 
Edwards, & 
Austin, 2016) 

Mesenteric arteries from HFD 
or control Sprague–Dawley 
rats  

A769662 Reduced anti-contractile 
effect in HFD rats 

(Horman et 
al., 2008) 

rat aortic smooth muscle 
cells 

Vasopressin 
and A23187 

VSM: MLCK 

(S. Wang, 
Liang, Viollet, 
& Zou, 2011b) 

HSMCs and cultured MSMC 
from global 
AMPKα1/AMPKα2 KO mice 

AICAR, KO 
models 

VSM: MYPT1 via 
p190RhoGAP 

(Rivera, 
Morón, 
Zarzuelo, & 
Galisteo, 
2009) 

Obese and lean Zucker rats Resveratol Systolic BP decrease 

(Yiqun Wang 
et al., 2009) 

HUVECs and aorta from 
Sprague–Dawley rats 

Berberine Endothelium: eNOS 

(Goirand et 
al., 2007) 

Aortic rings from global 
AMPKα1/AMPKα2 KO mice 
and control littermates 

AICAR Endothelium-independent 
dilations abolished in 
AMPKα1 KO 

(Woollhead, 
Scott, Hardie, 
& Baines, 
2005) 

H441 lung cells Phenformin 
and AICAR 

inhibition of both apical 
Na+ entry through ENaC 
and basolateral Na+ 
extrusion via the Na+,K+-
ATPase 

(Hallows et al., 
2003) 

polarized T84 cells AICAR inhibited forskolin-
stimulated CFTR-
dependent short-circuit 
currents 

(Aziz, Thomas, 
Khambra, & 
Tinker, 2010) 

Mouse aortic smooth muscle 
cells 

Phenformin Kir6.1/SUR2B channels 
(KATP) 

(Cao, Luo, Luo, 
& Tang, 2014) 

HVSMC, AngII induced 
hypertensive mice 

Resveratol Decreased AngII induced 
MYPT1 phosphorylation via 
p190RhoGAP and 
alleviated AngII induced 
hypertension 

(Sun, Li, Du, & 
Meng, 2015) 

DOCA-hypertensive mice 
(AMPKα2 KO), aorta of mice 
and cultured VSMC  

Resveratol lowers BP in DOCA-
hypertensive mice through 
an 
AMPK/RhoA/ROCK2/MLCP
/MLC pathway 

(Omae, 
Nagaoka, 
Tanano, & 
Yoshida, 2013) 

Porcine retinal arterioles Adiponectin Endothelium: NO  

 
Table 4.1:  Effects of AMPK-stimulators on vascular tone   
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With regard to small arteries it has been shown that the microvascular endothelium 

mediates its endothelial vasorelaxant effects mainly by endothelium-derived 

hyperpolarizing factor (EDHF)-related mechanisms (Bolz et al., 1999), which involves 

stimulation of smooth muscle BKCa channels (Félétou & Vanhoutte, 2009). This 

EDHF-mediated mechanism is not hampered in our vessels though an inhibitory 

effect of AMPK on BKCa channels has been described in oxygen-sensing carotid 

body cells (F. A. Ross et al., 2011). Data from large vessels demonstrate that AMPK 

may have significant dilator effects by stimulating endothelial nitric oxide (NO) 

production (Bradley et al., 2010; Ford et al., 2011, 2012; Yiqun Wang et al., 2009), 

though data are conflicting (Fisslthaler & Fleming, 2009) and  could not be confirmed 

in our studies in small vessels . Studies in large vessels also report direct vasodilator 

effects of AMPK in VSM. Unfortunately, they differ to a substantial amount in their 

results and may not be transferable to small vessels. While Goirand et al. reported 

that AMPK dilation depends on expression of the alpha 1 subunit (Goirand et al., 

2007), Wang et al. argued that AMPK mainly controls MLCP via the alpha2 subunit in 

aortic VSM (S. Wang et al., 2011b). A further Ca2+-independent desensitization 

mechanism via inhibition of MLCK was shown indirectly by Horman et al. in cultured 

aortic VSM (Horman et al., 2008). Some studies have focused on the role of AMPK 

and ion channel function on VSM tone. In VSMC, AMPK  has been found to inhibit 

ATP-sensitive K+ channels (KATP) after stimulation by phenformin and AICAR, 

which would cause VSM depolarization and contraction (Aziz et al., 2010). Weston et 

al. reported AMPK activation via perivascular adipose tissue, suggesting that this was 

due to adiponectin release which can activate AMPK and enhance the activity of 

BKCA channels in mouse mesenteric arteries (Weston et al., 2013) which support 

our own findings. Since Weston was studying vessels without tone, he could not 

evaluate the effective vasodilator potency of this mechanism. In epithelial and 

endothelial cell models activation of AMPK inhibits apical Na+ entry and basolateral 

extrusion via the Na+/K+ ATPase, regulates the cystic fibrosis transmembrane 

conductance regulator (CFTR) and restores IKCa and SKCa-dysfunction caused by 

Advanced Glycation End Products (AGEP) (Hallows et al., 2003; Woollhead et al., 

2005; Zhao et al., 2014).  These effects were not studied in our experiments. 

Numerous reports underpin that AMPK is also involved in pathways regulating cell 

migration and polarity (Bettencourt-Dias et al., 2004; Giet et al., n.d.; J. H. Lee et al., 
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2007; Vazquez-Martin, Oliveras-Ferraros, & Menendez, 2009; Zheng & Cantley, 

2007). These pathways have been shown to have much in common with the 

cytoskeletal dynamics triggered during contraction and relaxation of vascular smooth 

muscle cells (Brozovich et al., 2016; Gerthoffer, 2005; Gunst & Zhang, 2008; D D 

Tang & Anfinogenova, 2008; Yamin & Morgan, 2012). Furthermore AMPK has been 

described as a major regulator of actin cytoskeleton and membrane integrity in high 

throughput screenings (Marin et al., 2015; Moon et al., 2014; E. Ross et al., 2015; 

Schaffer et al., 2015).  

