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Nonstandard abbreviations: 

 

RµVSMCs – Renal microvascular smooth muscle cells 

TASMCs – thoracic aorta smooth muscle cells 

MLC20 – 20 kD myosin light chain regulatory subunit 

AT1 – angiotensin type 1 receptor 

DMSO – Dimethyl Sulfoxide 

PD98059 – 2′-Amino-3′-methoxyflavone 

AG1478 – 4-(3-Chloroanilino)-6,7-dimethoxyquinazoline 

AG1296 – 6,7-Dimethoxy-3-phenylquinoxaline 

PP2 – 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine 
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Abstract 

Angiotensin II can cause hypertension through enhanced vasoconstriction of renal 

vasculature.  One proposed mechanism for reduction of angiotensin II-induced 

hypertension is through inhibition of the MEK/ERK MAPK cascade.  MEK/ERK has 

been shown to phosphorylate the regulatory subunit of myosin light chain at identical 

positions as myosin light chain kinase.  There are multiple mechanisms proposed 

regarding angiotensin II-mediated ERK activation.  We hypothesized that renal 

microvascular smooth muscle cells (RµVSMCs) signal through a unique pathway as 

compared to thoracic aorta smooth muscle cells (TASMCs), which is involved in blood 

pressure regulation.  Use of epidermal growth factor (EGF) and platelet derived growth 

factor (PDGF) receptor specific inhibitors AG1478 and AG1296, respectively, 

demonstrates that Angiotensin II activates ERK in TASMCs, but not RµVSMCs, through 

transactivation of EGF and PDGF receptors.  Additionally, inhibition of Src with its 

specific inhibitor PP2 abolishes angiotensin II, but not EGF or PDGF, mediated 

phosphorylation of ERK in RµVSMCs, yet has no effect in TASMCs.  The physiological 

significance of transactivation was examined in vivo utilizing anesthetized Wistar-Kyoto 

rats with 15 mg/kg PD98059, a MEK inhibitor, as well as 20 mg/kg AG1478 and 1.5 

mg/kg AG1296 in an acute model of angiotensin II-mediated increase in blood pressure.  

None of the inhibitors had an effect on basal blood pressure, and only PD98059 reduced 

angiotensin II-mediated increase in blood pressure.  Moreover, in RµVSMCs, but not 

TASMCs, angiotensin II localizes phosphorylated ERK to actin filaments.  In conclusion, 

angiotensin II signals through a unique mechanism in the renal vascular bed that may 

contribute to hypertension.   
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Introduction 

 Extracellular regulated kinases ERK1 and ERK2 (herein referred to as ERK) are 

involved in smooth muscle cell contraction (Touyz, et al., 1999), attenuation of vascular 

relaxation (Touyz, et al., 2002a), and blood pressure control (Muthalif, et al., 

2000b;Muthalif, et al., 2000a;Hu, et al., 2007), however, this is not a universal 

mechanism (Touyz, et al., 2002a;Watts, et al., 1998).  Additionally, the molecular 

mechanism underlying the role of ERK in control of vascular contraction is not 

completely understood; currently there are two proposed mechanisms.  One pathway is 

an ERK-mediated phosphorylation of the 20 kD myosin light chain regulatory subunit 

(MLC20) at the same position as myosin light chain kinase (Roberts, 2004;D'Angelo and 

Adam, 2002).  A second pathway involves ERK-mediated phosphorylation of caldesmon 

(D'Angelo, et al., 1999;Adam and Hathaway, 1993).  Phosphorylation of MLC20 has 

been proposed to be more relevant than caldesmon (D'Angelo and Adam, 2002), but 

activation of ERK does not always lead to phosphorylation of MLC20 (Tsai and Jiang, 

2005).  Importantly, both of these targets would increase contraction through modulating 

the actin-myosin interaction via classically described interactions (reviewed in Webb, 

2003).   

There is no unified theory to describe the molecular mechanisms underlying G 

protein-coupled receptor (GPCR) activation of ERK.  Multiple mechanisms have been 

proposed including transactivation (Daub, et al., 1996), β-arrestin (Luttrell, et al., 2001) 

or phospholipase D (PLD) (Rizzo, et al., 1999) mediated scaffolding, and non-receptor 

kinase mediated activation of ERK (Carroll and May, 1994;Ettehadieh, et al., 1992).  

These proposed mechanisms are not necessarily mutually exclusive (Shah and Catt, 
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2002;Luttrell, et al., 1999), however the transactivation theory has become predominant, 

and has been shown to occur in many (Wetzker and Bohmer, 2003), but not all (Shah, et 

al., 2004), tissues.  Briefly, transactivation involves a GPCR activating receptor tyrosine 

kinases that then signal through their respective signaling cascade leading to ERK 

activation.  In thoracic aortic smooth muscle cells (TASMCs) angiotensin II (Ang II), a 

GPCR agonist, activates ERK through transactivation of epidermal growth factor (EGF) 

and platelet derived growth factor (PDGF) receptors (Eguchi, et al., 1998). 

