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5-MU: 5-methylurapidil

[A]: concentration of agonist necessary to give a fixed percentage of the maximal 

response before receptor inactivation
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response after receptor inactivation 

AR: adrenergic receptor

CEC: chloroethylclonidine 

CHO: Chinese hamster ovary
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EC5o: concentration of drug required to produce 50% of the maximal response 

ERK: extracellular signal-regulated kinase 

EtOH: ethanol
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IC5o : concentration of unlabeled ligand that inhibits the binding of radioactive 

ligand by 50%.

IgG: immunoglobulin G

JNK: Jun N-terminal kinase

Ka: equilibrium dissociation constant (agonist)

Kb: equilibrium dissociation constant (antagonist)

Kj: equilibrium dissociation constant

Kp: equilibrium dissociation constant (partial agonist)

MAPK: mitogen-activated protein kinase

MEK: MAPK/ ERK kinase

mRNA: messenger ribonucleic acid

NE: norepinephrine

PBS: phosphate-buffered saline
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PC12: pheochromocytoma 12 cell line

PCR: polymerase chain reaction 
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Pro: propranolol
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Introduction

Submandibular glands are one of the three major salivary glands that produce 

and secrete saliva. These glands are composed of a variety of cell types. The two 

major cell types in the submandibular gland are the duct cells and acinar cells.

Acinar cells make up about 90% of the total cell population in the submandibular 

gland and are primarily responsible for the production and secretion of saliva. The 

sympathetic nervous system innervates the submandibular gland. Release of 

norepinephrine from sympathetic nerves activates adrenergic receptors on acinar 

cells to stimulate the production and secretion of saliva. In these studies I examined 

the arARs receptors in rat submandibular acinar cells. arARs have been shown 

previoulsy to be expressed in rat submandibular glands, and have been reported to 

play a role in the production of fluid and electrolytes in saliva. In this study I used an 

immortalized cel! line derived from native rat submandibular acinar cells. The 

primary focus of this dissertation was to use the SMG-C10 cells as a model system 

to investigate the following:

1) identification of the a-i-AR subtype in SMG-C10 cells. (Chapter 1);

2) activation of the mitogen-activated protein kinase, ERK by arAR s.

(Chapter 1);

3) characterization of the a r AR subtype mediating ERK activation in SMG-C10 

cells (Chapter 2); and

4) a r AR activation of ERK in native rat submandibular glands, and evaluation of 

the effects of nervous input on arAR subtype expression. (Appendix).
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This introduction will briefly summarize the results of the studies described in this 

dissertation, discuss the significance of these studies.

In Chapter 1, I examined a-i-ARs in the SMG-C10 cell line, an immortalized 

cell line derived from rat submandibular gland acinar cells. The purpose of these 

studies was to determine the a-i-ARs subtypes in the SMG-C10 line and to 

understand their coupling to second messenger activation. Using radioligand 

binding experiments I confirmed that SMG-C10 cells express the oc-ia- and a-ie-AR 

subtypes. These studies also demonstrated that SMG-C10 cells had CEC sensitive 

sites suggesting that the a-iB-AR was present in this cell type. We were unable to 

demonstrate a-i-AR activation of Ca+2 mobilization or PI turnover (data not shown). 

Using subcellular fractionation I confirmed that the a-i-ARs in SMG-C10 cells were 

primarily expressed at the plasma membrane, so inappropriate intracellular 

localization is not the reason a-i-ARs do not mobilize intracellular Ca+2 Furthermore 

methacholine, which acts on muscarinic receptors, was able to activate Ca+2 

mobilization in these cells demonstrating that the Gq signaling pathway is intact in 

this cell line. Thess data were surprising in light of previous work which has shown 

in dispersed freshly isolated rat submandibular acinar cells, that phenylephrine can 

cause mobilization of intracellular Ca+2. To determine if the a r ARs detected in 

binding experiments can functionally couple to any second messangers in these 

cells I performed western blotting assays for ERK activation. I found that in SMG- 

C10 cells phenylephrine activates ERK in a time and concentration dependent 

manner. Furthermore, I showed that this stimulation was blocked by the a r AR 

antagonists prazosin and BE-2254, but not effected by the a2-AR antagonist RX
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821002 or the p-AR antagonist, propranolol. Since I had identified a-.A- and a1B-ARs 

using radioligand binding iri SMG-C10 cells I pharmacologically characterized the 

ai-AR subtype mediating ERK activation. In experiments using the antagonist 5- 

MU, which has 100-fold selectivity for the a1A-AR over the a-is- and a-iD-AR 

subtypes, and CEC (under conditions where it selectively inactivates the, cx-ib-AR,), I 

determined that the a-ie-AR activates ERK in SMG-C10 cells. I also confirmed that 

the a iA-AR does not contribute to this response by using the a1A-AR selective 

agonist A 61603. This agonist was unable to stimulate ERK at concentrations 

previously reported to activate a iA-ARs, though it did activate ERK at concentrations 

known to activate a-ie-ARs. Taken together, these experiments suggest that in 

SMG-C10 cells a-ie-ARs activate ERK 1/2. The role for the a-iA-AR in SMG-C10 

cells remains unclear. If may be possible that this receptor is unable to functionally 

couple to any signaling pathways due to receptor localization or decreased density.

Finally, I performed experiments to examine whether or not the oo-ARs in the 

SMG-C10 cell line can also activate other members of the MARK family. The 

purpose of these studies was to determine if ai-ARs in SMG-C10 cells selectively 

couple to members of the MAPK cassette. SMG-C1Qs were stimulated with 

phenylephrine and phosphorylation of p38 and JNK was measured by western 

blotting. Interestingly, I found that ar ARs in SMG-C10 cells activate p38 but have 

little to no effect on JNK activation. In addition, future experiments should address 

the subtype mediating p38 activation in order to further demonstrate subtype specific 

coupling to MAPK activation . Data suggest that ar ARs in submandibular acinar 

cells couple to distinct signaling pathways. Since it has been previously shown that
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activation of MAP kinases can regulate and influence a variety of downstream 

effectors it is possible that ar ARs in submandibular acinar cells act to regulate 

important submandibular gland proteins and fuctions. These studies demonstrated 

that in a cell line that endogenously expresses arARs, a-i-AR subtypes may couple 

to different signaling pathways. These experiments provide further evidence for a 

divergence rather than redundancy of ar AR subtypes and their coupling to signal 

transduction pathways.

In Chapter 2, I studied the effects of LPS on contraction by a-i-AR agonists in 

the mouse thoracic aorta. LPS is typically used to study the effects of bacterial 

infection on cardiovascular system. The purpose of these studies was to determine 

the effects and mechanims of LPS on a r AR mediated contraction. I found that the 

potency (EC50) for a-i-AR agonists was decreased in aortas from LPS treated mice. 

Furthermore, this decrease in potency of norepinephrine was not effected by 

vasoactive mediators such as cyclooxgenase-2 (COX-2) or nitric oxide (NO). In 

addition, I demonstrated that ct2-AR and p-ARs play do not appear to functionally 

antagonize a-i-AR mediated contraction in aortas from LPS treated mice. To explore 

the possible mechanism for this phenomenon I examined the effects of LPS on the 

contraction of the ocpAR partial agonists, oxymetazoline and naphazoline. These 

agonists also showed a decreased potency in contracting aortas from LPS treated 

mice; and in addition, their maximal responses were not effected by LPS treatment. 

These data suggest that a decrease in a-i-AR receptor reserve is not responsible for 

the decreased potency of apAR agonists in aortas from LPS treated mice. I also 

measured the affinity (KA) offer norepineprhine a-i-ARs by using the
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phenoxybenzamine an irreversible antagonist at a-i-ARs. Interestingly, I found a 

decrease in norepinephrine affinity in aortas from IPS treated mice. The partial 

agonists oxymetazoline and naphazoline affinities were also decreased in aortas 

from LPS treated mice. Taken together, these data suggest that LPS treatment 

causes a decreased potency in contraction of mouse thoracic aortas by acting to 

decreas agonist affinity. Since one of the primary determinants of agonist affinity is 

the coupling of the G-protein to its receptor, we used western blotting to compare the 

expression of G-proteins in aortas from control and LPS treated mice. In aortas 

taken from LPS treated mice the expression of the G-protein, Gq was decreased by 

50 %, with no effect on the expression of the Gs. These data support the 

conclusion that the decreased affinity of ai-AR agonists in aortas from LPS treated 

mice, may be due to changes at the level of the G-protein. Studies examining 

GTPase activity showed a decrease in the steady-state GTPase activity in aortas 

from LPS treated mice. In contraction experiments other agonists which act through 

(serotonin and UTP) the G-protein, Gq showed similar potencies for contraction in 

aortas from control and LPS treated mice. These data suggest a possible selective 

effect on cn-ARs, however, the precise mechanism for this interaction remains 

unclear.

The Appendix described experiments investigating the effects of sympathetic 

nervous input on a-i-ARs in the rat submandibular gland. The purpose of these 

experiments was to determine whether or not sympathetic nerves regulate co-AR 

subtype expression and function. Using superior cervical ganlgionectomy we 

removed sympathetic nervous input to rat submandibular glands for 6 days.
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Radioligand binding experiments in denervated glands using the a-i-AR subtype 

selective antagonist 5-methylurapidil revealed the presence of multiple a-i-AR 

subtypes. Interestingly the monophasic competition curve for 5-methylurapidil was 

changed to a biphasic curve with two binding sites for 5-methylurapidil following 

denervation. However, prazosin competition binding experiments in denervated rat 

submandibular glands also revealed the presence of mutiple a-i-AR binding sites. 

Determination of the identity of the second prazosin binding site in denervated 

glands, and if it represents an atypical a-i-AR, requires future experiments.

I also examined whether or not a-i-ARs in rat submandibular glands can 

activate the MAP kinase, ERK. In these studies we were unable to activate ERK in 

submandibular glands unless we treated rats 24hr prior with 3mg/kg of reserpine. 

Reserpine has been extensively used in studies to deplete catecholamines from 

sympathetic nerves. Following this treatment protocol we were able to generate 

consistent data showing that a-i-ARs in rat submandibular glands activate ERK. We 

found that this activation of ERK by phenylephrine was inhibited by a-i-AR 

antagonists. These findings are interesting given the fact that ar AR activation of 

ERK in submandibular glands suggests that a-i-ARs may have an additional, 

homeostatic, or mitogenic role in submandibular glands.
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CHAPTER 1: Pharmacological Characterization of ai-ARs subtypes in a 

Submandibular Gland Acinar Cell Line.

ABSTRACT:

Recently an immortalized epithelial ceil line, SMG-C10, was isolated from rat 

submandibular gland cells. We compared the pharmacological characteristics of ar  

AR in SMG-C10 cells using [125!]BE 2254. The subtype-selective antagonists 5- 

methyurapidil (a-iA selective), BMY 7378 (a-io selective), and chloroethylclonidine 

(CEC) (a-ie selective) were used to determine a-t-AR subtype expression in the rat 

submandibular gland and SMG-C10 cells. Affinities (Kj’s) in SMG-C10 and for 5- 

methylurapidil (KiH = 0.64 nM and KiL = 91 nM ) were consistent with binding sites 

for the oc-ia-AR and the a1B-AR. CEC treatment followed by saturation binding 

revealed a population of a r ARs sensitive to CEC at conditions selective for the otiB- 

AR Western blotting for phosphorylation of ERK 1/2 'was used to determine 

whether the ai-ARs in SMG-C10 couple to mitogen-activated protein kinase 

pathways. Using ar AR subtype-selective antagonists it was determined that 

phenylephrine (10-100pM) stimulated ERK 1/2 phosphorylation (4-5 fold over basal) 

was mediated by the aie-AR subtype. We also used the a-iA-AR subtype selective 

antagonist A 61603 and confirmed that the oc-ja-AR does not activate ERK 1/2 in 

SMG-C10 cells. Furthermore, the « iB-AR stimulated ERK 1/2 phosphorylation was 

attenuated by the cholesterol inhibitors filipin and methyl-p-cyclodextrin. Prelimary 

experiments also demonstrated the ai-ARs in SMG-C10 cells can activate p38 but
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do not activate JNK. These data suggest that a-i-ARs may couple to distinct 

signaling pathways in SMG-C10 cells and furthermore that the SMG-C10 cells may 

provide a useful model to study a1B-AR signaling in submandibular glands.
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Introduction.

Submandibular glands are one of the three major salivary glands that are 

responsible for production and secretion of salvia. Autonomic innervation of salivary 

glands ultimately controls the levels of fluid, electrolyte, and protein in saliva. 

Acetylcholine released from parasympathetic nerves stimulates muscarinic receptors 

on submandibular acinar cells resulting in copius fluid and electrolyte secretion, and 

to a lesser extent protein secretion. Norepinephrine released from sympathetic- 

nerves stimulates p-adrenergic receptors (AR) on submandibular acinar ceils to 

control the production of protein in saliva. In addition, norepinephrine also 

stimulates of ar ARs causing moderate fluid and electrolyte secretion. The specific 

role these a-j-ARs subtypes play in submandibular gland function remains largely 

unknown.

Pharmacological characterization and molecular cloning have identified three 

cx-i-AR subtypes (a1A-, a-iB-, and a-io-AR). Following agonist stimulation ail three ar  

AR subtypes activate the Gq/n signaling cascade. Gq/11 activates phospholipase C, 

which cleaves phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-trisphosphate 

and diacylgylcerol (Zhong and Minneman, 1999). Inositol 1,4,5-trisphosphate 

production results in Ca+2 release from intracellular stores which is thought to 

promote fluid and electrolyte secretion (Baum, 1993). In addition, ar ARs have also 

been shown to activate the mitogen activated protein kinase (MAPK) cascade which 

includes extracellular signal-regulated kinase 1/2 (ERK 1/2) (Wiiliams et a!. 1998). 

ERK 1/2 is a serine-threonine kinase that when phosphorylated activates and 

regulates multiple downstream targets including the transcription factors c-fos, elk-1,

9



and c-myc (Dessey et al. 1998), cytoskeleta! proteins, the channel aquaporin-5 and 

the transporter protein Na/K-2CI (Hoffert et al 2000, Ishikawa et. al, 1999).

Activation of ERK 1/2 in various epithelial cell types has also been shown to affect 

pathways which control cell growth, cell proliferation, and certain cell-type specific 

functions including ion transport. a-pARs subtypes, in particular, can activate three 

of the MAPK family members including ERK 1/2, p38, and Jun N-terminal Kinase 

(JNK) (Waldrop et. al 2002, Zhong and Minneman, 1999). In cells derived from 

tissues that natively express otrAR subtypes it has been demonstrated that 

individual ar AR subtypes can activate different signaling pathways. In 

cardiomyocytes, for example, a-i-AR mediated ERK 1/2 activation has been shown 

to be exclusively mediated by the a-iB-AR subtype (Wenham et al. 1997, McWhinney 

et al 2000) while the oc-ia-AR subtype couples only to inositol phosphate production.

In a1-AR transfected cell systems it has been proposed that a-pAR localization at 

either plasma membrane or intracellular sites may dictate specific ai-AR subtype 

coupling to second messanger activation (Hague et al 2004, MacKenzie et al. 2000, 

Waldrop et al. 2002); however, few studies have examined differential oopAR 

subtype signaling and functions in cells that natively express apARs.