Nonetheless little is known about cytoskeletal impacts of AMPK in EC and VSMC. 

Blume et al. reported that Thr-278 phosphorylation of VASP in endothelial cells 

modulates F-actin binding and reduces VASP actin polymerization-promoting activity 

(Blume et al., 2007). This findings could be reproduced in VSMC with a focus on  

anti-proliferative and anti-migratory effects of AMPK (Stone et al., 2013). These 

effects went along with an increase in G/F-actin ratio, abrogated PDGF-stimulated 

Ser397 autophosphorylation of focal adhesion kinase and decreased promigratory 

cytoplasmatic accumulation of paxillin (Stone et al., 2013).  

Another mechanism how AMPK might alter migrational behavior of VSMC is 

phosphyorylation of PDLIM5 at Ser177 and subsequent suppression of the actin-

stabilizing Rac1-Arp2/3 signaling pathway (Yan et al., 2015). It has also be shown 

that AMPK can influence VSMC migration by influencing microtubule polymerization 

via phosphorylation of the cytoplasmic linker protein CLIP-170 (Nakano et al., 2010).  

Fig. 4.3 and Table 4.1 summarize some of the major findings on AMPK effects on EC 

and VSMC.  
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Fig. 4.3: AMPK effects on vascular tone in EC and VSMC: In EC primarily NO synthesis 
by phosphorylation and activation of eNOS has been described. Furthermore AMPK is 
reported to regulate certain channels in ECs. Moreover Blume et al. reported inhibition of 
actin polymerization due to VASP phosphorylation in ECs.  
In VSMC AMPK was reported to influence MLCP via the p190RhoGAP/Rho/ROK/MYPT1-
pathway as well as MLCK by inhibitory phosphorylation, thereby reducing sensitivity to Ca2+. 
The activation of potassium channels KATP and BKCa  hyperpolarize VSM membrane potential 
after AMPK activation. AMPK induced reduction of actin branching was reported to occur via 
a PDLIM5/Rho/ROK/Arp2/3-pathway, and reduced actin polymerization via VASP 
phosphorylation.  
Abbreviations: VASP (vasodilator-stimulated phosphoprotein), AMPK (AMP-activated protein 
kinase), eNOS (endothelial nitric oxide synthase), EC (endothelial cell), VSM (vascular 
smooth muscle), CFTR (Cystic Fibrosis transmembrane conductance regulator), SKCa, IKCa, 
BKCa (small, intermediate, big conductance Ca2+-activated potassium channel), KATP (ATP-
sensitive potassium channel), Arp2/3 (actin related protein 2/3), FAK (focal adhesion kinase), 
Pax (paxillin). 

 

4.2 Ca2+-dependent vasodilation 

4.2.1 AMPK and endothelium-independent dilation 

 

Two mechanisms appear to be involved in Ca2+-dependent vasodilation caused by 

AMPK activation: Hyperpolarization induced by stimulation of BKCa channels and a 
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stimulation of SERCA via phosphorylation of PLN at Thr17. Both mechanisms act 

independently of the endothelium at the level of vascular smooth muscle, since 

removal of the endothelium (and thereby removal of all endothelium-derived 

vasoactive factors) did not abolish or reduce the dilatory and [Ca2+]i-decreasing 

effects of AMPK stimulation. Rather, a leftward shift of the concentration response 

curves for both compounds after endothelium removal suggests that the endothelium 

may release a factor that exerts an inhibitory function on the AMPK effects in these 

small vessels. From the comparison of arteries incubated with L-NAME, 

indomethacin, L-NAME + indomethacin or deendothelialized vessels (not shown), we 

speculate that this factor is a cyclooxygenase (COX) product. AMPK has been shown 

to downregulate COX expression (Y. K. Lee, Park, Kim, Lee, & Park, 2009). A 

reduced COX activity which is believed to be the major generator of the vasodilator 

PGI2 in endothelium (Félétou, Huang, & Vanhoutte, 2011), could explain the 

observed effects.  

 

Our finding that AMPK induces endothelium-independent vasodilation contrasts with 

earlier reports describing activating effects of AMPK on endothelial NOS after indirect 

stimulation of AMPK using AICAR, as originally reported in rat cardiac endothelial 

cells (Chen et al., 1999; Fryer et al., 2000). NO-mediated, endothelium-dependent 

dilation has been described in rat microvessels after stimulation with AICAR (Bradley 

et al., 2010) as well as in porcine arterioles after stimulation with adiponectin (Omae 

et al., 2013). However, AICAR is not only known to be an indirect activator of AMPK 

(Bryan & Marshall, 1999; Gruber et al., 1989), but also enhances endothelial 

adenosine release which secondarily can induce NO-dependent vasodilation (Bryan 

& Marshall, 1999; Gadalla et al., 2004; Gruber et al., 1989). Moreover, endothelium-

independent vasodilator effects of AICAR have been reported (Goirand et al., 2007).  

