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EXPRESSION AND FUNCTION OF NICOTINIC ACETYLCHOLINE RECEPTORS 

IN HUMAN VASCULAR ENDOTHELIAL CELLS  

 

RYAN C. SPLITTGERBER 

VISION SCIENCE 

Neuronal nicotinic acetylcholine receptors (nAChRs) are widely expressed in neural and 

non-neural tissues and have been reported to play a role in neovascularization and 

vascular diseases of the eye, specifically age-related macular degeneration (ARMD). 

However, the subunit composition of functional nAChRs, their mechanisms of action, 

and the downstream signaling pathways in non-neuronal tissues are not well understood. 

Since some nAChR subtypes have high Ca
2+

 permeability, we investigated the possible 

role of Ca
2+

 in activating signaling cascades that underlie the affects of nAChR activation 

in Human Dermal Microvascular Endothelial Cells (HDMECs). RT-PCR experiments 

revealed message for nearly all of the known nicotinic receptor subunits and muscarinic 

receptors. The effects of nAChR activation were examined using fluorescent Ca
2+

 

imaging. The Ca
2+

 indicator dye, Fluo-3, revealed a significant increase in intracellular 

Ca
2+

 influx after exposure to nicotine. This increase was significantly reduced or 

eliminated by nAChR antagonists. The effect of nAChR activation on intracellular 

signaling cascades was assessed by measuring the phosphorylation of signaling proteins. 

Phosphorylation of ERK1/2 was increased by exposure to nicotine for five minutes but 

decreased after 60 minutes of exposure. ERK1/2 phosphorylation after nicotine exposure 

was significantly reduced by both specific and non-specific nAChR antagonists and 

binding of Ca
2+

 by the Ca
2+

 chelator BAPTA-AM, demonstrating that the 

phosphorylation was a result of calcium dependent nAChR activation. As a member of 
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the mitogen-activating protein kinase pathway, it is hypothesized that ERK1/2 activation 

leads to activation of transcription factors targeting angiogenesis-related genes. Real-time 

RT-PCR was used to analyze gene expression changes due to acute or chronic exposure 

to nicotine. At short durations nicotine exhibits anti-angiogenic effects and chronic 

exposure promotes a pro-angiogenic vascular environment via transcription of 

inflammatory molecules, adhesion molecules, and growth factors. These results were 

significantly decreased using nAChR antagonists. Our results suggest nicotinic activation 

of receptors in non-neuronal cells results in intracellular Ca
2+ 

influx and phosphorylation 

of signaling kinases, leading to modified transcription of angiogenesis-related genes 

which we hypothesize affects cell proliferation or angiogenesis.  
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INTRODUCTION 

 

Tobacco use is implicated in the initiation and progression of many vascular 

diseases of the eye. The leading causes of tobacco-related blindness are age-related 

macular degeneration (ARMD), diabetic retinopathy (DR), and Giant Cell Arteritis 

(GCA). These vascular diseases are characterized by compromised blood flow to the 

retina due to neovascularization or alterations to existing blood vessels. In addition, the 

high concentration of nicotine found in the particulate form of cigarette smoke has been 

identified as mitogenic for many types of endothelial cells and also has been reported to 

induce networking of capillaries (Heeschen et al., 2002). Evidence supports a major role 

for nicotine in the progression of angiogenesis in ARMD, DR, and GCA. 

Age-related macular degeneration is classified into two different disease 

phenotypes: nonexudative and neovascular, that is, dry and wet, repectively. While 

nonexudative AMD is the most prevalent clinical type, wet AMD results in the most 

rapid and severe cases of vision loss. The strongest environmental risk factor for all types 

of AMD is cigarette smoking (Armstrong 2003).  

The wet form of ARMD results in vision loss due to abnormal blood vessel 

growth in the choriocapillaries. This blood vessel growth leads to leakage of vascular 

contents below the macula, resulting in damage to the photoreceptors and eventual 

blindness. Case-controlled studies link smoking to increased occurrence of ARMD in 

males, increased occurrence for individuals that no longer smoke but were heavy smokers 

no more than 20 years ago, increased occurrence for current smokers, and an even higher 

risk for heavy smokers (Armstrong 2003; Klein et al., 1993; Christen et al., 1996; Seddon 

et al., 1996).  
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Diabetic retinopathy is a vascular disease of the eye found in diabetes patients. In 

DR, patients show inflammation and ischemia of ocular blood vessels or the abnormal 

growth of new blood vessels on the surface of the retina, both leading to blindness. 

Smoking has been identified as a major risk factor for DR (Klein et al., 2006a). Studies 

have shown that the severity of retinopathy in diabetes patients is associated with 

increased central retinal venular equilivent (CRVE), a measure of venular caliber. 

Tobacco users show an increased CRVE over non-smokers and a positive correlation for 

increased CRVE and packs of cigarettes smoked per day (Klein et al., 2006b). In contrast, 

the same authors did not show an association between DR and smoking during 10 and 14 

year progession studies of diabetic retinopathy (Moss et al., 1996; Klein et al., 1998)   

Giant cell arteritis is an inflammatory disease, typically involving arteries of the 

head, neck, and shoulders, where the inflammation causes the arteries to narrow and 

impede blood flow or cause ischemia. The vascular blockage can reduce the blood flow 

through the retinal arteries, resulting in vision loss. Giant cell arteritis is considered an 

ophthalmic emergency as it carries a high risk of unilateral or bilateral blindness (Hayreh 

et al., 1998). Machado et al. (1989) in a case-control study of biopsy-proven GCA report 

a 2:1 odds ratio that smoking is associated with giant cell arteritis. Tobacco smoking has 

been reported to increase the incidence of GCA in women by 6-fold for casual smokers 

and 17-fold for heavy smokers (Duhaut et al., 1998).  

 

Nicotinic acetylcholine receptors 

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated cation 

channels that belong to the same superfamily as GABAA and glycine receptors.  cDNAs 
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encoding nine a subunits (!2- !10) and three " subunits (!2- "4) have been cloned from 

chicken and rat nervous systems (Nef, et al., 1988; Couturier, et al., 1990; Boulter, et al., 

1986, 1990; Goldman, et al., 1987; Wada, et al., 1988; Deneris, et al., 1988, 1989). These 

subunits can combine to form a potentially large number of nAChR subtypes, each 

characterized by a unique subunit composition and pharmacological profile (Lindstrom 

2000). !7, !8, or !9 subunits can form homomeric nAChRs, or combine with each other 

(for !7 and !8), or with other as yet unidentified subunits, to form receptors that bind, 

and are blocked by, !-bungarotoxin (!Bgt), a protein from the venom of the banded 

krait. Neuronal nAChRs that consist of "2- "4 subunits in combination with !2- !6 

subunits are insensitive to !Bgt.  

Thus, the known subunits can theoretically yield a vast number of different 

receptor complexes, each with a unique subunit composition. Studies in expression 

systems show that the resulting receptors differ in terms of their ligand binding properties 

and physiological characteristics (see Lindstrom, 1996, 2000). For example: the half-

maximal effective concentration (EC50) for acetylcholine for human !4"2 nAChRs in 

HEK 293 cells is ~3 µM (Buisson, et al., 1996) while the EC50 for ACh for rat !7 

nAChRs is ~0.13 µM  (Gopalakrishnan, et al., 1996). Therefore, cells can be 

differentially activated by ACh or nicotine depending upon the combination of receptor 

subtypes expressed and the concentrations of ligand to which they are exposed. In 

addition, different nAChR subtypes desensitize at different rates, with !7 nAChRs 

desensitizing very rapidly at moderate to high acetylcholine concentration yielding 

transient excitation. At similar ligand concentrations, cells that express !3 or "4 nAChRs 

would experience more tonic activation because of the slower desensitization kinetics. 
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Desensitization can in turn affect nAChR expression patterns.  In expression systems, 

chronic nicotine exposure at concentrations near 10 nM induces both desensitization and 

upregulation of !4-containing neuronal nAChR subtypes (Fenster et al., 1997; 1999) and 

!4"2 and !7 nAChR subtypes are upregulated in the brains of smokers (Buisson & 

Bertrand, 2001; 2002). 

It is important to note that choline, both a requirement for acetylcholine synthesis 

and break down product of acetylcholine, is a potent agonist for some nAChR subtypes 

including homomeric !7 nAChRs. The main source of choline is from dietary intake, and 

plasma choline levels are reportedly stable at about 10 µM (Lockman and Allen, 2002). 

Choline is taken up into cells by a high-affinity choline transporter expressed by some 

cells, and can be used as a precursor for ACh synthesis (Apparsundaram et al., 2001;Guo 

and Chiappinelli, 2002). Since many non-neuronal cells reportedly synthesize and release 

acetylcholine and there are non-neuronal sources of acetylcholinesterases, choline may be 

found at higher levels in some tissues than dietary intake might suggest (Wessler et al., 

1999).  Both endogenous choline and endogenous acetylcholine may activate nAChRs 

differentially, and !7 nAChRs may be tonically active at endogenous choline levels 

(Uteshev et al., 2002). This raises the possibility that nicotinic receptors can exert effects 

through endogenous pathways associated with normal maintenance of vasculature as well 

as effect changes in vascular endothelial cells associated with vascular diseases. The 

physiological asymmetries that result from receptor heterogeneity may have important 

consequences for cholinergic signaling in vascular endothelial cells. 
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Expression of ACh and nAChRs by non-neuronal cells 

 There is considerable evidence that ACh is synthesized and stored in non-

neuronal tissues. Wessler et al., (1998) found choline acetyltransferase (ChAT), the rate-

limiting enzyme in the production of ACh, and nAChRs in human epithelial cells. These 

authors also report acetylcholine expression in endothelial cells and proposed that ACh of 

non-neuronal origin is involved in mitosis, trophic functions, cellular activity, and the 

formation of cell-cell contacts. There are other reports that vascular endothelial cells 

express nAChRs comprised of neuronal type subunits including !7 and !3"4 nAChRs 

(Kawashima et al., 1989; 1990; Macklin et al., 1998; Wang, et al., 2001). This has lead to 

the suggestion that ACh might act as an autocrine factor in blood vessels (Cooke and 

Bitterman, 2004).  

 Nicotine is responsible for many of the effects of cigarette smoke and for the 

addictive properties of tobacco.  The high concentration of nicotine found in the 

particulate form of cigarette smoke has been identified as mitogenic for many types of 

endothelial cells and also has been reported to induce networking of capillaries 

(Heeschen et al., 2002). Nicotine and other cholinergic agents have been shown in some 

studies to contribute to increased angiogenesis (Heeschen et al., 2001; Conklin et al., 

2002), and accelerated wound healing (Lu et al., 2001).  For example, nicotinic agonists 

have been shown to enhance the process of angiogenesis in a diabetic wound model 

(Jacobi et al., 2002). On the other hand, other reports describe cigarette smoking as 

having a deleterious effect on wound healing (Arredondo, et al., 2001; Hagforsen, et al., 

2002). Nicotine has also been implicated in tumor angiogenesis (Kerbel, 2000) and 
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hypervascularization.  Heeschen et al. (2003), reported expression in human umbilical 

vein endothelial cells (HUVECs) and verified a relationship between !7 nAChRs and 

vascular endothelial growth factor (VEGF) whereby microvascular tube formation could 

be significantly decreased with inhibition of either nAChRs or VEGF. Indeed, the 

angiogenesis effects of nicotine were found to be as potent as those of VEGF or FGF 

(Cooke and Bitterman, 2004). Still other reports describe different effects based on 

nicotine concentration and length of exposure (Villablanca 1998; Zia et al., 2000). The 

diverse effects of nicotinic activation reported in different vascular tissues may be due in 

part to differential expression of nAChR subtypes on different cell types.  