The objective of this study was to examine ar AR subtype coupling to Ca+2 

and ERK 1/2 in the rat submandibular gland acinar cell line, SMG-C10, which is an 

important cell model to study receptors involved in submandibular gland function 

(Quissell et al, 1997). In this study, we found both the a-iA- and cc-ib-ARs in SMG- 

C10 cells using radioligand binding. We also found that ar AR stimulation in SMG- 

C10 cells does not lead to mobilization of intracellular Ca+2. Furthermore, using AR
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antagonists we determined that apARs mediate ERK 1/2 activation in SMG-C10 

cells. Using apAR subtype-selective antagonists we found that only the a iB-AR 

subtype mediates ERK 1/2 activation in SMG-C10 cells. We also determined that 

apAR stimulated ERK 1/2 activation also occurs in native submandibular glands 

providing evidence of a conserved a r AR signaling pathway in SMG-C10 cells. We 

propose that specific apAR subtypes in submandibular gland acinar cells can 

selectively activate different signaling pathways providing evidence for a distinct role 

for various apAR subtypes in submandibular gland function.
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Materials/Methods:

Drugs and Reagents. Agents used for pharmacological characterization were 

obtained from the following sources: propranolol, chloroethylclonidine (CEC), 

methacholine (Sigma-Aldrich, St Louis, MO); 5-Methylurapidil, BMY 7378, and 

phenylephrine, prazosin, RX 821002, norepinephrine (Sigma-RBI, St. Louis, MO); 

BE-2254 and A 61603 (Tocris Cookson Inc., Ballwin, MO); anti-phospho ERK 1/2 

antibody, anti-total ERK 1/2 antibody (Cell Signaling Tech, Beverly, MA); 

horseradish peroxidase-conjugated anti-rabbit IgG antibody (Santa Cruz Biotech, 

Santa Cruz, CA); [125l]BE-2254, [3H]-prazosin (New England Nuclear, Boston, MA). 

All drugs were dissolved in distilled water and then diluted in the appropriate buffer.

Cell Culture. SMG-C10 cells were seeded on T-25 (2 x 105 cells) orT-75 (8 x 105 

cells) Falcon Primaria tissue culture flasks (Becton Dickinson, Franklin Lakes, NJ) 

and grown in Dulbecco’s Modified Eagle’s Medium/F-12 (1:1) and 2.5 % fetal bovine 

serum (Gibco Life Technolgies, Grand Island, NY). Growth medium was 

supplemented with 2 mM glutamine and 4 pg/ml transferrin (Gibco Life 

Technologies); 0.1 pM retinoic acid, 2 nM triiodothyronine, 1 pM hydrocortisone, 5 

pg/ml insulin, and 50 pg/ml gentamicin (Sigma-Aldrich, St. Louis, MO); 50 ng/ml 

epidermal growth factor (Collaborative Biomedical Products/Becton Dickinson, 

Bedford, MA); and trace elements (Biofluids, Rockville, MD). Cells were grown to 

confluence at 37° in a humidified 95 % air, 5 % C02 incubator and used for 

experiments between passages 23-29.
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Membrane Preparation. SMG-C10 cells were washed two times with phosphate 

buffered saline (PBS), pH = 7.6, containing 137 mM NaCI, 9.6 mM Na2P04, 2.7 mM 

KCI, 1.7 mM KH2P04, and scraped from T-75 culture flasks using a rubber 

policeman. Cells were then homogenized in ice cold 50 mM Tris buffer, pH 7.4, 

using a SDT-080EN probe (Tekmar, Cincinnati, OH) and a Janke and Kunkel Ultra- 

Turrax T25 homogenizer (Staufen, Germany) at 22,000 rpm for 10 s. The 

homogenate was then centrifuged at 30,000 x g for 15 min and the supernatant was 

discarded. The membrane pellet was then resuspended in Tris buffer, washed two 

more times by centrifugation, and stored at -80°C.

Radioligand Binding Assays. Membrane pellets were resuspended by 

homogenization in 50 mM Tris buffer. For competition binding experiments, 

duplicate tubes containing 300 pi of membrane suspension, 100 p! of 250 pM of 

[125l]BE-2254 and 100 pi of various concentrations of antagonists were used. The K0 

(equilibrium dissociation constant) of [12dI]BE-2254 was measured by saturation 

analysis and used to determine the optimal [125l]BE-2254 concentration for 

competition binding experiments. After a 30 min incubation at 37°, membrane 

suspensions were filtered through GF/B glass fiber filter strips (Whatman,

Maidstone, England) using a 48-sample cell harvester (Brandel, Gaithersburg, MD). 

Tubes and filters were washed three times with ice cold Tris buffer and radioactivity 

on the filter was measured using a Beckman Gamma 5500 gamma counter. The 

protein concentration was determined by the method of Lowry et al. (1951) using 

bovine serum albumin as the standard.
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Measurement of Intracellular Free Ca+2. Confluent SMG-C10 cells were washed 

free of growth medium three times with room temperature PBS containing 0.53 mM 

EDTA (Versene; Life Technologies). Cell aggregates were harvested by incubation 

in an enzyme free dissociation solution (Cell Stripper; Mediatech, Herndon, VA) 

supplemented with 2 mM EDTA for 20 min at 37°C. Cell aggregates were then 

washed two times by centrifugation (3 min at 200 x g) with room temperature 

HEPES buffered Krebs solution (HBK), pH 7.4, containing 125 mM NaCI, 5.4 mM 

KCI, 1.8 mM CaCI2, 1 mM MgCI2, 5 mM NaHC03, 1.25 mM NaH2P04, 11.1 mM 

dextrose, and 15 mM HEPES. Cell aggregates from T-25 culture flasks were 

divided into four equal volumes of HBK, plated into four 35 mm tissue culture dishes 

modified with glass coverslip bottoms and placed in a 37°C room air incubator for 20 

min, to allow cell attachment to the glass bottom. Attached cells were then 

incubated in HBK containing 2 pM fura-2 AM (Molecular Probes, Eugene, OR), 

0.1mg/ml bovine serum albumin, 0.02 % (v/v) Cremophor EL and 10 nM 

neostigmine bromide (Sigma-Aldrich) for 30 min at 37°C in a room air incubator. 

Cells were washed free of unicorporated fura-2 AM three times with HBK prior to 

measurement of intracellular free Ca+2.

An inverted fluorescence microscope connected to a Photon Technology 

International spectrofluorometer (Lawrenceville, NJ) was used to measure 

intracellular free Ca+2 in fura-2 loaded cells in glass bottom modified culture dishes 

mounted on a 37°C heated stage. Agonist induced elevations in intracellular free 

Ca+2 were obtained for groups of 30 cells and measured as the fluorescence 

emission ratio of fura-2 alternately excited at 340 and 380 nm.
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Sucrose Density Gradiant Fractionation. After aspiration of growth medium, 

SMG-C10 cells were washed three times with buffer containing 10 mM Tris HCI, 140 

mM NaCI, pH= 7.4. SMG-C10 cells were then lysed in ice cold hypotonic buffer 

containing 1mM Tris HCI, 2 mM EDTA, pH= 7.4. The cell lysate was removed and 

stored on ice. Sucrose density gradients were prepared by layering the ceil lysate 

on a discontinous sucrose gradient containing the following: 1.7 ml 10% Sucrose, 20 

mM Tris HCI; 5.0 ml 30% Sucrose, 20 mM Tris HCI; 2.5 ml 60% Sucrose, 20 mM 

Tris HCI. Sample were centrifuged in a Beckman LS-70 ultra centrifuge for 65 min 

at 100,000 x g. Following centrifugation, 1 ml fractions (11 total) were collected and 

stored on ice. Aliquots of each fraction contents were then incubated with 2.5 nM 

[3H]-prazosin, at 37°C, for 30 min, in the presence or absence of 10 pM 

phentolamine, and binding was terminated as described above for competition 

binding experiments. Radioactivity on the filter was measured by liquid scintillation 

in a Beckman LS 6000IC scintillation counter.

ERK 1/2, p38 and JNK Activation. Fetal bovine serum-starved (18 hr) SMG-C10 

cells grown in T-25 flasks were washed three times and equilibrated at 37°C for 15 

min using HBK. Individual T-25 flasks containing SMG-C10 cells in HBK were 

treated with agonist for 7 min, the HBK containing agonist was removed and cells 

were lysed in 0°C buffer containing 137 mM NaCI, 20 mM Tris HCI, 1 mM CaCI2, 1 

mM MgCb, 1% Nonidet P-40, 1 mM EDTA, 1 pM aprotinin, 100 pM 

phenylmethylsulfonyl fluoride, and 10 nM okadaic acid (Sigma-Aidrich). For 

experiments using competitive antagonists, cells were incubated with antagonist 30
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min before addition of agonist. For experiments using the irreversible antagonist 

CEC, cells were incubated with CEC for 12 min before agonist treatment. Cells were 

then scraped from the T-25 flasks and homogenized two times for 10 s using a SDT- 

080EN probe and a Janke and Kandel Ultra-Turrax T25 homogenizer. Samples 

were centrifuged at 12,000 x g for 15 min to remove membrane particulate and the 

supernatants containing soluble cytosolic protein, including ERK 1/2, were stored at 

-20°C. Protein concentrations of the samples were determined using the Coomassie 

Plus Protein Assay (Pierce, Rockford, IL).

Electrophoresis and Immunoblotting. Samples were thawed on ice and boiled for 

5 min in loading buffer (pH 6.8) containing 60 mM Tris HCI, 25 % glycerol, 2 % 

sodium dodecyl sulfate, 14.4 mM 2-mercaptoethanol, and 0.1% bromophenoi blue. 

Protein samples (20 pg) were electrophoresed for 45 min on a 4 to 15% Tris 

HCI/polyacrylamide gel (Bio-Rad, Hercules, CA) at a constant voltage of 200 V on a 

Mini-PROTEAN electrophoresis apparatus (Bio-Rad). A pre-stained standard ladder 

was used in each gel to determine protein size. Following electrophoresis, the gel 

contents were transferred to nitrocellulose membranes (Osmonics, Minnetonka, MN) 

using a wet transfer method (Invitrogen, Carlsbad, CA). Nitrocellulose membranes 

were washed three times for 10 min intervals in Tween 20 buffer containing 150 mM 

NaCI, 23 mM Tris HCI, 2 mM Tris base, and 0.1% Tween 20. Membranes were then 

blocked and probed with either anti-phospho or anti-total (ERK 1/2: 1:5000 diluted in 

5% bovine serum albumin (BSA)/Tween 20 buffer, p38 1:5000 diluted in 5% nonfat 

dry milk/Tween 20 buffer, JNK 1:5000 diluted in 5% nonfat dry milk/tween 20 buffer),
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ERK 1/2 antibodies overnight at 4°C. Nitrocellulose membranes were then washed 

with Tween 20 buffer 4 times at 15 min intervals and then incubated with a 

horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:15000 diluted in 1% 

BSA, 1 % blotting grade nonfat dry milk/Tween 20 buffer for ERK, and 1:5000 or less 

for p38 and JNK). Nitrocellulose membranes were then washed 4 times at 15 min 

intervals with Tween 20 buffer, treated with West Pico enhancer and substrate 

solutions (Pierce, Rockford, IL) for 3 min to detect protein bands by 

chemiluminescent Hyperfilm (Amersham Biosciences Inc., Piscataway, NJ). Tne 

film was then developed and used for quantitation of ERK 1/2 activation.

Data Analysis.

Binding data were analyzed using a nonlinear least-squares curve-fitting 

program to determine IC50 values from competition binding experiments regression 

(GraphPad Prism 3.0, GraphPad Software, San Diego, CA). Ki values were 

calculated from IC50 values by using the method of Cheng and Prusoff (1973). All 

values are given as means ± S.E.M. The F test was used to determine whether the 

binding data best fit to a one- or two-site model. For 5-methylurapidil a value of p <

0 05 was used to conclude that the two-site model fit the data best.

Protein bands from western blots were subjected to densitometry analysis 

(Molecular Analyst for Windows, Bio-Rad) and quantified as optical densitometry 

units. ERK 1/2 phosphorylation was calculated by normalizing the optical 

densitometry units to either the methacholine, or control phenylephrine treated 

sample. Each value was expressed as a percent of the maximal stimulation caused
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by 10 pM methacholine or 10 pM phenylephrine. Normalization for protein loading 

by dividing the phospho-ERK 1/2 densitometry values by the total ERK 1/2 

densitometry values did not change the results. Means ± S.E.M. were calculated 

and compared using the one-sample t-test. Values of p < 0.05 were accepted as a 

statistically significant difference between groups.

Concentration-response curves for ERK 1/2 activation were analyzed and plotted as 

a percentage of the maxima agonist induced ERK 1/2 stimulation. Half maximal 

effective concentration of agonists (EC5o values) were calculated from concentration- 

response curves by non-linear regression (GraphPad Prism 3.0) of all points on the 

curve. For statistical comparisons of log ECso’s, the unpaired student’s t-test was 

used, with significant differences between groups accepted at p < 0.05. Points on 

the concentration-response curves are plotted as the mean ± S.E.M. with each n 

taken from separate SMG-C10 cell cultures.
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Results:

Radioligand binding characterization of ap AR subtypes on SMG-C10 cells.

We identified the ocr ARs present in membranes from SMG-C10 cells using 

competition binding experiments with [125l]BE-2254, an ocpAR antagonist (Fig. 1).

The cc-i-AR antagonist prazosin bound to one site on SMG-C10 cell membranes with 

a Ki of 0.33 ± 0.1 nM (Table 2) consistent with the presence of a-i-ARs in SMG-C10 

cells. We also determined the ocpAR subtypes present in SMG-C10 cell membranes 

using the apAR subtype selective antagonist 5-methylurapidil which has affinity 

values at oc-ia-AR ranging from 0.5-2 nM and affinity values at oc-ib- and a-io-ARs 

ranging from 50-100 nM. In SMG-C10 cell membranes, 5-methylurapidil bound to 

two sites with a K|H (High affinity site = 21 %) of 0.64 ± 0.34 nM and K|L (Low affinity 

site = 79 %) of 91 ± 7 nM, respectively (Table 2). To determine if the low affinity 5- 

methylurapidil site was the oc-id-AR we obtained K| values for the a1D-AR antagonist 

BMY7378 which is reported to bind to cc-id-AR s with a Ki of approximately 1 nM and 

bind to aiB and oc-ia-AR with a K| of > 100 nM. The K| value for BMY7378 in binding 

to SMG-C10 cell membranes was 122 ± 7 nM consistent with the absence of oc-id-AR  

in SMG-C10 cells. These data suggest that only the oc-ia-AR and oc-ib-AR are present 

in SMG-C10 cells.
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Figure 1. Mean competition binding curves showing a-i-AR antagonist inhibition of 

[125l]BE-2254 binding in membranes from SMG-C10 cells. For each concentration of 

antagonist, [125l]BE-2254 binding is expressed as percent specific binding in the 

absence of drug. Nonspecific binding was defined as [125l]BE-2254 bound in the 

presence of 10 pM phentolamine. One and two site binding models were fit to the 

individual and mean competition curves and K| values were determined from 

individual curve fits. Only competition curves for 5-methylurapidil fit best to a two-site 

model. Each curve is the mean ± S.E.M. using four to five separate cell cultures.
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Saturation binding and CEC treatment in SMG-C10 cells. In order to determine if 

a population of arARs in SMG-C10 cells was sensitive to CEC at conditions known 

to inactivate the a-ie-AR we treated SMG-C10 membranes with 30 pM CEC for 12 

minutes. Following treatment, saturation binding using [3H]-prazosin was performed 

to determine if the ar AR density (Bmax) was decreased following treatment. The 

Bmax for a1-ARs in SMG-C10 cells in control membranes was 86 fmol/mg protein 

and decreased following CEC treatment to 50 fmol/mg protein. These data confirm 

our results with 5-MU, and further provide evidence for the cx-ib-AR in SMG-C10

cells.

80

Control
Bmax = 86 + 2 fmol/mg 
Kd = .59 ± .01 nM

CEC
Bmax = 50 ± 4 fmol/mg 
Kd = .47 ± .11 nM

0 2 3

3H-Prazosin (nM)
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Figure 2. CEC treatment and Saturation Binding in SMG-C10 cells. Increasing 

concentrations of [3H]-prazosin are expressed as specific bound to SMG-C10 cell 

membranes. Nonspecific binding was defined with 10 pM phentolamirie. ■  = 

Control SMG-C10 membranes, •  = CEC treated SMG-C10 membranes. Each 

curve is the mean ± S.E.M. using four to five separate cell cultures.