 Ang II is a vasoactive hormone that can cause multiple cardiovascular and renal 

disorders in experimental models.  One such disorder, hypertension, can be caused by 

Ang II, and interference with either Ang II production (via angiotensin converting 

enzyme inhibitors) or signaling (via Ang II receptor blockers) are common 

antihypertensive therapies.  Renal transplantation studies demonstrate that hypertension 

can be transferred to a normotensive host if receiving a kidney from a hypertensive donor 

(Grisk and Rettig, 2001).  Recently, similar experiments utilizing genetically modified 

mice demonstrate that kidney AT1 receptors are responsible for Ang II-mediated 

hypertension and associated cardiovascular disorders (Crowley, et al., 2006).  This is 

further supported by the finding that the renal vascular bed is the most responsive to Ang 

II in vivo (Jackson and Herzer, 2001).  Therefore, if Ang II-mediated ERK activation is 

involved in blood pressure regulation, as has been shown (Muthalif, et al., 2000b), then 

inhibition of ERK activation, either by inhibiting MEK or through blocking 

transactivation of EGF or PDGF receptor kinase activity, has to reduce Ang II-mediated 

increase in blood pressure, if, and only if, transactivation is a universal mechanism.  
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 In this study, we tested the statement above as well as the hypothesis that Ang II-

mediated ERK activation is different in TASMCs compared to renal microvascular 

smooth muscle cells (RµVSMCs).  Previous pharmacological data separated Ang II and 

EGF signaling to ERK in RµVSMCs, but did not directly examine transactivation 

(Andresen, et al., 2003).  Here, we confirm previous studies (Muthalif, et al., 

2000b;Muthalif, et al., 2000a;Hu, et al., 2007) that indicate a role for MEK/ERK in Ang 

II-mediated blood pressure regulation in vivo, and demonstrate that this is independent of 

EGF and PDGF receptor activity.  Furthermore, the physiological data is supported via 

cell culture studies demonstrating that Ang II signals to ERK through a Src family 

member dependent, yet non-transactivation mediated pathway in RµVSMCs, compared 

to a Src independent transactivation pathway in TASMCs. 
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Methods 

In Vivo experiments 

 All experiments were conducted per NIH and Georgetown University animal care 

and use committee guidelines.  Sixteen Wistar-Kyoto (WKY) rats, 4 per group, were 

obtained from Taconic Farms (Hudson, NY).  The rats were maintained in Georgetown 

University’s animal facility on a 12 hour light cycle and were fed standard rat chow with 

water ad lib.  On the day of the experiment one rat was transferred from the animal 

facility to the laboratory and anesthetized with Nembutal (50 mg/kg body wt, i.p.).  Once 

anesthetized the rat was placed on a heated table to maintain body temperature at 37°C, 

monitored via a rectal probe.  The left femoral vein was catheterized with PE-50 tubing 

and this site was used to infuse 0.1 mL of Nembutal (50 mg/mL) per 100 g body weight 

per hour to maintain the rat in an anesthetized state.  Next, the right femoral artery was 

catheterized with PE-50 tubing to continuously monitor blood pressure through a 

pressure transducer coupled to a Cardiomax II blood pressure recorder (Columbus 

Instruments, Columbus, OH).  An endotracheal tube was inserted using PE-250 to allow 

the rat to breathe easily.  Following the endotracheal tube, the jugular vein was 

catheterized with PE-50 tubing.  This site was used for fluid maintenance at a rate of 0.5 

mL per 100 g per hour.  Lastly, a cystotomy  was performed and a heat flanged PE-240 

was inserted into the bladder to relieve the bladder and maintain normal renal function.   

The rat was allowed to equilibrate for 1 hour post surgery.  Once equilibrated, 

basal blood pressure was recorded for 20 minutes prior to a bolus injection of 2.5 µg/kg 

Ang II via the jugular catheter.  Following the injection, blood pressure was recorded for 

the next hour after which either the drug or vehicle was injected i.p.  The injections were 
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one of the following: DMSO as a vehicle (Sigma, St. Louis, MO), 15 mg/kg PD98059, a 

MEK specific inhibitor; 20 mg/kg AG1478, an EGF receptor specific inhibitor; and 1.5 

mg/kg AG1296, a PDGF receptor specific inhibitor (all obtained from Calbiochem, San 

Diego, CA).  Thirty minutes after the i.p. injection, a second 2.5 µg/kg dose of Ang II 

was administered via the jugular catheter.  The rat was euthanized 30 minutes after the 

second Ang II injection by overdose with Nembutal (100 mg/kg i.v.).  The raw data was 

calculated by determining the change (∆) of Ang II-mediated systolic blood pressure by 

subtraction of the base line from the maximal systolic blood pressure.  The percent 

change was also calculated as fold change times 100, which incorporates the baseline into 

the value.   All analysis was conducted with the ∆ systolic blood pressure values. 