In summary, there is limited information concerning which of the many nAChR 

subtypes are functional in vascular endothelial cells, and whether this functional 

expression pattern is stable or changes under different conditions, such as the chronic 

exposure to nicotine experienced by tobacco, nicotine patch, or nicotine gum users. 

Together with the lack of a mechanistic explanation of how cation channels on the cell 

surface effect changes in vascular cell intracellular signaling and gene expression, these 

gaps in our knowledge comprise major obstacles to a more complete understanding of the 

pathophysiology of tobacco-related vascular eye diseases. 
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ABSTRACT 

Neuronal nicotinic acetylcholine receptors (nAChRs) are widely expressed in 

neural and non-neural tissues and have been reported to play a role in neovascularization 

and vascular disease (24). However, the subunit composition of functional nAChRs, their 

mechanisms of action, and the downstream signaling pathways in non-neuronal tissues 

are not well understood. Since some nAChR subtypes have high Ca
2+

 permeability, we 

investigated the possible role of Ca
2+

 in activating signaling cascades that underlie the 

affects of nAChR activation in Human Dermal Microvascular Endothelial Cells 

(HDMECs). RT-PCR experiments revealed message for nearly all of the known nicotinic 

receptor subunits and muscarinic receptors. The effects of nAChR activation were 

examined using fluorescent Ca
2+

 imaging. The Ca
2+

 indicator dye, Fluo-3, revealed a 

significant increase in intracellular Ca
2+

 influx after exposure to nicotine. This increase 

was significantly reduced or eliminated by nAChR antagonists. The effect of nAChR 

activation on intracellular signaling cascades was assessed by measuring the 

phosphorylation of signaling proteins. Phosphorylation of ERK1/2 was increased by 

exposure to nicotine for five minutes but decreased after 60 minutes of exposure. ERK1/2 

phosphorylation after nicotine exposure was significantly reduced by both specific and 

non-specific nAChR antagonists and binding of Ca
2+

 by the Ca
2+

 chelator BAPTA-AM, 

demonstrating that the phosphorylation was a result of calcium dependent nAChR 

activation. Our results suggest nicotinic activation of receptors in non-neuronal cells 

results in intracellular Ca
2+ 

influx and phosphorylation of signaling kinases, which we 

hypothesize, may affect cell proliferation or angiogenesis. 
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INTRODUCTION 

Smoking has been identified as the single most important cause of many vascular 

diseases. Previous studies suggest that use of tobacco products is essential to the 

establishment and development of Thromboangiitis obliterans (Buerger’s Disease), a 

vascular skin disease characterized by decreased blood flow to the extremities 

accompanied by reorganization of the small and medium sized arteries and veins (41). 

Case-control studies report smoking to be central to vascular skin diseases such as 

discoid lupus erythematosus, palmoplantar pustulosis (40), and psoriasis (37, 43). In 

addition, cigarette smoke has been shown to increase endothelial vascularization in an 

animal model (45). A confounding factor in these studies is that cigarette smoke contains 

thousands of toxic compounds (19), making it difficult for any study using smoke 

inhalation to accurately attribute the results to a single component and correctly label 

other possible interactions as non-factors.  However, the high concentration of nicotine 

found in the particulate form of cigarette smoke has been identified as mitogenic for 

many types of endothelial cells and also has been reported to induce networking of 

capillaries (24). 

Nicotine is a potent agonist for neuronal nicotinic acetylcholine receptors 

(nAChRs). Neuronal nAChRs are pentameric non-specific cation channels composed of 

!- and "-subunits. cDNA encoding nine a subunits (!2- !10) and three " subunits ("2- 

"4) have been cloned from chicken and rat nervous systems (6, 10, 11, 15, 18, 22, 38, 

50). These subunits can combine to form a potentially large number of nAChR subtypes, 

each characterized by a unique subunit composition and pharmacological profile (29). 

!7, !8, or !9 subunits can form homomeric nAChRs or in some cases can combine with 
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each other to form receptors that bind, and are blocked by !-bungarotoxin (!BGT), a 

protein from snake venom (23). In contrast, neuronal nAChRs that consist of "2- 

"4 subunits in combination with a2-a6 subunits are insensitive to !BGT. Expression 

studies suggest that as few as one or two neuronal nAChR genes, each encoding a 

different subunit, is sufficient to generate nicotinic responses in neurons (2, 6, 10, 11, 15, 

28, 50).  

There is considerable evidence that components necessary for nicotinic 

cholinergic signaling are functionally expressed in non-neuronal tissues (52). Studies 

report that ACh release was non-vesicular and met all criteria to be considered as an 

autocrine/paracrine hormone in lung epithelial cells (44). Lung epithelial cells express 

ChAT,  the vesicular ACh transporter (VAChT), the high-affinity choline transporter 

(CHT), and !4, !7, and "2 nAChR subunits. Macklin et al., (1998) demonstrated that 

vascular endothelial cells express nAChRs with properties similar to the receptors 

expressed in autonomic ganglionic neurons and epidermal keratinocytes (31).  Using in 

situ hybridization, these authors identified !3, !5, "2, and "4 ganglionic-type nAChR 

subunits in human vascular endothelial cells. Furthermore, studies identified the 

expression of functional !7 subunits in human bronchial and aortic endothelial cells, and 

provided indirect evidence for the existence of functional !3"4 nAChRs (51).   

Activation of nAChRs by cholinergic agents can exert a variety of effects in non-

neuronal tissue. For example, nicotine and other cholinergic agents have been shown in 

some studies to contribute to increased angiogenesis (9, 24), and accelerated wound 

healing (30). Nicotine has also been implicated in tumor angiogenesis and 

hypervascularization (27). Zia et al., (2000) demonstrated that long-term nicotine 



 11 

exposure decreased keratinocyte migration, and nicotine also increased levels of Ca
2+

 

influx in keratinocytes (55). Authors reported nAChR expression in human umbilical 

vein endothelial cells (HUVECs) and verified a relationship between nAChRs and 

vascular endothelial growth factor (VEGF), whereby microvascular tube formation could 

be significantly decreased with inhibition of either nAChRs or VEGF (25). The 

angiogenic effects of nicotine were found to be as potent as those of VEGF or fibroblast 

growth factor (FGF). Still other reports describe different effects based on nicotine 

concentration and length of exposure (49, 55). The diverse effects of nAChR activation 

reported in different vascular tissues may be due in part to differential expression of 

nAChR subtypes on specific cell types. In particular, the !7 nAChR subtype may play a 

larger role in some cells because of its high Ca
2+

 permeability and ability to affect second 

messenger pathways (47). 

We show below that nicotine-induced increases in intracellular Ca
2+

 initiate the 

activation of specific intracellular signaling pathways, including the MAPK pathway in 

HDMECs through nicotinic activation of non-neuronal acetylcholine receptors.  

 

MATERIALS AND METHODS 

Cell Culture 

Human dermal microvascular endothelial cells (HDMECs) and human umbilical vein 

endothelial cells (HUVECs) were isolated from human foreskin and umbilical cord, 

respectively, obtained from Dr. Robert Swerlick of Emory University and cultured at the 

UAB Skin Cell Culture Core. Cells were grown in 80 cm
2
 flasks incubated with 

Clonetics’ Endothelial Cell Basal Medium (EBM-MV; Cambrex, East Rutherford, NJ). 
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Flasks that were 80-90% confluent were used for experiments. HDMECs were tested for 

mycoplasma contamination using Lonza’s MycoAlert Assay (Lonza, Rockland, ME). 

 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

RNA was extracted from cultured HDMECs and HUVECs using the Absolutely RNA 

RT-PCR Miniprep Kit (Stratagene, La Jolla, CA). Briefly, cells were homogenized in 

lysis buffer containing guanidine thiocyanate and !-mercaptoethanol. The homogenate 

was prefiltered, captured onto a fiber matrix RNA binding filter and washed in low-salt 

buffer. Contaminating DNA bound to the fiber matrix was removed by DNase digestion 

and followed by a series of high and low salt buffer rinses. RT-PCR was performed using 

a Qiagen One-Step RT-PCR kit (Valencia, CA) and primers for nAChR subunits and 

muscarinic receptors (26), as listed in Table 1. DNA products were electrophoresed on 

2% agarose gels, excised, and purified using Wizard PCR Preps DNA Purification 

System (Promega, Madison, WI). Sequencing was carried out by the Sequencing Core 

Facility operated by the University of Alabama at Birmingham (UAB) Comprehensive 

Cancer Center. 

 

Calcium Imaging 

Cells were loaded with Fluo-3 AM [2mM] Ca
2+

 indicator dye (Molecular Probes, Eugene 

OR) for 30 minutes at 37°C and subsequently washed three times with Hanks Balanced 

Salt Solution (HBSS). Agonists and antagonists were bath applied by a perfusion pump.  

Nicotine was used as a non-specific agonist and was used at a working concentration of 

10mM. To determine involvement of homomeric "7 nAChRs, "BGT (10 µM) was used  
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 Table 1. Custom nAChR and mAChR primers for RT-PCR 
nAChR Forward Primer (5’-3’) Reverse Primer (5’-3’) Size (bp) Homology (%) 

    HDMEC HUVEC 

!2 GTGGAGGAGGAGGACAGA CTTCTGCATGTGGGGTGATA 150 90 92 

!3 CAAGCAACGAGGGAACG CCGTCCTGGCAGGGGTAG 121 91 90 

!4 GTTCCATGACGGGCGGGTGCAGTGGAC ATCATCCCGTCCACCTCACTGGTCAT 482 98 98 

!5 TTTCTTCACACGCTTCCCAAA TCACGGACATCATTTTCCTTCA 179 100 100 

!6 ACCAATTTGTGGCTGCGTCAC CCAGAGATGTGGATGGGATGGT 652 -- -- 

!7 CTCGCAACCACTCACCGTCTACTTC GATTCCCACTAGGTCCCATTCTCCA 463 100 100 

!9 ATTCCCTGTGATCTATTCCAATGTT CAGTCACCCACCACTACGGTG 213 100 100 

!10 GTGCGTGCGGGAAAGAGGG CCTGGCGGCACAGACATCG 134 98 100 

"2 GTGGGAAGATTATCGCCTCA CAGTTCTGCTGGTCAAATGG 249 98 98 

"3 TTGGAAAAAGCTGCTGATTCC GGTAAAAATCAGAACCGAGCC 168 -- 98 

"4 AGCAAGTCATGCCGTGACCAAG GCTGACACCTTCTAATGCCTCC 210 100 100 

 

mAChR Forward Primer (5’-3’) Reverse Primer (5’-3’) Size (bp) Homology (%) 

    HDMEC HUVEC 

#1$ GAAGAAGAGGAAGAGGACGAA CAGGAGAGGGGACTATCAGCA 573 100 100 

#2$ GGGTCCTCTCTTTCATCCTCT TCCTGGGTTATTTCATCATCT 469 96 100 

#3$ GTCTGGCTTGGGTCATCTCCT ACTGCTGCTGTGGTCTTGGTC 434 99 99 

#4$ TGGGTACTGTCCTTCGTGCT CACACTCATTGCCTGTCTGCTTCG 592 93 98 

#5$ CTCATCAGTGGAATCTTCTCCA GGTCCTTGGTTCGCTTCTCTGT 451 98 100 

*Hellström-Lindahl & Nordberg, 1996  
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to prevent activation of !7 and !9-containing nAChRs. Methyllycaconitine (MLA) is an 

antagonist of !6, !7, and !9 containing nAChRs at low nM concentrations and acts as a 

nonspecific blocker at low µM concentrations. To determine the involvement of other 

subtypes, MLA was used at non-specific concentrations (10 µM). Ca
2+

 influx via release 

from intracellular stores was prevented by Ruthenium Red (RR, 5 µM) and Xestospongin 

C (XeC, 5 µM) which inhibit Ca
2+

-induced Ca
2+

 release from ryanodine-sensitive Ca
2+

 

stores and inositol 1,4,5-trisphosphate  (IP3)-mediated Ca
2+

 release, respectively (21, 34, 

53). Control cells were incubated with Fluo-3 AM dye and images were obtained after 

addition of HBSS alone. 

