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Abstract

Normal pregnancy requires increased uterine endothelial cell driven vasodilation that is related to 

increases in sustained Ca2+ signaling via increased connexin 43 (Cx43) gap junction function. 

Preeclampsia, a hypertensive disorder of pregnancy associated with endothelial dysfunction, is 

also linked with down regulation of Ca2+ driven vasodilator production and increased levels of 

vascular endothelial growth factor (VEGF). Cx43 function can be acutely down-regulated by 

phosphorylation of multiple inhibitory residues and VEGF is known to promote phosphorylation 

of Cx43. Herein, we show that VEGF-165 promotes Cx43 phosphorylation at Ser-279/282 and 

Tyr-265 residues and blocks pregnancy-adapted Ca2+ signaling in ovine uterine artery endothelial 

cells (UAEC). Pharmacologic Src and ERK kinase pathway inhibitors (PP2 and U0126) reverse 

these phosphorylations and rescue Ca2+ signaling. We also report a nutraceutical Src inhibitor, 

t10,c12 conjugated linoleic acid (10,12 CLA) rescues Ca2+ signaling in UAEC and therefore may 

have therapeutic potential for preeclampsia.

Keywords

VEGF; pregnancy; gap junction; CLA; Src; Ca2+

§Correspondence and reprint requests: Derek S Boeldt, Ph.D., University Wisconsin - Madison, Department Obstetrics & Gynecology, 
Perinatal Research Laboratories, 7E Meriter Hospital/Park, 202 South Park St., Madison, WI 53715. Tel: (608) 417 6314, Fax: (608) 
257 1304, dsboeldt@wisc.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mol Cell Endocrinol. Author manuscript; available in PMC 2016 September 05.

Published in final edited form as:
Mol Cell Endocrinol. 2015 September 5; 412: 73–84. doi:10.1016/j.mce.2015.05.030.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. INTRODUCTION

Adaptation of the uterine vasculature during pregnancy is mediated in part by increased 

angiogenesis and increased vasodilation, and is critical to lowering vascular resistance and 

increasing blood flow through the uteroplacental unit (Bird, et al. 2003; Sladek, et al. 1997). 

This increased flow serves to deliver nutrients and gasses to the growing fetus (Sladek et al. 

1997). Our laboratory has extensively studied the mechanisms by which pregnancy 

enhances endothelial vasodilation, and particularly pregnancy-dependent changes in the 

signaling pathways that drive NO (nitric oxide) production. Early in defining pregnancy 

adaptation of endothelial vasodilator production, Bird et al (Bird, et al. 2000) observed that 

uterine artery endothelial cells from pregnant ewes (P-UAEC) had an enhanced ability to 

activate eNOS (endothelial nitric oxide synthase) over those from nonpregnant ewes (NP-

UAEC) in response to multiple agonists, even after being cultured to passage 4 (roughly 14 

days outside of the pregnant environment). By passage 4, eNOS protein expression (which is 

elevated in fresh uterine endothelium from pregnant ewes when compared to nonpregnant 

uterine arteries) had become nearly indistinguishable between P- and NP-UAEC. Additional 

studies on ATP-stimulated Ca2+ signaling determined that the increased NO output was due 

to an increased capacity of P-UAEC to sustain elevated [Ca2+]i (intracellular free Ca2+ 

concentration) in the form of periodic, transient, and synchronized Ca2+ bursts and that this 

was also observed in more of the cells. These bursts are a product of CCE (capacitative 

Ca2+ entry), utilizing TRPC3 (transient receptor potential channel 3) interaction with IP3R2 

(inositol 1,4,5-trisphosphate receptor 2) (Gifford, et al. 2006), and are permitted only when 

UAEC are able to communicate with each other through Cx43 (connexin 43) gap junctions. 

This is illustrated by the loss of ATP-stimulated Ca2+ bursts after treatment with the Cx43-

competitive peptide, GAP27 (Morschauser, et al. 2014; Yi, et al. 2010b). Thus, we termed 

pregnancy-adaptive programming to describe the programmed Ca2+ signaling adaptations in 

the form of sustained Ca2+ bursts that stimulate increased eNOS activity in P-UAEC over 

that of NP-UAEC.

An insufficient drop in uterine vascular resistance is observed with the onset of 

preeclampsia, a condition primarily characterized by maternal hypertension that presents 

significant risk to mother and child. A failure to demonstrate a pregnancy-enhanced ability 

to produce vasodilators is a hallmark of the preeclamptic condition (Bird et al. 2003). 

Recently, we (Bird, et al. 2013) put forth a model of both pregnancy adaptation and disease-

related failure whereby control of Cx43 function or lack thereof can be explained by the 

hormonal milieu and the associated endothelial cell signaling of healthy or diseased 

pregnancies. The model proposes that in normal pregnancy, factors known to circulate in 

abundance in pregnancy such as cAMP, cGMP, and estrogen, as well as mechanical signals 

such as shear stress, may be able to signal to the endothelium to upregulate Cx43 gap 

junction function. As a consequence, there is an increase in the capacity of the endothelial 

tissue to produce an enhanced Ca2+ response to vasodilatory agonists, which then allows 

enhanced vasodilator production. Conversely, the hormonal environment of preeclampsia 

shares similarities with that of a wound site including abnormally high levels of growth 

factors and cytokines (reviewed in (Bird et al. 2013)) known to signal through kinases such 

as PKC (protein kinase C), Src, and ERK (extracellular-signal-regulated kinase) to 

Boeldt et al. Page 2

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylate Cx43. Phosphorylation of Cx43 at multiple c-terminal amino acid residues 

such as Ser-279/282, Tyr-265, Ser-368, and Ser-262 are targeted by the aforementioned 

signaling pathways, and have been described as inhibitory phosphorylations (Lampe and 

Lau 2000). The phorbol ester, PMA (phorbol myristic acid), is commonly used as a 

receptor-independent inhibitor of gap junction function (Lampe 1994; Sirnes, et al. 2008; 

van der Zandt, et al. 1990) and signals through PKC, Src, and ERK in UAEC (Bird et al. 

2013). Indeed, when P-UAEC are exposed to PMA, sustained phase Ca2+ burst responses to 

ATP are dramatically reduced (Bird et al. 2013; Cale and Bird 2006), and this is associated 

with the phosphorylation of Cx43 at both positions Ser-279/282 via the ERK-1/2 pathway 

and Tyr-265 via the Src pathway. Furthermore, a sub-maximal dose of PMA, which gives 

rise to a physiologic level of inhibition of sustained ATP Ca2+ response (defined as a level 

of inhibition to approach the lesser function of NP-UAEC), can be completely reversed by 

the Src family kinase inhibitor PP2 [amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo (3,4d) 

pyrimidine]. This underscores both the susceptibility of Cx43 to endocrine inhibition in P-

UAEC and the reversibility of the observed loss of Ca2+ burst function (Bird et al. 2013).