 

Cell Culture 

 All cells were obtained from Dr. Edwin K. Jackson, University of Pittsburgh and 

grown in DMEM/F12 with 10% FBS plus antibiotics (100 U/mL penicillin G, 100 U/mL 

streptomycin sulfate, and 250 ng/mL amphotericin B).  All cell culture materials were 

obtained from Invitrogen (Carlsbad, CA).    

 

Activation of ERK 

 TASMCs and RµVSMCs were grown in 60 mm tissue culture plates, serum 

starved overnight (at least 12 hours) then treated with the vehicle or drug.  The drugs 

were all dissolved in DMSO and the cells were pretreated as follows: 20 µM PD98059 

was applied for 30 minutes, 100 nM PP2 was applied for 30 minutes, 1 µM AG1478 was 

applied for 2 hours, 10 µM AG1296 was applied for 2 hours, or DMSO was applied for 2 
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hours.  These concentrations and duration of exposure to drug were chosen because each 

has been demonstrated to specifically inhibit their respective target.  The cells were then 

stimulated with 1 µM Ang II, 50 ng/mL EGF, or 50 ng/mL PDGF for 5 minutes, washed 

with ice cold PBS, then lysed in 250 µL of a RIPA lysis buffer (1% Triton X-100, 0.1% 

SDS, 0.5% Deoxycholate, 100 mM NaCl, 20 mM Tris, pH 7.5, 2 mM EDTA, 10 mM 

MgCl2, 10 mM NaF, 40 mM  β-Glycerol Phosphate, supplemented with 1 mM PMSF and 

2 mM Na3VO4).  The samples were clarified by centrifuging the lysate at 14,000 rpm and 

removing the supernatant, then Laemmli sample buffer was added and the samples were 

boiled and stored at -20°C before use.  The samples were separated on a 10% SDS-PAGE 

gel and transferred to nitrocellulose obtained from BioRad (Hercules, CA).  ERK 

activation was measured via western blot with phospho-specific ERK1/2 antibodies (Cell 

Signaling Technology, Beverly, MA), followed by stripping the membrane with 62.5 mM 

Tris pH 6.7, 100 mM 2-mercaptoethanol, and 2% SDS and re-probing for total ERK1/2 

(Cell Signaling Technology).  Secondary antibodies and ECL were obtained from Pierce 

(Rockford, IL), and the images were captured on Fujifilm Super RX X-ray film obtained 

from Crystalgen (Plainview, NY) and developed with a Kodak RPX-OMAT processor, 

model M6B. 

 

Confocal Imaging 

 TASMCs and RµVSMCs were grown on 22-mm #1 coverslips (Fisher Scientific, 

Pittsburgh, PA) coated with poly-D-lysine (Sigma) in 6-well plates.  The cells were 

serum starved overnight (at least 12 hours) and stimulated as described above.  After 

stimulation the cells were washed with ice cold PBS, fixed with 4% paraformaldehyde in 
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PBS for 30 minutes at 4°C, and permeablized with 0.1% Triton X-100 for 2 minutes.  

The cells were then washed with PBS and blocking was performed with 3% BSA 

(Sigma) in PBS.  After blocking, the E10 anti-phosphorylated ERK (mouse monoclonal) 

primary antibody (Cell Signaling Technology) was diluted at 1:500 in a 3% BSA in PBS 

solution and applied to the cells for 1 hour.  The cells were then washed with PBS and 

stained with a 3% BSA in PBS solution containing 5 µM Hoechst (Invitrogen/Molecular 

Probes), 10 units Alexa 488-labeled Phalloidin (Invitrogen/Molecular Probes), and 2.6 

ug/mL Cy5-labeled F(ab’)2 fragment donkey anti-mouse (Jackson ImmunoResearch, 

West Grove, PA) for 1 hour.  The samples were washed with PBS then mounted on glass 

slides (Fisher Scientific) with Prolong anti-fade mounting medium (Molecular Probes, 

Eugene, OR).  Imaging was conducted with an Olympus BX61 Fluoview FV500 laser 

scanning confocal microscope with a Plan Apo 60x 1.40 NA oil immersion objective.  

Hoechst was visualized utilizing a 405 nm diode laser, Alexa 488-labeled Phalloidin was 

visualized utilizing a 488 nm Argon laser, and the Cy5-labeled E10 antibody was 

visualized utilizing a 633 nm He-Ne laser.  All images were acquired individually to 

eliminate the possibility of bleed through and set to a resolution of 1024x1024.  Each 

image is an average of 4 repetitive scans. 