Ca
2+

 fluorescence was examined with a Leica TCS-SP confocal laser-scanning 

microscope using an Argon-Krypton laser at 30 second intervals for up to 300 seconds.  

Quantification was performed using the Leica confocal software to measure intensity 

histograms of manually drawn ROIs around individual cells. Two-Way ANOVA was 

performed with Bonferonni’s multiple comparisons post hoc test (GraphPad Prism 4, San 

Diego, CA) to determine statistically significant differences between average 

fluorescence intensities for cells at different intervals for the various pharmacological 

agents.  

 

Protein Phosphorylation 

HDMECs (P4) were incubated with nicotine for 5 minutes to emulate acute nicotine 

exposure or one hour with nicotine or vehicle (sterile ddH20) to emulate chronic nicotine 

exposure. Cells were also treated with nAChR and calcium antagonists, as described 

above. Protein was extracted per Human phospho-MAPK Proteome Profiler Antibody 
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Array protocol (R&D Systems; Minneapolis, MN). Briefly, cells were solubilized with 

lysis buffer and microcentrifuged at 4°C for 30 minutes and the lysate was removed. 

Protein was concentrated from the lysate using a 0.5 mL Millipore Ultrafree Centrifugal 

Device (Billerica, MA). Individual arrays were washed with washing buffer for one hour 

prior to addition of proteins on a rocking platform and subsequently incubated overnight 

at 4°C with 250mL lysate (250mg) per array. After incubation, each array was washed 3 

X 10 minutes with wash buffer and then incubated for two hours at room temperature 

with antibody detection cocktail and the provided array buffer. After washing, 

Streptavidin-HRP (1:2000) was applied for 30 minutes at room temperature. After 

washing, a chemiluminescent agent (R&D Systems) was applied to the array for 1 minute 

and subsequently imaged and quantified using Kodak Image Station 4000MM. ROI’s 

were placed around each blot and compared to the respective blot in the control array. 

Background was subtracted and raw data were transformed to percent changed from 

control. One-Way ANOVA using Tukey’s multiple comparison post hoc test was used to 

identify significant differences between conditions.  
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RESULTS 

Acetylcholine receptor expression 

NAChR subunit expression by endothelial cells was evaluated by using RT-PCR with 

human based primers: transcripts for !2, !3, !4, !5, !7, !9, !10, "2, and "4 were 

identified in HDMECs (Figure 1); and for !2, !3, !4, !5, !7, !9, !10, "2, "3, and "4 in 

HUVECs, consistent with previous reports (24). Transcripts for nAChR subunit a6 were 

not detected in either HDMEC or HUVEC lines. Muscarinic receptor subunits M1, M2, 

M3, M4, and M5 were also identified in both HDMECs and HUVECs. Homology of 

experimental sequences to GenBank human nAChR and mAChR sequences ranged from 

90-100% (Table 1).  

 

Calcium imaging 

Because certain nAChR subtypes exhibit high Ca
2+ 

permeabilities, intracellular Ca
2+

 was 

measured in microvascular cells during application of cholinergic agonists and 

antagonists. In vascular endothelial cells, basal levels of intracellular Ca
2+ 

have been 

reported to range from 70-100nM (Ehringer et al., 2000; David-Dufilho et al., 2003; 

Dang et al., 2005; Montiel et al., 2006).All nAChR antagonists used were also 

administered in the absence of nicotine, and did not elicit responses different from the 

control condition, with the exception of MLA, indicating that the fluorescence increases 

observed were the direct result of nicotine application and probably did not stem from the 

action of endogenous agonists. In addition, the morphology of HDMECs did not exhibit 

any systematic changes after treatment with nicotine or nAChR antagonists. Nicotine 
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application to passage 6 HDMECs (Figure 2) elicited an increase in Fluo-3 fluorescence 

within 30 seconds but the increase was not statistically significant until the 60s time point 

(Figure 3; p<0.05). The greatest average intensity was observed 90s following initial 

administration. When co-applied with MLA (Figure 2b), a non-specific nAChR 

antagonist when used at micromolar concentrations, the nicotine response was 

statistically decreased from control cells at the longest time periods (Figure 4). 

Additionally, application of MLA alone decreased fluorescence levels below control 

levels, indicating a baseline activation of nAChRs. Pretreatment with !-bungarotoxin, a 

specific antagonist of homomeric !7 nAChRs, also significantly decreased (P<0.05) the 

response to nicotine as compared to nicotine treatment alone (Figure 2c; Figure 5). The 

!BGT and MLA data together provide evidence that activation of !7 and non- !7 

nAChRs contribute to nicotine-induced calcium increases.   

To determine the involvement of intracellular stores in the nicotine-induced Ca
2+ 

increase, Xestospongin C (XeC) and Ruthenium Red (RR) were administered to block 

Ins(1,4,5)P3 and ryanodine receptors, respectively. XeC and RR administered in the 

presence of nicotine only did not affect the nicotine-induced fluorescence increase (data 

not shown). XeC and RR were applied in the presence of both nicotine and !BGT. The 

resulting change in [Ca
2+

]i was not significantly different than the !BGT/nicotine 

treatment (data not shown). Together, these data suggest that Ca
2+

-induced Ca
2+

 release 

from intracellular stores activated by Ins(1,4,5)P3 and ryanodine receptors is not a major 

factor in the Ca
2+

 increases. 

 Because we identified transcripts for muscarinic acetylcholine receptors 

(mAChRs), we used the mAChR antagonist atropine to rule out the contribution of 
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mAChR activation by endogenous ACh. Atropine alone did not result in fluorescence 

different from the control. Atropine in the presence of nicotine, however, did result in a 

fluorescence level significantly lower than nicotine alone (Figure 6; p<0.05) yet 

significantly higher than controls (p<0.05) and !BGT/nicotine (p<.05) from 60 to 300s. 

Because nicotine has not been shown to activate mAChRs, the effect of atropine cannot 

be attributed to inhibition of mAChRs. However, previous studies have shown atropine 

can have an antagonistic effect on !3-containing nAChRs (42), suggesting that the 

observed effect of atropine is due to the blockade of these receptor subtypes.  

 The membrane permeable Ca
2+

 chelator, BAPTA-AM, prevented nicotine 

induced fluorescence increases. After BAPTA-AM application and exposure to nicotine, 

the resulting fluorescence was similar to control levels and comparable to fluorescence 

levels observed when BAPTA-AM was administered alone (Figure 7). This condition 

was used to verify that BAPTA-AM bound all intracellular Ca
2+

 and that the changes in 

fluorescence detected in other experiments resulted from Ca
2+

/Fluo-3 interactions.  

 

Phosphorylation of signaling molecules 

The downstream effects of nicotine-induced changes in intracellular Ca
2+

 levels were 

evaluated using proteome arrays to analyze the phosphorylation status of signaling 

molecules known to be regulated by Ca
2+

. Previous studies have suggested that increases 

in cytoplasmic Ca
2+

 can lead to activation of mitogen-activated protein kinases (MAPKs) 

and other intracellular kinases (1, 16, 20).  

Two different treatment durations, five and 60 minutes, were analyzed. Previous 

studies have shown increased ERK phosphorylation during brief exposure to nicotine 
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with a decline to baseline after 5 minutes. This has been suggested to be due to 

desensitization of nAChRs (36). The results of the current study were consistent with 

previous studies in that the shorter duration resulted in significantly increased 

phosphorylation of both ERK1 and ERK2 over control conditions (Figure 8; p<0.05). 

Treatment for one hour resulted in a decrease in ERK1/2 phosphorylation that was not 

statistically different from control. The short duration nicotine-induced increase was 

blocked by the !7-specific antagonist, !-bungarotoxin, and the antagonist, MLA at non-

specific concentrations (Figure 9), indicating that !7 nAChR activation is primarily 

responsible for ERK1/2 phosphorylation. The application of !BGT with nicotine or 

MLA with nicotine yielded results that were not different from controls but were 

significantly lower than nicotine only (p<0.05).  

BAPTA-AM was used to verify that the nicotine-induced changes in 

phosphorylation were due to alterations in [Ca
2+

]i. Phosphorylation of ERK1/2 after 

BAPTA-AM treatment was significantly lower than both nicotine only and control levels 

(Figure 9; p<0.05) indicting that baseline levels of phosphorylation are calcium 

dependent. Atropine applied with nicotine reduced nicotine’s effect on ERK2 but not 

ERK1, potentially indicating the contribution of the atropine sensitive nAChR subtypes 

(42). Atropine alone did not elicit changes that were significantly different than controls.  

 

DISCUSSION 

Consistent with Heeschen et al. (2002), we detected !2, !3, !4, !5, !7, !9, !10, 

"2, "3, and "4 mRNA transcripts in HUVECs and we extended this investigation to 

HDMECs and detected transcripts for all subunits but "3.  
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 The transcripts appear to be indicative of functional nAChR subtypes because the 

application of nicotine induced a rapid and sustained increase in intracellular Ca
2+

 in 

cultured HDMECs and HUVECs. There are several possible mechanisms that might 

underlie this increase in [Ca
2+

]i.  The nAChRs as a class are mixed cation channels with 

generally moderate Ca
2+

 permeability; however, the homomeric !7 nAChR subtype has a 

very high Ca
2+

 permeability (54). Thus, it is possible that intracellular Ca
2+

 could increase 

via Ca
2+

 influx through the nAChRs themselves. The observed Ca
2+

 increases were 

eliminated using the nAChR antagonist MLA at receptor subtype non-specific 

concentrations, resulting in fluorescence levels similar to the control condition in which 

nicotine was not applied. The application of MLA by itself was an important control 

since ACh has been reported to function as an autocrine hormone which activates 

receptors on the same cell from which it was released. MLA, when applied alone, 

resulted in fluorescence levels similar to the MLA co-application with nicotine at early 

time points but significantly lower than control levels at later time points. Thus decrease 

in fluorescence after complete nAChR inhibition provides evidence for the action of 

endogenous ACh. Additionally, the application of the !7 specific antagonist !BGT 

resulted in a significant decrease of more than half the total effect of nicotine, indicating 

that much of the nicotine-induced change in [Ca
2+

]i is mediated by !7 nAChRs. The 

remaining portion of the [Ca
2+

]i increase that was MLA-sensitive but !BGT insensitive is 

likely attributable to other nAChR subtypes. Additional evidence for the involvement of 

non- !7 nAChRs includes the ability of atropine to partially inhibit the effects of 

nicotine. Atropine has been reported to block !3-containing nAChRs (42).  
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 Alternatively, an increase in intracellular Ca
2+

 could rely on other mechanisms 

such as store-operated Ca
2+ 

(SOC) channels. Two types of highly Ca
2+ 

selective ligand-

binding SOC channels have been characterized in intracellular membranes of endothelial 

cells. One type is activated by ATP and bradykinin (32) or Ins(1,4,5)P3  (39). Results 

from our studies using antagonists for ryanodine and Ins(1,4,5)P3 receptors, Ruthenium 

Red (RR) and Xestospongin C (XeC), respectively, to block the release of Ca
2+

 from 

intracellular stores did not indicate a significant role for intracellular Ca
2+

 store release by 

Ins(1,4,5)P3 when applied with nicotine. Similar results were obtained when RR and XeC 

were used in conjunction with !BGT and nicotine and did not prevent an increase in 

intracellular Ca
2+

. This suggests a minor role for Ins(1,4,5)P3 or ryanodine activated SOC 

release following application of nicotine and the influx of extracellular Ca
2+

. 