Such studies provide proof of principle for the model, but the question now is if the 

endocrine factors elevated above normal in preeclamptic subjects have a similar ability to 

promote the observed endothelial dysfunction sufficient to reverse pregnancy adaptation, 

and to do so by phosphorylation and closure of Cx43. Some evidence in ovine endothelium 

that one particular hormone of wounding, vascular endothelial growth factor (VEGF), can 

achieve acute inhibition of Ca2+ bursting and so NO output in intact pregnant (P) uterine 

artery endothelium (UA Endo) down to the level of that in nonpregnant (NP)-UA Endo has 

been reported by Yi et al (Yi, et al. 2011). In that study, a 30-minute pretreatment with 10 

ng/ml VEGF-165 reversed the pregnancy-adapted Ca2+ and NO responses to ATP in UA 

Endo; however, no examination of corresponding Cx43 phosphorylation or of the signaling 

pathways that mediate the response to VEGF were undertaken. In this study we now seek to 

examine the molecular basis behind VEGF-165 inhibition of ATP-stimulated Ca2+ bursting 

responses in ovine endothelium and clearly establish whether phosphorylation of Cx43 in 

response to VEGF can indeed overwhelm the otherwise pregnancy-enhanced function in P-

UAEC. Furthermore, this study specifically aims to address three hypotheses: 1) VEGF-165 

pretreatment inhibits subsequent ATP-stimulated Ca2+ bursts in P-UAEC down to levels 

approaching that of NP-UAEC; 2) inhibitory phosphorylations of Cx43 due to activation of 

ERK and Src pathways by VEGF-165 correlate closely with the observed inhibition of 

subsequent ATP-stimulated Ca2+ bursts; and 3) agents which prevent such inhibitory 

phosphorylations through pretreatment of P-UAEC with MEK/ERK or Src inhibitors also 

achieve ‘rescue’ of normal ATP-stimulated Ca2+ bursts in VEGF-165-pretreated P-UAEC. 

We then conclude this study by testing a potential therapeutic agent, t10,c12 conjugated 

linoleic acid (10,12 CLA), which has been recently described as a c-Src inhibitor (Shahzad 

2013). As natural substance found in meat and dairy products from grass-fed ruminants 

(Dhiman, et al. 1999) it may be a candidate for rescue of Cx43 function via Src inhibition, 

and therefore rescue sustained Ca2+ signaling in UAEC. Though more commonly studied 

for its anti-tumor properties and effects on lipid metabolism, we ask herein whether 10,12 

CLA may provide a nutraceutical alternative to pharmacologic approaches to endothelial 

directed therapy for hypertensive disorders in pregnancy, such as preeclampsia.
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2. MATERIALS AND METHODS

2.1 Materials

Unless noted otherwise, MEM and all other cell culture reagents were purchased from Life 

Technologies. For [Ca2+]i imaging studies, 35-mm dishes with glass coverslip windows 

were purchased from MatTek Corp. Fura-2 AM and Pluronic F127 were obtained from Life 

Technologies. CaCl2 was from EMD Milllipore. ATP (disodium salt), PMA and all other 

chemicals, unless noted otherwise, were from Sigma. VEGF-165 and PlGF (placental 

growth factor) were from R & D Systems, Inc. VEGF-E, a product of recombinant orf virus, 

was from Angio-Proteiomie. VEGFRi; (VEGF receptor tyrosine kinase inhibitor; 4-[(4’-

chloro-2’-fluoro)phenylamino]-6,7-dimethoxyquinazoline, a reasonably selective inhibitor 

of VEGFR-2 over VEGFR-1; IC50 = 100 nM and 2 uM, respectively) was purchased from 

EMD Millipore. PP2 (a selective inhibitor of Src family kinases) was from Enzo Life 

Sciences. U0126 (a selective inhibitor of MEK, a kinase known to directly phosphorylate 

ERK1 and 2) was from Promega Corp. CLA isomers were initially provided by Dr. Mark 

Cook and Dr. Manish Patankar. Subsequent isomers were purchased from Matreya LLC, 

with no difference in data between the two sources.

2.2 Isolation of uterine artery endothelial cells

Procedures for animal handling and protocols for experimental procedures were approved by 

the University of Wisconsin-Madison Research Animal Care Committees of both the School 

of Medicine and Public Health and the College of Agriculture and Life Sciences and 

followed the recommended American Veterinary Medicine Association guidelines for 

humane treatment and euthanasia of laboratory farm animals. Uterine arteries were obtained 

from mixed Western breed non-pregnant sheep and pregnant ewes at 120–130 days of 

gestation during non-survival surgery. UAEC were prepared as previously described (Bird et 

al. 2000; Grummer, et al. 2009) and stored in liquid nitrogen. For all subsequent 

experiments, cells were grown in MEM containing 20% FBS, 1% penicillin-streptomycin, 

and 4 ug/ml gentamycin.

2.3 Fura-2 [Ca2+]i imaging studies

Pooled passage 4 cells were grown in 35-mm glass-bottom microwell dishes until they 

reached 100% confluence. Cells were then loaded with Fura-2 by adding 10 µM Fura-2AM 

in the presence of 0.05% Pluronic F127 in 1 ml Krebs buffer (25 mM HEPES, pH 7.4, 125 

mM NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM KH2PO4, 6 mM glucose, 2 mM CaCl2) for 60 

min at 37° C. Cells were washed with Krebs buffer and incubated as in (Yi et al. 2010b). 

Fura-2 loading was verified by viewing at 380 nm UV excitation on a Nikon inverted 

microscope (InCyt Im2, Intracellular Imaging, Inc.) with PixelFly camera (Cooke). The cells 

were incubated with ATP and the data was recorded for many cells simultaneously as in (Yi 

et al. 2010b). After the initial ATP treatment, the dish was washed while maintaining the 

focus on each individual cell. Where noted, an antagonist pretreatment was made to the 

experimental buffer after the wash step. Then, after a 5-min baseline, VEGF or vehicle was 

added and recorded for 30 min before a subsequent treatment of 100 uM ATP was added 

while recording continued. The second ATP treatment was allowed to proceed for 30 min. 

Ca2+ bursts were counted for the “before” and “after” ATP treatments. Those cells which 
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produced 3 or more Ca2+ bursts during the initial ATP treatment were included in the data 

set because initial and second bursts are no different between P- and NP-derived cells. 

Before and after comparisons data for each cell burst numbers were compared in this data 

set.