 

Statistics and Data Analysis 

 All graphs were generated with GraphPad Prism 4 for Windows.  Paired t-tests 

were used to determine if the change in the increase in blood pressure was different 

between the two injections of Ang II for each treatment group with reverse experiment 

tester and NCSS 2007 (Boss Statistics) (Lew, 2006).  Reverse tester has two functions, 
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the t-test and a noninferiority test that tests for similarity between groups instead of a 

difference.  This was used to determine if the two Ang II generated peaks in blood 

pressure were significantly similar in each group, and if the drug treatments were 

significantly similar to vehicle injection.  A Repeated measures ANOVA with Tukey-

Kramer multiple comparison test was used to compare all the raw data, and a second 

ANOVA with Tukey-Kramer multiple comparison test was used to compare the 

differences in ∆ systolic blood pressure between the 4 groups via NCSS 2007.  All 

measurements are represented as mean ± SEM, followed by the n.  Western blots of p44 

ERK1 and p42 ERK2 (referred to as ERK) were grouped together and quantified using 

ImageJ 1.36b for Windows.  Phosphorylated ERK was normalized to total ERK and that 

ratio was analyzed via an ANOVA with Tukey-Kramer Multiple-comparison post hoc 

test to compare the levels of Ang II-mediated ERK activation.  The red channel in the 

confocal images was enhanced using the curves option in Photoshop 7.0 so that they are 

more visible on the black background.  All TASMCs were altered with the same curve, 

and a similar curve was used on all the RµVSMCs.  Metamorph software was used to 

filter the Hoechst staining in Figure 5 via use of the median filter to reduce background 

signal while maintaining visual localization of the nuclei. 
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Results 

 In order to determine the role of ERK in Ang II-mediated increases in blood 

pressure, we rapidly injected 2.5 µg/kg Ang II in the jugular vein while measuring blood 

pressure.  This method resulted in a rapid, less than 90 sec, increase in systolic blood 

pressure of 106 ± 5 mmHg, n = 16, that quickly dropped and then returned to baseline in 

4.7 ± 0.5 minutes.  One hour after injection of Ang II, the drug or vehicle (DMSO) was 

administered.  The MEK inhibitor PD98059 was used at a concentration similar to what 

has been previously reported to reduce Ang II-mediated blood pressure (Muthalif, et al., 

2000b).  Additionally, PD98059 was used instead of U0126 because U0126 appears to be 

nonspecific in vivo in regards to muscle contraction (Watts, 2000).  The EGF receptor 

inhibitor AG1478 was used at a dose sufficient to clear tumors from mice when 

administered i.p. (He, et al., 2001), and the PDGF receptor inhibitor AG1296 was used at 

a dose calculated from previous in vivo studies (Dell, et al., 2006).  On occasion, injection 

of the drug or vehicle transiently lowered blood pressure due to a stress response, but had 

no appreciable effect on baseline blood pressure over time.   

Repeated measures ANOVA demonstrated a significant difference between the 

groups (drug treatments) p = 0.016531 with a power of 0.804994 with no difference 

between the first and second stimulation with Ang II (period), however there is a 

significant interaction between the period and drug treatments p = 0.014309 with a power 

of 0.823593.  Tukey-Kramer multiple-comparison test indicates that treatment with 

DMSO, AG1478, or AG1296 had no significant effect (p > 0.05) on the response to the 

second dose of Ang II, but that PD98059 did have a significant effect (p < 0.05) (Table 

1).  There are differences among period 1, the first stimulation with Ang II, between the 
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groups however this appears to be due to random distribution of the individual rats; 

overall the 16 period 1 data points do confer to a normal distribution.  Additionally, 

paired t-test also indicates that there is only a significant difference between the PD98059 

treated samples (Table 1).   Furthermore, the DMSO and AG1296 treatments were 

significantly similar to their controls using a paired noninferiority test (Table 1).  To 

graphically display this, the maximum change in systolic blood pressure caused by the 

first dose of Ang II was subtracted from the maximum change in systolic blood pressure 

of the second dose of Ang II for comparison across groups (Fig. 1).  ANOVA analysis of 

this normalized data demonstrated a significant difference between the treatment groups 

p = 0.014457 with a power of 0.822299, and Tukey-Kramer multiple comparison test 

indicates that only inhibition of MEK reduced Ang II-mediated increases in systolic 

blood pressure (p < 0.05).  Furthermore, the AG1478 and AG1296 groups are similar to 

DMSO (for p < 0.05, the power is 0.705 for AG1478 and 0.9707 for AG1296, n = 4).  