In hamster microvessels, as used in the present study, the endothelium mediates 

dilation not primarily by NO but rather by EDHF (Bolz et al., 1999), an observation 

which we also made in mouse microvessels of that size (not shown). It must be 

stated that the interrelationship between NO and AMPK is not yet entirely clear. For 

example, in human endothelial cells, NO seems to activate AMPK rather than AMPK 

enhancing NO production (Bess, Fisslthaler, Frömel, & Fleming, 2011). Other groups 

have shown that AMPK elicits Endothelium-derived hyperpolarization (EDH) 

(Enkhjargal et al., 2014; Ford et al., 2011). While Ford et al. used again the highly 
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unspecific AMPK activator AICAR, Enkhjargal et al. created endothelial specific 

AMPKα1, α2-KO or α1-α2-KO mice and proposed that eAMPK α1 substantially 

mediates EDH. Several publications have questioned the role of endothelium-

dependent dilation by AMPK and shown that removal of the endothelium still causes 

potent vasodilations, pointing – in agreement with our findings - towards a 

predominant role of smooth muscle  AMPK in the control of vascular tone (Goirand et 

al., 2007; Horman et al., 2008; S. Wang, Liang, Viollet, & Zou, 2011a).    

 

4.2.2 AMPK and potassium channels 

 

Dilation as well as calcium decrease were observed as common responses to two 

structurally unrelated AMPK stimulators. We have confirmed the expression of the 

AMPK subunits which are required for the stimulator effects of A76 and PT1 (Pang et 

al., 2008; Scott et al., 2008). We did not study the effect of acute pharmacological 

AMPK inhibition on vascular responses to A76 and PT1, since the best known AMPK 

inhibitor, compound C, has not only poor selectivity for AMPK (Bain et al., 2007) but 

in our hands also elicited an acute and almost maximal vasodilation by itself, thus 

precluding any assessment of short term AMPK-mediated vasodilator effects in 

isolated vessels. Nevertheless, compound C did block the effects of both AMPK 

stimulators on BKCa channels in freshly isolated smooth muscle cells, thereby further 

supporting that this effect was AMPK-dependent. 

 

Our finding of an AMPK-induced reduction of SMC [Ca2+]i is in accordance with a 

recently published study in neurons, reporting both a decrease in the calcium peak in 

response to glutamate as well as a reduced spontaneous calcium oscillation when 

the neurons were treated with the putative AMPK activator latrepirdine (Weisová et 

al., 2013). 

 

The increase in smooth muscle [Ca2+]i in response to norepinephrine in our vessels 

could be completely prevented or reversed by nifedipine, indicating that under the 

conditions chosen an influx of calcium via voltage-dependent L-type calcium 

channels (Cav1.2) played an important role for the control of [Ca2+]i. However, a 

direct inhibitory effect of AMPK on Cav channels can be ruled out in these vessels, 
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since in potassium-depolarized vessels (whose smooth muscle Cav channels are 

thus highly activated) AMPK stimulation did not alter increases of intracellular calcium 

in response to stepwise augmentation of the extracellular calcium concentration (Fig. 

3.9 C and 3.10B). Therefore, we investigated whether AMPK induces changes in 

membrane potential to an extent that could affect Cav activity “indirectly”. Indeed, we 

observed a significant smooth muscle hyperpolarization in intact vessels in response 

to the AMPK stimulator A76, consistent with an activation of potassium channels. The 

magnitude of hyperpolarization was in accordance with previous observations made 

by Weston and colleagues on AMPK-induced BKCa-mediated hyperpolarization in rat 

and mouse mesenteric arteries (Weston et al., 2013). In our electrophysiological 

patch clamp studies in smooth muscle cells (freshly isolated from the same type of 

vessels as used for our functional studies) both PT1- and A76-elicited outward 

currents whose magnitudes were characteristic for BKCa channels (Mistry & Garland, 

1998), a conclusion further supported by the measured I/V relationships (Mistry & 

Garland, 1998). Consistent with a role of BKCa channels, the currents were sensitive 

to inhibition by the specific channel inhibitors  paxilline and iberiotoxin (Galvez et al., 

1990; Sanchez & McManus, 1996). Furthermore this activation was AMPK 

dependent, since, they could be suppressed by the AMPK inhibitor compound C. It 

has been already shown in other cells that AMPK can directly phosphorylate BKCa 

channels and increase or decrease (Wyatt et al., 2007) their conductance, depending 

on the specific splice variant expressed by the tissue under investigation (F. A. Ross 

et al., 2011). Hyperpolarization in response to AMPK activation was also seen in a 

study on neurons (Weisová et al., 2013).  

 

Surprisingly, and partially in contrast to what could be expected from our findings on 

isolated cells, treatment of intact resistance arteries with the BKCa channel blockers 

iberiotoxin or paxilline only partially reduced both, the [Ca2+]i decrease and the 

dilation in response to AMPK stimulation. The blockers were given in sufficient 

concentrations to affect BKCa channels as indicated by an increase in resting 

vascular tone and by the occurrence of rhythmic oscillations in [Ca2+]i and diameter, 

i.e. in vasomotion. The limited effect of BKCa channel inhibitors is consistent with our 

observations that mesenteric arteries of BKCa gene-deficient mice still showed 

AMPK-induced dilation, as well as decreases in [Ca2+]i. These observations 

suggested that in the intact vessels at least one additional AMPK-dependent 
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mechanism must have been involved in the AMPK-dependent induction of [Ca2+]i 

decrease and vasodilatation. 

 

4.2.3 AMPK, PLN and SERCA 

 

The sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) is a well-known and potent 

modulator of smooth muscle [Ca2+]i (Sanders, 2001). The magnitude of calcium 

sequestration from the cytosol by SERCA dominates over alternative mechanisms to 

remove free calcium from the cytosol such as plasmalemmal Ca2+-ATPases (PMCA) 

or sodium/calcium exchanger(s) (NCX1) in vascular smooth muscle (Szewczyk et al., 

2007). In the present study we show for the first time that AMPK stimulation rapidly 

increased SERCA-dependent calcium lowering mechanisms to an extent that 

potently reduced VSMC [Ca2+]i. Several lines of evidence allow us to conclude that 

the [Ca2+]i lowering effect of AMPK stimulation is dependent on SERCA. Firstly, the 

effects of AMPK stimulators were greatly reduced after selective inhibition of SERCA 

with thapsigargin or cyclopiazonic acid. Secondly, caffeine (which was used to evoke 

calcium release from intracellular stores (Potocnik & Hill, 2001)) induced higher 

calcium peaks in cells pretreated with an AMPK stimulator than in control cells, 

suggesting that the stores were more filled, probably due to a higher SERCA activity. 