 Another possible mechanism for Ca
2+ 

entry into the cells is via transient receptor 

potential calcium (TRPC) channels. This superfamily has been divided into three 

subfamilies including Short TRPC (STRPC), Long TRPC (LTRPC), and O(sm-9-like) 

TRPCs, which rely on Ca
2+ 

dependent calmodulin-binding regions or intracellular 

changes in osmolarity for activation (39). It is unlikely that TRPC channels are 

responsible for the initial influx of extracellular Ca
2+

 as this has been demonstrated to be 

due to nAChR activation but TRPC channels could play a role in store-operated Ca
2+

 

release in response to the nicotine-induced increase in Ca
2+

. 

 Other possible mechanisms for Ca
2+

 increase in vascular endothelial cells include 

membrane depolarization resulting from activation of nAChRs that in turn activate 

voltage gated Ca
2+

 channels (VGCC) allowing Ca
2+

 influx in the stimulated cells or even 

neighboring cells via gap junctions. Endothelial cells are nonexcitable cells and it was 
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once thought that the likelihood of VGCC expression in endothelial cells was very small. 

However, there are reports of VGCCs, similar to L- and T-type Ca
2+

 channels, in bovine 

capillary endothelial cells (4, 5). In addition, a new type of VGCC has been proposed to 

be important to Ca
2+

 flux in endothelial cells. The R-type Ca
2+

 channel is activated by 

long duration depolarizations and has been proposed to be responsible for a sustained 

Ca
2+

 influx (3). 

 There are several possible mechanisms that might underlie the prolonged duration 

to peak fluorescence after activation of nAChRs. The density of nAChRs on endothelial 

cells has yet to be explored, and low density of receptors could result in slower increases 

in [Ca
2+

]i. The exact nAChR subunit composition of unusual combinations in non-

neuronal vascular endothelial cells has not been determined, but might be responsible for 

the slower [Ca
2+

]i increase.  The slow, sustained increase can also be explained by 

membrane differences between neuronal and non-neuronal cells. Neuronal cells typically 

have fast Ca
2+ 

currents, a component of rapid depolarization, which involves the 

activation of various other channels. For instance, the activation of nAChRs would cause 

an influx of cations, subsequently activating voltage sensitive channels and resulting in a 

rapid increase in [Ca
2+

]i. In HDMECs, it is possible that there are few, if any, voltage 

gated ion channels. Thus, nAChRs may be the only channels actively allowing Ca
2+ 

into 

the cell, resulting in slow intracellular Ca
2+

 influx. In addition, neuronal cells use ion 

pumps to maintain a high driving force for Ca
2+

, and other positively charged ions, 

resulting in a fast and strong Ca
2+

 current after activation of nAChRs. Endothelial cells 

have been reported to be able to maintain a high Ca
2+ 

driving force for an extended period 
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of time after initial Ca
2+ 

influx through a combination of K
+
, Na

+
, and Cl

-
 channels, in 

addition to Na
+
/Ca

2+
 exchangers (39). 

 To elucidate the effects of Ca
2+

 influx on intracellular signaling pathways, 

antibody arrays were used to measure the phosphorylation state of important signaling 

kinases, specifically the mitogen-activated protein kinase (MAPK) cascade. It is the 

common paradigm that the MAPK cascade is activated by growth factor ligands binding 

growth factor receptors that contain protein tyrosine kinase in their intracellular domain 

(46). This cascade contributes to the amplification of the intracellular signals that 

eventually activate regulatory proteins in the cytoplasm. Signaling to the nucleus initiates 

processes such as proliferation and differentiation.  

We hypothesized that nicotine would affect the MAPK signaling cascade based 

on previous studies that revealed an angiogenic role for nicotine. In our study, nicotine 

alone significantly increased phosphorylation of ERK1/2 after 5 minutes of exposure. In 

contrast, 60 minutes of nicotine exposure resulted in a decline of ERK1/2 

phosphorylation back to baseline levels. These results are consistent with previous 

literature in which PC12 cells treated with more than 1mM nicotine displayed 

phosphorylation of ERK at 5 minutes and significantly lower levels at 60 minutes (36). In 

our study, nicotine-induced phosphorylation was blocked by the addition of MLA. The 

!7 specific antagonist, !-bungarotoxin, also blocked the nicotine-induced 

phosphorylation of ERK1/2 suggesting that !7 is the major nAChR subtype involved in 

the activation of the ERK signaling pathway. Atropine was used to evaluate the role of 

muscarinic acetylcholine receptors. Although mAChRs do not respond to nicotine, they 

do respond to ACh which might be endogenously produced, and our Ca
2+

 imaging 
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experiments indicated the endogenous activation of nAChRs in these cells. Nicotine 

induced phosphorylation was modified by the addition of atropine in that p-ERK2 was 

decreased to control levels but p-ERK1 was not significantly different than nicotine 

treatment alone. Part of this difference may be the result of nAChR antagonism by 

atropine (42) but it is unclear why the effect on ERK2 was so pronounced.  

It was not unexpected that both ERK1/2 phosphorylation states were significantly 

modified by exposure to nAChR agonist. Members of the MAPK family are activated by 

a wide spectrum of growth factors and mitogens (8). Upon activation, the ERKs can 

phosphorylate a wide variety of regulatory proteins including nuclear transcription 

factors, indicating important roles as regulators of transcriptional activity. Moreover, 

ERK activity has been shown to control transition from G0 to G1 phases of the cell cycle 

(7). The ERK mediated increase in mitogenic signaling suggests a mechanism whereby 

nicotine can effect vascular disease initiation and progression. There may be other 

mechanisms whereby nicotine can exert its effects on ERK phosphorylation. For 

example, there are previous reports of nicotine influences on intracellular signaling and 

cell proliferation that did not investigate [Ca
2+

]i changes. Dasgupta et al., (2006) 

presented evidence that nicotine may influence cell proliferation through !7 mediated 

metabotropic mechanisms, involving ERK and subsequent induction into the cell cycle S-

phase (13). 

The magnitude of ERK1/2 phosphorylation following nicotine exposure mirrored 

the effects observed in the Ca
2+

 imaging experiments. The greatest effect in each 

experiment was to nicotine alone. The effects of nicotine were partially blocked by 

atropine and !BGT but fully blocked by MLA, at non-specific doses. This provides 
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evidence for a direct relationship between the Ca
2+

 influx seen after nAChR activation 

and activation of the ERK signaling pathway.  

 

CONCLUSIONS 

Previous studies suggest that use of tobacco products is essential to the 

establishment and development of many vascular diseases (30, 33, 36, 37, 39). The 

evidence presented herein provides insight into the mechanism whereby nicotine, a major 

constituent of cigarette smoke, may effects changes in cell proliferation and angiogenesis 

in microvasculature. In summary, nicotine activates nAChRs expressed in HDMECs. 

Subsequent changes in intracellular Ca
2+ 

concentration which
 
is sufficient to activate 

mitogenic signaling pathways, specifically, the MAPK pathway. The direct effect of 

MAPK activation on the transcription of angiogenic factors has yet to be determined, 

therefore the extent to which nicotine-induced activation of nAChRs is involved in 

cellular proliferation of vascular diseases remains unclear. 
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Figure 1. (A) RT-PCR experiments identified transcripts for !2, !3, !4, !5, !7, !9, !10, 

"2, and "4 nAChR subunits were amplified from HDMECs. (B,D) Muscarinic receptor 

subunits M1, M2, M3, M4, and M5 were also identified in both HDMECs and HUVECs. 

(C) Transcripts for !2, !3, !4, !5, !7, !9, !10, "2, "3, and "4 were amplified from 

HUVECs. Transcripts for nAChR subunit !6 were detected in neither HDMEC nor 

HUVEC lines. RT-PCR products were sequenced and compared to Genbank entries for 

their respective human nAChR entries; homology of sequences ranged from 90-100%. 

Figure 1
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Figure 2. The effect of nicotine and cholinergic antagonists using fluorescent calcium 

imaging on nAChRs in passage 6 (P6) HDMECs.  (A) Treatment with nicotine [10 µM], 

top row, resulted in increased fluorescence between 0s and 180s after administration. 

[Ca
2+

] increases are pseudocolored blue to green. Average fluorescence between 

activated cells continued to increase until 180s post administration, when fluorescence 

plateaued. (B) Co-application of MLA [10 µM] and nicotine blocked the nicotine-

induced increase in fluorescence as measured over time. (C) Treatment with a-

bungarotoxin significantly decreased nicotine-induced fluorescence but did not eliminate 

the response to nicotine. 

Figure 2
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Figure 3. Nicotine increased Ca
2+

 influx in HDMECs. Bath application of nicotine (10 

µM) increased intracellular [Ca
2+

]i, measured by fold change in Fluo-3 reactivity with 

Ca
2+

. Fluorescence was measured every 30 seconds for 90 seconds, and then at 180s and 

300s. Fluorescence levels were significantly higher than control at 30s and thereafter 

(p<0.05; n=30).  
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Figure 4. MLA inhibited nicotine-induced Ca
2+

 influx in HDMECs. Co-application of 

MLA and nicotine resulted in fluorescence levels significantly decreased as compared to 

nicotine alone, measured by fold change (n=22; p<0.05). At 180s and 300s fluorescence 

in both MLA conditions was significantly lower than controls (n=21; p<0.05), suggesting 

blockade of nAChRs activated by endogenous agonist.  
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Figure 5. !-Bungarotoxin inhibited nicotine-induced Ca
2+

 influx in HDMECs. Co-

application of !BGT and nicotine partially prevented the increase of [Ca
2+

]i, measured by 

fold change in fluo-3 reactivity with Ca
2+

. Fluorescence levels were significantly elevated 

as compared to control (n=22; p<0.05), indicating that the activation of both !BGT 

sensitive and insensitive nAChRs contributed to nicotine-induced Ca
2+

 increases. 

 

Figure 5

!Bungarotoxin

0 30 60 90
0

1

2

3

4

Control
Nicotine
!-bungarotoxin
Nicotine + !-Bgt

*

* p<0.05 compared to control

180 300

* * *

****

p<0.05 compared to nicotine only

####

Time (seconds)

F
lu

o
re

s
c

e
n

c
e

C
h

a
n

g
e

 f
ro

m
 C

o
n

tr
o

l

#



 39 

Figure 6. Atropine effects nicotine-induced Ca
2+ 

influx in HDMECs. Co-application of 

atropine and nicotine partially inhibited nicotine-induced Ca
2+

 increase. Fold change in 

fluorescence levels were significantly higher than controls (n=22; p<0.05) and 

significantly lower than nicotine alone (p<0.05). 
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Figure 7. Summary of nicotine treatments with antagonists at peak fluorescence, 180 

seconds. Nicotine alone elicited the highest degree of fluorescence, followed by nicotine 

co-application with atropine or !-bungarotoxin. All other treatments failed to gain 

fluorescence levels greater than baseline levels. In addition to nAChR and mAChR 

antagonists, BAPTA-AM was used to bind free Ca
2+

 and effectively blocked increased 

fluorescence (n=28; p<0.05).  Treatment conditions labeled with (+) indicate the 

agonist/antagonist was applied; (-) indicates the agonist/antagonist was omitted.   
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Figure 8 . Effect of nicotine treatment on phosphorylation of ERK1/2 for 5 minutes and 

60 minutes. Cell cultures were treated with nicotine [10 µM] and compared to controls. 