The data indicate that MEK, and presumably ERK, play a role in Ang II-mediated 

increases in blood pressure.  Moreover, transactivation of EGF and PDGF receptors does 

not contribute to the acute increase in blood pressure in response to Ang II 

administration.  

 Since in RµVSMCs Ang II and EGF signaling to ERK can be pharmacologically 

separated (Andresen, et al., 2003) and the kidney plays a large role in Ang II-mediated 

changes in blood pressure (Jackson and Herzer, 2001;Crowley, et al., 2006), we 

examined the role of transactivation of EGF and PDGF receptors in Ang II-mediated 

ERK activation in RµVSMCs (Fig. 2a and 2b).  As shown in Figure 2a and 2b, in 

TASMCs Ang II-mediated activation of ERK is sensitive to inhibition of MEK as well as 
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EGF and PDGF receptors, which confirms previous reports (Eguchi, et al., 1998).  

However, in RµVSMCs Ang II-mediated ERK activation is sensitive to inhibition of 

MEK, but insensitive to inhibition of EGF and PDGF receptors. Quantification and 

ANOVA analysis of the Ang II treated samples (n = 3) indicates that basal ERK levels 

are slightly, yet not statistically, increased in RµVSMCs compared to TASMCs (Fig. 2b).  

Ang II significantly increases ERK phosphorylation in TASMCs and RµVSMCs to a 

similar extent and PD98059 reduces Ang II-mediated ERK phosphorylation to basal 

levels in both TASMCs and RµVSMCs.  Inhibition of EGF and PDGF receptors only 

inhibits Ang II-mediated activation of ERK in TASMCs, and this inhibition reduces 

phosphorylated ERK levels to baseline (Fig. 2b).  Treatments with EGF and PDGF 

demonstrate that PD98059 works similarly in both TASMCs and RµVSMCs (Fig. 2a).  

Additionally, treatments with AG1478 and AG1296 inhibit EGF- and PDGF-mediated 

activation of ERK, respectively, in both cell types (Fig. 2a).  These data demonstrate that 

EGF and PDGF receptors are present and signal to ERK in RµVSMCs.  Therefore, Ang 

II is not signaling through transactivation of EGF and PDGF receptors in the RµVSMCs.  

 Multiple studies indicate that Src, or a Src family kinase, plays a role in Ang II-

mediated ERK activation (Eguchi, et al., 1998;Matrougui, et al., 2000;Touyz, et al., 

2001;Shah and Catt, 2002;Shah, et al., 2004), and preliminary data indicated that a Src 

family kinase is involved in Ang II signaling to ERK in RµVSMCs.  Therefore we 

utilized the Src family kinase inhibitor PP2 to examine the role of Src family members in 

Ang II, EGF, and PDGF-mediated activation of ERK in TASMCs and RµVSMCs (Fig. 

2c and 2d).  As shown in the western blot (Fig. 2c) 100 nM PP2 only inhibited Ang II-

mediated activation of ERK in RµVSMCs.  Quantification and ANOVA analysis of the 
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western blots (n = 3) demonstrates that a Src family member is required for Ang II-

mediated activation of ERK in RµVSMCs, but not TASMCs (Fig. 2d).  Moreover, EGF 

and PDGF are not sensitive to 100 nM PP2 in either cell type.   

 Preliminary data suggested that in RµVSMCs, Ang II caused phosphorylated 

ERK to localize on actin filaments.  Therefore, we examined the cellular location of 

phosphorylated ERK in TASMCs and RµVSMCs after stimulation with Ang II, EGF, or 

PDGF for 5 minutes (Fig. 3 and 4).  Hoechst stain was used to identify the nucleus and 

phalloidin was used to identify the actin filaments.  As shown in Figure 3, Ang II, EGF, 

and PDGF all traffic phosphorylated ERK to the nucleus and perinuclear region of 

TASMCs.  Ang II directed phosphorylated ERK to actin filaments in approximately 25% 

of the TASMCs observed.  In contrast, all agonists directed phosphorylated ERK to actin 

filaments as well as the nucleus and peri-nuclear region in RµVSMCs (Fig. 4).  Ang II 

directed phosphorylated ERK to the actin filaments in all RµVSMCs cells observed (Fig. 

4E-H and 5), whereas EGF and PDGF directed phosphorylated ERK to the actin 

filaments in approximately 50% of the RµVSMCs observed.  Additionally, as shown in 

Figure 5, the alignment of the actin filaments is not in an orientation from the cell surface 

towards the nucleus suggesting that active ERK is not utilizing the actin filaments merely 

as a route to traffic to the nucleus.  Therefore, the localization of active ERK is clearly 

different in RµVSMCs compared to TASMCs, and in RµVSMCs the localization of 

active ERK suggests that it may mediate phosphorylation of the actin-myosin contractile 

apparatus.  
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Discussion 

 The purpose of these studies was to examine the role of transactivation in Ang II-

mediated activation of ERK in the renal microvasculature.  The data consistently show 

differences in Ang II-mediated signaling between the thoracic and renal smooth muscle 

cells.  Although, the physiological data does not specifically isolate the renal bed, it does 

indicate that vessels contributing to the transient increase in blood pressure are MEK 

inhibitor sensitive but do not signal through a transactivation-mediated mechanism.  