2.4 Western blot analyses

UAEC were passaged to 60-mm dishes and maintained for 24–48 hours until approximately 

80% confluent. Antagonists were added 20 min prior to 30-min agonist treatment. At the 

end of stimulation media was quickly aspirated and cells snap frozen in liquid N2. Cells 

were solubilized in lysis buffer [50 mM HEPES (pH 7.5), 4 mM Na4P2O7-10 H2O, 100 mM 

NaCl, 10 mM EDTA, 10 mM NaF, 2 mM Na3(VO4)2, 1 mM phenylmethylsulfonylfluoride, 

1% Triton X-100, 5 ug/ml leupeptin, and 5 ug/ml aprotinin], briefly sonicated, and 

centrifuged at 12,000 × g for 5 min. Subsequent western blotting of extracted proteins and 

detection of phosphorylated proteins using phosphorylation-state specific antibodies were 

achieved using ECL detection exactly as described previously (Grummer et al. 2009; 

Sullivan, et al. 2006). For this study, phosphorylation of Cx43 was detected on 4 separate 

membranes using the following antibodies: Ser-279/282 Cx43 (#sc-12900-R; Santa Cruz 

Biotechnology, Inc.) at 1:1300; Tyr-265 Cx43 (#sc-17220-R; Santa Cruz Biotechnology) at 

1:750; Ser-368 Cx43 (#3841, Millipore Corp.) at 1:1000; Ser-262 Cx43 (#sc-17218-R, Santa 

Cruz Biotechnology) at 1:1300. Total Cx43 (#C6214; Sigma) was detected using antibody at 

1:5000. For all rabbit primary antibodies, goat anti-rabbit HRP-conjugated secondary 

antibody (#7074, Cell Signaling Technology) was used at 1:3000. The CT1 antibody (used 

at 1:2500; see supplementary data) was obtained from the Fred Hutchinson Cancer Research 

Center (Seattle, WA); the secondary antibody (used at 1:3000) was rabbit anti-mouse IgG 

HRP-conjugated F(ab’)2 (#AQ160P, Millipore Corp.). Phosphorylation of ERK 1/2 was 

measured using ERK 1/2 Thr-202/Tyr-204 (#4377, Cell Signaling Technology) at 1:2500. 

To ensure consistent protein loading, antibodies were normalized to levels of Hsp90 (#4874, 

Cell Signaling Technology) at 1:2500.

2.5 Statistical analysis

Data are presented as means ± S.E.M. and were analyzed by Student's t-test or analysis of 

variance, as appropriate (Figures 1, 3, 4, 5, 6). For Figures 2 and 7, paired t-test was used for 

each cell against itself within a single treatment group, and a Mann-Whitney Rank-Sum test 

was used against vehicle control. A value of P<0.05 was considered statistically significant.

3. RESULTS

3.1 VEGF-165 inhibits pregnancy-adapted programming in P-UAEC to a level 
indistinguishable from NP-UAEC via VEGFR-2

Figure 1 shows the frequency of ATP-stimulated Ca2+ bursts in NP-vs P-UAEC with or 

without VEGF pretreatment. Pretreating P-UAEC with 10 ng/ml VEGF-165 for 30 min 

reduced sustained burst responses to a level equivalent to that of non-pretreated NP-UAEC. 

Pretreatment of NP-UAEC with VEGF had no further inhibitory effect on burst numbers.
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Because VEGF-165 does not further inhibit ATP-stimulated Ca2+ bursts in NP-UAEC, 

more detailed examination of agonist and antagonist effects on Ca2+ bursts was only 

performed on P-UAEC. VEGF-165 binds both VEGFR-1 and VEGFR-2, so to assess which 

receptor(s) are responsible for inhibiting the ATP-stimulated Ca2+ burst response the 

VEGFR-1 specific agonist PlGF and the VEGFR-2 specific agonist VEGF-E were used as 

previously (Grummer et al. 2009). This approach revealed (Figure 2) that VEGFR-2 is 

responsible for inhibiting the ATP-stimulated Ca2+ burst response, as pretreatment with 

VEGF-E (19.3% inhibition) reproduced the effectiveness of VEGF-165 (20.4%), while 

PlGF (8.3%) had no further effect beyond the modest inhibition of ATP on its own response 

(9.7%). Further, VEGF-E and PlGF together (19.7%) did not synergize to further inhibit 

ATP to a greater extent than VEGF-165 or VEGF-E alone. Of note, when the VEGF-165 

was used in the presence of the VEGFR-2 kinase inhibitor, there was no reversal of the 

inhibition of ATP-stimulated Ca2+ bursts in P-UAEC, suggesting residual signaling from 

VEGFR-2 exists which is not blocked by VEGFR-2 kinase inhibitor. (Figure 2).

3.2 Phosphorylation of Cx43

In order to assess the possibility that VEGF inhibition of ATP-stimulated Ca2+ bursts may 

be mediated by inhibitory phosphorylations on the c-terminal tail of Cx43, we ran western 

blot analyses for site-specific phosphorylations known to be inhibitory to gap junction 

function. The sites most widely accepted to be inhibitory to Cx43 function, as well as the 

kinase most likely to be responsible for each particular phosphorylation site, are as follows: 

Ser-279/282 (ERK1/2), Tyr-265 (Src), Ser-368 (PKC) and Ser-262 (PKC) (Lampe and Lau 

2000). We began by analyzing the ability of VEGF family peptides to phosphorylate each 

key residue and whether the VEGFR-2 kinase inhibitor blocked each phosphorylation event. 

We then moved on to examine in more detail ERK and Src pathway specificity (see 

discussion for more on PKC) to PMA, VEGF-165 and ATP (control) for each 

phosphorylation site in turn.

3.2.1 Role of VEGFR-1 vs VEGFR-2 in phosphorylation of Cx43 at inhibitory 
residues—Western blot analyses corresponding to total Cx43, Ser-279/282, Tyr-265, 

Ser-368, and Ser-262 phospho-Cx43 have been previously reported in UAEC (Bird et al. 

2013). The agonist effects herein on each of the multiple bands for the various phospho-

Cx43 sites are tabulated (Supplement Tables S1 and S2); the phosphorylation of the 

Ser-279/282 and Tyr-265 sites most relevant to this discussion are shown in Figure 3.

Phosphorylation of Ser-279/282 was significantly stimulated at 30 min by VEGF-165 and 

VEGF-E, but not PlGF pretreatment in both P-UAEC and NP-UAEC (Figure 3A). Of note, 

pretreatment with VEGFR-2 kinase inhibitor also completely inhibited Ser-279/282 

phosphorylation by both VEGF-165 and VEGF-E in NP-UAEC, but had no effect on 

Ser-279/282 phosphorylation in response to either agonist in P-UAEC.

Phosphorylation of Tyr-265 by VEGF family peptides is shown in Figure 3B. Consistent 

with our previous studies using PMA, (Bird et al. 2013), the bands illustrated at 

approximately 80 kDa, are similar to those demonstrated in other studies (Yao, et al. 2000), 

and are much more prominent than those at 42–46 kDa. We have also previously shown the 
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80 kDa bands are eliminated with alkaline phosphatase treatment (Bird et al. 2013). In P-

UAEC, a significant Tyr-265 phosphorylation was detected after stimulation with 

VEGF-165 and VEGF-E. Of note, only VEGF-165 stimulated phosphorylation of Tyr-265 

in NP-UAEC, while PlGF had no effect in either cell type. For VEGF-165 and VEGF-E in 

P-UAEC, Tyr-265 phosphorylation was significantly reduced by pretreatment with 

VEGFR-2 kinase inhibitor. In NP-UAEC, VEGF-165 pretreatment in the presence of 

VEGFR-2 kinase inhibitor reduced Tyr-265 phosphorylation to basal levels.