Ca+2 Mobilization in SMG-C10 cells

To determine if a-i-ARs in SMG-C10 cells mobilize intracellular Ca+2, we stimulated 

cells with norepinephrine or phenylephrine and measured fura-2 flourescence. in 

repeated experiments using different SMG-C-10 cell cultures, both norepinephrine 

and phenylephrine were unable to casue an increase in intracellular Ca+2. However, 

in all cases methacholine caused a biphasic increase in intracellular Ca+2 

characterized by an initial trasient peak followed by a lower sustained plateau 

(Figure 2, Panel B). The inset (Fig 2, Panel A) shows the average fura-2 

flourescence caused by norepinephrine (n = 3), phenylephrine (n = 6), and 

methacholine (n = 6). The increase in intracellular Ca+2 in response to methacholine 

shows that the G-protein coupled receptor signaling pathway is intact in SMG-C10 

cells; however, ai-ARs in SMG-C10 cells do not mobilize intracellular Ca+2.
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otrAR Subcellular Localization Using Sucrose Density Fractionation.

To determine the subcellular location of ai-ARs in SMG-C10 cells we isolated 

subcellular fractions of the total cell lysate using sucrose density gradient 

fractionation. [3H]-Prazosin binding was measured in each fraction to determine 

which fractions contain ar ARs. The majority (70 ± 3 %) of the arAR binding sites 

were located in the ‘heavy’ fractions (fractions 9 and 10) thought to contain plasma 

membranes, whereas the ‘light’ fractions (fractions 3-5), thought to contain 

intracellular vesicles, had a smaller (19 ± 2 %) number of a-t-AR binding sites (Fig 

2B;Table 1). These data suggest that a majority of the ai-ARs in SMG-C10 cells are 

located at plasma membrane sites.
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Figure 3. Panel A. Typical responses for agonist induced intracellular Ca+2 

measurements in SMG-C10 cells loaded with the fluorescent Ca"^ indicator fura-2. 

Ca+2 responses were measured as the fluorescence emission ratio at 510 nm of 

Fura-2 aternatively excited at 340 nm (F34o/F38o)- The inset illustrates the 

norepinephrine (NE), phenylephrine (PE), and methachloine (Mch) responses in 

S.E.M. Data are the mean S.E.M. of 3 to 6 different experiments each using 

separate cell cultures. Panel B. Sucrose density gradient fractions containing ar  

ARs in SMG-C10 cells. [3H]-prazosin binding was used to determine a-r-AR 

expression in each subcellular fraction. Nonspecific binding was determined as f3Hj- 

prazosin binding in the presence of 10 pM phentolamine. % Specific [3H]-prazosin 

bound is the total minus the nonspecific bound in each fraction. Fraction numbers 

correspond to individual 1 ml volumes isolated from the sucrose gradient following 

centrifugation. Data are the mean ± S.E.M. of five individual experiments performed 

in duplicate, each usingseparate cell cultures.
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TABLE 1:

Affinities of a T-AR antagonists and percentage of binding sites in SMG-C10 cells.

Each value is the mean ± S.E.M. of 4-5 experiments, with each n using separate SMG-C10 cell cultures.
Kj = affinity in nM of drugs inhibiting '~sI-BE-2254 binding. nH= Hill slope. Competition curves that fit best
to a two-site model are expressed as K1H (high affinity) and KIL (low affinity). % High = percent high affinity binding sites;
% Low = percent low affinity binding sites. (3-5) = Sucrose density gradiant fractions numbers containing intracellular vesicles, 
(9-10) = sucrose gradiant fraction numbers containing plasma membrane.

Drug Kj nH Kffl % High K il % Low n

P razosin 0 .33  ±  0.1 - 0 .7 5  ± 0 .1 4

5 -m eth y lu ra p id il* - 0 .5 8  ± 0 .1 0 .64  ±  0 .34 21 ±  4 % 91 ± 7 79 ±  5 % 5
B M Y -7 3 7 8 122 ± 7 - 0 .87  ±  0.2 4

S u cro se  G ra d ia n t F ra ctio n  N u m b er (3-5) (9 -10) 5
%  1 H ]-P ra zo sin  b ou n d 19 ± 2  % 70 ±  3 %

• • • •Competition binding curves fit best to a two site binding model using nonlinear regression, p < 0.05, using the F test.
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Concentration-response relationship and time course for ERK 1/2 activation.

To determine the conditions necessary for maximal activation of ERK 1/2 

phosphorylation, the time course and concentration-response relationship for 

phenylephrine was examined in SMG-C10 cells. Maximal ERK 1/2 activation was 

reached at 5-7 min after treatment with 10 pM phenylephrine (Figure 3) , The EC5o 

for phenylephrine activation of ERK 1/2 was 2.9 ± 1.9 pM. Therefore, for 

experiments examining ar AR mediated ERK 1/2 activation, SMG-C10 cells were 

stimulated with 10 pM phenylephrine for 7 min.

Effect of MEK inhibitors on ERK 1/2 activation in SMG-C10 cells. To determine 

if the MEK inhibitors PD98059 and 1)0126 inhibited ERK 1/2 activation in SMG-C10 

cells, confluent SMG-C10 cells were preincubated with 10 pM PD98059 or 1 pM 

U0126 for 30 min prior to the addition of agonist for 7 min. Phenylephrine induced 

ERK 1/2 activation was inhibited by both PD98059 and U0126. Phenylephrine 

stimulated ERK 1/2 activation was unaffected by 1 % DMSO suggesting no effect of 

vehicle on ERK 1/2 activation. Both PD98059 and U0126 inhibited phenylephrine 

stimulated ERK 1/2 to below basal suggesting that in SMG-C10 ERK 1/2 maintain a 

basal level of activation. These data suggest that a.r AR stimulation leads to 

activation of ERK 1/2 through activation of MEK. In addition, the reduction in basal 

ERK 1/2 following MEK inhibition suggests that there is basal ERK 1/2 activity in 

SMG-C10 cells.
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Figure 4. Effects of MEK inhibitors on phenylephrine (PE) stimulated ERK 1/2 

activation in SMG-C10 cells. Ceils were incubated with 10 pM PD98059 (PD) or 1 

pM U0126 or vehicle (0.01 % DMSO) for 30 min prior to stimulation with 10 pM PE. 

The dashed line is the mean basal level of ERK 1/2 in the absence of drugs. Data 

were normalized as percentage of the 10 pM methacholine (Mch) stimulation of ERK 

1/2 and are the mean ± S.E.M. of four individual experiments.
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Figure 5. Mean Phenylephrine (PE) concentration-response curve and time course 

for stimulation of ERK 1/2 phosphorlyation. Panel A. Each point is the percentage of 

maximal ERK 1/2 activation produced by PE in each experiment. Data are the mean 

± S.E.M of four individual experiments, each using separate cell cultures. The inset 

illustrates the mean time course for ERK 1/2 activation by 10 uM PE. Data are the 

mean ± S.E.M of three individual experiments, each using separate cell cultures. 

Panel B. Western Blot of ERK 1/2 activation by increasing concentrations of PE.

Ab: Total ERK 1/2, are bands identified by a primary antibody that recognizes both 

the phosphorylated and unphosphorylated forms of ERK 1/2. Ab: p-ERK 1/2, are 

bands identified by a primary antibody that recognizes the phosphon/lated form of 

ERK 1/2. The arrows indicate 44- and 42-kDa bands corresponding to ERK 1 and 

ERK 2, respectively.
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Identification of the AR types causing phenylephrine mediated ERK 1/2 

activation. ar AR mediated ERK 1/2 activation was measured by using the ar  

AR agonist phenylephrine to stimulate phosphorylation of ERK 1/2. To confirm that 

a-i-ARs mediate phenylephrine activation of ERK 1/2, we used antagonists BE-2254 

(a-i-AR selective), prazosin (arAR selective), RX 821002 (a2-AR selective) and 

propranolol (p-AR selective) to inhibit phenylephrine activation of ERK 1/2. SMG- 

C10 cells were incubated with each antagonist for 30 min and then stimulated with 

10 pM phenylephrine for 7 min. At concentrations of 100 nM the ai-AR antagonists 

BE-2254 and prazosin significantly inhibited ERK 1/2 activation oy 38 ± 6 % and 60 

± 6 %, respectively. (Fig 4). In addition, the a2-AR antagonist, RX 821002, arid p-AR 

antagonist propranolol, had no effect on phenylephrine stimulated ERK 1/2 

activation (Fig 4). These data show that phenylephrine mediated ERK 1/2 

activation is through a-i-ARs.
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Figure 6. Effects of AR antagonists on phenylephrine (PE) stimulated ERK 1/2 

activation in SMG-C10 cells. SMG-C10 cells were incubated with antagonist for 30 

min prior to stimulation with 10 pM PE for 7 min. Bar graph of mean data shows the 

effect of prazosin (Praz, ar AR selective), BE-2254 (BE. ai-AR selective), 

propranolol (Pro, p-AR selective), or RX 821002 (RX, a2-AR selective) on PE 

activation of ERK 1/2. The dashed line is the mean basal level of ERK 1/2 in the
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absence of drugs. Data were normalized as percentage of the 10 pM methacholine 

(Mch) induced stimulation of ERK 1/2 and are the mean ± S.E.M. of four to five 

individual experiments, each taken from separate cell cultures. * significantly 

different from 10 pM PE, p < 0.05.

Characterization of the ai-AR Subtype Causing ERK 1/2 Activation. To

determine the a-i-AR subtypes that mediate ERK 1/2 activation, SMG-C1Q cells 

were incubated with receptor subtype selective concentrations of the antagonists 5- 

methylurapidil (aiA-AR selective) and CEC (a-ie-AR selective).

Incubation with 20 nM 5-methylurapidil, an opa-AR subtype selective concentration, 

had little effect on phenylephrine stimulated ERK 1/2 activation. Treatment of SMG- 

C10 cells with 30 pM CEC for 12 min, to inactivate the a1B-AR-subtype, significantly 

inhibited phenylephrine stimulated ERK 1/2 activation by 53 ± 10 % (Fig 5A). Taken 

together, these data suggest that the ocib-AR receptor is the predominant a-i-AR 

subtype mediating phenylephrine stimulated ERK 1/2 activation in SMG--C10 cells.

To confirm that the a-is-AR mediates ERK 1/2 activation, we treated SMG- 

C10 cells with 20 nM 5-methylurapidil for 30 min to protect a-|A-ARs. Cells were then 

treated with 30 pM CEC for 12 min, in the presence of 20 nM 5-methylurapidil.

Under these conditions the ct-ie-AR is inactivated by CEC while the a-iA-AR remains 

available for stimulation by agonist Following washout of 5-methylurapidil and 

unbound CEC, SMG-C10 cells were then stimulated with phenylephrine to 

determine if the remaining a1A-ARs couid also activate ERK 1/2. Under these
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conditions the cx-ia-AR s were unable to stimulate ERK 1/2(Fig 5A). These data 

further suggest that the cc-ib-AR activates ERK 1/2 in SMG-C10 cells.
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Figure 7. The effects of ai-AR subtype selective antagonists on phenylephrine (PE) 

stimulated ERK 1/2 activation in SMG-C10 cells. Panel A. SMG-C10 cells were 

incubated with 5-methylurapidil (5-MU) for 30 min, chloroethylclonidine (CEC) for 12 

min, or 5-MU for 30 min followed by 5-MU for 12 min in the presence of 5-MU (5-MU 

+ CEC). Samples containing 5-MU + CEC were extensively washed to remove the
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antagonists prior to treatment with 10 pM PE for 7 min. The dashed line is the mean 

basal level of ERK 1/2 in the absence of any drugs. Data were normalized as 

percentage of the 10 pM methacholine (Mch) stimulation of ERK 1/2 and are the 

mean ± S.E.M. of five individual experiments, each using separate cell cultures. * 

significantly different from 10 pM PE, p < 0.05.

Effect of the cciA-AR Selective Agonist A 61603 on ERK 1/2 Activation. To

further establish the arAR subtype mediating ERK 1/2 activation, SMG-C10 cells 

were incubated with the a-iA-AR agonist A 61603. A 61603 is reported to be a potent 

and selective cx-ia-AR agonist with 60-fold greater selectivity for a1A-AR over the a1B- 

AR. To determine if a-iA-ARs activate ERK 1/2 in SMG-C10 cells, we generated 

concentration-response curves for A 61603 mediated ERK 1/2 activation (Fig 5B). A 

61603 activated ERK 1/2 with a low potency (EC5o) of 52 ± 5 nM. To determine if 

the A 61603 simulated ERK 1/2 activation was mediated by the a-iA-AR we 

incubated SMG-C10 cells with A 61603 in the presence of an a iA-AR selective 

concentration of 5-methylurapidil (20 nM). In the presence of 5-methylurapidii the 

potency (EC50) of A61603 was 33 ± 4 nM, which was not significantly different from 

A 61603 potency in the absence of the antagonist. These data confirm our 

experiments using the arAR subtype-selective antagonists and suggest that only 

the a-is-AR mediates ERK 1/2 activation in SMG-C10 cells.

35



Figure 8. a iA-AR agonist A 61603 induced stimulation of ERK 1/2 in SMG-C10 

cells. SMG-C10 cells were incubated in the presence or absence of 5-MU for 30 miri 

and then were stimulated for 7 min with increasing concentrations of A 61603. At 

concentrations below 20 nM A61603 selectively activates the a-iA-AR while 

concentrations above 20 nM activate the a-iB-AR. The dashed line is the mean basal 

level of ERK 1/2 activation in the absence of drugs. Data were normalized as a 

percentage of the 10 uM methacholine (Mch) stimulation of ERK 1/2 and are the 

mean ± S.E.M. of four individual experiments, each using separate cell cultures.
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ai-AR mediated ERK 1/2 activation is cholesterol dependent. To determine if 

the a-i-AR mediated ERK 1/2 activation was cholesterol dependent, SMG-C10 cells 

were incubated with methyl-|3 cyclodextrin and filipin, agents known to deplete 

membrane cholesterol and bind sterols, respectively. SMG-C10 cells were 

incubated with 10 mM methyl-b cyclodextrin in the presence or absence of 

cholesterol, 6 pg/ml filipin, methyl-p for 30 min prior to the addition of 10 pM 

phenylephrine. Both filipin and methyl-p cyclodextrin significantly inhibited 

phenylephrine stimulated ERK 1/2 activation. Methyl-p cyclodextrin in the presence 

of cholesterol had no effect on phenylphrine stimulated ERK 1/2 activation. These 

data suggest that phenylephrine stimulated ERK 1/2 activation is cholesterol 

dependent and may occur in caveolin or other cholesterol rich subceliuiar sites in 

SMG-C10 cells.
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Figure 9. The effects of filipin (Fil) and methyl-p cyclodextrin (mpCD) on ERK 1/2 

activation in SMG-C10 cells. SMG-C10 cells were incubated with 6 f_ig/ml filipin,

0.01 % DMSO, 10 mM mpCD, or 10 mM mpCD in the presence of 2 mM 

Cholesterol (chol.) for 30 min and then stimulated for 7 min with phenylephrine (PE). 