Differences in ERK1/2 phosphorylation were reported as fold change. Levels of 

phosphorylated ERK1/2 increased after 5 minutes of exposure to nicotine (n=8; p<0.05). 

After 60 minutes, phosphorylation levels of ERK1/2 were not different than control (n=8) 

suggesting a transient effect of nicotine in protein phosphorylation. 
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Figure 9. Effect of 5 minute nicotine exposure on phosphorylation of ERK1/2 using 

nAChR antagonists. Levels of phosphorylated ERK increased in response to nicotine and 

reported as fold change. The effects were blocked by co-application of nicotine and 

!BGT or MLA. Nicotine treatment with atropine remained significantly higher than 

controls for ERK1, however, ERK2 returned to control levels. BAPTA-AM blocked 

phosphorylation of ERK1/2. 
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INTRODUCTION 

Tobacco use is implicated in the initiation and progression of many vascular 

diseases of the eye. Age-related Macular Degeneration (AMD) is classified into two 

different disease phenotypes: nonexudative and neovascular, that is, dry and wet, 

respectively. While nonexudative AMD is the most prevalent clinical type, wet AMD 

results in the most rapid and severe cases of vision loss.  

The wet form of ARMD results in vision loss due to abnormal blood vessel 

growth in the choriocapillaries. This blood vessel growth leads to leakage of vascular 

contents below the macula, resulting in damage to the photoreceptors and eventual 

blindness. The strongest environmental risk factor for all types of AMD is cigarette 

smoking. Case-controlled studies link smoking to increased occurrence of ARMD in 

males, increased occurrence for individuals that no longer smoke but were heavy smokers 

no more than 20 years ago, increased occurrence for current smokers, and an even higher 

risk for heavy smokers (Armstrong 2003; Klein et al., 1993; Christen et al., 1996; Seddon 

et al., 1996).  

Previous studies have shown that vascular endothelial cells synthesize and store 

acetylcholine (ACh; Kawashima et al., 1989; 1990) which exerts its effects through 

neuronal type nicotinic acetylcholine receptors (nAChRs) also expressed by vascular 

endothelial cells (Macklin et al., 1998). This has lead to the suggestion that ACh might 

act as an autocrine factor in blood vessels (Proskocil et al., 2004). Reported effects of 

cholinergic agents on normal vasculature include initiation of a cholinergic anti-

inflammatory response which has been shown to reduce inflammatory cytokines, 

including tumor necrosis factor (TNF), and interleukins as typical cytokine targets for 
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down regulation (Tracey, 2002; Gallowitsch & Tracey, 2005; Pavlov et al., 2005). On the 

other hand, nicotine, a potent ligand for nAChRs, has the ability to cause 

neovascularization and to remodel existing blood vessels, and can cause proliferation of 

human umbilical vein endothelial cells (Heeschen et al., 2001). In addition, long term 

nicotine exposure is reported to stimulate the growth of atherosclerotic lesions (Heeschen 

et al., 2001). Nicotine has also been shown to stimulate choroidal neovascularization 

(CNV) after laser-induced rupture of Bruch’s membrane (Kiuchi et al., 2008). These 

authors also suppressed nicotine and basal levels of CNV with the non-specific nAChR 

antagonist, mecamylamine. Unfortunately, the mechanisms that underlie nicotine’s 

effects on human vascular endothelial cells have not been explained. We hypothesize that 

nicotine-medicated activation of nAChRs, at concentrations similar to the blood serum 

nicotine levels found in cigarette smokers, induces nAChR-dependent increase in 

angiogenesis-related gene expression. 

 

MATERIAL AND METHODS 

Cell Culture 

Cultured human dermal microvascular endothelial cells (HDMECs) and human umbilical 

vein endothelial cells (HUVECs) were obtained from Dr. Robert Swerlick of Emory 

University and cultured at the UAB Skin Cell Culture Core. Cells were grown in 80 cm
2
 

flasks incubated with Clonetics’ Endothelial Cell Basal Medium (EBM; Cambrex, East 

Rutherford, NJ). HDMECs were supplemented with microvascular growth factor 

(Cambrex). All cells were simultaneously plated at 50-60% confluence and treated with 
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agonist/antagonist for 72 hours or 1 hour. All cultures were simultaneously harvested 

after 72 hours; cultures were 80-90% confluent. 

 

Pharmacological Treatment 

Cell cultures were treated with cholinergic agonist and antagonists.  Nicotine was used as 

a non-specific agonist and was used at a working concentration of 100 nM. To determine 

involvement of homomeric !7 nAChRs, !BGT (10 µM) was used to prevent activation 

of !7 and !9-containing nAChRs. Methyllycaconitine (MLA) is an antagonist of !6, !7, 

and !9 containing nAChRs at low nM concentrations and acts as a nonspecific blocker at 

low µM concentrations. To determine block all nAChR, MLA was used at a non-specific 

concentration (10 µM). Control cultures were treated with sterile water. 

 

RNA Extraction 

RNA was isolated from treated cell cultures using TRI REAGENT (Molecular Research, 

Inc.; Cincinnati, OH). Cells were homogenized with 1 ml/10cm
2 
of culture plate and 

phases were separated with chloroform; RNA was precipitated with isopropanol, washed 

with 75% ethanol and solubilized with nuclease-free water.  RNA solution was treated 

with DNAse I (Ambion) following the manufacturer’s protocol.  

 

RT
2
 Profiler PCR Array 

Single strand DNA for SuperArray experiments was created using RT
2
 First Strand Kit 

(SuperArray Bioscience Corporation; Frederick, MD). Briefly, RNA (100 ng) was mixed 

with a genomic DNA Elimination Buffer and incubated for 5 minutes at 42°C.  RNA was 
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then added to a reverse transcription buffer, primer controls, reverse transcriptase, 

RNase-free water. Mixture was incubated for 15 minutes at 42°C and 5 minutes at 95°C 

to inactivate the reverse transcriptase. All Real-Time RT-PCR experiments were 

performed using the iQ5 Real-Time Detection System (Bio-Rad Laboratories; Hercules, 

CA).  

 

RT
2
 nAChR PCR Assay  

For real-time RT-PCR using nAChR primers, cDNA was created using iScript cDNA 

Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). Briefly, RNA (100 ng) was mixed 

with iSript Reaction Mix, reverse transcriptase and nuclease-free water. Reaction mix 

was incubated for 5 minutes at 25°C, 30 minutes at 42°C, and 5 minutes at 85°C. All 

Real-Time RT-PCR experiments were performed using the iQ5 Real-Time Detection 

System (Bio-Rad Laboratories; Hercules, CA). 

 

RT
2
 PCR Analysis 

For each gene: Average Ct = Ct1, Ct2, Ct3 … To standardize cycle threshold values, 

subtract average Ct for Gene of Interest from average Ct for the selected housekeeping 

genes.  

!Ct (treat) = Average Ct (GOI treat) – Average Ct (HK treat) 

!Ct (con)  = Average Ct (GOI cont) – Average Ct (HK con) 

!!Ct = !Ct (treat) - !Ct (con) 

Fold change = 2
(-!!Ct) 

95% confidence intervals are calculated using: 
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Lower: 2
[-(!!Ct  + (1.96* SD!!Ct)/SQRT(n)]

  

Upper: 2
[-(!!Ct  - (1.96* SD!!Ct)/SQRT (n)]

 

For SuperArray: Average cycle threshold for three housekeeping genes was subtracted 

from the average cycle threshold for the gene of interest. For nAChR primers: Average 

cycle threshold for two housekeeping genes, !-actin and GAPDH, was subtracted from 

the average cycle threshold for the nAChR gene of interest. Statistical significance was 

determined using One-Way Analysis of Variance (ANOVA). Significance values less 

than 0.05 was considered statistically significant. 

 

RESULTS 

Angiogenesis-related Gene Expression 

Cells were treated with nicotine and nicotinic antagonists for 1 (table 1) or 72 hours 

(table 2) and angiogenesis-related gene expression was analyzed. After 1 hour nicotine 

exposure (100 nM; figure 1) there was a greater than a three fold reduction in mRNA for 

genes encoding: inhibitor of DNA binding 3 (ID3; -87 fold), integrin b3 (ITGB3; -27 

fold), chemokine CXCL6 ( -7 fold), angiopoietin-like 4 (ANGPTL4; -5.1 fold), 

hepatocyte growth factor (HGF; -4.4 fold), ephrin "3 (EFNA3; -3.5 fold), chemokine 

CCL2 (-3.5 fold), thrombospondin 2 (THBS2; -6.5 fold), sphingosine kinase 1 (SPHK1; -

2.28 fold). One hour nicotine exposure increased mRNA for transforming growth factor-

beta receptor 1 (TGFBR1; 7 fold) and prostaglandin-endoperoxide synthase1 (PTGS1; 3 

fold). The application of the non-specific nAChR antagonist MLA (figure 2) did not 

completely block gene expression changes but resulted in a new pattern of changes, 

specifically, reduced expression of EFNA3 (-3.1 fold), jagged 1 (JAG1; -5.3), and ITGB3 



Control
Ct Ct Fold Ct Fold Ct Fold Ct Fold Ct Fold

ANGPT1 34.3 33.9 1.3 33.6 1.6 33.3 1.8 33.7 1.2 33.8 3.2
ANGPTL3 32.8 34.5 -3.5 34.3 -2.9 33.2 -1.5 33.5 -2.2 34.1 -1.0
ANGPTL4 32.2 34.5 -5.1 32.6 -1.3 32.1 -1.0 33.0 -2.2 34.0 -1.6
CCL11 35.0 34.5 1.3 34.9 1.0 34.8 1.0 34.4 1.2 35.0 2.0
CCL2 29.7 31.4 -3.5 28.0 3.2 27.2 4.8 27.1 4.6 27.8 7.7
CXCL3 34.4 35.0 -1.6 35.0 -1.6 35.0 -1.7 35.0 -2.0 35.0 1.2
CXCL6 31.5 34.4 -7.9 32.2 -1.7 31.7 -1.3 32.0 -1.9 32.5 1.1
EFNA3 31.6 32.7 -2.3 33.2 -3.1 31.7 -1.2 32.2 -2.1 33.2 -1.4
EFNB2 29.6 31.5 -3.7 30.5 -1.9 28.8 1.6 29.0 1.2 30.2 1.5
ENG 27.8 27.3 1.3 28.1 -1.3 27.5 1.0 27.8 -1.4 28.9 -1.1
EPHB4 28.0 29.2 -2.5 27.9 1.0 27.7 1.1 27.9 -1.3 29.8 -1.7
EREG 30.5 31.5 -2.0 29.9 1.5 29.6 1.7 29.6 1.5 30.4 2.3
FLT1 30.4 30.5 -1.1 30.9 -1.5 30.3 -1.1 30.5 -1.4 31.7 -1.3
HGF 28.1 30.2 -4.4 30.0 -3.8 28.3 -1.3 28.3 -1.6 29.1 1.1
ID3 27.3 33.7 -87.0 26.8 1.4 26.8 1.2 26.7 1.1 27.3 1.9
IL1B 32.5 33.7 -2.4 32.3 1.1 31.8 1.4 31.8 1.2 32.6 1.4
IL6 33.0 33.1 -1.1 33.7 -1.7 32.7 1.0 33.1 -1.4 33.9 1.1
ITGB3 28.4 33.1 -27.4 30.8 -5.6 29.2 -2.0 29.6 -3.0 30.8 -2.6
JAG1 29.4 31.3 -3.8 31.7 -5.3 31.2 -3.9 30.8 -3.7 34.3 -13.8
LAMA5 30.0 30.5 -1.5 29.9 1.0 29.6 1.2 30.1 -1.5 31.3 -1.7
MMP9 34.7 34.3 1.3 32.1 6.0 31.9 5.9 31.9 5.1 32.8 7.0
PECAM1 34.2 35.0 -1.9 35.0 -1.9 35.0 -2.1 35.0 -2.4 35.0 1.0
PF4 34.1 33.2 1.8 34.3 -1.2 34.4 -1.4 34.2 -1.5 34.3 1.8
PGF 31.0 30.0 1.9 30.7 1.2 30.6 1.2 30.8 -1.2 31.2 -1.2
SERPINF1 24.2 24.9 -1.7 25.5 -2.5 25.0 -2.0 24.9 -2.2 25.7 -1.4
SPHK1 28.9 31.1 -4.9 30.2 -2.6 29.7 -2.1 30.5 -4.1 31.7 -3.6
STAB1 33.0 34.4 -2.8 34.2 -2.5 34.5 -3.4 34.2 -3.2 34.9 -1.9
TEK 34.8 35.0 -1.2 33.8 2.0 33.0 3.2 33.3 2.1 34.3 2.9
TGFBR1 32.4 29.5 7.0 31.7 1.5 31.6 1.5 31.5 1.4 32.5 1.5
THBS2 26.3 29.0 -6.5 27.5 -2.3 26.9 -1.7 26.9 -2.0 28.4 -2.2
TIMP1 22.3 22.5 -1.2 21.7 1.5 21.6 1.4 21.2 1.6 22.1 2.3