Furthermore, the thoracic aorta, which does signal through transactivation, has no effect 

on Ang II-mediated alterations in blood pressure (Jackson and Herzer, 2001). 

 The role of ERK in vascular contraction has been described in multiple models 

(Muthalif, et al., 2000a;Touyz, et al., 2002a;Touyz, et al., 1999;Roberts, 2004), including 

a model of Ang II-dependent hypertension (Muthalif, et al., 2000b).  Using male 

Sprague-Dawley rats with induced hypertension via chronic Ang II infusion Muthalif et 

al. reported a decrease in mean arterial blood pressure of 20 mmHg 30 minutes after a 

single injection of a comparable dose of PD98059.  As shown in Table 1 and Figure 1, 

injection of 15 mg/kg PD98059 significantly reduced transient Ang II-mediated increase 

in systolic blood pressure by 23 ± 8 mmHg, which is drastically different than the 

DMSO-treated controls increase of 1 ±  5 mmHg.  Our method was designed specifically 

to isolate changes in systolic blood pressure derived from vasoconstriction, which is 

exemplified by the rapid increase in blood pressure followed by an equally rapid decline 

and return to baseline.  This allowed us to conclude that the major cause of the increase in 

blood pressure is due to vasoconstriction and that MEK, and presumably ERK, provide 

for roughly 20% of the contractile response to Ang II in this model.  Due to the similarity 
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between our studies and the studies by Muthalif et al., we suggest that MEK is involved 

in hypertension.  However, both studies were conducted in anesthetized rats and remain 

unconfirmed in conscious animals. 

 The molecular mechanisms underlying Ang II-mediated phosphorylation of ERK 

do not fit into a unified mechanism.  Most studies of smooth muscle cellular biology are 

conducted in TASMCs, however these are conduit vessels that have little physiological 

role in controlling blood pressure, especially Ang II-mediated changes in blood pressure 

(Jackson and Herzer, 2001).  Through using TASMCs, as well as other cell lines, it has 

been established that Ang II signals to ERK through transactivation of receptor tyrosine 

kinases (Eguchi, et al., 1998).  This pathway relies on the ability of EGF and PDGF 

receptor inhibitors to block Ang II-mediated activation of ERK, yet as shown in Figure 2 

this is not the case in RµVSMCs.  Since the renal vasculature plays the largest role in 

modulating transient vascular changes in response to Ang II (Jackson and Herzer, 2001), 

the lack of transactivation in the RµVSMCs explains the lack of significant effect of 

AG1478 and AG1296 on transient Ang II-mediated changes in systolic blood pressure.  It 

is important to note that these experiments examine transient increases in blood pressure, 

thus this data does not preclude a role for EGF and PDGF receptors in the maintenance or 

progression of hypertension.  Further studies in other models are required to definitively 

comment on the role of EGF and PDGF receptors in the maintenance or progression of 

hypertension. 

Beyond transactivation, there exist multiple mechanisms that can mediate 

signaling from a GPCR, such as the AT1 receptor, to ERK.  Likely candidates are β-

arrestin-mediated internalization of the receptor and scaffolding of signaling components 
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(Luttrell, et al., 2001), phospholipase D (PLD) generation of phosphatidic acid (PA) 

(Rizzo, et al., 1999), as well as Src (Ettehadieh, et al., 1992) and PKC (Carroll and May, 

1994).  Previous studies in RµVSMCs indicate that PLD is involved in Ang II-mediated 

activation of ERK (Andresen, et al., 2003), and as shown in Figure 2, a Src family 

member plays a role in Ang II-mediated ERK activation.  This data agrees with reports 

that Src is involved in Ang II-mediated preglomerular vascular contraction (Che and 

Carmines, 2005).  However, this data is contrary to multiple papers indicating that 

transactivation is Src dependent (Eguchi, et al., 1998;Shah and Catt, 2002;Touyz, et al., 

2002b).  This may be because the WKY appears to be less sensitive to Src inhibition 

(Touyz, et al., 2002b).  Additionally, multiple reports use concentrations of PP2 in the 

micromolar range.  In addition to transactivation, Src can directly activate ERK 

(Ettehadieh, et al., 1992) and may be involved in β-arrestin-mediated activation of ERK 

(Luttrell, et al., 1999).  Therefore, Figure 2 demonstrates that the transactivation pathway 

is Src independent, but does little to further elucidate the pathway utilized by Ang II in 

RµVSMCs.  Overall, since the PLD/PA mechanism only provides for the recruitment and 

scaffolding of the ERK signaling cascade in RµVSMCs (reviewed in (Andresen, et al., 

2002), a Src family member most likely provides the mechanism to activate ERK. 