The dashed line is the mean basal level of ERK 1/2 activation in the absence of any 

drugs. Data were normalized as a percentage of the 10 pM PE 

Stimulation of ERK 1/2 and are the mean of six individual experiments each taken 

from separate cell cultures. *, significantly different from 10 pM PE, p < 0.05.
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Phenylephrine stimulation of p38 MAPK but not JNK MAPK. To determine if 

a-i-ARs in SMG-C10 differentially couple to specific MAPK family members, oti-AR 

mediated p38 and JNK activation was measured by using the a-i-AR agonist 

phenylephrine. Phenylephrine significantly stimulated p38 activation but had no 

effect on JNK activation whereas 10pM methacholine significantly stimulated both 

JNK and p38 MAPKs. To determine if phenylephrine induced p38 activation was 

mediated by ai-ARs SMG-C10 cells were incubated with the ar AR antagonist BE- 

2254 (100 nM) for 30 min prior to stimulation with phenylephrine. The a-i-AR 

antagonist BE-2254 inhibited phenylephrine stimulated p38 activation to basal 

levels. These data suggest that in SMG-C10 cells a-i-ARs activate the p38 and ERK 

1/2 MAPKs but have no effect on the JNK MAPK pathway.
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Figure 9. Effects of phenylephrine (PE) and methacholine (Mch) on p38 and JNK 

activation in SMG-C10 cells. SMG-C10 cells were incubated with 100nM BE-2254 

(BE) for 30 min prior and then stimulated with 10 pM PE for 7 min. Panel A. Effects 

of 10 pM PE, 10 pM Mch on JNK stimulation. Data are normalized as a percentage 

of the 10 mM Mch stimulation of JNK and are the mean of three individual 

experiments each taken from separate cell cultures. Panel B. Sample Western Blot 

of JNK activation by 10 pM PE or 10 pM Mch Ab: Total JNK, shows bands 

identified by a primary antibody that recognizes both the phosphorylated and 

unphosphorylated forms of JNK. Ab: p-JNK, shows bands identified by a primary 

anti-body that recognizes the phosphorylated form of JNK. The arrows indicate 54- 

and 46-kDa bands corresponding to JNK 1 and JNK 3, respectively. Panel C.

Effects of 10 pM PE, 10 pM Mch on p38 stimulation. Data are normalized as a 

percentage of the 10 pM Mch stimulation of p38 and are the mean of three individual 

experiments each taken from separate cell cultures. Panel D. Sample Western Blot 

of p38 activation by 10 pM PE or 10 pM Mch Ab: Total-p38, shows bands identified 

by a primary antibody that recognizes both the phosphorylated and 

unphosphorylated forms of p38. Ab: phospho-p38, shows bands identified by a 

primary anti-body that recognizes the phosphorylated form of p38. The arrow 

indicates 38-kDa bands corresponding to p38.
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Discussion

In this study we have identified both a iA-AR and a iB-AR subtypes in SMG- 

C10 cells. We have previously reported that the native rat submandibular gland, 

from which SMG-C10 cells were derived, also contains cc-ia-AR to a-ie-ARs (Bruchas 

et al, 2002, Bockman et a!, 2004). In the current study using a high specific activity 

radioligand, [125l]BE-2254, we identified two binding sites using the ar AR antagonist 

5-methylurapidil. This antagonist is commonly used to classify arAR subtypes 

because it has 100-fold selectivity for the a-tA-AR over the a-iB- and a-|D-AR subtypes. 

To identify the a-i-AR subtype responsible for the low affinity 5-methylurapidil 

binding, we used the antagonist BMY-7378 which binds with 100-fold higher affinity 

for the cxid-AR compared to the a iA- and a iB-AR subtypes. Since BMY-7378 bound 

to one site with low affinity, a radioligand bound form of the a iD-AR subtype is not 

present in crude membranes from SMG-C10 cells. In addition, we were able use 

CEC at conditions known to inactivate the a iB-AR and perform saturation binding 

experiments. In these studies CEC reduced Bmax values by 42%. These data 

further support the presence of a-|A-AR and a-m-AR in SMG-C10 cells.

Although we were unable to identify the a-iD-AR with radioligand binding, we 

previously found mRNA for the a-ip-AR in SMG-C10 cells (Bockman et al, 2004). 

Furthermore, the ocid-AR can be trapped intracellularly making it unidentifiable in 

radioligand binding; however, when expressed with the a iB-AR the a-io -AR can 

translocate to the cell surface through heterodimerization (Hague et al,2003, 2004).

If heterodimerization occurred in our SMG-C10 cells we would expect to find the a-iD-
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AR in radioligand binding, unless this form of the a-iD-AR were altered by 

dimerization such that it would not have binding affinity characteristic of this 

receptor. Uberti et al. (2003) has demonstrated that the oc-ia-AR and a-ie-AR can 

also heterodimerize. The pharmacological and functional consequences of these 

reported a-i-AR subtype interactions has not been studied in cells that endogenously 

express more than one ai-AR subtype. SMG-C10 cells may therefore provide an 

important cell model to examine whether or not the expression of multiple a-i-AR 

subtypes in a given cell type can dictate these receptor interactions which may alter 

cell response.

In the present study we were surprised to find that arAR stimulation by 

norepinephrine and phenylephrine did not increase intracellular Ca+2 in SMG-C10 

celis, since Ca+2 mobilization is one mechanism for a-i-AR mediated fluid and 

electrolyte secretion in native submandibular glands (Baum et al. , Suddick and 

Dowd,). It is possible that the lack of ar AR mediated Ca+2 mobilization is due to a 

change in cell phenotype associated with immortilazation. However, the SMG-C10 

cell line retains its ability to mobilize intracellular Ca+2 in response to methacholine in 

our experiments and to other agonists (Quissel et al., 1997), showing that the G- 

protein coupled receptor, Ca+2 mobilization pathway is functional in these cells 

Since it is known that a-i-ARs can be localized to intracellular compartments, it was 

possible that the a-t-ARs in SMG-C10 cells are sequestered inside the cell and due 

to their localization, they cannot respond to agonist stimulation and cannot mobilize 

intracellular Ca+2. Therefore, we determined the location of ai-ARs in SMG-C10 

cells using sucrose density subcellular fractionation. We found that 70% of the a-r
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ARs were located in the heavy fraction, thought to contain plasma membrane while 

19% of the receptors were located in the light fraction thought to contain intracellular 

membranes. Interestingly, these percentages are very similar to the 79% of a iB-ARs 

and 21% of a-iA-ARs in SMG-C10 cells found in our competition binding studies.

This is consistent with the studies of Mackenzie et al. (2000) and Hirasawa et al. 

(1997) who found that cc-ia-ARs are more likely to localize intracellularly whereas a-iB- 

ARs are found primarily on the plasma membrane. It is possible that the receptors 

in SMG-C10 cells found at intracellular sites are cx-ia-ARs and due to their location, 

they are unable to couple to Ca+2 signaling pathways. However, the majority of the 

a-i-ARs are found on the plasma membrane where they should be able to activate 

Ca+2 or other signaling pathways.

It is well known that G-protein coupled receptor induced Ca+2 mobilization is 

intimately linked to fluid and electrolyte secretion in salivary glands. However, 

secretion elicited by ar adrenergic agonists is weaker than that stimulated by 

muscarinic, purinergic, or peptidergic agonists (Turner et al, 1999, Nguyen et ai., 

2003, Seo et al. 1999), suggesting that Ca+2 induced fluid secretion may not be the 

primary function of a-i-ARs in salivary glands. Therefore, we determined if at-ARs in 

the SMG-C10 cell line couple to ERK 1/2 activation, since all three ai-AR subtypes 

can activate ERK 1/2 in a wide range of cell and tissue types (Minneman and Zhong, 

1999, Hague et al 2002,) and ERK 1/2 activation has been implicated in regulating 

the composition of saliva and its secretion. We found that phenylephrine stimulated 

ERK 1/2 phosphorylation in a time and concentration dependent fashion through 

activation of a-pARs in SMG-C10s. The ability of a-i-ARs in SMG-C10 to activate
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ERK 1/2 but not cause Ca+2 mobilization is consistent with reports which have 

shown a-i-AR subtype specific activation of second messangers (Wenham et al, 

1997, Han et al, 1987). It has been suggested that ai-ARs may interact with other 

heterotrimeric G-proteins including Gi, Gs, and G12/13 (Jiao et a!., 2002,Maruyama et 

al., 2002) allowing for a-i-ARs to integrate agonist input into multiple functions. It has 

been suggested that a-t-AR activate ERK 1/2 via coupling with different G-proteins or 

by the Gq’s Py subunit acting on downstream targets (Melein et al., 2000). These 

reports suggest that coupling of a-,-AR subtypes to different G-proteins may explain 

their apparent differences in certain cell types. This variation of G-protein signaling 

by a-t-AR subtypes may be due in part to cell and tissue types.

Since we identified both the oc-ia- and cc-ib-AR in radioligand binding we 

determined the subtype mediating ERK 1/2 activation in SMG-C10 cells. Using the 

cc-ia-AR subtype selective antagonist 5-methylurapidil we were unable to inhibit cx,- 

AR mediated ERK 1/2 activation. However, the antagonist CEC, used at conditions 

known to selectively inactivate the a-ie-AR (Xiao et al, 1998), inhibited ar AR 

mediated ERK 1/2 activation. CEC has been reported to interact with all three ar  

AR subtypes in a time, temperature, and concentration dependent manner (Xiao et 

al, 1998). To confirm our finding that the a-iB-AR but not the a-iA-AR stimulated ERK 

1/2, we protected oc-ia-ARs with 5-methylurapdil prior to CEC treatment and after 

washing, only oc-ia-ARs were available for stimulation by phenylephrine. Even under 

these conditions, PE was still unable to stimulate ERK 1/2 phosphorylation. In 

addition, the cc-ia-AR selective agonist A 61603 was unable to stimulate ERK 1/2
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phosphorylation at low concentrations that have been shown to selectively activate 

the a-iA-AR subtype. As predicted, A 61603 did activate ERK 1/2 at high 

concentrations consistent with its activation of a-ie-ARs (Knepper, 1995). The fact 

that an cxm-A R  subtype selective concentration of 5-methylurapdii did not block the 

response to A 61603, supports the idea that only a-iB-ARs activate ERK 1/2 in SMG- 

C10 cells.

The finding that a-ie-ARs couple to ERK 1/2 activation without mobilization of 

intracellular calcium in SMG-C10 cells may suggest a different, more unconventional 

role for a-i-ARs in submandibular glands. Interestingly, in cardiomyocytes, which 

also natively express both a-iA- and a-ie-ARs, only the a-ie-AR mediates 

phenylephrine stimulated ERK 1/2 activation (Wenham etal. 1997, McWhinney et al. 

2000). These studies clearly showed that the a iA-AR does not activate ERK 1/2 but 

that it activates inositol phosphate production in this cel! type. The role of ar AR 

subtypes in the regulation of transcription have also demonstrated divergence 

among the a-i-AR subypes. These studies demonstrated that the a iB-AR has the 

distinct ability to regulate genes differently than the a-iA- and a iD-AR subtypes 

(Gonzalez-Cabrera et al.,2003). A majority of these reports have focused on a1-AR. 

subtype specific coupling differences in the cardiovascular system and few have 

reported on the role of a-t-ARs in epithelial cell types. Nevertheless, our findings in 

SMG-C10 cells, which natively express a.rARs, suggest a differential coupling of ar  

AR subtypes to distinct signaling pathways and the SMG-C10 cell line, may be an
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important call model to understand the role of the a-ie-AR subtype and ERK 1/2 

signaling in submandibular gland function.

ERK 1/2, as a member of the mitogen activated protein kinase family, has 

been historically studied for its effects on cell growth and proliferation. However, we 

now know that G-protein receptor stimulation of ERK 1/2 can function in a variety of 

cell types to regulate various diverse cellular processes that are not directly linked to 

cell growth and proliferation. For instance, ERK 1/2 has been shown to regulate the 

expression of the water channel, aquaporin-5 (Hoffert et al, 2000) and a-i-ARs have 

also been implicated in the trafficking of aquaporin-5 to the apical plasma membrane 

in parotid acinar cells (Ishikawa et al, 1999). In addition, the Na-K-2CI 

cotransporter, an important regulator of Cl' transport in acinar cells has been shown 

to be regulated by apAR stimulation and activation of ERK 1/2 in cardiomyocytes 

(Anderson et al., 2003). It has also been reported that the a-iA- and cub-AR subtypes 

have been shown to regulate Na+/H+ exchange in the kidney proximal tubule (Liu et 

al, 1997). These results suggest a dynamic interplay among a-i-AR receptors, ERK 

1/2, ion movements and water channels in epithelial and other cell types. The 

regulation by ERK 1/2 of the amylase promoter in the human submandibular giand 

also provides evidence for ERK 1/2 having a distinctly different, nonmitogenic role in 

the regulation of salivary gland function (Jung et al. 2000) via transcriptional 

regulation of important salivary proteins. The findings raise the possibility that ERK 

1/2 activation may have a primary action to maintain and operate cell specific 

functions given varying degrees and types of external stimuli.
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In preliminary experiments we also demonstrated that phenylephrine 

activates p38 but has little effect on JNK phosphorylation. The activation of p38 was 

also inhbited by the ai-AR antagonist BE-2254 suggesting that phenylephrine 

mediates its effect through the activation of a-i-ARs. Previous reports have 

demonstrated that a-i-ARs can activate the MAP kinases p38 and JNK in a variety of 

cell types (Minneman and Zhong, 1999, Waldrop et alM 2002). In SMG-C10 cells 

activation of ERK and p38 by a-i-ARs and the activation of ERK, p38, and JNK by 

methacholine, demonstrates distinct differences between apARs and muscarinic 

receptors in this cell type. Further studies will need to explore which apAR subtype 

in SMG-C10 cells activates p38, and furthermore the downstream effects of p38 

activation by phenylephrine.

In this study we also examined whether or not phenylephrine mediated ERK 

1/2 activation was cholesterol dependent by using methyl-(3-cyclodextrin and filipin. 

These inhibitors are known to deplete membrane cholesterol and disrupt raft 

structure, respectively. In our studies we found that the phenylephrine mediated 

ERK 1/2 activation was cholesterol dependent suggesting a possible role for lipid raft 

in a.pAR mediated ERK activation. Previous studies have demonstrated that a1B- 

ARs can localize to caveolae (Toews et al, 2003); however, whether or not this 

localization plays a role in signal transduction in SMG-C10 cells is unknown. It has 

been reported that ERK activation by other G-protein coupled receptors occurs in 

caveolae, and that this activation is also cholesterol dependent (Teixeira et al 1999). 

Further studies in SMG-C10 cells will be needed to determine if this is the case for 

apARs.
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Our finding of a-m-AR mediated ERK 1/2 phosphorylation in SMG-C10 cells 

provides an important cell system to examine ais-AR mediated functions in 

submandibular acinar cells. This is not practical in native submandibular glands 

because they have a much smaller proportion of aiB-ARs relative to a-iA-ARs. It is 

therefore, possible to examine the a-m-AR mediated salivary function in SMG-C10 

cells derived from the submandibular gland without the confounding presence of a 

large proportion of a-iA-ARs that would preclude ascertainment of the a-iB-AR 

response. Our results also suggest an important functional role for the a-ie-AR in 

contributing to submandibular gland functions through its activation of ERK 1/2. 

Examination of a-ie-AR mediated ERK 1/2 phosphorylation in SMG-C10 cells may 

provide important information with respect to the role of ERK 1/2 in sympathetic 

nervous system control of secretion in salivary glands.
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CHAPTER 3: LIPOPLOYSACHARIDE DECREASES AGONIST AFFINITY AT ar

ADRENOCEPTORS IN MOUSE THORACIC AORTA.