Table 1. Expression of angiogenesis-related gene after 1 hour treatment. Cycle threshold (Ct) represent the average cycle where fluorescence  
detection was significantly greater than baseline and began linear increases. Fold change was determined by subtracting standardized 
experimental Ct values from Control Ct values (see Methods). Figures in bold are statistically significant (P<0.05) and greater than 3-fold 
magnitude compared to controls. 

4
9

Nicotine MLA MLA NIC

Angiogenesis-Related Gene Expression- 1 hour

BGT BGT NIC



Control
Ct Ct Fold Ct Fold Ct Fold Ct Fold Ct Fold

ANGPT1 33.3 33.0 2.1 34.4 1.4 34.4 1.4 33.6 1.5 34.2 1.1
ANGPTL3 33.6 33.7 1.7 33.1 1.2 34.0 -1.6 33.9 -2.2 34.5 -3.3
ANGPTL4 35.1 34.9 2.6 32.0 1.7 32.2 1.5 31.9 1.2 32.8 -1.5
CCL11 35.4 32.8 7.8 35.0 1.5 34.5 2.0 35.0 -1.0 34.7 1.2
CCL2 31.1 26.4 49.0 30.0 1.2 30.5 -1.2 29.8 -1.1 30.7 -2.0
CXCL3 37.3 33.3 6.1 34.7 1.2 35.0 -1.1 35.0 -1.6 35.0 -1.5
CXCL6 31.2 31.6 1.4 31.7 1.3 31.9 1.1 31.6 -1.2 32.3 -1.8
EFNA3 33.5 32.6 3.5 31.6 1.5 32.5 -1.3 32.0 -1.3 32.9 -2.5
EFNB2 29.6 29.0 2.9 29.8 1.3 29.8 1.3 29.6 -1.0 30.0 -1.3
ENG 27.8 26.6 4.3 28.4 -1.1 28.2 1.1 27.3 1.4 27.6 1.1
EPHB4 29.7 28.4 4.4 28.6 -1.0 28.4 1.1 27.9 1.1 28.2 -1.1
EREG 28.1 26.8 4.4 30.8 1.2 31.4 -1.3 31.3 -1.8 29.9 1.5
FLT1 29.2 27.7 5.2 30.6 1.3 30.6 1.2 30.6 -1.2 31.4 -2.0
HGF 27.7 29.3 -1.7 28.5 1.1 29.2 -1.5 28.4 -1.3 28.2 -1.1
ID3 36.5 36.3 1.8 27.8 1.0 28.2 -1.3 27.9 -1.6 28.6 -2.5
IL1B 32.6 30.0 11.2 32.2 1.8 32.8 1.2 32.0 1.3 32.1 1.3
IL6 32.4 30.9 5.2 33.2 1.2 33.4 1.1 32.6 1.3 32.9 1.1
ITGB3 31.0 33.3 -1.6 28.4 1.4 29.3 -1.3 29.1 -1.6 29.9 -2.8
JAG1 31.5 31.1 2.4 29.4 1.5 29.5 1.3 28.9 1.3 29.1 1.2
LAMA5 30.7 29.4 4.6 29.6 2.0 29.3 2.4 28.9 2.1 30.0 1.0
MMP9 33.6 30.3 1.6 34.6 1.6 35.0 1.2 34.9 -1.2 33.8 1.8
PECAM1 35.4 32.6 9.0 35.0 -1.2 35.0 -1.3 35.0 -1.9 35.0 -1.8
PF4 31.7 36.1 -5.4 34.7 -1.1 34.8 -1.2 34.4 -1.3 34.3 -1.2
PGF 31.8 29.0 13.6 31.3 1.2 31.3 1.2 30.2 1.7 29.8 2.3
SERPINF1 23.4 29.3 -31.6 25.4 -1.6 25.6 -1.9 24.5 -1.3 26.9 -6.4
SPHK1 30.3 29.5 3.4 29.4 1.0 30.0 -1.5 29.2 -1.3 29.1 -1.2
STAB1 34.6 34.7 2.0 33.6 -1.1 34.3 -1.7 33.5 -1.6 33.7 -1.7
TEK 35.4 37.4 1.6 35.0 1.3 35.0 1.3 35.0 -1.2 34.7 1.1
TGFBR1 28.1 26.9 4.2 32.6 1.2 32.5 1.3 31.7 1.6 31.4 2.0
THBS2 29.1 28.4 2.9 26.3 1.5 26.6 1.2 26.2 1.0 26.7 -1.3
TIMP1 21.3 23.8 -3.3 23.0 -1.1 23.1 -1.2 22.5 -1.2 22.6 -1.3

Table 2. Expression of angiogenesis-related gene after 72 treatment. Cycle threshold (Ct) represent the average cycle where fluorescence  
detection was significantly greater than baseline and began linear increases. Fold change was determined by subtracting standardized 
experimental Ct values from Control Ct values (see Methods). Figures in bold are statistically significant (P<0.05) and greater than 3-fold 
magnitude compared to controls. 
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(-5.61 fold) but increased mRNA expression of matrix-metalloproteinase 9 (MMP-9; 6 

fold) and chemokine CCL2 (3.2 fold). This pattern was also evident with MLA alone and 

MLA with nicotine (figure 3). Specific antagonism of !7 containing subtypes using 

!BGT (figure 4) yielded a similar response with the additional reduction of stabilin 1 

(STAB1; -3.2 fold). Alpha-bungarotoxin in the presence of nicotine (figure 5) reduced 

the mRNA expression of JAG1 (-13 fold) and SPHK1 (-3.6 fold) and increased 

expression of MMP-9 (7 fold), CCL2 (7.7 fold), and ANGPT1 (3.2 fold). 

 Alternatively, after 72 hours of nicotine exposure (100 nM; figure 6), only platelet 

factor 4 (PF4; -5.4 fold), serine protease 1 (SERPINF1; -31 fold), and tissue inhibitor of  

metalloproteinase 1 (TIMP1; -3.29) were significantly decreased over three-fold 

magnitude; mRNA expression of chemokine CCL2 (49 fold), placental growth factor 

(PGF; 13 fold), interleukin 1-beta (IL1B; 11.2 fold), platelet-endothelial cell adhesion 

molecule 1 (PECAM1; 9 fold), chemokine CCL11 (7.8 fold), chemokine CXCL3 (6.1 

fold), laminin alpha-5 (LAMA5; 4.6 fold), endoglin (ENG; 4.32), interleukin-6 (IL6; 5 

fold), epiregulin (EREG; 4.4 fold), FMS-related tyrosine kinase 1 (FLT1; 5.2 fold), and 

Ephrin "4 (EPHB4; 4.4 fold) were significantly increased above three-fold magnitude. 

MLA alone (figure 7) and MLA with nicotine (figure8) blocked this expression pattern 

and resulted in no significant changes in gene expression beyond three-fold magnitude. 

Similar results were obtained using !BGT (figure 9) or !BGT and nicotine together 

(figure 10). 
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nAChR Gene Expression 

Cell cultures were treated with nicotine and nicotinic antagonists for 1 or 72 hours 

and expressions of nAChRs was analyzed. After 1 hour nicotine exposure (figure 11) 

there was a significant increase in !7 and !9 subunits and decreases in !10 and "2 

subunits, the remaining subunits were not significantly different than controls. These 

results were blocked using the nAChR non-specific antagonist MLA or MLA and 

nicotine together (figures 12a, b). Again, these results were blocked using !7 specific 

nAChR antagonist !BGT or !BGT and nicotine together (figures 12c, d). 

Similarly, after 72 hours of nicotine treatment (100 nM; figure 13), there was 

increased expression of !7, !9, and "4 subunits and a decrease in !10 and "2 subunits. 

This expression change was blocked using MLA, MLA/nicotine, !BGT and 

!BGT/nicotine (figure 14). 

 

DISCUSSION 

Angiogenesis has been shown to involve a complex biochemical response to the 

interaction of  different cell types, inflammatory cytokines, adhesion molecules, and 

growth factors. Stadelman et al. (1998) describes the wound healing response through the 

relationships of three phases- inflammation, cellular proliferation, and angiogenesis. 

The body maintains inflammatory homeostasis through a balance of pro-

inflammatory and anti-inflammatory cytokines; typically low levels of cytokines are 

required to maintain homeostasis. Overproduction results in disease and tissue damage 

(Tracey, 2007). The body regulates inflammation through humeral methods such as 
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concentration gradients. Cytokines accumulate at the site of infection or damage. When a 

cytokines levels reach threshold, pro-inflammatory cytokines are inhibited and damage is 

prevented. An alternative method of inflammation control is the cholinergic anti-

inflammatory pathway. Studies demonstrate that vagal innervation of blood vessels 

provide signals that suppress pro-inflammatory cytokine release and inhibit 

inflammation. Activation of the nerve releases ACh, which activates !7 nAChRs on 

endothelial cells and immune cells (such as macrophages) blocking activation NF- "B 

and thereby inhibiting release of cytokines (Borovikova et al. 2000a, b). This results in 

attenuated systemic anti-inflammation. 

After the initial inflammatory response, the target zone begins a proliferation 

phase followed by an angiogenesis phase, both of which involve fibroblast production of 

glycosaminoglycans, collagen, and fibroblast proliferation (Stadelman et al., 1998). 

These phases are mediated by adhesion molecules, growth factors, components of the 

extracellular matrix. For example, a major component of this phase includes the use of  

collagen as building material, however, it but must also be degraded to provide room for 

blood vessels, which then requires the activation of plasminogen activators and 

collagenases, such as MMP-9. 