3.3 Comparative effects of PMA, VEGF and ATP on phosphorylation of Cx43 at inhibitory 
residues

3.3.1 Phosphorylation of Cx43 at Ser-279/282—After a 30-min PMA treatment, there 

was an increase in Ser-279/282 phosphorylation in NP-UAEC, and a greater increase 

observed in P-UAEC (Figure 4A and 5A, Tables S3 and S4). VEGF-165 also stimulated a 

significant increase in Ser-279/282 phosphorylation in both P-UAEC and NP-UAEC, 

although to a lower level than that stimulated by PMA. This contrasts the effect of similar 

treatment with ATP, which resulted in no detectable Ser-279/282 phosphorylation in either 

cell type at 30 min.

Because phosphorylation of Cx43 at positions Ser-279/282 is widely believed to be 

mediated by the ERK-1/2 pathway (Warn-Cramer, et al. 1996), we then used inhibitors of 

two signaling pathways commonly thought to mediate inhibitory Cx43 phosphorylations, 

U0126 (MEK/ERK) and, as a control, PP2 (Src family kinase). U0126 abolished the PMA- 

and VEGF-165-stimulated phosphorylation of Ser-279/282 in both P-UAEC and NP-UAEC 

(Figure 4A, Tables S3 and S4). In contrast, PP2 had no significant effect on either PMA- or 

VEGF-165-stimulated Ser-279/282 phosphorylation in either P-UAEC or NP-UAEC (Figure 

5A).

3.3.2 Phosphorylation of Cx43 at Tyr-265—In P-UAEC, a significant Tyr-265 

phosphorylation was detected after stimulation with PMA, VEGF-165, and ATP (Figure 4B 

and 5B, Tables S3 and S4). Only PMA and VEGF-165 stimulated significant changes in 

phosphorylation of Tyr-265 in NP-UAEC. Like the Ser-279/282 site above, PMA was the 

strongest stimulant of Tyr-265 phosphorylation in both P-UAEC and NP-UAEC. VEGF-165 

and ATP were weaker stimulants of Tyr-265 phosphorylation than PMA in P-UAEC.

The Tyr-265 residue of Cx43 is considered a Src site (Kanemitsu, et al. 1997; Lin, et al. 

2001), and as such we again used the signaling pathway inhibitors above. This time we 

expected the Src family kinase inhibitor, PP2, to be effective in reversing agonist-stimulated 

Tyr-265 phosphorylation while U0126 would serve as the negative control. Indeed, PP2 was 

effective in inhibiting PMA-, VEGF-165-, and ATP-stimulated Tyr-265 phosphorylation in 

P-UAEC as well as the PMA- and VEGF-165-stimulated Tyr-265 phosphorylation in NP-

UAEC (Figure 5B). In addition, PP2 blocked basal Tyr-265 phosphorylation in both P-

UAEC and NP-UAEC. The MEK/ERK inhibitor, U0126, had no effect on PMA-, 

VEGF-165-, or ATP-stimulated Tyr-265 phosphorylation in either P-UAEC or NP-UAEC 

(Figure 4B, Tables S3 and S4).
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3.3.3 Phosphorylation of Cx43 at Ser-368—The phosphorylation of Ser-368 in UAEC 

in response to PMA, VEGF-165, and ATP is shown in Figures 4C and 5C (details in Tables 

S3 and S4). Two bands, at approximately 42 and 46 kDa, are found with this antibody. The 

lower band responds robustly to PMA treatment in comparison to ATP and VEGF, but this 

band is not eliminated with alkaline phosphatase treatment (Bird et al. 2013). In both NP- 

and P-UAEC, phosphorylation of the 46-kDa band was stimulated by PMA. U0126 

significantly reversed PMA stimulation of the 46-kDa band only in P-UAEC. 

Phosphorylation of the 42-kDa band was also increased in P-UAEC and NP-UAEC when 

treated with PMA. ATP and VEGF also stimulated phosphorylation of this 42-kDa band in 

NP- and P-UAEC. Pretreatment with U0126 had no significant effect on the phosphorylation 

of the 42-kDa band of Ser-368 by any agonist in either cell type. Pretreatment with PP2 

alone was successful in reversing the VEGF-165 stimulation of the 42-kDa band in NP-

UAEC.

3.3.4 Phosphorylation of Cx43 at Ser-262—As seen in Tables S3 and S4, the 

phosphorylation of Ser-262 (32 kDa band, which is eliminated with alkaline phosphatase 

treatment), was stimulated by PMA in NP-UAEC and by PMA and VEGF-165 in P-UAEC, 

while pretreatment with ATP had no effect on Ser-262 phosphorylation in either cell type. 

The MEK/ERK inhibitor U0126 reversed Ser-262 phosphorylation by both PMA and 

VEGF-165. U0126 alone mildly inhibited Ser-262 phosphorylation in the NP-UAEC 

control.

3.4 Evidence for Crosstalk between Src and E RK signaling pathways

Previous unpublished studies from our laboratory on UAEC have suggested that a 

component of ERK signaling could be downstream of Src activation. We therefore ran 

western analysis for ERK phosphorylation after treatment with PMA, VEGF-165, and ATP 

for 30 min in the presence or absence of the Src family kinase inhibitor PP2. In P-UAEC, 

PMA, VEGF-165, and ATP all stimulated significant levels of ERK phosphorylation, with 

PMA being a strong stimulant and VEGF-165 and ATP being modest in comparison (Figure 

6). However, when PP2 was applied as a pretreatment, PMA stimulation of ERK 

phosphorylation was unaffected while VEGF-165 and ATP stimulation of ERK 

phosphorylation was significantly reduced. Of note, VEGF stimulation of ERK 

phosphorylation was only partially reduced by PP2, while ATP stimulation was fully 

reversed to the level of PP2 alone. In NP-UAEC, only PMA and VEGF-165 stimulated 

significant ERK phosphorylation at 30 min. As in P-UAEC, the PMA stimulation of ERK 

phosphorylation in NP-UAEC was unaffected by PP2 pretreatment. VEGF-165 stimulation 

of ERK phosphorylation in NP-UAEC was significantly reversed by PP2 pretreatment, and 

although the mean response did not return fully to baseline, it was not significantly different 

from control.

3.5 VEGF-165 inhibition of ATP-stimulated Ca2+ bursts is ‘rescued’ by blocking MEK/ERK 
and Src signaling pathways

In order to confirm cause and effect between Cx43 phosphorylation and inhibition of Ca2+ 

bursting in P-UAEC, we attempted to ‘rescue’ pregnancy-adapted function in P-UAEC from 

inhibition by VEGF pretreatment. Given the ability of U0126 (10 uM) and PP2 (10 uM) to 
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block Cx43 phosphorylation at Ser-279/282 and Tyr-265, we applied these doses of each 

inhibitor to Fura-2 loaded cells that were treated with an initial 100uM ATP for 30 min, then 

subsequently treated with 10 ng/ml VEGF for 30 min followed by a second 100 uM ATP for 

an additional 30 min. In each case, pregnancy-adapted ATP-stimulated Ca2+ burst responses 

were restored (Figure 7A). The MEK/ERK inhibitor, U0126 rescued ATP-stimulated Ca2+ 

bursts back to a level consistent with a repeat stimulation with ATP alone (10.2%), while the 

Src family kinase inhibitor, PP2, was even more efficient at rescuing ATP-stimulated Ca2+ 

bursts, returning mean burst numbers back to initial ATP pre-stimulation levels (+0.03%). 