Abstract:

In the present study we examined the effects of lipopolysaccaride (LPS) on a r  

adrenoceptor induced contraction of mouse thoracic aorta. We identified possible 

mechanisms for the deceased potency of norepinephrine in contracting the aorta 

following 18 h treatment of mice with 125 pg/kg LPS given i.p. Inhibition of nitric 

oxide synthase, p-adrenoceptors, a.2-adrenoceptors and cyclooxygenase only 

partially reversed the decreased contractile potency of norepinephrine caused by 

LPS. In the presence of these inhibitors, the potency of norepinephrine was still 

significantly decreased in aortas from LPS treated mice. As with norepinephrine, 

maximal contraction caused by the partial agonists oxymetazoline and naphazoline 

was unchanged by LPS treatment suggesting no difference in receptor resen/e. We 

also determined agonist and antagonist affinity at a-i-adrenoceptors in aortas from 

LPS treated mice. The adrenoceptor agonists norepinephrine, oxymetaozlione, and 

naphazoline, all displayed significantly lower affinity in aortas from LPS treated mice; 

whereas, the affinity of the antagonist prazosin was not changed. These data show 

that LPS can decrease norepinephrine contractile potency in mouse aorta via a 

reduction in the affinity of a-i-adrenoceptors.
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Introduction:

Sepsis caused by endotoxemia, is a significant cause of death in critically ill patients 

with infections. One predominant characteristic of sepsis, in both human and animal 

models of endotoxemia, is a decreased peripheral vascular resistance. The endotoxin 

lipopolysaccharide (LPS) is a component of the bacteria cell wall of Gram-negative bacteria 

and contributes to sepsis by stimulating cytokine production, inducible nitric oxide synthase, 

and can increase the activity of the enzyme cyclo-oxygenase (COX-2). As a result, 

increased NO production and prostaglandin production found in blood vessels from 

endotoxemic animals (Julou-Schaeffer et al., 1990; Bishop-Bailey et al., 1997; Smith et al., 

2000 ) can cause increased vascular smooth muscle relaxation. These vasodilator 

mediators can lower blood pressure and can functionally antagonize the effects of the 

vasoconstrictor norepienphrine which contribute to the hypotension associated with 

endotoxemia.

In addition, endotoxemia studied in the vasculature from animals treated with 

LPS (Auclair et al, 1986; Wakabayshi, et al., 1989; O’Brein, et al., 2001; Farmer et 

al, 2003) has been correlated with a decreased contractile response to 

catecholamines. Common to all these studies is a decrease in vascular smooth 

muscle contraction, involving an effect of LPS on a-i-adrenoceptor function. a.r 

Adrenoceptors are heptahelical, G-protein coupled receptors that are activated by 

the catecholamines adrenaline and norepinephrine and are the primary regulators of 

regional blood flow, peripheral vascular resistance, and blood pressure (Zhong and 

Minneman, 1999). It has been previously reported (Auclair et al, 1986; Wakabayshi, 

et al., 1989, Farmer et al., 2003) that the contractile potency of ai-adrenoceptor
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agonists is decreased in tissues from LPS treated animals and also in tissues 

treated with LPS ex vivo. These studies have examined several possible 

mechanisms for the decrease in contractile potency of a-i-adrenoceptor agonists.

For instance, Farmer et al. (2003) examined the effects of LPS on cx-i-adrenoceptor 

mediated intracellular Ca+2 mobilization in isolated rat mesenteric arteriole beds, 

renal vascular bed and aorta. These studies found no change in Ca '2 mobilization in 

tissues treated with LPS. Others (O’Brein et al., 2001, Pulido et al., 2000) have 

examined the role of NO in altering a-i-adrenoceptor mediated contraction in tissues 

from LPS treated animals. Results from these studies suggest that LPS induces an 

increase in NO which, in turn, acts to functionally oppose or.r adrenoceptor mediated 

contraction. These reports, however, examined the effects of LPS on decreasing 

both maximal contraction and potency of ai-adrencoceptor mediated contraction. In 

contrast, one goal of the present study was to determine if LPS could reduce the 

contractile potency of norepinephrine without decreasing its maximal contraction.

For this purpose we generated concentration-response curves for norepinephrine in 

aortas from control and LPS treated mice. In addition, we used an LPS dose (125 

pg/kg) that reduced ai-adrenoceptor contractile potency and had no effect on 

maximal contraction. To further characterize the LPS effect isolated to a r  

adrenoceptor mediated contraction, concentration-response curves for 

norepinephrine were generated in aortas from control and LPS treated mice in the 

presence of an iNOS inhibitor, COX inhibitor, a2-adrenoceptor antagonist, and p- 

adrenoceptor antagonist.
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The purpose of this study was to determine whether treatment of mice with LPS 

alters aradrenoceptor mediated contraction of isolated mouse thoracic aortas; and 

furthermore, to characterize additional mechanisms for the decreased contractile potency 

of norepinephrine common to vascular smooth muscle preparations taken from LPS treated 

animals. Using the mouse thoracic aorta, isolated from LPS treated mice, we studied the 

decreased aradrenoceptor mediated contractile potency as related to receptor reserve, 

agonist affinity, and antagonist affinity.
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Materials and Methods:

Drugs. The drugs used were obtained from the following sources:

(-)-norepinephrine bitartrate, uridine 5’-triphosphate (UTP) tri-sodium salt, 5- 

hydroxytryptamine (serotonin) creatinine sulfate, naphazoline HCI, oxymetazoline 

HCI, lipopolysaccaride (LPS) from E. coli 055:B5, propranolol HCI, indomethacin, 

methacholine HCI, prazosin HCI (Sigma Chemical Co., St. Louis, MO); 

phenoxybenzamine HCI , NG-nitro-L- arginine (L-NOARG), RX 821002 HCI 

(RBI/Sigma, Natick, MA). LPS was dissolved in 0.9% sterile saline. Norepinephrine 

was dissolved in 0.9% saline, 0.2% ascorbic acid. Indomethacin was dissolved in 

90% ethanol. Phenoxybenzamine was dissolved in ethanol containing 0.01% of 1M 

HCI. All other drugs were dissolved in distilled water and diluted in 0.9% saline.

LPS treatment. Male albino mice (25-35g) (Charles River Labs, Wilmington, MA) 

were given a single i.p. injection of LPS (125 pg/kg). Control mice were treated with 

i.p 0.9% saline. Mice were sacrificed with sodium pentobarbital (100 mg/k.g, i.p. ) 13 

h after LPS injection.

Tissue preparation. Thoracic aortas from LPS treated and control mice were 

removed and placed in Krebs solution (composition in mM ; NaCI 126, KCI 5.5,

CaCI2 2.5, NaH2P04 1.2, MgCI2 1.2, NaHC03 25, dextrose 11.1, Na2Ca EDTA, 

0.029) equilibrated with 95%02- 5%C02 (pH 7.4). The aorta was cleaned of 

connective tissue and cut into 3 mm long ring segments. Aortic ring segments were 

mounted using stainless steel pins passed through the vessel lumen. One pin was
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attached to a Grass FT.03 isometric force transducer (Grass Instruments, Quincy, 

MA) for measurement of isometric tension while another pin was held in a fixed 

position Rings were placed in Krebs solution in glass muscle chambers, gassed 

with 95% O2- 5% C02, and maintained at 37 °C.

Isometric tension measurements. Rings were washed with Krebs solution, 

equilibrated for 50 min at a resting tension of 300 mg, and then contracted with 60 

mM KCI followed by a 15 min washout with Krebs solution. To confirm the presence 

of endothelium, rings were contracted with 30 pM serotonin and then relaxed with 3 

pM methacholine. Some rings were then incubated with a cocktail of inhibitors 

including: 1 pM propranolol, 1 pM RX 821002., 100 pM L-NOARG, and 10 pM 

indomethacin to block p-adrenoceptors, a2-adrenoceptors, nitric oxide synthase and 

cyclooxygenase, respectively. Rings were washed with Krebs solution containing 

inhibitors, contracted again with 60 mM KCI and then washed for 30 min. 

Cumulative concentration-response curves for agonists were then generated in the 

presence of these inhibitors.

Determination of antagonist equilibrium dissociation constants (KB values)

Following equilibration and KCI contraction, control norepinephrine concentration- 

response curves were generated. Rings were then equilibrated with a single 

concentration of prazosin (8 nM) for 1 h, and the norepinephrine concentration- 

response curves were then repeated. Concentration-response curves were plotted 

and EC50 values were obtained using nonlinear regression curve fitting (GraphPad
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Prism 3.0; GraphPad Software, San Diego, CA). KB values were determined using 

the equation, log (DR-1) = log [A] -  log KB, where DR is the dose ratio (EC50 in the 

presence of the competitive antagonist divided by the EC50 in the absence of 

competitive antagonist) and [A] is the antagonist concentration used (Arunlakshana 

and Schild 1959).

Determination of norepinephrine equilibrium dissociation constants (KA 

values). Following equilibrium and KCI contraction, control norepinephrine 

concentration-response curves were generated. Rings were washed for 30 min, 

equilibrated for 10 min with 30 nM phenoxybenzamine and washed again for 30 min. 

Norepinephrine concentration-response curves were then repeated. KA values 

were determined from concentration-response curves before and after 

phenoxybenzamine treatment using the method of Furchgott (1966) as described by 

Minneman and Abel (1984). Five equally effective concentrations of the agonist 

norepinephrine were compared before and after phenoxybenzamine treatment using 

the equation, 1/[A] = 1/[A'] X 1/q + 1/KA X (1-q)/q, where [A] is the agonist 

concentration eliciting a fixed response before phenoxybenzamine treatment, [A'] is 

the agonist concentration eliciting the same response after phenoxybenzamine 

treatment, q is the fraction of the original receptors remaining following 

phenoxybenzamine treatment and KA is the equilibrium dissociation constant of the 

agonist. Double reciprocal plots of 1/[A] versus 1/[A'] were constructed giving a line 

with slope 1/q and an intercept of (1 -q)/q X KA (Furchgott, 1966). KA values were
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determined from the equation, KA = slope -1 /intercept. Values of q were calculated 

from the double reciprocal plot as equal to 1/slope.

Determination of oxymetazoiine and naphazoline equilibrium dissociation 

constants (Kp values). Following equilibrium and KCI contraction, control 

norepinephrine concentration-response curves were generated. Rings were washed 

for 30 min and oxymetazoiine or naphazoline concentration-response curves were 

generated. Kp values were determined from concentration-response curves for 

norepinephrine and oxymetaoline or naphazoline. Five equally effective 

concentrations of agonist were compared using norepinephrine and oxymetazoiine 

or naphazoline, by the method of Waud (1969). KP values were determined from the 

equation, KP = slope/intercept.

Membrane Preparation.

Tissues was washed tw'ice with ice-cold Krebs buffer and then suspended in ice-cold 

buffer B (25 mM Tris-HCI, pH 7.4, 0.1 mM EDTA, 0.5 mM MgCI2, 0.2 mM PMSF, 1 pM 

leupeptin, 5 pg/ml aprotinin, 1 pM GDP) followed by homogenization for 20 s x 2 times. 

0.1 M NaCI was added into the homogenate arid incubated on ice for 10 min. The 

mixture was then centrifuged at 20,000 * g for 20 min at 4 °C, and the pellet was 

resuspended in buffer B followed by recentrifugation The final pellet was resuspended 

in 50 mM Tris-HCI, pH 7.4, 1 pM GDP to 0.5-1.0 mg/ml protein and frozen in aliquots at 

-80 °C. Protein was measured by amido black binding (1) using bovine serum albumin 

as the standard.
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GTPase Assay.

Membranes (25 |jg) were suspended in reaction buffer (25 mM Hepes, pH 7.5, 2 mM 

MgCI2, 20 mM NaCI, 0.2 mM EDTA, 0.5 mM ATP, 0.1 mM DTT, 0.1 mM PMSF) in the 

presence of 1 pM agonist PE or antagonist prazosin (10 nM),100 nM recombinant PLC- 

pi (2) was added into the reaction mixture and incubated for 5 min at 30 °C. The 

reaction was initiated by the addition of 0.25 pM [y-[32P]GTP (prewarmed to 30 °C) to a 

final volume of 0.1 ml. The reaction was stopped after 3 min by the addition of 0.9 ml 

ice-cold 15% charcoal with 20 mM phosphoric acid. Samples were centrifuged at 4000 * 

g for 15 min at 4 °C, and 0.6 ml was taken from the supernatant for liquid scintillation 

counting with 4 ml of scintillation mixture. Blank values (without membranes) were 

subtracted from each value.

Electrophoresis and Immunoblotting.

Samples were denatured, reduced with dithiothreitol, and alkylated by A/-ethylmaieimide. 

Amounts of protein (40 pg) applied to gels for immunoblots were normalized according 

to protein concentration. Immunoblots from 8% acrylamide gels were probed with 

antiserum in 10% blocking solution and developed according to instructions in the ECl 

kit (Amersham Biosciences). Polyclonal Gaq antibody (W082-14), a gift from Paul C. 

Sternweis (UT Southwestern Medical Center at Dallas) was raised against against a 

peptide representing an internal sequence in Gaq (3). Anit-sera specific for Gas (584) 

were a gift from Susanne Mumby (UT Southwestern Medical Center at Dallas).
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Data Analysis. Concentration-response curves for contraction were analyzed and 

plotted as a percentage of the maximal contraction. Half maximal effective 

concentration of agonists (EC5o values) were calculated from concentration- 

response curves by non-iinear regression (GraphPad Prism 3.0, GraphPad 

Software, San Diego, CA) of all points on the curve. The log EC50, KA, KB, or KP 

values were used in all statistical comparisions while values are listed as arithmetic 

means ± S.E.M. For comparing maximal contractions, maximal contractile tension 

was normalized to the 60 mM KCI contraction which was standardized as 100%. 

For statistical comparisons, the unpaired student’s t-test was used, with significant 

differences between groups accepted at p < 0.05. Data are expressed as the 

mean ± S.E.M. Each “n” represents rings taken from different animals.
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Results:

LPS effects on norepinephrine mediated contraction of mouse thoracic aorta.

Concentration-response curves for norepinephrine induced contraction were 

obtained in aorta from control mice and mice treated with LPS. LPS treatment 

caused a 13-fold shift to the right of the concentration-response curve for 

norepinephrine in mouse aorta (Fig 1 A). The EC50 of norepinephrine was 

significantly increased in LPS exposed (79 ± 8 nM) compared to control (6 ± 2 nM) 

aortas (Table 1). To isolate the effects of LPS on radrenoceptor mediated 

contraction independent of endogenous vasoactive substances, aortas were treated 

with: 1 pM propranolol, 1 pM RX 821002, 100 pM L-NOARG, and 10 pM 

indomethacin to block (3-adrenoceptors, a2-adrenoceptors, nitric oxide synthase, and 

cyclooxygenase, respectively. Concentration-response curves for norepinephrine 

induced contraction were then generated in the presence of these inhibitors. Aortas 

from LPS treated mice displayed a 4-fold shift to the right in the concentration- 

response curve for norepinephrine (Fig 1B) compared to aortas from control mice. 

The EC50 of norepinephrine was significantly increased in aortas from LPS treated 

(1072 ± 114 nM) compared to control (275 ± 121 nM) mice. These data 

demonstrate that LPS treatment can decrease the contractile potency of 

norepinephrine independent of (3-adrenoceptors, a2-adrenoceptors, nitric oxide and 

prostanoids formed by cyclooxygenase.

The maximal contraction to norepinephrine was also compared in aortas from 

control and LPS treated mice. Norepinephrine maximal contractions were 

normalized as a percent of the contraction caused by 60 mM KCI. There was no
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significant difference in maximal contraction when comparing aortas from control 

(173 ± 26%) and LPS treated (155 ± 25%) mice (Tablel). Futhermore, in the 

presence of the inhibitors, propranolol, RX 821002, L-NOARG and indomethacin, 

norepinephrine maximal contraction was not significantly different in LPS exposed 

(216 ± 21%) compared to control (231 ± 16%) aortas (Table 1). These results show 

that in the mouse aorta, maximal norepinephrine induced contraction is unaffected 

following treatment of mice with LPS.

Effects of LPS on serotonin and UTP mediated contraction of mouse thoracic 

aorta.