This was observed in the absence of extracellular calcium, which excludes 

involvement of an altered store-operated calcium entry. Thirdly, the [Ca2+]i decrease 

following the transient, caffeine-induced calcium peak was more pronounced in cells 

pretreated with an AMPK stimulator, again suggesting a higher store content due to a 

more efficient removal of [Ca2+]i into internal stores. In line with this interpretation, we 

also observed a stronger decrease of [Ca2+]i immediately after blockade of Cav 

channels when an AMPK stimulator was present. Our observations are in agreement 

with recent publications that described impaired calcium handling in endothelial cells 

and VSMC from AMPK-α2-deficient mice (Dong et al., 2010; Liang et al., 2013). 

Chronic AMPK-α2 deficiency went along with increased [Ca2+]I , reduced SERCA 

activity (Dong et al., 2010) and decreased calcium content of the sarcoplasmic 

reticulum (SR), respectively (Liang et al., 2013) All of the effects were ascribed, 

however, not to a direct effect of AMPK on SERCA but to an increased reactive 
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oxygen species (ROS) activity and to a resulting ER stress in the absence of the 

AMPK-α2  subunit.  

 

As a mechanism how AMPK can induce SERCA-dependent calcium lowering of the 

VSMC we found that AMPK can enhance phospholamban phosphorylation at the 

regulatory Thr17 site in isolated mesenteric and femoral arteries of mice. PLN 

phosphorylation has been shown to increase SERCA activity (Tada, Kirchberger, & 

Katz, 1975) and thus could explain the stimulatory effect of AMPK on SERCA. PLN 

activity can be regulated on another regulatory site, Ser 16. Protein kinase A (PKA) 

can phosphorylate both sites, Ser 16/Thr 17, while stimulation of calcium-calmodulin-

dependent protein kinase II (CaMKII) –an upstream regulator of AMPK – leads to 

phosphorylation only of Thr 17. Both phosphorylations cause a disinhibition of 

SERCA (Kranias & Hajjar, 2012). We focused on Thr 17 as implied by sequence 

analysis of AMPK recognition sites. It has been shown that smooth muscle cells of 

the mouse aorta can express phospholamban (Lipskaia et al., 2013; Raeymakers & 

Jones, 1986) and that its knockout altered vascular reactivity and calcium handling 

(Lalli, Harrer, Luo, Kranias, & Paul, 1997). However, these results do not exclude 

other mechanisms that may be involved in AMPK-mediated stimulation of SERCA. 

We studied the phospholamban phosphorylation only in two different vascular beds 

of the mouse. Furthermore, while the SERCA:PLB protein ratio reportedly covers a 

range between 1:2 and 1:1 in heart ventricle which seems essential for the mediation 

of the PLB effects (Colyer & Wang, 1991; Koss, Grupp, & Kranias, 1997) the 

measured mRNA extracted from the microvessels in our  experiments  were roughly 

1:100 (not shown). Whether SERCA activity in hamster vessels is regulated in a 

similar manner as we found in mouse vessels was not studied in our project. NO- and 

O2
--mediated, peroxynitrite-induced S-glutathionylation of SERCA has been shown to 

enhance SERCA function in a Cys674-dependent manner (Adachi et al., 2004). It is 

unlikely that the vasodilator effect of AMPK can be explained by a stimulation of this 

pathway, since NO could not be generated due to pretreatment of the vessels with 

the NOS inhibitor L-NAME. In contrast, high levels of ROS have been shown to 

inhibit SERCA activity due to SERCA oxidation (sulfonylation) (Adachi et al., 2004). 

Since this oxidation is thought not to be readily reversible, if not irreversible (Adachi 

et al., 2004; Sharov, Dremina, Galeva, Williams, & Schöneich, 2006) it seems also 

unlikely that the AMPK effect was due to an acute reversal of pre-exisiting inhibitory 
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SERCA oxidation. Other AMPK mechanisms such as SERCA activation by 

phosphorylation of SERCA itself, or of one of the modulator proteins located within 

the ER (Wray & Burdyga, 2010) cannot be excluded. The γ-subunit of the AMPK has 

been found to partly colocalize with SERCA 2 in skeletal as well as in cardiac muscle, 

which points to a localized and so far unknown mechanism by which AMPK could 

alter the functional status of SERCA or SERCA-associated proteins (Pinter, Grignani, 

Watkins, & Redwood, 2013).  