 The β-arrestin and PLD mechanisms are linked to internalization, where actin is 

known to play a role and internalization can occur on actin tracks (Engqvist-Goldstein 

and Drubin, 2003).  Actin tracks are generally oriented in a pattern that point from the 

plasma membrane toward the center of the cell.  These tracks allow for cargo to traffic to 

the nucleus or a recycling center.  Although our data indicates that ERK is localized on 

actin filaments, they do not appear to be used to internalize cargo.  This is concluded 
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from the following observations.  First, the co-localization of ERK with actin filaments in 

the RµVSMCs is not aligned in a pattern that resembles internalization (Fig. 5) in that the 

actin is not ordered from the membrane to a central point in the cell.  Second, although a 

time course of ERK activation was not addressed in this study, Figure 2b indicates that at 

5 minutes the level of activated ERK is similar in TASMCs and RµVSMCs.  Generally, 

ERK is internalized and within the nuclear/perinuclear region within 5 minutes.  This is 

observed in TASMCs (Fig. 3), but not RµVSMCs (Fig. 4) indicating that either the 

RµVSMCs are “slow” traffickers of ERK, or that ERK is purposefully targeted to actin 

filaments.  Therefore, the data suggests that phosphorylated ERK is targeted to actin 

filaments in RµVSMCs.  Further time course and live cell experiments are needed to 

confirm this conclusion.  Targeting phosphorylated ERK to actin filaments provides a 

potential mechanism for ERK-mediated phosphorylation of MLC20 (Roberts, 2004), and 

thus vascular contraction and increases in blood pressure. 

 Unexpectedly, stimulation with EGF or PDGF also placed phosphorylated ERK 

on actin filaments.  This indicates that there is a general mechanism for trafficking ERK 

that is independent of the mechanism of ERK activation in RµVSMCs, and that this 

mechanism is most likely different or at least slower than that in TASMCs.  Additionally, 

the data suggests that agonists that activate ERK, such as EGF, could also contribute to 

modulating blood pressure as has been previously demonstrated (Carmines, et al., 2001).  

Interestingly, infusion of EGF in rats slowly and marginally increases blood pressure, but 

decreases blood pressure in monkeys (Keiser and Ryan, 1996).  However, a more 

physiological dose of EGF did not alter blood pressure in rats but did alter arteriolar 

constriction and cause renal alterations (Harris, et al., 1988).  In this study we found that 
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inhibition of EGF receptors is neither significantly different nor similar to the controls 

suggesting that EGF receptors may have a role in blood pressure regulation, but are not 

significantly involved in Ang II-mediated transient elevations of blood pressure.  Further 

investigation is warranted to determine the role of EGF and EGF receptors in both 

transient and long-term blood pressure regulation.  Inhibition of PDGF receptors has been 

shown to be a potent therapy for treatment of pulmonary hypertension, whereas no effect 

was observed on mean arterial pressure (Schermuly, et al., 2005).  Thus, PDGF has a 

negligible role, if any, in regulating systemic blood pressure.  Importantly, the studies 

conducted here utilize only Ang II as an agonist in the physiological experiments, so the 

role of EGF or PDGF cannot be assessed.  Only the role of the EGF and PDGF receptors 

in Ang II-mediated rapid changes in blood pressure can be discerned.  

 In conclusion, this is the first report to document that signaling to ERK in smooth 

muscle cells within resistance vessels from the kidney is different than that of the smooth 

muscle cells from the thoracic artery from the same strain of rats.  Specifically, in 

RµVSMCs Ang II-mediated activation of ERK is independent of receptor tyrosine 

kinases, but is dependent on a Src family kinase.  In TASMCs the transactivation 

pathway is dominant, but has little to no role in regulating transient Ang II-mediated 

changes in blood pressure. A notable difference between TASMCs and RµVSMCs is that 

agonists that activate ERK direct phosphorylated ERK to actin filaments and the 

nuclear/perinuclear region in RµVSMCs, while in TASMCs phosphorylated ERK is 

directed to only the nuclear/perinuclear region.  This may play a role in ERK-mediated 

increased blood pressure.  Thus, the molecular mechanisms underlying Ang II-mediated 
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activation of ERK and ERK trafficking to actin filaments in RµVSMCs should be 

investigated further.   
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Legends for Figures  

Figure 1:  Inhibition of MEK with 15 mg/kg PD98059, but not EGF (20 mg/kg AG1478) 

and PDGF (1.5 mg/kg AG1296) receptors, reduces Ang II-mediated increases in systolic 

blood pressure.  The histogram represents the mean difference in systolic blood pressure 

between the second Ang II-induced peak and the first Ang II-induced peak, shown in 

Table 1.  The asterisk represents that the group is significantly different (p < 0.05) from 

all other groups (n = 4 per group) by ANOVA with Tukey-Kramer multiple-comparison 

posthoc test. 