Concentration-response curves for serotonin and UTP were also generated in aortas 

from control and LPS treated mice (Fig 2). Concentration-response curves were 

obtained in the presence of inhibitors as described above. The EC50 of serotonin in 

causing contraction was the same in aortas from control (857 ± 552 nM) compared 

to aortas from LPS treated (920 ± 403 nM) mice. Furthermore, the potency of UTP 

induced contraction was also the same in aortas from control (EC50 = 337 ± 48 pM) 

and LPS treated (EC50 = 572 ± 139 pM) mice. Maximal contractions to serotonin 

and UTP were also compared in aortas from control and LPS treated mice and were 

not significantly different (Tablel). These data show that in the presence of 

inhibitors, LPS treatment of mice has a selective effect to decrease the contractile 

potency of norepinephrine without any effect on contraction mediated by serotonin or 

UTP.
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The previous results demonstrated that in the presence of inhibitors, the reduced 

contraction of LPS exposed aortas was specific for norepinephrine activation of a r  

adrenoceptors. To determine whether or not a decreased contractile potency was 

also found for other a-i-adrenoceptor agonists, concentration-response curves for the 

partial agonists oxymetazoline and naphazoline were obtained in aortas from control 

and LPS treated mice. Concentration-response curves were generated in the 

presence of inhibitors as described above. The oxymetazoline concentration- 

response curve was significantly shifted rightward in aortas from LPS treated (EC50 

= 2805 ± 686 nM) compared to control (EC50 = 482 ± 229 nM) mice (Fig 3A)

(Tablel). Although the concentration-response curve for naphazoline in contracting 

aortas from LPS treated mice (EC50 =1312 ± 177 nM) was also shifted to the right 

compared to aortas from control mice (EC50 = 574 ± 294 nM), this difference was not 

statistically significant (Fig 3B) (Table 1). As shown in Fig 3, oxymetazoline and 

naphazoline were partial agonists as compared to norepinephrine. Similar to our 

results using norepinephrine, the maximal contraction caused by both oxymetazoline 

and naphazoline was not significantly different in aortas from control and LPS 

treated mice (Tablel). Consistent with our results using norepinephrine, the 

contractile potency of oxymetazoline and was reduced significantly in aortas from 

LPS treated mice, while maximal contraction was unaltered for both partial agonists.

Effects of LPS on oxymetazoline and naphazoline mediated contraction of

mouse thoracic aorta.
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To determine if the decreased potency of norepinephrine in causing contraction in 

aortas from LPS treated mice was due to a change in the affinity of a-i- 

adrenoceptors, prazosin KB values were measured. As described above, all 

concentration-response curves were generated in the presence of inhibitors. For KB 

measurements, concentration-response curves were generated in the presence and 

absence of the a-i-adrenoceptor antagonist, prazosin (8 nM). Prazosin competitively 

inhibited the contractile response to norepinephrine with similar affinity in aortas from 

control (Kb = 0.37 ± 0.1 nM) and LPS treated (KB = 0.87 ± 0.1 nM) mice (Table 1). 

These data show that there is no change in prazosin affinity for a-t-adrenoceptors in 

mouse aorta following LPS treatment.

Effects of LPS on agonist affinity in mouse thoracic aorta.

Ka values were also determined for the full agonist norepinephrine in the presence of 

inhibitors as described above. For these experiments, concentration-response 

curves in the absence and the presence of phenoxybenxamine were generated in 

aortas from control and LPS treated mice (Fig 4A). There was a similar decrease in 

maximal contraction to norepinephrine caused by phenoxybenzamine in both control 

and LPS exposed aortas. From these experiments, the reciprocals of equieffective 

concentrations of norepinephrine before and after phenoxybenzamine treatment 

were plotted and the mean plots are shown in Fig 4B. The norepinephrine KA values 

for aortas from LPS (3.1 ± 0.35 pM) treated compared to control (0.33 ±0.18 pM) 

mice were significantly different (Table 1). However, the q values from control

Effect of LPS on prazosin affinity in mouse thoracic aorta.
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aortas (0.40 ±0.10) were not significantly different from q values from aortas 

exposed to LPS (0.54 ± 0.04). These data suggest that in the presence of inhibitors, 

the decreased potency of norepinephrine in causing contraction of aortas from LPS 

treated mice is due to a decrease in the affinity of norepinephrine for a r  

adrenoceptors.

We also calculated the affinity of the partial agonists oxymetazoline and 

naphazoline by comparing their concentration-response curves to concentration- 

response curves for the full agonist norepinephrine. All agonist concentration- 

response curves were obtained in the presence of inhibitors as described above. 

From double reciprocal plots of equieffective concentrations of norepinephrine 

compared to oxymetazoline or naphazoline, KP values were calculated. The 

oxymetazoline KP values for aortas from LPS (8.2 ± 0.42 pM) treated compared to 

control (0.92 ± 0.05 pM) mice were significantly different (Table 1). The affinity of 

naphazoline was also decreased significantly in aortas from LPS (5.1 ±0.14 pM) 

treated compared to control (1.4 ± 0.07 pM) mice. These data also demonstrate that 

the decreased potency of ai-adrenoceptor agonists in contracting aortas from LPS 

treated mice is due, in part, to a decrease in agonist affinity for ai-adrenoceptors.

Effects of LPS on G-protein expression.

Since one of the major components of agonist affinity is dependent on the G-protein 

we measured the expression of Gq, the G-protein coupled to a-i-ARs. Western 

Blotting for Gq was performed on isolated protein from aortas taken from control and 

LPS treated mice. In aortas from LPS treated mice there was a 60 ± 11 % decrease



in Gq expression levels which was significantly different from control aortas (Fig, 

Panel A). In contrast, the expression of Gs in the aorta was unchanged in aortas 

from LPS treated mice. These data suggest that LPS treatment decreases Gq 

expression in the mouse aorta.

Effects of LPS on Steady-State GTPase activity. To further determine the 

mechanism for the LPS-induced decrease in agonist affinity we measured GTPase 

activity in membranes prepared from aortas taken from LPS and control mice. 

Membranes from aortas taken from control and LPS treated mice were used for the 

GTPase assay. Interestingly, the steady-state GTPase activity was decreased by 50 

± 5 %. These data suggest that LPS has an effect on GTPase activity in mouse 

thoracic aorta.
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Figure 1: Mean concentration-response curves for norepinephrine (NA) induced 

contraction of mouse thoracic aorta. Panel A. Concentration-response curves for 

norepinephrine induced contraction of aortas from control and LPS treated mice 

incubated in Krebs solution (Without Inhibitors). Panel B. Concentration-response 

curves for norepinephrine induced contraction of aortas from control and LPS 

treated mice in the presence of (With Inhibitors): 1 pM propranolol, 1 pM RX 821002, 

100 pM L-NOARG, and 10 pM indomethacin. Contraction is expressed as a percent 

of maximal contraction produced by norepinephrine. Points are the mean ± S.E.M. 

of responses of 8-10 separate aortas, each taken from different animals.
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Figure 2: Mean concentration-response curves for serotonin and UTP induced 

contraction of mouse thoracic aorta in the presence of the inhibitors listed in the 

legend for Figure 1. Panel A. Concentration-response curves for serotonin induced 

contraction of aortas from control and LPS treated mice. Panel B. Concentration- 

response curves for UTP induced contraction of aortas from control and LPS treated 

mice. Contraction is expressed as a percent of maximal contraction produced by 

serotonin or UTP. Points are the mean ± S.E.M. of responses of 6 separate aortas, 

each taken from different animals.
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Figure 3: Mean concentration-response curves for oxymetazoline and naphazoline 

in causing contraction of mouse thoracic aorta. Concentration-response curves were 

obtained in the presence of the inhibitors listed in the legend for Figure 1. Panel A. 

Concentration-response curves for oxymetazoline induced contraction of aortas from 

control and LPS treated mice. Panel B. Concentration-response curves for 

naphazoline induced contraction of aortas from control and LPS treated mice. 

Contraction is expressed as a percent of maximal contraction caused by 

norepinephrine in the same rings. Points are the mean ± S.E.M. of responses of 5 

separate aortas, each taken from different animals.
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Figure 4:

Mean concentration-response curves for norepinephrine (NA) induced contraction of 

aortas from control and LPS treated mice before and after treatment with 

phenoxybenzamine (PBZ) and double reciprocal plots of these data. Concentration- 

response curves were generated in the presence of the inhibitors as listed in the 

legend for Figure 1. Panel A. Concentration-response curves for NA induced 

contraction of aortas from control and LPS treated mice before and after treatment 

with 30 nM PBZ for 10 min. Panel B. Plot of reciprocals of equieffective drug 

concentrations for aortas from control and LPS treated mice, before (1/A) and after 

(1 /A’) treatment with PBZ, from which KA and q values were calculated. The 

dashed lines are the limits of the 95% confidence interval of the linear regression of 

the data points. Points are the mean ± S.E.M. of responses of 3-5 separate aortas, 

each taken from different animals.
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Figure 5. Western Blots of Gq and Gs in aortas from LPS treated and control mice. 

Panel A. Western blot densitometry data from aortas taken from control (C) and LPS 

treated mice (LPS) expressed as a percent of the G-protein in control aortas. * 

significantly different from control, p < 0.05. Data is the mean ± S.E.M of 3 

experiments each taken from 3 mouse thoracic aortas.
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Figure 6. Effects of LPS on steady state GTPase activity in aortas from control and 

treated mice. Data are expressed as a percent of GTPase activity in aortas taken 

from control mice. Inset is data expressed as pmol/mg/min. * significantly different 

than control, p < 0.05. Data is the mean ± S.E.M. of 3 experiments, each taken from 

3 aortas.
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TABLE 1:
Potencies (EC50), maximal contractions (% KC1), and aftinities (KA, KPor KB) of agonists and 
antagonist in control and LPS exposed mouse thoracic aorta.

Control LPS Control LPS
E C

50
% KC1

- Inh ib itors

Norepinephrine 22±2nM *91±2nM 173±26 I55±25

+  Inh ib itors  

Norepinephrine 275±121nM *1072±114nM 231±16 216±21
Serotonin 857±552nM 920±403nM 187±28 177±42
UTP 337±48pM 572±139pM 140±44 169±23
Oxymetazoline 482±229nM *2805±686nM 144±18 120±15
Naphazoline 577±294nM 1312±177nM 106±9 90±2

+ In h ib ito rs K /  or or K P

Prazosin^ 0.37±0.1nM 0.87±0.1nM _ _

Norepinephrine* 0.33+ 0.18pM *3.1±0.35pM - -

Oxymetazoline
Naphazoline3

0.92±0.05pM
1.4±0.14pM

*8.2±0.42pM
*5.1±0.07pM

“

-

*Significantly different from control using student’s t-test (p<0.05). Each value is the mean ± S.E.M of measurements made in 
3-10 separate aortas, each taken from a different animal. + Inhibitors indicates experiments performed in the presence of 1 
pM propranolol, 1 pM RX 821002,100 pM L-NOARG, and 10 pM indomethacin.
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Discussion:

LPS is a bacterial toxin that causes endotoxemia which may lead to sepsis in 

animals and humans. These actions of LPS can have dramatic effects on the 

cardiovascular system, often causing hypotension and circulatory shock. Previous 

studies have found that LPS can cause a decreased contractile response to 

norepinephrine in vascular tissues (Farmer 2003, Wakakayshi 1989, Auclair 1986). 

These studies have used a variety of LPS doses and durations of treatment. A 

common finding in blood vessels taken from animals treated with LPS, is a 

decreased potency (increased EC5o) of norepinephrine in causing contraction 

(Wakabayshi et al., 1987; Auclair et al., 1986). Some studies have reported that the 

maximal norepinephrine contraction is also reduced (Farmer et al., 2003) in blood 

vessels taken from LPS treated animals, either with or without a reduced contractile 

potency.

In our studies using mouse thoracic aorta, we found only a decreased 

potency of norepinephrine without a change in maximal contraction. Our results are 

consistent with Auclair et al. (1986) who reported that a single intravenous injection 

of LPS at a concentration of 100 pg/kg for 1h caused a reduced norepinephrine 

contractile potency with no change in maximal contraction in the rat renal artery.

We, however, used an 18 h LPS exposure which is a relatively common time interval 

for LPS treatment in various studies. In contrast to studies that have used relatively 

high doses of LPS (5-30 mg/kg) (Wakabayshi 1987, 1989 ) we selected a low LPS 

dose (125 pg/kg) to identify the events responsible for the reduced norepinephrine 

potency alone without the complications of cellular changes causing a reduced
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maxima! contraction. The use of a lower dose of LPS may explain why we did not 

see a reduced norepinephrine maximal contraction in our studies.

A variety of factors may be responsible for the decreased potency of 

norepinephrine in causing contraction in LPS exposed blood vessels. Gonzalez et 

al. (1992) and Pulido et al. (2000) have reported that up regulation of inducible nitric 

oxide synthase caused by LPS can inhibit contraction of vascular smooth muscle 

leading to a reduced contractile potency of norepinephrine. Norepinephrine can also 

activate a2-adrenoceptors on the endothelium to stimulate the production and 

release of nitric oxide and this enhanced endothelial a2-adrenoceptor activation in 

response to LPS could reduce the contractile potency of norepinephrine (Bockman 

et. al, 1992). LPS may also increase p-adrenoceptor induced relaxation to 

functionally antagonize a-adrenoceptor mediated contraction caused by 

norepinephrine. LPS has also been reported to enhance the production of 

prostacyclin or other vasodilator prostanoids that can reduce the contractile potency 

of norepinephrine (Kawabe et. al, 2003). To determine whether these vasoactive 

factors were responsible for the reduced contractile potency of norepinephrine 

caused by LPS, we used a cocktail of drugs to inhibit these factors. Interestingly, 

the cocktail of inhibitors reduced, but did not entirely prevent the LPS induced 

reduction in norepinephrine potency. In the presence of these inhibitors, there was 

still a 4-fold rightward shift in the norepinephrine concentration-response curve in 

aortas from LPS exposed mice. Although the specific vasoactive factors contributing 

to the LPS induced decrease in norepinephrine potency in our study are not known, 

our results are consistent with the findings of Pulido et al. (2000) who reported that
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nitric oxide synthase inhibitors prevented the reduced norepinephrine contraction in 

LPS exposed rat aorta.

In our study, when vasoactive factors were inhibited, there was still a 

significant rightward shift in the norepinephrine concentration-response curve in 

aortas from LPS exposed nice. This result suggested that in addition to vasoactive 

factors, there may also be some LPS induced change in the vascular smooth muscle 

contraction signaling pathway activated by norepinephrine. Since a2- and 13- 

adrenoceptors were blocked in our study, the LPS induced decrease in 

norepinephrine potency appeared to be specific for a-i-adrenoceptor mediated 

contraction. We also found that the contractile potency of both serotonin and UTP 

was unchanged in aortas exposed to LPS. Our results are similar to those of 

Farmer et al. (2003) who found that LPS treatment had no effect on thromboxane 

and KCI induced contraction but specifically reduced a-i-adrenoceptor mediated 

contraction caused by methoxamine. Our results suggest that exposure of mice to a 

single, relatively low dose of LPS, can cause a selective decrease in a-i- 

adrenoceptor mediated contraction.

Carcillo et al. (1988) and Grzesk et ai. (2001) have suggested that the LPS 

induced decreased in norepinephrine contraction of rat aorta and rat caudal artery is 

due to a decrease in a-i-adrenoceptcr reser/e caused by LPS exposure. To 

determine whether a reduced a-i-adrenoceptor reserve caused by LPS was 

responsible for the reduced potency of norepinephrine in causing contraction in our 

study, we generated concentration-response curves for the partial a-adrenoceptor 

agonists oxymetazoline and naphazoiine. Since partial agonists must occupy all of
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the available receptors to elicit a maximal response (Ruffulo, 1982), comparison of 

maximal contraction caused by these partial agonists in control compared to LPS 

exposed mice can be used as an indirect measurement of receptor reserve. We 

found that the maximal responses of partial agonists were the same in aortas from 

control and LPS treated mice suggesting that a reduced receptor reserve is not 

responsible for the reduced potency of norepinephrine in causing contraction of LPS 

exposed aortas. LPS induced decreases in a-adrenoceptor reserve in blood vessels 

reported by Carcillo et al. (1988) may be related to the use of a different treatment 

protocol compared to the treatment used in our studies. Like our results using 

norepinephrine, the potency of oxymetazoline was also reduced in aortas from LPS 

treated mice. Although the difference in contractile potency of naphazoline between 

control and LPS exposed aortas was not statistically significant, this difference was 

similar in magnitude to the differences in potencies of oxymetazoline and 

norepinephrine, in control compared to LPS exposed aortas. The decreased 

potency of the a-i-adrenoceptor partial agonists supports our conclusion that LPS 

can have a selective effect on ai-adrenoceptor mediated contraction.