 

Short-Term Anti-Angiogenic Expression 

Short-term treatment with nicotine resulted in statistically significant decreases of 

many promoters of angiogenesis.  Inhibitor of DNA binding 3 (ID3) was reduced more 

than 50-fold. ID3 interferes with DNA binding of transcription factors and have been 

shown to maintain vasculature outgrowth (Lyden et al. 1999). In addition, ID3 deficient 
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mice have no obvious abnormalities but have compromised immunity (Pan et al, 1999). 

Because immune function plays a major role in neovascularization, ID3 is considered a 

pro-angiogenic molecule.  

Another increase was seen for integrin !3 (ITGB3). This is a gene that encodes 

glycoprotein III, a receptor subunit in the class of integrin adhesion molecules. Integrins 

are known to mediate interactions with extracellular matrix and initiate intracellular 

signals that regulate cell cycle. Integrins promote the growth of both normal and 

tumorigenic cells and they induce proliferation by specifically causing the transcription 

of cyclins and cyclin dependent kinases which are required for transition past the G1 cell 

cycle start point (Kozlava et al. 2000; Coppolino et al., 2000; Assoian et al., 2001). 

CXCL6 and CCL2 are members of chemokine the families, CXC and CC, 

respectively. These chemokines are responsible for trafficking various types of immune 

cells in the vasculature and playing basic roles in immune function and endothelial 

angiogenesis (Anisowicz et al, 1987). 

Other significant decreases include: 

• Hepatocyte growth factor (HGF) which stimulates the growth of 

hepatocytes and has been shown to limit tumor progression when over 

expressed (Schmidt et al., 1995; Uehara et al., 1995).  

• Ephrin !3 (EFNB3) is a ligand for the EPH family of receptor tyrosine 

kinases. Ephrin knockouts display disrupted angiogenesis, especially 

regarding vascular remodeling (Wang et al., 1998). 

• Thrombospondin 2 (THBS2) has been shown to inhibit tumor growth and 

angiogenesis in THBS2-expressing tumors (Streit et al., 1999). 
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• Sphingosine kinase 1 (SPHK1) catalyzes the conversion of sphingosine to 

sphingosine-1-phosphate, a lipid messenger that has been shown to 

regulate cell proliferation (Kohama et al., 1998). 

 

Short-Term Pro-Angiogenic Expression 

While a majority of the short-term nicotine exposure affects are anti-angiogenic 

there were several pro-angiogenic changes. Short-term nicotine treatment resulted in the 

increase of two pro-angiogenic mediators and the reduction of one tumor-reducing 

growth factor. 

Transforming growth factor-beta receptor 1 (TGFBR1) was increased by seven-

fold over control. TGFBR1 has been shown to activate the phosphorylation of SMAD2 

and SMAD3 which leads to downstream transcription (Inman et al, 2002). Larsson et al., 

2001, described TGF- !1 enhancement of cell proliferation  and irregular migration in 

vitro and vascular defects in vivo.  

Another increase was seen for prostaglandin-endoperoxide synthase-1 (PTGS1) 

which has been studied in cell culture systems of endothelial cells and colon carcinoma. 

When treated with aspirin, a nonsteriodal anti-inflammatory drug which blocks the 

enzymatic activity of PTGS1, tube formation was suppressed (Tsujii et al., 1998). 

Transcripts for angiopoietin-like 4 (ANGPTL4), a negative promoter of 

angiogenesis, were reduced after 1 hour exposure to nicotine. The angiopoietin family is 

a group of growth factors exclusively targeting vascular endothelium (Camenisch et al., 

2002). ANGPTL4 has been shown to prevent spreading of mouse lung carcinoma in vivo 
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(Galaup et al., 2006). Melanoma cells in vitro showed reduced migration and invasion 

when compared to controls (Galaup et al., 2006).  

Short-term nicotine exposure reduced transcription of inflammatory chemokines, 

pro-angiogenic adhesion molecules, and growth factors. This anti-inflammatory and 

overall anti-angiogenic endothelial cell response to cholinergic stimulation is not 

unexpected when considered in the context of the cholinergic anti-inflammatory pathway. 

The application of nAChR antagonists MLA and !BGT did not return the gene 

expression changes to control levels. The consistent down-regulation of stabilin 1 

(STAB1), a protein used for immune cell function; jagged 1 (JAG1), a receptor for the 

Notch ligand; ITGB3; and the up-regulation of CCL2 and matrix metalloproteinase-9 

(MMP-9), a collagenase involved in the breakdown and remodeling of collagen involved 

in angiogenesis, suggest a role for basal signaling through endogenous ACh. There is 

evidence that activation through endogenous ACh regulates cell proliferation and 

angiogenesis in the vasculature. Kiuchi et al (2008) observed suppressed basal and 

nicotine-stimulated neovascularization in a mouse model of choroidal neovascularization 

(CNV) using mecamylamine, a non-specific nAChR antagonist. We suggest that gene 

expression changes following use of nAChR antagonists are remnants of endogenous 

ACh signaling after 1 hour inhibition. Moreover, these changes are absent after 72 hours 

of inhibition.  

 

Long-Term Anti-Angiogenic Expression 

After chronic 72 hour nicotine exposure, we find results opposite to the acute, 1 

hour response. Specifically, we observed a significant increase of inflammatory 
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chemokines, growth factors, and pro-angiogenic adhesion molecules. However, there 

were a few anti-angiogenic gene expression changes. 

First, long-term exposure to nicotine resulted in decreased mRNA expression for 

platelet factor 4 (PF4), which has been suggested to play a role in inflammation and 

vascular repair due to its neutrophil chemoattractant capabilities (Eisman et al., 1990). In 

addition, we observed a decrease in a serine protease inhibitor family member 

(SERPINF1), which is known to attenuate inflammatory responses.  

Seventy-two hour nicotine exposure was associated with increased expression of 

the anti-angiogenic gene, FMS-related tyrosine kinase 1 (FLT1). FLT1 binds with high 

affinity to vascular endothelial growth factor (VEGF) and regulates VEGF activity by 

working as a trap or antagonist (Wulff et al., 2001; He et al., 1999). 

 

Long-Term Pro-Angiogenic Expression 

HDMEC exposure to nicotine resulted in a modest anti-inflammatory response 

but a large increase in pro-angiogenic gene expression pattern. First, TIMP1, an inhibitor 

of the pro-angiogenic protein MMP-9 was decreased below control. The expressions of 

the inflammatory chemokines CCL2, CCL11, CXCL3, which are responsible for immune 

cell recruitment and are essential for new blood vessel growth, were increased. 

Placental growth factor (PGF), a 50% homolog to VEGF (Maglione et al., 1991) 

was increased by 13-fold. PGF stimulates angiogenesis in heart and limbs with 

comparable efficiency to VEGF (Luttun et al. 2002). 

Two members of the interleukin cytokine family, IL1-B and IL-6, were also 

increased. IL-1B has been shown to increase expression of vascular cell adhesion 
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molecules resulting in adherence of cancer cells (Vidal-Vanaclocha et al., 2000) and is 

required for in vivo angiogenesis in of different varieties of tumors (Voronov et al., 

2003). 

 

Platelet-endothelial cell adhesion molecule 1 (PECAM1) is a surface receptor 

found in high concentrations on circulating immune cells and endothelial cells. Previous 

work has shown that PECAM1 knockout mice do not exhibit NF- !B activation and thus 

activation of downstream inflammatory genes was prevented (Tzima et al., 2005).  

Other significant angiogenic increases: 

• Laminin alpha-5 (LAMA5), a protein found in the extracellular matrix. 

• Endoglin (ENG) is a protein involved in vascular remodeling and 

organization both of which are diminished in ENG-/- mice (Li et al., 1999; 

Bourdeau et al, 1999). In a mouse model of age-related macular (ARMD),  

endoglin was found to be over expressed in advanced stage neovascular 

tissue (Grisanti et al., 2004) 

• Epiregulin (EREG) is a member of the epidermal growth factor family and 

plays a role in progression of vascular remodeling through upregulation by 

dedifferention factors in an ERK-dependent manner (Takahashi et al. 

2003). 

• Endothelial tyrosine kinase (TEK) binds angiopoietin ligands and is 

critical for endothelial cell-smooth muscle cell communications where 

overexpression results in venous malformations (Vikkula et al., 1996). 
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Nicotinic Acetylcholine Receptor Expression 

Gene expression of angiogenesis-related genes differed between acute and 

chronic exposure to nicotine. In expression systems, chronic nicotine exposure at 

concentrations near 10 nM induces both desensitization and upregulation of !4-

containing neuronal nAChR subtypes (Fenster et al., 1997; 1999); in addition, !7 nAChR 

subtypes are upregulated in the brains of smokers (Buisson & Bertrand, 2001; 2002). 

Because different nAChR subtypes have different affinities to cholinergic agonist and 

also have different activation kinetics, we hypothesize that changes in nAChR expression 

will result in changes in intracellular signaling and downstream gene transcription. Real-

time RT-PCR analyses show upregulation of both !7 and !9 nAChRs for both short- and 

long-term durations.  In addition, both nicotine exposure durations resulted in decreases 

of nAChR subunits !10 and "2. While nicotine exposure leads to up regulation of 

nAChRs as expected, the similar patterns in acute and chronic conditions suggest the 

differential expression patterns seen for angiogenesis-related gens is not based on up or 

down regulation of nAChRs. 

 

CONCLUSION 

Angiogenesis is a normal process in growth and development, as well as in wound 

healing. However, this is also a fundamental step in the initiation and progression of 

tobacco-related diseases. Nicotine, a major component of cigarette smoke, modifies 

expression of angiogenesis–related genes in HDMECS after 1 hour or 72 hours exposure. 

Acute nicotine treatment results in an anti-angiogenic gene expression pattern while 
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chronic exposure leads to a pro-angiogenic gene expression pattern. The difference in 

expression patterns is not due to a change in nAChR gene expression. These data provide 

clinical implications for the use of cholinergic agents for treatment of vascular eye 

diseases. At short durations nicotine activates the cholinergic anti-inflammatory pathway 

and exerts anti-angiogenic effects. Chronic durations of nicotine exposure implicate 

nicotine as an angiogenic factor that modifies the vascular environment to promote 

vascular growth via transcription of inflammatory molecules, adhesion molecules, and 

growth factors.  
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Figure 1 

 

Figure 1. Angiogenesis-related gene expression after 1 hour exposure to 100 nM nicotine. 

Blue horizontal line represents a significance level of .05, genes above blue line are 

statistical different than control. Pink vertical lines represent a 3-fold increase or decrease 

in gene expression. 
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Figure 2 

 

Figure 2. Angiogenesis-related gene expression after 1 hour exposure to 10 µM MLA. 

Blue horizontal line represents a significance level of .05, genes above blue line are 

statistical different than control. Pink vertical lines represent a 3-fold increase or decrease 

in gene expression. 
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Figure 3 

 

Figure 3. Angiogenesis-related gene expression after 1 hour exposure to 10 µM MLA and 

100 nM nicotine. Blue horizontal line represents a significance level of .05, genes above 

blue line are statistical different than control. Pink vertical lines represent a 3-fold 

increase or decrease in gene expression. 
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Figure 4 

 

Figure 4. Angiogenesis-related gene expression after 1 hour exposure to 10 µM !BGT. 

Blue horizontal line represents a significance level of .05, genes above blue line are 

statistical different than control. Pink vertical lines represent a 3-fold increase or decrease 

in gene expression. 
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Figure 5 

 

 

Figure 5. Angiogenesis-related gene expression after 1 hour exposure to 10 µM !BGT 

and 100 nM nicotine. Blue horizontal line represents a significance level of .05, genes 

above blue line are statistical different than control. Pink vertical lines represent a 3-fold 

increase or decrease in gene expression. 