 

Figure 2:  Ang II signals through a non-transactivation, Src family kinase-dependent 

mechanism in RµVSMCs, but not in TASMCs.  (A) Representative western blots for 

phosphorylated and total ERK are shown.  T represents TASMCs and R represents 

RµVSMCs.  Cells were treated in the presence of DMSO control, the agonists (listed at 

the left of each pair of blots), or agonist plus the drugs listed above the first blot, specific 

conditions are given in the text.  Stimulation with EGF and PDGF demonstrate the 

specificity of the drugs and that the TASMCs and RµVSMCs respond to EGF and PDGF 

similarly.  (B)  Histogram of the Ang II treated samples in panel A.  Open bars represent 

TASMCs and solid bars represent RµVSMCs.  Bars with different letters are significantly 

different (p < 0.05) by ANOVA with Tukey-Kramer multiple-comparison post hoc test (n 

= 3).  (C) Representative western blots for phosphorylated and total ERK in the presence 

of 100 nM of the Src family kinase inhibitor PP2 are shown.  Labeling of the blots is 

identical to panel A.  (D) Histogram of panel C (n = 3); all labels and statistics are the 

same as in panel B. 
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Figure 3:  Localization of phosphorylated ERK in TASMCs.  Cells were treated with: 

control (A-D), 1 µM Ang II (E-H), 50 ng/mL EGF (I-L) or 50 ng/mL PDGF (M-P) for 5 

minutes and stained with Hoechst (A,E,I,M), Alexa 488 labeled phalloidin (B,F,J,N), and 

anti-phosphorylated ERK with Cy5 (C,G,K,O).  The merge panels are to the far right 

(D,H,L,P).  All settings are identical for each image, and the magnification is 600x. 

 

Figure 4:  Localization of phosphorylated ERK in RµVSMCs.  Cells were treated with: 

control (A-D), 1 µM Ang II (E-H), 50 ng/mL EGF (I-L) or 50 ng/mL PDGF (M-P) for 5 

minutes and stained with Hoechst (A,E,I,M), Alexa 488 labeled phalloidin (B,F,J,N), and 

anti-phosphorylated ERK with Cy5 (C,G,K,O).  The merge panels are to the far right 

(D,H,L,P).  All settings are identical for each image, and the magnification is 600x. 

 

Figure 5:  Ang II directs ERK to actin filaments in RµVSMCs.  Cells were treated and 

stained identically as in Figure 4 and 5.  Panel A is a merged frame of Hoechst and 

phalloidin staining, while panel B is an un-manipulated black and white image of 

phosphorylated ERK.  The bright area on the lower left is a second, constricted, cell that 

is in the same plane.  Arrows point to phosphorylated ERK laden actin filaments that are 

not directed towards the nucleus.  The magnification is 600x.  
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Table 1 

 

∆Ang II 1 
∆Ang II 2 

with drug (group) 

Paired t-test 

 (one sided) 
Noninferiority test 

Group 

Mean ± SE %∆ ± SE Mean ± SE %∆ ± SE P value Power 

DMSO 96 ± 10 172 ± 10 97 ± 12 174 ± 11 0.882 0.898 

PD98059 111 ± 8 184 ± 7 88 ± 8 162 ±4 0.024 0.486 

AG1478 91 ± 11 167 ± 8 94 ± 8 175 ±4 0.641 0.501 

AG1296 128 ± 9 202 ±6 132 ± 7 204 ± 5 0.922 0.9984 

 

 

Table 1:  Effect of MEK, EGFR, and PDGFR inhibition on 2.5 µg/kg Ang II increases in 

systolic blood pressure.  ∆Ang II 1 represents the mean maximum systolic blood pressure 

(mmHg) after the first exposure to 2.5 µg/kg Ang II, and ∆Ang II 2 occurs after exposure 

to the treatment (group).  The %∆ represents the total increase, baseline included, of the 

peak Ang II-mediated change in systolic blood pressure.  A one sided paired t-test was 

used to determine if the treatment caused a decrease in Ang II-mediated changes in blood 

pressure as has been previously reported for PD98059.  The noninferiority test produces a 

power statistic that describes the percent confidence to detect a change equal to that seen 

with PD98059; higher power designates that the second ∆Ang II effect is similar to the 

first ∆Ang II, n = 4 for all groups.  Power greater than 0.8 is generally acceptable, and 

therefore similar.   
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