The lower potency of full and partial a-i-adrenoceptor agonists in causing 

contraction of aorta from LPS treated mice could also be due to a reduced affinity of 

agonists for ar adrenoceptors (Kenakin, 1993). Therefore, we compared the affinity 

of norepinephrine, oxymetazoline and naphazoline for the a i-adrenoceptors causing 

contraction of aortas from control and LPS treated mice. For ai! three agonists, LPS 

exposed aortas had a significantly reduced a-i-adrenoceptor agonist affinity which 

explains the decreased potency of agonists in causing contraction. In contrast, the
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affinity of the antagonist prazosin was not changed by LPS treatment suggesting 

that LPS selectively modifies some factor that effects only agonist affinity for ar  

adrenoceptors. Oriowo et al. (1989) have reported that the variation in the potency 

of norepinephrine in causing contraction of different blood vessels is due, at least in 

part, to differences in a-i-adrenoceptor affinity in different vascular beds. These 

investigators also suggested that the affinity of norepinephrine can vary depending 

on a variety of local, specific, tissue type factors that can regulate the affinity of a-r 

adrenoceptors. Factors reported to alter a-i-adrenoceptor affinity in vascular smooth 

muscle include guanine nucleotides, cations, estrogen, and circulating 

catecholamine levels (Coiucci, 1984). It has been reported that circuiating 

catecholamine levels are increased in hypertension (Rahn, 1999) and Doggrell 

(1994) has reported that the affinity and potency of norepinephrine at ar  

adrenoceptors contracting the rat aorta is 20-fold lower in hypertensive compared to 

normotensive rats. Interestingly, increased levels of circulating catecholamines is 

also characteristic of LPS induced endotoxemia (Jones and Romano, 1984) and 

LPS also reduced the affinity and potency of norepinephrine in mouse aorta in our 

studies. These observations suggest that increased circulating catecholamines in 

response to LPS may cause a compensatory decrease in ai-adrencceptor affinity 

leading to a reduced contractile potency of norepinephrine and other a-r 

adrenoceptor agonists in vascular smooth muscle.

In our studies we observed a selective decrease in the affinity of agonists but 

no change in antagonist affinity for a -,-adrenoceptors in aortas from LPS treated 

mice. In contrast to antagonists, agonist stimulation of G-protein coupled receptors
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involves agonist binding followed by activation of G-protein subunits which trigger 

contraction or some other functional response (Kenakin, 1993). The affinity of 

agonists at G-protein coupled receptors is dependent on the affinity state of the 

receptor which is determined, in part, by the characteristics of G-protein associated 

with the receptor. Various studies have reported that various modifications of G- 

proteins can alter the agonist’s affinity for its receptor (Huang et al., 1990; Kenakin, 

1993). For instance, Huang et al. (1990) found that inhibition of G-protein coupling 

altered agonist affinity at (32 and a2-adrenoceptors with no change in antagonist 

affinity. In addition, it is well known that, the bacterial toxin pertussis toxin, 

uncouples a-adrenoceptor, G-protein signaling pathways by ADP-ribosylation of G- 

proteins.

It has previously been reported that the bacterial toxin IPS can also alter the 

number or characteristics of G-proteins that couple to adrenoceptors. For example, 

Matsuda et al. (1993) have reported a 50% reduction in G-protein, G-alpha s 

subunits in hearts from rabbits treated with LPS. IPS may also modify G-proteins 

by elevating tissue nitric oxide levels. LPS activates inducible nitric oxide synthase 

and increases circulating catecholamines which can stimulate <x2-adrenoceptors on 

vascular endothelium to activate endothelial nitric oxide synthase. Thus, LPS 

treatment causes chronic elevation of nitric oxide and vascular smooth muscle may 

be continually exposed to high nitric oxide levels. Nitric oxide has been shown to 

attenuate a-adrenoceptor mediated inhibition of adenylyl cyclase in bovine ciliary 

epithelium by ADP-ribosylation of G-protein, G-alpha subunits (Moroi et al. 2001). In 

addition, Kanagy et al. (1995) have proposed that nitric oxide mediated ADP-
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ribosylation of G-proteins in vascular smooth muscle reduces phospholipase C 

activation which would decrease ar adrenoceptor mediated contractile potency. 

These observations suggest that the reduced a-i-adrenoceptor agonist contractile 

potency and affinity in aortas from mice treated with L.PS may be due, in part, to a 

reduced number or chemical modification of G-proteins coupled to a r  

adrenoceptors.

In conclusion, we found a decreased contractile potency of a-i-adrenoceptor 

agonists in thoracic aorta from mice treated with LPS. This decreased potency was 

due, in part, to an endogenous vasoactive factor inhibited by propranolol, RX 

821002, L-NOARG and/or indomethacin. A second component of the decreased 

contractile potency of ar adrenoceptor agonists was independent of endogenous 

vasoactive factors. This component was not due to a non-specific effect of LPS on 

smooth muscle contractility, since the potencies of serotonin and UTP were not 

changed by LPS. We also found that the mechanism causing the reduced ar  

adrenoceptor agonist potency was a decreased affinity of on-adrenoceptors in LPS 

exposed mouse aorta. These alterations in a-i-adrenoceptors may contribute to the 

hemodynamic changes that cause mortality in sepsis and endotoxemia.
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Appendix: : ar AR subtype expression and coupling to ERK 1/2 in rat 

submandibular gland.

Abstract:

The rat submandibular gland is one of the three major salivary glands that 

control the production and secretion of saliva. a-i-ARs have been previously shown 

to be involved in the control of fluid and electrolytes secretion in saliva. The 

expression of a-pARs in control and denervated rat submandibular glands was 

investigated following removal of superior cervical ganglion for 7 days, a-i-AR 

subtype expression changed from a predominantly oc-ia-AR composition to one which 

expresses a larger population of a1B-ARs or a-io-ARs. In addition, phenylephrine 

mediated ERK 1/2 activation was measured in rat submandibular glands. 

Phenylephrine was only able to stimulate ERK 1/2 activationin glands from rats 

treated with reserpine for 24 hrs. Phenylephrine mediated ERK activation was 

inhibited by the a-i-AR antagonists, prazosin (100 nM) and BE 2254 (100 nM) 

demonstrating that phenylephrine activates ERK 1/2 through activation of ar ARs.

These results implicate sympathetic nerves in the regulation of a-i-AR subtype 

expression and function in rat submandibular glands. In addition the upregulation of 

a population of low affinity 5-methylurapidil binding sites may relate to the 

differences between native gland and SMG-C10 cells (See Chapter 1) with respect 

to cc-i-AR subtype expression.
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Introduction:

Saliva is important for the health and maintenance of the oral cavity. Saliva is 

vital for the protection of both the teeth and the soft tissues of the oral cavity . Saliva 

and its components are primarily secreted from three major salivary glands, the 

submanibular, sublingual, and parotid glands. Salivary gland anatomy is divided into 

three basic components, or structures. These include the acini, the intercalated 

ducts, and the secretory ducts. The acini contain the acinar epithelial cells that are 

responsible for the secretion of the major components in saliva.

It has been well established that salivary gland function is primarily regulated 

by the autonomic nervous system (ANS) (Emmelin, 1964). Nerves from the ANS 

innervate the salivary glands to promote the secretion of fluid and electrolytes, as 

well as proteins. Sympathetic (adrenergic) nerves, release the neurotransmitter 

norepinephrine (NE) to stimulate the a and p-adrenergic receptors (a-ARs, p-ARs, 

respectively) on basolateral membranes of acinar cells. Parasympathetic 

(cholinergic) nerves release acetylcholine with act on muscarinic receptors to also 

influence fluid, electrolyte, and protein secretion (Garret, 1987). Upon activation by 

NE the a-ARs are known to regulate water and electrolyte secretion; whereas, the p- 

ARs have been shown to be involved in protein secretion and exocytosis (Quissell et 

al, 1980). Both a-ARs and p-ARs are seven transmembrane spanning G-protein 

coupled receptors which couple to the heterotrimeric G-proteins, Gs and Gq, 

respectively.

Secretion of saliva is primarily regulated at the level of the autonomic nervous 

system which acts to stimulate post-synaptic receptors that couple to their effector
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pathways and act as message carriers from the nerve to the final secretory product. 

These autonomic nerves have previously been shown to regulate not only secretory 

processes but also receptor expression in salivary glands. A better understanding 

regarding nerve influence on receptor expression may provide new information 

about autonomic control of post-synaptic receptor/effector processes. Studies using 

various drugs and surgical procedures that can alter the final neurotransmitter 

content have shown that nervous input can have dramatic effects on receptor 

expression levels (Bylund et al, 1980, Martinez et al, 1975, Arnett al, 1979). For 

example, treatment of rats with reserpine over time has been shown to upregulate 

the expression of a2-ARs and p-t-ARs in submandibular glands in a time dependent 

fashion (Bylund et al., 1982). In addition,studies in other tissues including the 

cerebral cortex treatment have demonstrated changes in a-i-AR expression over 

time (Hanft and Gross, 1990) following chronic reserpine treatment. Taken together, 

these studies suggest an important role for NE in the regulation of receptor 

expression, and implicate sympathetic nerves in the maintenance of post-synaptic 

tissue function at the receptor level.

Activation of p-ARs, expressed on acinar epithelial cells, leads to the 

activation of adenylate cyclase and cyclic AMP accumulation. Activation of p-ARs 

can lead to the secretion of amylase or mucin production. (Quissell et al., 1980). « r  

AR receptor stimulation leads to the activation of the Gq/n signal transduction 

pathway (Wu et al, 1992). Gq/n activates the enzyme phospholipase C (PLC) which 

then cleaves phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG) (Mironneau, et al., 1995). IP3 mobilization leads to
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the release of intracellular Ca+Z from intracellular stores; whereas DAG activates 

protein kinase C which can act on downstream targets. The increase in intracellular 

Ca+2 is thought to be the driving force for fluid and electrolyte secretion by a-i-ARs.

Molecular cloning and radioligand binding using selective antagonists have 

pharmacologically identified three distinct a-i-AR subtypes (cx-ia-AR, a-ie-AR, and a-io- 

AR). Several otrAR subtype selective antagonists can distinguish 

between the three subtypes. WB4101,5-methylurapidil (5-MU), and niguldipine bind 

with 10-100 fold higher affinity for the cx-ia-AR subtype than for the a-io-AR or a-ie-AR 

subtypes(Hanft et al, 1989, Gross et al, 1988, Morrow et al, 1986, Minneman et al, 

1988). The a-io-AR subtype has a 100-fold higher affinity for BMY-7378 over the 

cx-ia-AR and a-iB-ARs. The a-ie-AR subtype lacks a selective antagonist; however the 

akylating agent chloroethylclonidine (CEC) has been used to identify this receptor 

type. CEC has been shown to be a-ie-AR selective depending on experimental 

conditions (Xiao et al, 1998). These antagonists have allowed for the classification 

of cc1a-AR, cc-ib-AR and a-io-AR mediated functions in a number of tissues.

Recently it has been shown that G-protein coupled receptors including ai- 

ARs can activate the mitogenic activated protein kinase (MAPK) cassette. The 

members of this cassette include extracellular signal regulated kinase (ERK 1/2), 

p38 kinase, and JNK. ERK 1/2 in particular has been shown to be involved in a 

number of downstream functions. These include activation of transcription factors c- 

fos, elk-1, and c-myc to intitiate the translation of proteins involved in cellular 

functions. ERK 1/2 has also more recently been implicated in the regulation of ion 

channel function in secretory cell types, and in the regulation of promoter activities
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for salivary gland proteins such as amylase. The specific role of ERK 1/2 in salivary 

gland function remains to be elucidated.

The current studies investigated the role of sympathetic nervous input on 

salivary gland functions as related to a-i-ARs. The purpose of these studies was to 

determine whether or not sympathetic nervous input regulates cxrAR subtypes 

expression and function. Using superior cervical ganglionectomy we denervated the 

rat submanidbular gland and identified the a-i-AR subtype distribution in both control 

and denervated submanidbular gland membranes. In addition we used western 

blotting experiments to determine if the ai-ARs expressed in submanidbular glands 

are involved in the activation of ERK 1/2. Using ct-i-AR selective antagonists we 

identified ai-AR dependent ERK 1/2 activation in the rat submandibular gland.
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Materials and Methods:

Chemicals and Reagents: Agents used were obtained from the following sources: 

prazosin, aprotonin, phenylmethylsulfonylflouride, okadaic acid (Sigma Chemical 

Co., St. Louis, MO); 5-methylurapidil, phenylephrine (RBI, Natick, MA); rabbit anti- 

phospho ERK 1/2 antibody, rabbit anti-total ERK 1/2 antibody (Cell Signaling Tech., 

Beverly, MA); anti-rabbit IgG horseradish peroxidase conjugated antibody (Santa- 

Cruz Biotech, Santa Cruz, CA). Phenylephrine was dissolved in HEPES-buffered 

Krebs (HBK) containing:, pH 7.4, containing 125 mM NaCI, 5.4 mM KCI, 1.8 mM 

CaC\2 , 1 mM MgCI2, 5 mM NaHCO3 , 1.25 mM NaH2 P04, 11.1 mM dextrose, and 15 

mM HEPES. Phenylmethylsulfonylflouride were dissolved in 95 % ethanol. All other 

drugs were dissolved in water.

Surgical Denervation and Tissue Preparation: Male Sprague-Dawley rats (175- 

225g) were anesthetized with pentobarbital and unilateral surgical sympathetic 

denervation was achieved by removal of the superior cervical ganglion. Successful 

removal of the right superior cervical ganglion was confirmed by visualization of 

blepharotosis in the right eye. The operation was carried out aseptically under 

anesthesia and experiments were performed 7 days after surgery. Rats were again 

anesthetized and sacrificed by bleeding from the abdominal aorta. Submandibular 

glands were removed and separated from the sublingual glands and placed in 

phosphate-buffered saline on ice.

Membrane Preparations: Submandibular glands were homogenized in ice cold 50 

mM Tris buffer, pH 7.4, using a SDT-080EN probe (Teckmar, Cincinnati, OH) and a
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Janke and Kunkel Ultra-Turrax T25 homogenizer (Staufen, Germany) at 22,000 rpm 

for 10 s. The homogenate was centrifuged at 30,000 x g for 15 min and the 

supernatant was discarded. The membrane pellet was then resuspended in Tris 

buffer, washed two more times by centrifugation, and stored at -80°C.

Radioligand Binding: Membrane pellets were resuspended by homogenization in 

50 mM Tris buffer. For competition binding experiments, duplicate tubes containing 

300 pi of membrane suspension, 100 pi of 0.25 nM of [3H]-prazosin (New England 

Nuclear, Boston, MA), and 100 pi of various concentrations of antagonists were 

used. The KD (equilibrium dissociation constant) of [3H]-prazosin was measured by 

saturation analysis and used to determine the optimal [3H]-prazosin concentration for 

competition binding experiments. After a 30 min incubation at 37°, membrane 

suspensions were filtered through GF/B glass fiber filter strips (Whatman,

Maidstone, England) using a 48-sample cell harvester (Brandel, Gaithersburg, MD). 

Tubes and filters were washed three times with ice-cold Tris buffer and radioactivity 

on the filter was measured by liquid scintillation in a Beckman LS 6000IC scintillation 

counter. The protein concentration was determined by the method of Lowry et a! 

(1951) using bovine serum albumin as the standard. Binding data were analyzed 

using a nonlinear curve-fitting program to determine IC50 values (Graph Pad, San 

Diego, CA). Kj values were calculated from IC5o values by using the method of 

Cheng and Prusoff (1973). All values are given as means ± S.E.M. An F-test was 

used to determine whether the binding data fit to a one or two-site binding model. A 

value of p < 0.05 was used to determine that a two-site binding model was best.
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Tissue Preparation and Removal: One day prior to removal of submandibular 

glands rats were administered with 3 mg/kg of reserpine (i.p.) for 24hrs (See 

Results). Submandibular glands were then removed from rat and cleaned of 

connective tissues. Large excretory ducts were also removed by carefully using 

tweezers. Glands were place in HBK and minced several hundred times prior to 

ERK 1/2 experiments.