Additionally, U0126 alone significantly improved ATP-stimulated Ca2+ burst responses on 

repeat stimulation.

In order to test the potential viability of Src inhibition as a therapeutic strategy for restoring 

sustained Ca2+ signaling in endothelial cells in hypertensive pregnancy, we then applied a 

10,12 CLA dose response as a pretreatment in an attempt to rescue Ca2+ bursts from 

VEGF-165 mediated inhibition of ATP-stimulated Ca2+ responses (Figure 7B). In P-UAEC, 

10,12 CLA pretreatment doses as low as 0.5 uM restored Ca2+ burst responses to ATP in 

the presence of VEGF-165 to ATP control levels (~90%). Doses of 5uM and 50 uM 10,12 

CLA result in significant improvement over ATP control, and the regression fit suggests 

anything over 5 uM 10,12 CLA will fully rescue VEGF-165-inhibited ATP-stimulated Ca2+ 

bursts. The c9,t11 isomer of CLA did not inhibit Src (Shahzad 2013) and likewise had no 

ability to restore Ca2+ bursting in response to ATP in the presence of VEGF-165, even at 50 

uM.

4. DISCUSSION

ATP is one of many GPCR-linked agonists that control endothelial vasodilation, but there 

are also other classes of agonists that impact on endothelial cells, including most notably the 

growth factor VEGF. VEGF is capable of activating PLC-gamma in UAEC and so when UA 

Endo are treated with VEGF, it is no surprise a detectable Ca2+ and NO response are both 

observed (Boeldt, et al. 2014; Yi et al. 2011). Nonetheless, when UA Endo are treated with 

VEGF in this way, the subsequent ATP-stimulated Ca2+ and NO response is reduced to a 

level approaching that in NP-UAEC, which is far below that made up for by the modest 

VEGF-stimulated Ca2+ and NO response (Yi et al. 2011). Thus, VEGF appears to have a 

paradoxical effect on uterine artery endothelium, as it both immediately promotes 

vasodilation in its own right but subsequently inhibits far more the production of 

vasodilators in response to GPCR such as P2Y2 coupled to PLC-beta.

We have recently reported (Boeldt et al. 2014) that the signaling mechanisms regulating the 

promotion of VEGF-stimulated Ca2+ responses and vasodilator production act through 

VEGFR-2 kinase-mediated activation of PLC-gamma in a manner involving Src, but also 

reported in Grummer et al (Grummer et al. 2009) that VEGFR-2 can apparently activate 

ERK-1/2 independently of VEGFR-2 kinase domain or activation of eNOS. Given the 

ability of VEGF-165 to inhibit subsequent ATP-stimulated Ca2+ responses and NO output 

(Yi et al. 2010b; Yi et al. 2011), it may be there are further divergent signaling pathways 

responsible for these negative effects of VEGF on GPCR-stimulated vasodilator production. 

Certainly these inhibitory effects may be relevant given VEGF-165 is a physiologic agonist 
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elevated in pregnancy and even more so in preeclamptic pregnancies (Chung, et al. 2004; 

Sitras, et al. 2009). In this study we follow up on the UA Endo studies of Yi et al (Yi et al. 

2011) that show VEGF pretreatment inhibits subsequent ATP Ca2+ responses by extending 

them to UAEC. Using primary UAEC in culture also allows us to use pharmacological tools 

to go beyond the simple question of whether pregnancy-enhanced Ca2+ burst responses to 

ATP is inhibited by VEGF pretreatment, and to now ask how this occurs. Figure 8 

summarizes our proposed mechanism for the effects of VEGF on Cx43 inhibitory 

phosphorylations which mediate inhibition of subsequent ATP-stimulated Ca2+ bursts. We 

also show the likely actions of potential therapeutic targets that rescue P-UAEC from the 

adverse VEGF effects. The following paragraphs further detail the evidence with which the 

proposed model was constructed.

Specific to our first stated hypothesis that VEGF-165 pretreatment inhibits subsequent ATP-

stimulated Ca2+ bursts in P-UAEC, when P-UAEC were pretreated with VEGF-165, there 

was also a decrease in frequency of Ca2+ bursts upon subsequent ATP treatment. In NP-

UAEC, there was no further significant decrease in ATP-stimulated burst numbers after 

VEGF-165 pretreatment. The net result was that after a simple 30-min pre-exposure of P-

UAEC to VEGF-165, there was a complete loss of the pregnancy-adapted Ca2+ burst 

response to ATP stimulation, just as in UA Endo (Yi et al. 2011). When Yi et al (Yi et al. 

2011) pretreated intact UA Endo with VEGF-165, they reported subsequent inhibition of 

ATP-stimulated Ca2+ bursts in vessels derived from pregnant sheep, but this was not so 

apparent in vessels from luteal nonpregnant sheep that already showed lower levels of 

function. Thus, the results of this study in primary cell culture are in agreement with 

equivalent work on intact vessels.

We also have identified which VEGF receptor subtype mediates inhibition of the ATP-

stimulated Ca2+ response. Our findings that i) VEGFR-1 and VEGFR-2 agonist VEGF-165 

inhibited ATP-stimulated Ca2+ bursts by ~20%, and this was reproduced with the 

VEGFR-2-specific agonist VEGF-E; ii) the VEGFR-1-specific agonist PlGF had no effect; 

and iii) the VEGF-E and PlGF combination had no further effect over that of VEGF-E alone 

all suggest the VEGF-165 inhibition of ATP-stimulated Ca2+ bursts must be mediated 

through VEGFR-2. From a therapeutic standpoint this is unfortunate, as the stimulatory 

activation of PLC-gamma by VEGF and the activation of eNOS are both through the same 

VEGFR2 (Boeldt et al. 2014). However, in contrast to acute Ca2+ signaling and eNOS 

activation by VEGF (Boeldt et al. 2014), this VEGF inhibition of subsequent ATP-

stimulated Ca2+ bursts was not sensitive to the VEGFR-2 kinase inhibitor, raising the 

possibility that the signal may propagate from a region of the receptor that is not the 

endogenous kinase domain, and thus may still be a unique target for therapy. Alternatively, 

the VEGFR-2 kinase inhibitor is not fully effective at blocking all signal emanating from the 

endogenous kinase domain. The VEGFR-2 kinase inhibitor insensitive activity will therefore 

be referred to as ‘residual’ VEGFR-2 signaling below. The former suggestion is possible in 

P-UAEC, given Grummer et al (Grummer et al. 2009) have previously reported that ERK 

phosphorylation is also insensitive to the VEGFR-2 kinase inhibitor. It is also possible ERK 

signaling may be a critical mediator of VEGF-165 inhibition of ATP-stimulated Ca2+ 

bursts, since ATP has previously been shown to be a strong stimulant of ERK 

phosphorylation (Bird et al. 2000; Di, et al. 2001), and ATP pretreatment alone also slightly 
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inhibited its own subsequent response by ~10%. Further examination of the relationship 

between Cx43 phosphorylation and inhibition, and the failure of the MEK inhibitor to be as 

effective a rescue agent as PP2 suggest this is not the major or at least the sole inhibitory 

mechanism (see below) and will require further study.