 

SERCA can cause fast relaxation of VSM due to different pathways: 1) lowering 

[Ca2+]i, and 2) modulating membrane excitability (calcium sparks and spontaneous 

transient outward currents (STOCs; Cheranov and Jaggar 2002)) through activation 

of Ca2+-sensitive ion channels and 3) contributing to the efficacy of plasma 

membrane Ca2+ extrusion mechanisms by vectorially releasing Ca2+ to them (Wray & 

Burdyga, 2010). It would be interesting to determine the mechanism of all these 

processes interact in detail and promote AMPK mediated vasodilation. Unfortunately 

we were not able with the calcium imaging technique used here to resolve 

compartmentalization of calcium events (i.e. sparks, sparklets etc.) and their changes 

due to AMPK/SERCA activity. This would help to understand the interaction between 

SR calcium handling and BKCa channel function. Wellman et al. showed that spark 

frequency and thus BKCa activity is increased in cerebral arteries from PLN-KO mice 

(Wellman, Santana, Bonev, Nelson, & Nelson, 2001). If this is also true in AMPK-KO 

and if the two mechanisms found in this study can be attributed to one of the two 

catalytic subunits α1 or α2 of the AMPK needs to be tested in subsequent projects. 
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Fig. 4.4: Proposed model of AMPK-mediated Ca2+-dependent effects in VSMC. AMPK 
activates BKCa channels leading to hyperpolarization and (partial) closure of CaV channels. 
Additionally, AMPK increases SERCA activity involving phospholamban (PLB) 
phosphorylation. Both mechanisms result in a reduced [Ca2+]i  which ultimately leads to 
relaxation of VSMC. Though both mechanisms are activated, SERCA stimulation alone 
already is sufficient for the AMPK-mediated [Ca2+]i reduction and vasodilation. Taken from 
Schneider&Schubert et al.(Schneider et al., 2015). 

 

 

Under the conditions studied here, the two mechanisms by which AMPK potentially 

reduces [Ca2+]i and consequently induces vasodilation do not seem to be equipotent 

in microvascular smooth muscle. The limited effect of BKCa channel inhibitors and the 
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persistent AMPK induced dilation in BKCa knockout mice suggest a significant role for 

an additional calcium lowering mechanism. This was surprising since at the more 

negative membrane potential  observed in our vessels under AMPK stimulation, we 

expected Cav channels to be mainly in the closed state, in particular of the isoform 

Cav1.2 (Moosmang et al., 2003). At a membrane potential of -60 mV no current 

through Cav1.2, the main isoform in vascular smooth muscle, could be detected in 

tibial artery VSMC (Moosmang et al., 2003). We have also shown previously, in the 

same type of vessels studied here, that maximal pharmacologic stimulation of BKCa 

channels induced pronounced [Ca2+]i decreases (Bolz, Fisslthaler, et al., 2000). It is 

therefore conceivable that the BKCa channel stimulation by AMPK may have been 

incomplete in our intact vessels. In accordance with this explanation, the A76-

induced calcium decrease that we observed after SERCA inhibition could be further 

enhanced by additional dihydropyridine treatment, i.e. blockade of Cav channels in 

most experiments. As a result, the AMPK effects on SERCA (as observed in the 

presence of BKCa inhibitors or vessels from knockout mice) with regard to cellular 

calcium homeostasis prevailed in our setting over BKCa channel dependent effects. 

Accordingly, the activity of SERCA2b, which is the major isoenzyme in VSMC (K. Wu 

et al., 2001), can increase several fold upon stimulation (Chandrasekera, Kargacin, 

Deans, & Lytton, 2009). We conclude that AMPK is a novel and potent stimulator for 

SERCA-dependent calcium lowering via phosphorylation of PLN at Thr17. Therefore 

enabling the cell to reduce [Ca2+]i even in the absence of functional BKCa channels. 

This potent role of SERCA in the control of [Ca2+]i in smooth muscle may be one 

explanation for the surprisingly mild vascular phenotype of BKCa knockout mice 

(Sausbier et al., 2005).  

 

4.3 Ca2+-independent vasodilation 

 

Since prolonged exposure to AMPK stimuli induced a slowly developing relaxation of 

vessels despite intracellular calcium levels did not change, we inferred that AMPK 

may, in addition to its calcium reducing effects desensitize the contractile apparatus 

to calcium within vascular smooth muscle. The remaining dilation after blockade of 

BKCa- and SERCA-mediated calcium decrease and earlier observations from other 

research groups (Cao et al., 2014; S. Wang et al., 2011a) pointed to AMPK acting 
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through MLCP activation and calcium desensitization. However, thorough 

investigation of MLC20 phosphorylation and the main regulatory phosphorylation sites 

of MYPT1, which determine MLCP activity, did not reveal significant differences to 

the control group under 30 minutes of AMPK stimulation except a transient decrease 

of  MLC20 phosphorylation (not shown) at a time point where no vasodilation could be 

observed (in the presence of high K+). When investigating MLC20 phosphorylation at 

a later time point where the calcium independent dilation reached its plateau (20 min) 

the MLC20 phosphorylation showed no difference from control values. Furthermore, 

the  differing constriction kinetics induced by high K+ Mops in the presence of a 

MLCK inhibitor (ML7) compared with constrictions in the presence of PT1 (Fig. 3.12) 

argue against an involvement of the  second modulator of calcium sensitivity, MLCK 

as reported previously by Horman et. al. (Horman et al., 2008).  

 

Given these findings, we chose to shift our focus to AMPK effects on actin in the 

control of vascular tone. As evidenced by two independent methods, the VSM F-

actin/G-actin ratio was significantly decreased by PT1. Immunoblotting indicated that 

AMPK induces dephosphorylation of cofilin, hence promoting its actin severing 

capability. Ultrastructural investigations yielded AMPK-dependent increases in the 

anisotropy of actin filaments, arguing for less complex structure and, hence, 

weakened force transmission. Likewise, a vanishing of mid-cellular F-actin upon 

AMPK stimulation was observed in smooth muscle of intact arteries from LifeAct 

mice. In cultivated HUASMC, actin filament thickness decreased as well as the 

number of actin filament branching points. 