Extracellular Signal-Regulated Kinase (ERK 1/2) Activation: Individual T-25 

flasks containing equal volumes of minced submandibular gland in HBK were 

treated with agonist for 7 min, the HBK containing agonist was removed and the 

submandibular gland pieces were lysed in 0°C buffer containing 137 mM NaCI, 20 

mM Tris HCI, 1 mM CaC^, 1 mM MgCI2, 1% Nonidet P-40, 1 mM EDTA, 1 pM 

aprotinin, 100 pM phenylmethylsulfonyl fluoride, and 10 nM okadaic acid. For 

experiments using competitive antagonists/inhibitors, tissue was incubated with 

antagonist or inhibitor 30 min before addition of agonist. Tissue was then 

homogenized three times for 10 s using a SDT-080EN probe (Teckmar) and a Janke 

and Kandel Ultra-Turrax 725 homogenizer. Samples were centrifuged at 12,000 x g 

for 15 min two times to remove membrane particulate and the supernatants 

containing soluble cytosolic protein, including ERK 1/2, were stored at -20°C.

Protein concentrations of the samples were determined using the Coomassie Plus 

Protein Assay (Pierce, Rockford, IL).
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immunoblotting. Samples were thawed on ice and then boiled for 10 min in gel 

loading buffer (pH 6.8) containing 60 mM Tris-HCI, 25 % glycerol, 2 % sodium 

dodecyl sulfate (SDS), 14.4 mM 2-mercaptoethanol, and 0.1% bromophenol blue. 

Protein samples (20 pg) were electrophoresed for 45 min on a 4 to 15% Tris- 

HCI/polyacrylamide gel (Bio-Rad, Hercules, CA) at a constant voltage of 200 V on a 

Mini-PROTEAN electrophoresis apparatus (Bio-rad). A pre-stained standard ladder 

was used in each gel to determine protein size. Following electrophoresis, the gel 

contents were transferred to nitrocellulose membranes (Osmonics, Minnetonka, MN) 

using a wet transfer method (Invitrogen, Carlsbad, CA). Nitrocellulose membranes 

were washed three times for 10 min intervals in Tween 20 buffer containing 150 mM 

NaCI, 23 mM Tris-HCI, 2 mM Tris base, and 0.1% Tween 20. Membranes were then 

blocked and probed with either anti-phospho or anti-total (ERK 1/2: 1:5000 diluted in 

5% bovine serum albumin (BSA)/Tween 20 buffer), ERK 1/2 antibodies overnight at 

4°C. Nitrocellulose membranes were then washed with Tween 20 buffer 4 times at 

15 min intervals and then incubated with a horseradish peroxidase-conjugated anti

rabbit IgG antibody (1:15000 diluted in 1% BSA, 1% blotting grade nonfat dry 

milk/Tween 20 buffer for ERK 1/2). Nitrocellulose membranes were then washed 4 

times at 15 min intervals with Tween 20 buffer, treated with West Pico enhancer and 

substrate solutions (Pierce, Rockford, IL) for 3 min to detect protein bands by 

chemiluminescent Hyperfilm (Amersham Biosciences Inc., Piscataway, NJ). The 

film was then developed and used for quantitation of MAPK activation.
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Western Blot Analysis. Western blots were analyzed as described previously 

(Hague, et. al, 2002). Protein bands were subjected to densitometry analysis 

(Molecular Analyst for Windows, Bio-Rad) and quantified as optical densitometry 

units. MAPK stimulation was calculated by normalizing the optical densitometry 

units by either the basal, methacholine, or phenylephrine treated group. Each value 

was then expressed as a percent of the maximal stimulation caused by 100 pM 

phenylephrine. Means ± S.E.M. were calculated and compared using the one- 

sample t-test. Values of p < 0.05 were accepted as statistically significant 

difference between groups.
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Results:

Effects of superior cervical ganglionectomy on ai-AR subtype expression in 
the rat submandibular gland.

To determine the effects on a-i-AR subtype expression following removal of 

sympathetic nervous input the right superior cervical ganglions of rats were 

removed. After seven days, radioligand binding using 3[H]-prazosin was performed 

on denervated rat submandibular gland membranes and contralateral control 

membranes. The nonselective a-i-AR antagonist prazosin bound to one site in rat 

control (innervated) submandibular gland membranes with a K' of (0.18 ± 0.10 nM) 

(Fig 1) (Table 1). Prazosin bound to two-sites in denervated rat submandibular 

gland membranes with a KiH of (0.02 ± 0.01 nM) and KjL of (6.65 ± 4 nM) (Fig 

1 )(Table 1). These data suggest that following removal of sympathetic input the a-p 

ARs in rat submandibular change from predominantly expressing cx-ia-AR s to 

expressing more than one population of ar AR subtype. We also determined the a-i- 

AR subtypes present in control (innervated) membranes using the a-i-AR subtype 

selective antagonist 5-methylurapidil. The reported affinity values for 5- 

methylurapidil at a-tA-AR range from 0.5 to 2 nM; whereas, 5-methylurapidil’s affinity 

at a-ie-AR and a-io-AR receptors is reported to range from 50-100 nM. 5- 

methylurapidil bound to one site in control (innervated) rat submandibular gland 

membranes with a Ki of (0.36 ± 0.15 nM)(Fig 2)(Table 1). However, in the 

denervated rat submandibular gland membranes 5-MU bound to two-sites with a KiH 

of (2.0 ± 1.4 nM) and K,l of (43 ± 20 nM) (Fig 2)(Table 1). These data suggest that
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in rat submandibular glands there is a change in the expression of a-i~AR subtypes 

following the removal of the superior cervical ganlion for seven days.

Table 1. Affinities and percentages of binding sites in Control and Denervated 
rat submandibular gland membranes.

Each value is the ± S.E.M of 2-3 experiments, with each n representing a different 
animal. K| = affinity in nM of drugs inhibiting [125I]-BE 2254 binding. nH= Hill slope. 
Competition curves that fit best to a two-site model are expressed as KiH (high 
affinity) and KiL (low affinity).

Control Denervated

Drug Ki nH KiH KiL nH

Prazosin 0.18 ±0.10 -0.56 ±0.08 0.02 ±0.01 6.7 ± 4.0 -0.60 ±0.18

5-MU 0.36 ±0.15 1.24 ±0.54 2.0 ±1.4 43 ±20 -0.69 ±0.20
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Figure 1. Mean competition binding curves showing prazosin inhibition of 3[H]- 

Prazosin binding in membranes from control and denervated rat submanibular 

glands. For each concentration of prazosin, 3[H]-prazosin binding is expressed as 

percent specific binding in the absence of drug. Nonspecific binding was defined as 

bound in the presence of 10 pM phentoiamine. One and two site binding models 

were fit to the individual and mean competition curves and K| values were 

determined from individual curve fits. Competition curves for prazosin in denervated 

rat submandibular glands best fit a two-site model. Data are the mean ± S.E.M. 

each taken from 2-3 animals.
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Figure 2. Mean competition binding curves showing 5-methylurapidil inhibition of 

3[H]-prazosin binding in membranes from control and denervated rat submanibular 

glands. For each concentration of 5-methylurapidil, 3[H]-prazosin binding is 

expressed as percent specific binding in the absence of drug. Nonspecific binding 

was defined as bound in the presence of 10 pM phentolamine. One and two site 

binding models were fit to the individual and mean competition curves and Kj values 

were determined from individual curve fits. Competition curves for 5-methylurapidil 

in denervated rat submandibular glands best fit a two-site model. Data are the mean 

± S.E.M. each taken from 2-3 animals.

ai-AR mediated ERK 1/2 activation in Submandibular Glands. We evaluated 

phenylephrine mediated ERK 1/2 activation in native rat submandibular glands.
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In early experiments we were unable to stimulate ERK 1/2 activation with 

phenylephrine or methacholine above basal levels (Fig 3). However, when rats were 

treated with 3mg/kg (i.p.) of reserpine for 24hrs, submandibular glands removed and 

minced and then treated with phenylephrine, our results demonstrated a-i-AR 

mediated ERK activation. Prazosin (100 nM) and BE 2254 (100 nM) significantly 

inhibited phenylephrine (10 and 100 pM) stimulated ERK 1/2 activation by 54 + 5 % 

and 64 ± 12 %, respectively (Fig 4). These data demonstrate that a-i-ARs mediate 

activation of ERK 1/2 in native rat submandibular glands.

p-ERK 1/2 44 Kda 
42 Kda

B PE1 PE2 Mch PZ1 PZ2 BE1 BE2

10^M 100(j.M 10^M 100nM lOOnM

T-ERK

Figure 3. Western Blot of ERK 1/2 by concentrations of phenylephrine (PE) in 

submandibular gland slices. ERK 1/2 was not activated by PE methacholine (Mch), 

nor was there any inhibition by the ar AR antagonists BE 2254 (BE) or prazosin 

(PZ). Ab: Total ERK 1/2, are bands identified by a primary- antibody that 

recognizes both the phosphorylated and unphosphoryiated forms of ERK 1/2. Ab: p- 

ERK 1/2, are bands identified by a primary antibody that recognizes the
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phosphorylated form of ERK 1/2. The arrows indicate 44- and 42-kDa bands 

corresponding to ERK 1 and ERK 2, respectively. Figure 3 is an example western 

blot of three different rat submandibular glands, each taken from different animals.

Submandibular Gland

C
O
"+■»
JH
3
E •*-» 
cn
*
or:
LU
CD
C
O

JOo
RJ

O

o
rT'*

100 -

PE PE Mch +Pra +Pra 
10jaM 100fi.M 10jaM 100nM

+BE +BE
100nM

Figure 4. Effects of AR antagonists on phenylephrine (PE) stimulated ERK 1/2 

activation in rat submandibular glands from rats treated with reserpine 24 hrs prior to 

the removal of glands. Submandibular gland slices were incubated with antagonist 

for 30 min prior to stimulation with 10 pM PE for 7 min. Bar graph of mean data 

shows the effect of prazosin (Praz, ar AR selective) and BE-2254 (BE, ar AR
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selective), on PE activation of ERK 1/2. The dashed line is the mean basal level of 

ERK 1/2 in the absence of drugs. Data were normalized as percentage of the 10 pM 

rnethacholine (Mch) induced stimulation of ERK 1/2 and are the mean ± S.E.M. of 

four to five individual experiments, each taken from separate animals. *
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Discussion:

It is well known that submandibular glands express a-i-ARs and furthermore 

that these receptors play a role in the production and secretion of saliva. However, 

both the regulation of a-i-AR subtype expression and their coupling to mitogenic 

pathways ,such as ERK, in submandibular glands is unknown. In these studies we 

investigated the cc-i-ARs in rat submandibular glands using radioligand binding and 

western blotting. We conducted preliminary studies to address whether or not 

sympathetic denervation regulates arAR subtype expression; in addition, we 

examined a-i-AR mediated ERK activation in submandibular glands.

Using unilateral superior cervical ganlionectomy we removed sympathetic 

nervous input to the right rat submandibular glands for 7 days. This technique had 

been previously employed in the studies by Bylund et. al (1980) who demonstrated 

that removal of sympathetic input to rat submandibular glands causes an increase in 

0C2-AR receptor binding. In our studies we used ar AR subtype-selective antagonists 

that can distinguish between the a iA-, a1B-, and c*id-AR subtypes. In these studies 

we used 5-methylurapidl (5-MU) which has 100-fold selectivity for the a1A-AR 

subtype over the oc1B- and a1D-AR subtypes (Gross et ai, 1988). Interestingly, 

following removal of sympathetic nerves the binding curves for 5-MU changed from 

one site with high affinity, consistent with the presence of the « iA-AR subtype, to two 

binding sites consistent with the presence of the a iB- and/or a-io-AR subtype. These 

data suggest that arAR  subtype expression may be regulated by sympathetic 

nervous input because removal of input causes the upregulation or unmasking of 

another ar AR subtype.
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Bockman et a!. (2004) previously identified a w  and gc-ib-AR receptors in the rat 

submandibular gland in a 80 % to 20 % ratio, respectively. Following denervation 

we identified a greater proportion of low affinity 5-MU sites in rat submandibular 

glands. Since 5-MU has 100-fold selectivity for the oc-ia-AR subtype over the « ib and 

oc-id-AR subtype, the low affinity 5-MU site may be the a-iB or a-|D-AR. It is important 

to note that the second low affinity 5-MU site is most likely the a-is-AR receptor since 

we were previously unable to identify gc-id-ARs in the rat submandibular gland using 

BMY-7378, an a-ip-AR selective antagonist. Further studies are needed to confirm 

whether or not the change in binding for 5-MU following denervation is a repeatable 

phenomenon; and in addition, which a-i-AR subtype is upregulated following removal 

of sympathetic input. It was surprising that following denervation the affinity for 

prazosin, a nonselective ar AR antagonist was decreased and prazosin bound to 

two sites. The explanation for this result remains unclear. One possible explanation 

is that prazosin binds to a.2-ARs following denervation. The amount of prazosin used 

in these competition binding experiments would not label very many <X2-ARs but this 

explanation would be consistent with the studies by Bylund et a!. (1980). in addition, 

it may be possible that denervation causes the upregulation or unmasking of an 

atypical ar AR (Ford et al., 1997). To validate this hypothesis, experiments with 

other a-i- and ct2-AR antagonists should be performed using denervated 

submandibular glands.

To determine if a-i-ARs activate extracellular signal-regulated kinase (ERK 

1/2) in submandibular glands, we treated rat submandibular glands with the ar AR
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agonist phenylephrine and performed western blotting for phosphorylated ERK 1/2.

In preliminary experiments we were unable to stimulate ERK 1/2 above basal with 

either methacholine (Muscarinic agonist) or phenylephrine. We, therefore, used 

reserpine to deplete stores of catecholamines which may have been acting to 

stimulate or inhibit ERK 1/2 in rat submandibular glands. Interestingly, after 24 hrs of 

reserpine treatment we were able to measure phenylephrine stimulated ERK 1/2 

activation. To confirm this was a-i-AR dependent, stimulation by phenylephrine was 

blocked by the apAR antagonists, prazosin and BE 2254. The mechanism for the 

effect of reserpine is largely unknown, however it is possible our submandibular 

gland preparation contains endogenous catecholamines which negatively or positive 

influence ERK 1/2. Further studies using longer reserpine treatment, and other 

gland preparations will be required to establish this mechanism.

It is also important to note that these experiments correlate nicely with our results 

obtained using the SMG-C10 cell line derived from rat submandibular gland acinar 

cells (Bruchas et a!., 2002)(See Chapter 2) where we demonstrated that ocpARs in 

these cells also activate ERK 1/2. The apAR mediated ERK activation in 

submandibular glands suggests a secondary role forapARs in submandibular 

function. It has been suggested that mitogen activated protein kinases may be 

involved in salivary tumor development because of their role in cell proliferation and 

differentiation (Wen et al, 2000). However, it also possible that activation of ERK 1/2 

by G-protein coupled receptors, such as ai-ARs in submandibular glands, may 

function in a homeostatic or regulatory capacity. Further studies will require 

examination of the downstream effectors regulated by ERK activation.
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Taken together, these studies suggest that a-i-ARs in rat submandibublar 

glands are regulated by neurotransmitter input. Both surgical denervation and acute 

depletion of neurotransmitters resulted in a change in a r AR expression and 

function. The precise mechanisms for these changes are unknown but may 

implicate sympathetic nerves in the regulation of a-i-ARs in rat submandibular 

glands. Furthermore, these studies demonstrate that a-i-ARs activate extracellular 

signal regulated kinase in native submandibular glands and may provide insight into 

ai-ARs in submandibular gland function.
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