Because both PMA and VEGF-165 stimulate various kinase signaling pathways that can 

result in different degrees of inhibitory phosphorylations on Cx43 (ERK (at Ser-279/282), 

Src (at Tyr-265), and PKC (at Ser-368 and Ser-262)), a comparison of the effects of PMA 

with VEGF and the less inhibitory pretreatment with ATP allowed us to confirm our second 

stated hypothesis. We now show that VEGF-165-stimulated phosphorylation of Cx43 at key 

residues via activation of MEK/ERK and Src signals does indeed correlate most closely with 

inhibition of the subsequent ATP-stimulated Ca2+ bursts in P-UAEC. Not only did we test 

this by observing phosphorylation events, but also confirmed cause-and-effect using kinase-

targeted inhibitors as rescue agents for subsequent Ca2+ burst responses to ATP. These data 

are in agreement with studies in both P-UAEC and other cells (Lampe and Lau 2000) which 

suggest multiple kinases target Cx43 amino acid residues, as well as with our previous 

studies which showed inhibition of pregnancy-adapted ATP-stimulated Ca2+ bursts in P-

UAEC occur with GAP27 and PMA treatment (Bird et al. 2013; Morschauser et al. 2014; Yi 

et al. 2010b).

Although the PKC sites were thoroughly investigated using phospho-specific antibodies, we 

did not pursue selective PKC inhibition to reverse these phosphorylations or to rescue 

subsequent ATP-stimulated Ca2+ bursts (more on Ca2+ burst rescue below). This is because 

UAEC have been shown to express many PKC isoforms, and isoform-specific inhibitors 

have proven unreliable in this particular cell type. In addition, it is unlikely the PKC-

targeted phosphorylation sites were strongly phosphorylated by the classical PKCalpha 

pathway because VEGF-165 acting through PLC-gamma is not a particularly strong 

stimulant of IP3-dependent Ca2+ responses compared to ATP; and yet ATP pretreatment is 

not as strong an inhibitor as VEGF-165 on any subsequent ATP response. We therefore 

restricted our pharmacologic inhibitor list to U0126 (MEK/ERK inhibitor) and PP2 (Src 

family kinase inhibitor) for this particular study, and both inhibitors appear pathway-specific 

in our hands. We took PKC involvement to be critical only if we observed the positive 

phosphorylation of Ser-262 or Ser-368 of Cx43 and also a failure to rescue subsequent 

bursting in response to ATP by U0126 or PP2. This condition of failure to rescue was never 

achieved using VEGF-165 as a pretreatment, indirectly suggesting PKC is not a major 

mediator of physiologic agonist-dependent Cx43 inhibition. In contrast to the physiologic 

agonists, pharmacologic inhibition with 10 nM PMA (a known PKC activator) did indeed 

result in phosphorylations at these two sites and also failed to show complete rescue in 

response to U0126 or PP2. Thus in UAEC the standard PKC stimulant PMA clearly 

mediates, at least in part, inhibition of Cx43 via PKC, exactly as we expected, but 

physiologic inhibition by VEGF is not predominantly dependent on this pathway.

After a 30-min treatment with VEGF-165, we detected significant phosphorylation of four 

Cx43 phosphorylation sites. Phosphorylation of Ser-279/282 proved to be a ‘residual’ 

VEGFR-2 signaling target mediated by ERK, as confirmed by its sensitivity to U0126 but 

not PP2. Phosphorylation of Tyr-265 was at least partially dependent on classic VEGFR-2 
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kinase inhibitor sensitive signaling and likely mediated via Src, as confirmed by its 

sensitivity to PP2 but not U0126. Phosphorylation of Ser-386 was classically VEGR-2 

kinase inhibitor sensitive and not mediated via ERK or Src signaling, as indicated by 

resistance to inhibition by U0126 or PP2. Phosphorylation of Ser-262 resulted from 

‘residual’ VEGFR-2 signaling and was ERK mediated, as indicated by some effect of 

U0126 but not PP2. Nonetheless, while these data suggests Cx43 phosphorylation is indeed 

observed in a manner consistent with the combined actions of ERK, Src and PKC, the 

additional finding that U0126 and PP2 are also highly effective at achieving such substantial 

rescue of Ca2+ bursting function from VEGF pretreatment suggests the ERK and Src 

pathways to be more physiologically relevant in the VEGF inhibition of Cx43 function than 

PKC.

The Cx43 phosphorylation data set presented is consistent with our stated third hypothesis 

that a causal relationship between these pathways results in a loss of burst function, as is the 

additional observation that pretreatment with MEK/ERK or Src inhibitors successfully 

‘rescues’ normal levels of ATP-stimulated Ca2+ bursts in VEGF-165 pretreated P-UAEC. 

Given this is the case, then it may be that targeting these Cx43 inhibitory kinases could 

provide a basis for therapy of diseases such as preeclampsia, which are characterized by 

reduced endothelial NO output and are associated with increased circulating VEGF and 

other agonists known to stimulate the ERK and Src pathways (Bird et al. 2013). Given that 

treatment of P-UAEC with the MEK/ERK inhibitor U0126 before addition of the 

VEGF-165 pretreatment and subsequent ATP treatment restored ATP-stimulated Ca2+ 

bursts back to ATP control levels (~90% of initial ATP levels), and that treatment of P-

UAEC with the Src family kinase inhibitor PP2 before addition of the VEGF-165 

pretreatment and subsequent ATP treatment restored ATP-stimulated Ca2+ burst levels 

beyond that of ATP control levels to initial ATP pretreatment levels (100%), then both 

kinase inhibitors are viable candidates for fully reversing the VEGF-165 inhibition of 

subsequent ATP-stimulated Ca2+ responses. That either U0126 or PP2 are successful 

further suggests (i) both Ser-279/282 and Tyr-265 phosphorylation events may need to occur 

and phosphorylation of a single residue is not sufficient alone to fully explain the observed 

inhibition of bursting via VEGFR-2; or (ii) that both MEK/ERK-1/2 and Src are in a linear 

pathway and inhibitory ‘residual’ VEGFR-2 signaling via ERK-1/2-mediated Ser-279/282 

phosphorylation is important and may have an impact on targeting of future therapeutic 

compounds to restore pregnancy-adapted function in subjects with preeclampsia. Although 

the partial inhibition of VEGF-stimulated ERK-1/2 activation by PP2 in P-UAEC suggests a 

Src family kinase member in part mediates VEGF activation of the MEK/ERK-1/2 pathway, 

further consideration of the greater function of P-UAEC after PP2 treatment suggests the 

involvement of both Ser-279/282 and the Tyr-265 sites in contributing to functional 

inhibition of Cx43 by VEGFR-2. PP2 is also more efficient at restoring ATP-stimulated 

Ca2+ bursts than U0126 after ATP pretreatment, which in turn suggests ATP could also be 

achieving modest inhibition of its own Ca2+ burst response through inhibitory Src family 

kinase-mediated phosphorylation of Tyr-265; and such a response to ATP pretreatment is 

observed to a limited extent. Consistent with this, Tyr-265 phosphorylation was only 

reversed by PP2 and there was no ATP-stimulated phosphorylation of the ERK mediated 

sites, Ser-279/282 or s262. We conclude then that PP2 is most likely rescuing Ca2+ bursting 
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otherwise inhibited by VEGF-165 or indeed ATP pretreatment by reversing the 

corresponding Tyr-265 phosphorylation in each case. The fact ATP- or VEGF-stimulated 

phosphorylation of Tyr-265 still occurred in the presence of U0126 treatment explains why 

rescue by U0126 alone is less effective, and thus resulted in a slight residual inhibition of 

subsequent ATP Ca2+ burst responses.