 

4.3.1 AMPK and actin dynamics 

 

When smooth muscle contracts, the actin cytoskeleton does not only work as a 

passive scaffold to permit myosin filament sliding. Exposure to contractile stimuli can  

also trigger actin polymerization (Brozovich et al., 2016; Gerthoffer, 2005; D D Tang 

& Anfinogenova, 2008) This may enable smooth muscle to maintain a shorter cell 

length without the need for extensive myosin actin interaction  (Rembold, Tejani, 

Ripley, & Han, 2007). In addition, a rearrangement of the cortical actin cytoskeleton is 

thought to allow for better transmission of force to the extracellular matrix via 
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integrins (Walsh & Cole, 2013) and has also been linked to artery inward remodeling 

as observed in hypertension (Staiculescu et al., 2013). Vice versa, it is conceivable 

that a reduction of the number and structure of the meshwork of actin filaments by 

inhibiting actin polymerization, contractile processes are hampered despite unaltered 

MLC20 phosphorylation levels (Moreno-Domínguez et al., 2014; Saito, Hori, Ozaki, & 

Karaki, 1996). Activation of smooth muscle leads to the recruitment of N-WASP and 

Arp2/3 to the cell membrane, indicative of the formation of new actin filaments at the 

cell cortex (Wenwu Zhang, Wu, Du, Tang, & Gunst, 2005). The aforementioned 

phenomena have been reviewed in great detail (Gunst & Zhang, 2008). Also, so-

called “stimulated actin polymerization” is presumed to mediate a 15% gain in arterial 

constriction after prior submaximal stimulation when a second stimulation is applied 

(Tejani, Walsh, & Rembold, 2011). Actin availability hence has proposed as  an 

alternative or supportive  pathway of smooth muscle contraction in a recent review 

(Brozovich et al., 2016).  

Studying  primarily  migration processes of cultured VSMC, Stone and colleagues 

have indeed described that activation of AMPK can lead to depolymerization of F-

actin and consequently an increase of G-actin, thereby hampering VSMC migration 

(Stone et al., 2013).  

4.3.2 AMPK and cofilin dephosphorylation by liberation from protein 14-3-3 

 

Cofilin has been implicated in the regulation of smooth muscle contraction via 

controlling its actin polymerization state in various studies. However, there is 

conflicting evidence as to whether contraction is paralleled by cofilin phosphorylation 

or dephosphorylation. Confusion arises also from two opposing models of cofilin 

function for the generation of smooth muscle tone: (1) Actin depolymerization by 

cofilin abolishes mechanical support for maintenance of smooth muscle tone and 

leads to relaxation. (2) Actin depolymerization by cofilin provides the necessary G-

actin monomers for de novo F-actin polymerization and new ends for actin filament 

nucleation and leads to contraction.  

Apart from these theoretical considerations, if only studies with vascular smooth 

muscle are taken into account, then five studies report increased cofilin 

phosphorylation in response to contractile stimulation (Albinsson, Nordström, & 

Hellstrand, 2004; Dai, Bongalon, Mutafova-Yambolieva, & Yamboliev, 2008; Hocking 
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et al., 2013; Moreno-Domínguez et al., 2014; Nour-Eldine et al., 2016) as opposed to 

one study reporting decreased phosphorylation (Tejani et al., 2011) arguing in  favour 

of of  a causal relation between - cofilin dephosphorylation and vasodilation.  

 

It seems at first glance odd, that a kinase should be involved in dephosphorylation of 

cofilin. However, we were able to show with three independent techniques that AMPK 

stimulation induces cofilin S3 dephosphorylation in intact as well as cultured VSMC.  

Cofilin dephosphorylation and activation has been shown to depend on its interaction 

with the scaffolding protein 14-3-3 (Dreiza et al., 2005). Displacing cofilin from 14-3-3 

allows for cofilin dephosphorylation and its activation (Dreiza et al., 2005). 

Interestingly AMPK and 14-3-3 show a functional overlap at their respective 

phosphorylation or binding sites on proteins (Hardie, Schaffer, & Brunet, 2016).  

Thus, AMPK has been shown to phosphorylate a number of 14-3-3 binding partners 

(Short et al., 2010; Weerasekara et al., 2014; Xie & Roy, 2015) which then can bind 

to 14-3-3. By such a mechanism, cofilin could be relocated away from 14-3-3 and 

undergo dephosphorylation consistent with a competitive replacement of cofilin by an 

unknown protein which is phosphorylated by AMPK thus enabling it 14-3-3 binding. 

Indeed, we were able to demonstrate that AMPK stimulation leads to the 

displacement of cofilin from 14-3-3.  

It must be emphasized, however, that in a number of cell lines other than VSMC it 

was reported that AMPK stimulation lead to cofilin phosphorylation (Miranda et al., 

2010; Onselaer et al., 2014; Palanivel, Ganguly, Turdi, Xu, & Sweeney, 2014). At 

present, we can only speculate about possible explanations for this discrepancy. 

First, it should not be neglected that in our experimental setting we did not assess the 

effect of AMPK activation compared to a baseline situation. Rather,  we performed 

our studies in vessels pre-activated with high extracellular K+ concentrations and thus 

high phosphorylation status of LIMK and cofilin (Ren, Albinsson, & Hellstrand, 2010). 

Under these conditions it seems plausible that cofilin may be mainly phosphorylated 

since it would otherwise inhibit the K+ induced vasoconstriction. Starting from such a 

high phosphorylation level one would expect to see a dephosphorylation which one 

could not detect if the phosphorylation level was low.  A second explanation could be 

that smooth muscle specific translational regulation by miRNA might account for 

differences between SMC and non-SMC (in which many cofilin studies were 

performed). Smooth muscle cells are the only cell type in which the promoter of miR-
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143 and miR-145 are expressed and active (Boettger et al., 2009). These miRNAs 

not only regulate differentiation to the contractile phenotype, they also control the 

expression of multiple actin-related proteins, such as Arp2/3 subunit 5, β-actin, γ-

actin and also cofilin 2. The unique influence of these miRNAs on the VSMC actin 

cytoskeleton has recently been highlighted (Xin et al., 2009). We therefore propose 

that only SMC provide the protein machinery necessary for AMPK to induce cofilin 

dephosphorylation. 