 

 

 

 

 

 



 

 

73 

 

 

Figure 6 

 

 

Figure 6. Angiogenesis-related gene expression after 72 hour exposure to 100 nM 

nicotine. Blue horizontal line represents a significance level of .05, genes above blue line 

are statistical different than control. Pink vertical lines represent a 3-fold increase or 

decrease in gene expression.  
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Figure 7 

 

 

Figure 7. Angiogenesis-related gene expression after 72 hour exposure to 10 µM MLA. 

Blue horizontal line represents a significance level of .05, genes above blue line are 

statistical different than control. Pink vertical lines represent a 3-fold increase or decrease 

in gene expression.  
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Figure 8 

 

 

Figure 8. Angiogenesis-related gene expression after 72 hour exposure to 10 µM MLA 

and 100 nM nicotine. Blue horizontal line represents a significance level of .05, genes 

above blue line are statistical different than control. Pink vertical lines represent a 3-fold 

increase or decrease in gene expression.  
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Figure 9 

 

 
 

Figure 9. Angiogenesis-related gene expression after 72 hour exposure to 10 µM !BGT. 

Blue horizontal line represents a significance level of .05, genes above blue line are 

statistical different than control. Pink vertical lines represent a 3-fold increase or decrease 

in gene expression. 

1.E-08 

1.E-07 

1.E-06 

1.E-05 

1.E-04 

1.E-03 

1.E-02 

1.E-01 

1.E+00 

-7 -5 -3 -1 1 3 5 7 9 

p
 V

a
lu

e
 

Log2 (Fold Change) 



 

 

77 

 

Figure 10 

 

Figure 10. Angiogenesis-related gene expression after 72 hour exposure to 10 µM !BGT 

and 100 nM nicotine. Blue horizontal line represents a significance level of .05, genes 

above blue line are statistical different than control. Pink vertical lines represent a 3-fold 

increase or decrease in gene expression. 
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Figure 11 

 

Figure 11. Real-Time RT-PCR expression of nAChRs after 1 hour exposure to 100 nM 

nicotine. Error bars represent 95% confidence interval. 
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Figure 12 

Figure 12. Real-Time RT-PCR expression of nAChRs after one hour exposure to 100 nM 

nicotine and/or nAChR antagonist. Error bars represent 95% confidence interval. 
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Figure 13 

 

 

 

 

 

 

 

 

Figure 13. Real-Time RT-PCR expression of nAChRs after 72 hour exposure to 100 nM 

nicotine. Error bars represent 95% confidence interval.  
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Figure 14 

 

Figure 14. Real-Time RT-PCR expression of nAChRs after one hour exposure to 100 nM 

nicotine and/or nAChR antagonist. Error bars represent 95% confidence interval. 
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SUMMARY 

 

The aims of this study were to determine 1) if functional nAChRs are expressed in 

human microvascular endothelial cells, 2) the effect of nAChR activation on downstream 

signaling cascades, and 3) the effect of nAChR activation on angiogenesis-related gene 

transcription. We hypothesize that nAChRs are expressed in HDMECs and upon 

nicotinic activation engage intracellular signaling pathways that lead to increased 

transcription of genes involved in angiogenesis. 

 We investigated the expression of nAChR transcript in HDMECs with RT-PCR, 

resulting in detection of !2, !3, !4, !5, !7, !9, !10, "2, and "4 subunits. The 

transcripts appear to be indicative of functional nicotinic receptors because the 

application of nicotine induced a sustained increase in intracellular Ca
2+

 in cultured 

HDMECs, as measured by increased fluorescence of the calcium indicator dye, Fluo-3. 

There are several possible mechanisms that might underlie this increase in [Ca
2+

]i. It is 

possible that intracellular Ca
2+

 could increase via Ca
2+

 influx through the nAChRs 

themselves because nAChRs are mixed cation channels with moderate Ca
2+

 permeability 

(54). The nicotine-induced Ca
2+

 increases were eliminated using the nAChR antagonist 

MLA at receptor subtype non-specific concentrations- indicating that the Ca
2+

 increases 

were mediated by nicotinics. MLA, when applied alone, resulted in fluorescence that was 

not different from control levels at early time points but significantly lower than control 

levels at later time points. The application of MLA by itself was an important control 

since ACh has been reported to function as an autocrine hormone, which activates 
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receptors on the same cell from which it was released (Proskocil et al, 2004). The 

decrease in fluorescence after complete nAChR inhibition provides evidence for the 

actions of endogenous ACh. Additionally, the application of the !7 specific antagonist 

!BGT also resulted in a significant fluorescence decrease as compared to nicotine alone, 

indicating that much of the nicotine-induced change in [Ca
2+

]i is mediated by !7 

nAChRs. The remaining portion of the [Ca
2+

]i increase that was MLA-sensitive but 

!BGT-insensitive is likely attributable to other nAChR subtypes. Additional evidence for 

the involvement of non- !7 nAChRs includes the ability of atropine to partially inhibit 

the effects of nicotine because atropine has been reported to block !3-containing 

nAChRs (42).  

 Alternatively, an increase in intracellular Ca
2+

 could rely on other mechanisms 

such as store-operated Ca
2+ 

(SOC) channels. Two types of highly Ca
2+ 

selective ligand-

binding SOC channels have been characterized in intracellular membranes of endothelial 

cells. One type is activated by ATP and bradykinin (32) or Ins(1,4,5)P3  (39). Results 

from our studies using antagonists for ryanodine and Ins(1,4,5)P3 receptors, Ruthenium 

Red (RR) and Xestospongin C (XeC), respectively, to block the release of Ca
2+

 from 

intracellular stores did not indicate a significant role for intracellular Ca
2+

 store release by 

Ins(1,4,5)P3, because when RR and XeC were applied with nicotine, the fluorescence was 

not different than nicotine alone. 

 Another possible mechanism for Ca
2+ 

influx into the cells is via transient receptor 

potential calcium (TRPC) channels, which rely on Ca
2+ 

dependent calmodulin-binding or 

intracellular changes in osmolarity for activation (39). It is unlikely that TRPC channels 

are responsible for the initial influx of extracellular Ca
2+

 as the initiation of Ca
2+

 influx 
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has been demonstrated to be due to nAChR activation, but TRPC channels could play a 

role in store-operated Ca
2+

 release in response to the nicotine-induced increase in [Ca
2+

]. 

 Other possible mechanisms for Ca
2+

 increase in vascular endothelial cells include 

membrane depolarization resulting from activation of nAChRs that in turn activate 

voltage gated Ca
2+

 channels (VGCC) allowing Ca
2+

 influx. There are reports of VGCCs, 

similar to L- and T-type Ca
2+

 channels, in bovine capillary endothelial cells (4, 5). In 

addition, a new type of VGCC has been proposed to be important to Ca
2+

 flux in 

endothelial cells. The R-type Ca
2+

 channel is activated by long duration depolarizations 

and has been proposed to be responsible for a sustained Ca
2+

 influx (Bkaily et al., 1993). 

 Ca
2+

 is a potent second messenger and has been shown to activate intracellular 

signaling pathways. The MAPK family has been shown to activate regulatory proteins in 

the cytoplasm and thereby signaling the nucleus to initiate processes such as proliferation 

and differentiation (Seger & Krebs, 1995). To test whether the MAPK pathway was 

activated by nicotine-induced changes in intracellular [Ca
2+

], measured MAPK family 

member phosphorylation levels. Nicotine alone significantly increased phosphorylation 

of ERK1/2 after 5 minutes of exposure. In contrast, 60 minutes of nicotine exposure 

resulted in a decline of ERK1/2 phosphorylation similar to baseline levels. Nicotine-

induced phosphorylation was blocked by the addition of MLA. The !7 specific 

antagonist, !-bungarotoxin, also blocked the nicotine-induced phosphorylation of 

ERK1/2 suggesting that !7 is the major nAChR subtype involved in the activation of the 

ERK signaling pathway.  

Upon activation, the ERKs can phosphorylate a wide variety of regulatory 

proteins including nuclear transcription factors. Gene expression changes resulting from 
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ERK activation of transcription factors were determined using real-time RT-PCR. 

Because angiogenesis has been shown to involve a complex biochemical response to the 

interaction of different elements, inflammatory cytokines, adhesion molecules, and 

growth factors were measured. 

Short-term treatment with nicotine resulted in significant decreases of many 

angiogenesis promoters including chemokines such as CXCL6 and CCL2, growth factor 

(HGF), and pro-angiogenic signaling molecules (EFNA3, THBS2, SPHK1). While the 

majority of short-term nicotine exposure effects were anti-angiogenic, there were several 

pro-angiogenic changes including up-regulation of TGFBR1 and PTSG1 and down-

regulation of ANGPTL4.  

The application of nAChR antagonists MLA and !BGT did not inhibit gene 

expression changes with 60 minute incubation. There was consistent down-regulation of 

STAB1, JAG1, ITGB3, and up-regulation of CCL2 and MMP-9. We suggest that these 

gene expression changes following use of nAChR antagonists are remnants of 

endogenous ACh signaling after 1 hour inhibition; the changes are absent after 72 hours 

of inhibition.  

After chronic, 72 hour, nicotine exposure, we observed a significant increase of 

inflammatory chemokines, growth factors, and pro-angiogenic adhesion molecules:  

CCL2, CCL11, CXCL3, IL1-B, IL-6, PGF, PECAM1, ENG, and EREG. A pro-

angiogenic decrease of TIMP1 was also observed. A modest anti-angiogenic response 

was observed and included decreased PF4, SERPINF1 and increased FLT1.  

We observed a different expression pattern of genes associated with angiogenesis 

after short and long term nicotine exposure. Chronic nicotine exposure has been shown to 
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up-regulate !4 and !7-containing nAChR subtypes in neurons (Fenster et al., 1997; 

1999; Buisson & Bertrand, 2001; 2002). Because different nAChR subtypes have 

different affinities to cholinergic agonist and also have different activation kinetics, we 

hypothesized that changes in nAChR expression would result in changes in intracellular 

signaling and downstream gene transcription. Real-time RT-PCR analyses of nAChR 

subunits show upregulation of both !7 and !9 nAChRs for both short- and long-term 

durations to nicotine exposure.  In addition, both nicotine exposure durations resulted in 

decreases of nAChR subunits !10 and "2. Thus, nicotine exposure leads to up regulation 

of nAChRs as predicted, the similar patterns in acute and chronic conditions suggest 

regulation of nAChRs by nicotine exposure is not correlated with nicotine-induced 

changes in expression levels of pro- and anti-angiogenic genes. 

These results suggest nAChRs expressed on endothelial cells in human 

vasculature are activated by nicotine and influence expression of genes important to 

vascular growth. Nicotine-induced changes in gene expression can be implicated as an 

important component in the initiation and progression of many tobacco-related ocular 

diseases such as ARMD, DR, and GCA. The role of nAChRs in the progressions of these 

diseases provides the possibility of anti-nicotinic agents to prevent vascular overgrowth. 

We have shown that extended durations of nicotine exposure increases pro-angiogenic 

gene expression and extended exposure to nicotinic antagonists reverses the pro-

angiogenic shift. While anti-muscarinic and anti-nicotinic, agents are currently 

administered for ailments ranging from urinary incontinence to Parkinson’s disease and 

cerebral palsy, to our knowledge, the effect on vascular diseases of the eye has not been 

tested. While systemic administration might not be favored due to the high risk of side 
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effects, it would be interesting to measure the effect of intraocular or subconjunctival 

administration of an anti-nicotinic agent for reducing the severity of choroidal 

overgrowth found in vascular eye diseases.  
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