Finally, the 10,12 isomer of CLA is a natural byproduct of fermentation of grass in the 

ruminant gut and so is often found in pasture-fed ‘organic’ dairy products (Dhiman et al. 

1999). It has also been shown to be a c-Src inhibitor in a cancer cell line (Shahzad 2013). In 

this cancer cell line, full inhibition of c-Src is achieved at 7 uM 10,12 CLA (Shahzad 2013). 

According to one study, background levels of circulating total CLA in the plasma are around 

5.5 uM (Sato, et al. 2011) but 10,12 CLA is undetectable. After three weeks of being fed a 

diet rich in 10,12 CLA, plasma concentrations of total CLA reaching 55uM and 10,12 CLA 

levels reaching 20uM are achievable (Sato et al. 2011). We therefore used 10, 12 CLA as a 

potential Ca2+ burst rescue agent in VEGF-165 pretreated P-UAEC, acting as a 

nutraceutical alternative to PP2. The complete rescue, ranging from return to ATP control 

(at 0.5 uM) to significant improvement over control (5uM and above), suggests 10, 12 CLA 

may be a viable therapeutic for preeclampsia or possibly for other pregnancy-related 

hypertensive disorders of endothelial origin. An alternate CLA isomer (c9,t11) was used as a 

isomeric control, as it has no described Src inhibiting properties (Shahzad 2013), and the 

lack of response confirms the isomer specificity of 10, 12 CLA as a rescue agent. This is a 

novel observation as CLA preparations are widely used and at least at limited dose are 

generally regarded as safe for use in humans by the United States Food and Drug 

Administration (2007). Furthermore, a therapeutic dose of 10,12 CLA is easily achievable 

by changes in diet alone make this a practical therapeutic strategy. Clearly further studies 

will be needed to establish safety in human pregnancy, but one study has already shown 

promising results using CLA in conjunction with Ca2+ supplementation to reduce 

pregnancy induced hypertension (Herrera, et al. 2005). Nonetheless this study establishes an 

important ‘proof of principle’ that 10,12 CLA can rescue endothelial cell function from 

growth factor inhibition, and when combined with the demonstration of a method of 

quantitative screening of potential therapeutics (rescue effects on sustained Ca2+ bursts), we 

feel our collective findings represent a highly significant first step to future therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

P pregnant

NP non-pregnant

UAEC uterine artery endothelial cells

UA-Endo uterine artery endothelium on intact vessel segment

Cx43 connexin 43

NO nitric oxide

eNOS endothelial nitric oxide synthase

[Ca2+]i intracellular free Ca2+ concentration

TRPC3 transient receptor potential channel 3

IP3R2 inositol 1,4,5-trisphosphate receptor 2

CCE capacitative Ca2+ entry

PKC protein kinase C

ERK extracellular-signal-regulated kinase

VEGF vascular endothelial growth factor

CLA conjugated linoleic acid

PlGF placental growth factor

VEGFRi VEGF receptor 2 kinase inhibitor
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Highlights

• VEGF-165 promotes inhibitory phosphorylations at s279/282 and y265 on Cx43 

in UAEC

• VEGF-165 pretreatment blocks pregnancy-enhanced Ca2+ burst responses in 

UAEC

• Src and ERK inhibitors reverses Cx43 phosphorylations and restores Ca2+ 

bursts

• The nutriceutical Src inhibitor, 10,12 CLA rescues Ca2+ bursts in UAEC

• 10,12 CLA may have therapeutic potential for preeclampsia
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Figure 1. Percent of UAEC showing each successive burst in response to ATP with or without 
VEGF-165 pretreatment
Stimulation of Ca2+ bursts by 100 uM ATP for 30 min is not changed by 30 min 

pretreatment with 10 ng/ml VEGF-165 in NP-UAEC (Panel A, n=5–8 dishes). However, 

stimulation of Ca2+ bursts by ATP is significantly reduced for bursts 3 or more by 30-min 

pretreatment with 10 ng/ml VEGF-165 in P-UAEC (Panel B, n=5–8 dishes). Results are 

shown as Means ± S.E.M., * P<0.05 by Student’s t-test.
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Figure 2. VEGF-165 inhibits ATP-stimulated Ca2+ bursts through VEGFR-2 regions outside of 
the endogenous kinase domain
Experiments were performed by stimulating and recording a group of P-UAEC with ATP 

(100 uM) for 30 min, washing and re-stimulating the same cells with ATP again after a 30-

min pre-incubation with the following VEGFR binding agonists: VEGF-165 (10 ng/ml), 

VEGF-E(100 ng/ml), PlGF (100 ng/ml), VEGF-E+PlGF combined, or 

VEGF-165+VEGFR-2 kinase inhibitor (VEGFRi, 1 uM) combined pretreatment. Data are 

mean burst numbers ± S.E.M., and restricted to cells showing 3 or more bursts upon initial 

ATP stimulation. Statistics were performed on raw data. For control, n=263; for VEGF-165, 
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n=261; for VEGF-E, n=191; for PlGF, n=228; for PlGF+VEGF-E, n=238; for 

VEGF-165+VEGFRi, n=202 (individual cells gathered from 5–8 dishes). Significant 

differences from first ATP treatment (before) are shown by * P<0.0001, second ATP control 

(after) are shown by # P<0.005. Comparisons versus internal control are by paired t-test 

comparisons between “after” groups from different treatments are by rank sum test. Dashed 

line indicates the equivalent level of Ca2+ bursts in NP-UAEC upon ATP stimulation for 

reference.
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Figure 3. Effect of VEGF-165, VEGF-E and PlGF and the inhibition by VEGFR inhibitor on 
Cx43 phosphorylation
NP-UAEC and P-UAEC (left and right graphs, respectively) were pretreated for 20 min with 

1 uM VEGFR inhibitor, followed by a 30-min treatment with 10 ng/ml VEGF-165, 100 

ng/ml VEGF-E or 100 ng/ml PlGF. Results were normalized to Hsp90 protein and expressed 

as fold change over unstimulated control. Phospho-specific western blot analyses were 

performed, and representative blots are shown. Values shown are Means ± S.E.M. of 6 

independent experiments (* P<0.05 compared with control; + P<0.05 compared with same 

agonist treatment; # P<0.05 compared with NP-UAEC; § P<0.05 compared with VEGF-165 

treatment). A. Response of Ser-279/282 Cx43. B. Response of Tyr-265 Cx43.
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Figure 4. Effect of PMA, ATP and VEGF-165 and the inhibition by U0126 on Cx43 
phosphorylation
NP-UAEC and P-UAEC (left and right graphs, respectively) were pretreated for 20 min with 

10 uM U0126, followed by a 30-min treatment with 10 nM PMA, 100 uM ATP or 10 ng/ml 

VEGF. Results were normalized to Hsp90 protein and expressed as fold change over 

unstimulated control. Phospho-specific western blot analyses were performed, and 

representative blots are shown. Values shown are Means ± S.E.M. of 5–6 independent 

experiments (* P<0.05 compared with control; + P<0.05 compared with same agonist 

Boeldt et al. Page 22

Mol Cell Endocrinol. Author manuscript; available in PMC 2016 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment; # P<0.05 compared with NP-UAEC). A. Response of Ser-279/282 Cx43. B. 