 

4.3.3 AMPK and changes in actin morphology of VSM 

 

Direct morphological evidence that contractile activation of smooth muscle entails 

actin filament network branching is still lacking. However, it has been demonstrated 

in airway smooth muscle that at least for overall actin polymerization and tension 

generation, N-WASP, the upstream regulator of the central branching factor Arp2/3, 

is essential (Wenwu Zhang et al., 2005). In endothelial cells, other researchers were 

able to demonstrate with the help of atomic force microscopy, that actin 

polymerization and depolymerization as induced by jasplakinolide and latrunculin A, 

respectively, entail denser, more branched actin networks (jasplakinolide) and 

coarser, less branched networks (latrunculin A) (Kronlage, Schäfer-Herte, Böning, 

Oberleithner, & Fels, 2015).  

In isometrically stimulated living SMC from LifeAct mice we could observe a loss of 

mid-central F-actin signal upon AMPK activation which was reversible after AMPK 

was inhibited. This findings support data which showed that cofilin activity takes 

predominantly place on pointed ends in the cytosol while actin polymerization 

happens at barbed ends near the focal adhesions contacts (D D Tang & 

Anfinogenova, 2008; Dale D. Tang, Zhang, & Gunst, 2005; Wenwu Zhang et al., 

2005). Furthermore, Flavahan and coworkers observed that pressurized smooth 

muscle changes its actin morphology when pressure-induced contraction (i.e. 

myogenic tone) is developing: As in our isometric setups, they reported changes of F-

actin signal in the cell interior reflected as an altering “M-shaped” signal intensity 

when line scan was performed along tranverse optic sections through the middle of 

relaxed smooth muscle cells (Flavahan et al., 2005). This “M” was only apparent 

when low (10-60 mmHg) transmural pressure was applied and smooth muscle was 
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relaxed. When pressure was augmented to 90 mmHg, the ensuing contractile 

stimulus led to actin redistribution and the central trough of the “M” was filled with F-

actin. Of note, Flavahan and colleagues did not report any substantial changes in 

vessel diameter when they applied high transmural pressure, making this setting 

comparable to the isometric wire myograph, i.e. contractile stimulus for VSMC but 

unaltered cell length. This findings are challenging the current opinion that especially 

cortical actin is undergoing rearrangements when  vascular tone changes (Gunst & 

Zhang, 2008; D D Tang & Anfinogenova, 2008). While our observations were 

conducted on VSMC in isolated pressurized or isometrically mounted arteries in situ, 

most of the studies emphasizing cortical actin dynamics were performed in cultured 

cells.  

  

As another parameter for actin remodeling we measured filament anisotropy in 

isometric VSMC and found increased anisotropy in AMPK-activated states. Of note, 

this increase was reversible when AMPK was inhibited. This indicates that the 

filaments are more parallel and show less branching. The latter implication was 

confirmed in cultured SMC (see below). For the determination of anisotropy a Fiji 

plugin, FibrilTool, was used (Boudaoud et al., 2014). This Plugin has been frequently 

cited in the recent two years, in particular for cytoskeletal analysis in plant physiology 

(Sampathkumar et al., 2014) and mammalian cell models (Vergara et al., 2015). To 

further strengthen the likelihood that the actions of A76 or PT1 on the cytoskeleton 

were indeed mediated by AMPK we analyzed the actin cytoskeleton of cultured 

human VSMC. Human cells were chosen because of their larger cell size. Hence, the 

morphology of the actin filaments was easily assessable other than in isolated mouse 

SMC the actin filaments of which were less well ordered and thus more difficult to 

analyze. We found that actin filament thickness was reduced by 7 % when AMPK 

was activated for 35 min with PT1, corresponding to the plateau of dilation of 48% as 

depicted in Fig. 3.9A.  The opposite (thicker actin filaments) is seen when cofilin is 

knocked down by RNA interference (Hotulainen, Paunola, Vartiainen, & Lappalainen, 

2004). We therefore suggest that thinning of actin filaments is compatible with actin 

severing by activated cofilin. Our second finding in VSMC was that AMPK reduced 

actin filament branching. This recapitulates ex vivo results involving purified actin 

filaments (Chan, Beltzner, & Pollard, 2009). In that study, Chan and coworkers were 

able to show that cofilin decreased actin filament branching by competing with Arp2/3 
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for actin-binding sites and reducing binding affinity for Arp2/3. Finally, reduced actin 

branching in the context of AMPK activation has also been postulated by a group 

which found impaired Arp2/3 function and lamellipodia formation as a result of AMPK 

dependent phosphorylation and translocation of Arp2/3 from the lamellipodia to the 

cytosol in p53 knockout VSMC (Yan et al., 2015).  

 

Actin as a regulator of smooth muscle tone has mainly been studied in airway smooth 

muscle (Mehta & Gunst, 1999; Opazo Saez et al., 2004; Y. Wu & Gunst, 2015; W 

Zhang, Huang, & Gunst, 2016; Wenwu Zhang et al., 2005), although there is steadily  

growing body of literature using arterial smooth muscle (Castorena-Gonzalez, 

Staiculescu, Foote, Polo-Parada, & Martinez-Lemus, 2014; Cipolla, Gokina, & Osol, 

2002; Kim, Gallant, Leavis, Gunst, & Morgan, 2008; Moreno-Domínguez et al., 2014).  