Response of Tyr-265 Cx43. C. Response of the 42 kDa band of s368 Cx43.
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Figure 5. Effect of PMA, ATP and VEGF-165 and the inhibition by PP2 on Cx43 
phosphorylation
NP-UAEC and P-UAEC (left and right graphs, respectively) were pretreated for 20 min with 

10 uM PP2, followed by a 30-min treatment with 10 nM PMA, 100 uM ATP or 10 ng/ml 

VEGF. Results were normalized to Hsp90 protein and expressed as fold change over 

unstimulated control. Phospho-specific western blot analyses were performed, and 

representative blots are shown. Values shown are Means ± S.E.M of 6–7 independent 

experiments (* P<0.05 compared with control; + P<0.05 compared with same agonist 
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treatment). A. Response of Ser-279/282 Cx43. B. Response of Tyr-265 Cx43. C. Response 

of the 42 kDa band of s368 Cx43.
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Figure 6. Effect of PMA, ATP and VEGF-165 and the inhibition by PP2 on ERK 
phosphorylation
NP-UAEC and P-UAEC (left and right graphs, respectively) were pretreated for 20 min with 

10 uM PP2, followed by a 30-min treatment with 10 nM PMA, 100 uM ATP or 10 ng/ml 

VEGF. Results were normalized to Hsp90 protein and expressed as fold change over 

unstimulated control. Graph illustrates p44-ERK. Phospho-specific western blot analysis 

was performed, and representative blots are shown. Values shown are Means ± S.E.M. of 6–

7 independent experiments (* P<0.05 compared with control; + P<0.05 compared with same 

agonist treatment).
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Figure 7. Inhibition of ERK and Src signaling pathways ‘rescues’ inhibition of ATP-stimulated 
Ca2+ bursts by VEGF-165
For panel A, these data are presented in the same manner as in Figure 2 and the control and 

VEGF-165 bars are re-plotted for comparison. Kinase inhibitors (U0126: 10 uM, 20 min; 

PP2: 10 uM, 20 min) were added after the wash step and remained in the dish during 

VEGF-165 (10 ng/ml, 30 min) and subsequent ATP (100 uM, 30 min) treatment. Significant 

differences from first ATP treatment (before) are shown by * P<0.001, second ATP control 

(after) are shown by # P<0.05 for significant decrease, + P<0.05 for significant increase. 

Dashed line indicates the equivalent level of Ca2+ bursts in NP-UAEC upon ATP 

stimulation for reference. In panel B, a dose response for 10,12 CLA were used as Src 

inhibiting Ca2+ burst rescue agents in the same manner as U0126 and PP2 in panel A, with 

9,11 CLA used as a control (10,12 CLA: 0.1 uM – 50 uM); 9,11 CLA: 50 uM, 30 min). 

Significant improvement over VEGF-165 pretreated cells (0.0 uM 10,12 CLA) is shown by 

* P<0.05, significant improvement from ATP control is shown by + P<0.01. Dashed line 

indicates full Ca2+ burst recovery. For both panels, data are mean ± S.E.M, and restricted to 

cells showing 3 or more bursts initially. Statistics were performed on raw data. For control, 

n=263; for control+U0126, n=120; for control+PP2, n=122; for VEGF-165, n=261; for 

VEGF-165+U0126, n=253; for VEGF-165+PP2, n=183; for VEGF-165+9,11 CLA, n=91; 

for VEGF-165 + 0.1 uM 10,12 CLA, n=152; for VEGF-165 + 0.5uM 10,12 CLA, n=125; 

for VEGF-165 + 1uM 10,12 CLA, n=165; for VEGF-165 + 5uM 10,12 CLA, n=147;for 

VEGF-165 + 10uM 10,12 CLA, n=145; for VEGF-165+ 50uM 10,12 CLA, n=124 

(individual cells from 3–8 dishes). Comparisons versus internal control are by paired t-test; 

comparisons between “after” groups from different treatments are by rank sum test.
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Figure 8. Proposed mechanism for ATP stimulation, VEGF inhibition, and subsequent recovery 
of sustained Ca2+ responses in P-UAEC
Panel A depicts a typical ATP-stimulated Ca2+ response, as described previously (Boeldt, et 

al. 2011; Yi, et al. 2010a). Most notably, the initial Ca2+ response consists of IP3-regulated 

endoplasmic reticulum Ca2+ release into the cytosol. When the endoplasmic reticulum Ca2+ 

levels are sufficiently low, IP3R2 interacts with TRPC3 at the cell surface, opening it and 

allowing extracellular Ca2+ influx. This process is potentiated by Cx43 function through an 

as yet unknown mechanism, though likely candidates include IP3 or Ca3+ gating in close 

proximity to TRPC3. Panel B is now derived from previous studies (Grummer et al. 2009) 

and those described here concerning VEGF-stimulated signaling responsible for acute 

inhibitory phosphorylation of Cx43 at Ser-279/282 and Tyr-265. Of note, Src family kinase 

signaling originates from both classic kinase domain signaling and ‘residual’ VEGFR-2 

signaling. Our data in particular suggests MEK/ERK signaling is derived exclusively from 

‘residual’ VEGFR-2 signaling, through direct signaling or through secondary events 

downstream of a Src kinase. Panel C shows the consequence of VEGF-stimulated Cx43 

phosphorylation on subsequent ATP-stimulated Ca2+ responses. The phosphorylation of 

Cx43 at Ser-279/282 and Tyr-265 render Cx43 non-functional and thus the transmission of 
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signals necessary for sustained phase Ca2+ responses are lost. The result is a normal initial 

Ca2+ response to ATP stimulation through release from the ER, but a significant reduction 

in the sustained-phase Ca2+ bursts that follow. In panel D, mechanisms of action for 

pharmacological inhibitors of MEK/ERK and Src family kinases are shown. Blockage of 

MEK/ERK and Src kinases prevents inhibitory phosphorylation of Cx43 at Ser-279/282 and 

Tyr-265 and so prevents the inhibitory activity of VEGF pretreatment and restores 

sustained-phase Ca2+ bursts in response to ATP.
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