Among these publications are only a few address the actin ultrastructure of arterial 

smooth muscle in intact vessels (Flavahan et al., 2005). Our study is the first to 

provide images of changes in the actin cytoskeleton in intact pressurized (isobaric) as 

well as isometric resistance arteries. Isometric preparations are particularly important 

since shortening of smooth muscle cells in the process of contraction naturally entails 

distortions of the cytoskeletal actin structure. Keeping the cells at constant length 

while still allowing for developing force and tone is a better method to evaluate the 

ultrastructural effects of actin modulators in intact smooth muscle, especially when 

considering filament anisotropy. In contrast, imaging of enzymatically isolated cells is 

often easier to conduct and allows for higher magnification. However, these VSMC 

are normally of a synthetic phenotype (Beamish, He, Kottke-Marchant, & Marchant, 

2010; House, Potier, Bisaillon, Singer, & Trebak, 2008; Yamin & Morgan, 2012) 

which probably goes along already with an alteration of the actin filaments. Therefore 

our study which for the first time shows dynamic actin changes in smooth muscle in 

intact arteries provides new insights in the role of actin in the control of vascular tone. 

 

4.3.4 Potential Role of the actin cytoskeletal changes caused by AMPK  

 

Calcium is an important second messenger not only important for regulating vascular 

tone. Therefore [Ca2+]i cannot be lowered indefinitely. Calcium independent 

relaxation of smooth muscle, also called calcium desensitization, allows 
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maintainence of “normal” [Ca2+]i still to fulfill its non-contractile functions. Further, 

hypoxic tissue-derived signals (such as urocortin) and metabo-protective adipokines 

(like adiponectin) which are known AMPK activators (Li et al., 2013; W. Zhu, Cheng, 

Vanhoutte, Lam, & Xu, 2008), have been suggested to affect  vascular tone under 

pathophysiological conditions (Lubomirov et al., 2006; Osuka, Watanabe, Yasuda, & 

Takayasu, 2012). Therefore, it would be particularly interesting to investigate if these 

effects are mediated by AMPK and if AMPK activators can be valuable in the therapy 

of vasospasm (i.e. subarachnoidal hemorrhage). Under these conditions arteries 

must be kept continously dilated to allow for sufficient perfusion while allowing [Ca2+]i 

to be kept at normal basal level so that the cell can react and adapt to non-contractile 

stimuli (Berridge, Bootman, & Roderick, 2003; Kolias, Sen, & Belli, 2009).   This 

happens best, when the calcium sensitivity of the contractile apparatus is 

appropriately reduced. 
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5. Potential therapeutic implications 

 

This thesis characterizes an active role of AMPK in the control of small artery tone. 

We found that AMPK is involved in the fast adaptation of vascular diameter via [Ca2+]i  

dependent pathways while it can also adjust vascular tone via Ca2+-independent 

pathways by changing the structure of the actin cytoskeleton. Both mechanism cause 

a significant vasodilation and finally identify AMPK as a potential new target in the 

therapy of hypertension. Furthermore, all the identified mechanisms here were 

endothelium-independent. In chronic diseases like the metabolic syndrome or 

hypertension the endothelium is not appropriately functioning any more. This makes 

activation of the AMPK in VSMC particularly under these pathological conditions 

valuable more effective therapeutic option. We found that SERCA activation by 

phosphorylation of PLN on Thr17 is the main mechanism of fast Ca2+-lowering thus 

causing vasodilation in VSMC. The parallel activation of BKCa seems to become 

important in states where SERCA function is impaired. SERCA as well as BKCa 

function has been shown to be disturbed in models of hypertension (especially 

hyperaldosteronism) and VSMC differentiation from contractile to a more 

proliferative/synthetic type (Chou et al., 2016; House et al., 2008; Lipskaia et al., 

2013; Lipskaia, Limon, Bobe, & Hajjar, 2012). It would be interesting to determine the 

role of the AMPK on the BKCa channel and on SERCA activity under such 

circumstances. The redundant influence of AMPK on the aforementioned targets 

highlights its role as a key enzyme in [Ca2+]i regulation and [Ca2+]i handling in VSMC.  

Furthermore we have shown in intact arteries that AMPK is able to induce a 

sustained Ca2+-independent vasodilation which is due to actin depolymerization.  

This hitherto unknown AMPK effect on microvascular tone allows for normal Ca2+ 

regulation of cellular processes whilst reducing smooth muscle Ca2+ sensitivity. It is 

therefore tempting to speculate that in states requiring long term local dilation AMPK 

might be a critical component to maintain maximal vascular conductivity and prevent 

vasospasms. However, more studies are necessary to substantiate a potential 

therapeutic value of AMPK stimulators in microvessels. 
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Fig. 5.1: Graphical summary. Revised model of AMPK effects on vascular tone in EC 
and VSMC. Red lines and red markings are indicating the major findings of this thesis. 
AMPK exerts its Ca2+-dependent vasodilatory effects via two independent mechanisms 
allowing redundant control of calcium homeostasis. AMPK activates the BKCa channel and 
causes hyperpolarization of VSMC. Furthermore AMPK is activating SERCA via 
phosphorylation of SERCA regulating protein phospholamban on Thr17. Under the 
conditions studied here, the prevailing mechanism is an activation of SERCA. AMPK is also 
causing a slowly developing Ca2+-independent vasodilation which could be attributed to 
dephosphorylation of actin severing protein Cofilin on Ser3 after liberation of cofilin from 14-
3-3. These molecular findings went along with morphological changes in the actin 
cytoskeleton in VSMC. Thus emphasizes a prominent role of AMPK in the regulation of 
vascular tone in small arteries. 
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