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Abstract 
 
We evaluated an acinar cell line (SMG-C10) cloned from rat submandibular glands as a possible 

model for alpha-1 adrenoceptor regulation of submandibular function. Alpha-1 adrenoceptors are 

subdivided into three subtypes called alpha-1A, alpha-1B and alpha-1D, which can be 

distinguished from one another by their differential affinity values for subtype-selective alpha-1 

adrenoceptor antagonists.  Thus, alpha-1 adrenoceptor subtypes in SMG-C10 cells were 

characterized with reverse transcription-polymerase chain reaction (RT-PCR) and [3H]-prazosin 

binding in side-by-side experiments with native submandibular glands.  RT-PCR identified 

mRNAs for alpha-1A, alpha-1B and alpha-1D adrenoceptors in SMG-C10 cells and 

submandibular glands.  Inhibition of [3H]-prazosin binding by 5-methylurapidil (alpha-1A 

selective) was biphasic and fit best to a two-site binding model with 40 ± 8% high (KiH) and 60 ± 

10% low (KiL) affinity binding sites in SMG-C10 cells, and 76% high and 24% low affinity 

binding sites in submandibular glands.  Respective KiH and KiL values in nM for 5-

methylurapidil were 1.9 ± 0.4 and 100 ± 30 in SMG-C10 cells and 3.2 ± 0.8 and 170 ± 20 in 

submandibular glands.  BMY-7378 (alpha-1D selective) bound with low affinity in SMG-C10 

cells and submandibular glands with Kis of 81 ± 20 and 110 ± 20, respectively. 

Chloroethylclondine, an irreversible alkylating agent selective for alpha-1B adrenoceptors, 

reduced the density of [3H]-prazosin binding sites by 42% and 26% in SMG-C10 and 

submandibular membranes, respectively.  Thus, SMG-C10 cells and submandibular glands are 

similar in expressing receptor protein for alpha-1A and alpha-1B adrenoceptor subtypes, 

establishing SMG-C10 cells as a potential model for alpha-1 adrenoceptor-mediated secretion. 
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The submandibular gland is one of three major salivary glands in mammals.  The 

secretory end pieces of the submandibular gland are composed of acinar cells, which secrete 

fluid and protein that protect the oral mucosa and teeth, lubricate the throat for easy swallowing, 

and inhibit microbial overgrowth of the oral cavity.  The submandibular gland is innervated by 

autonomic nerves, which provide the principal control over salivary secretion (Baum, 1987).  

Physiologic stimulation of autonomic sympathetic nerves results in release of norepinephrine, 

which activates alpha-1 adrenoceptors on submandibular acinar cells causing secretion of fluid, 

electrolytes, amylase and mucins (Quissell, 1980; Quissell and Barzen, 1980). 

An important impediment to a better understanding of alpha-1 adrenoceptor regulation of 

secretion in submandibular glands has been the lack of an immortalized cell line maintaining the 

phenotypical characteristics of an epithelial cell of acinar origin.  Because acinar cells generate 

the secretory product, a cell line that is similar in phenotype to native submandibular acinar cells 

would be a useful model for studying the role of alpha-1 adrenoceptors and their signaling 

pathways in submandibular glands.  Quissell et al. (1997) reported the immortalization of two 

clonal rat submandibular gland acinar cell lines established from the same preparation (SMG-C6 

and SMG-C10).  They, as well as others (Liu et al., 2000), have shown that both cell lines 

exhibit similar morphological, biochemical and functional characteristics as those in native 

submandibular acinar cells.  For example, SMG-C6 cells and SMG-C10 cells are polarized in 

culture and, like native acinar cells, express functional adrenergic, muscarinic and purinergic 

receptors that couple to an elevation in intracellular free calcium.  The similarities between 

native submandibular acinar cells and SMG-C6/C10 cells with respect to polarity, signal 

transduction pathways and other morphological characteristics suggest that these immortalized 
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acinar cell lines are useful tools for studying salivary gland secretion.  However, the alpha-1 

adrenoceptor subtypes expressed in SMG-C6/C10 cells are unknown.  

Alpha-1 adrenoceptors do not represent a homogenous population of receptors.  

Molecular cloning and pharmacological studies performed using native tissues are in agreement 

with one another and show that there are separate genes encoding for three structurally and 

pharmacologically distinct cell-surface receptor proteins.  These alpha-1 adrenoceptor subtypes 

are referred to as the alpha-1A, alpha-1B and alpha-1D adrenoceptor subtypes (Hieble et al., 

1995).  The alpha-1 adrenoceptor subtypes can be distinguished from one another using RT-PCR 

with gene-specific primers and radioligand binding to determine affinity constants for alpha-1 

adrenoceptor subtype-selective drugs.  The possibility that immortalization, culture conditions or 

both alter expression patterns and/or the pharmacological characteristics of alpha-1 adrenoceptor 

subtypes in SMG-C6/C10 cells should be considered if these cell lines are to be used as a model 

in secretion studies.  Thus, the overall aim of this study was to characterize the alpha-1 

adrenoceptor subtypes in side-by-side experiments comparing SMG-C10 cells with native rat 

submandibular glands.  We used RT-PCR to identify the mRNA for the alpha-1 adrenoceptor 

subtypes present in SMG-C10 cells and submandibular glands.  In addition, we characterized the 

alpha-1 adrenoceptor subtypes expressed in SMG-C10 cells and submandibular glands by 

determining the affinities of several alpha-1 adrenoceptor subtype-selective drugs for inhibiting 

specific [3H]-prazosin binding. 
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Materials and Methods 
 

Drugs.  The drugs used were obtained from the following sources: BMY-7378 

dihydrochloride, chloroethylclonidine dihydrochloride, 5-methylurapidil, phentolamine 

methanesulfonate, prazosin hydrochloride and WB-4101 hydrochloride (Sigma-Aldrich, St. 

Louis, MO, USA);  [7-methoxy-3H]-prazosin ([3H]-prazosin) (70-87Ci/mmol; PerkinElmer, 

Boston, MA). 

Cell culture.  In preliminary experiments, the density of specific [3H]-prazosin binding 

sites was higher in SMG-C10 cells compared with SMG-C6 cells; thus, we used SMG-C10 cells 

in the present study.  SMG-C10 cells (generously provided by Dr. David O. Quissell) were 

seeded onto T-75 (8 × 105 cells) Falcon Primaria tissue culture flasks (Becton Dickinson, 

Franklin Lakes, NJ) and grown in Dulbecco's Modified Eagle Medium/F-12 Nutrient Mixture 

(1:1) and 2.5% fetal bovine serum (GIBCO BRL, Grand Island, NY).  Growth medium was 

supplemented with 2 mM glutamine and 4 µg/ml transferrin (GIBCO BRL, Grand Island, NY); 

0.1 µM retinoic acid, 2 nM triiodothyronine, 1 µM hydrocortisone, 5 µg/ml insulin and 50 µg/ml 

gentamicin (Sigma-Aldrich Co., St. Louis, MO); 50 ng/ml epidermal growth factor 

(Collaborative Biomedical Products/Becton Dickinson, Franklin Lakes, NJ); and trace element 

mix (BIOFLUIDS, Rockville, MD).  Cells were grown to confluence at 37°C in a humidified 

95% air-5% CO2 incubator and used for experiments between passages 18 and 22. 

Total RNA isolation.  Total cellular RNA was prepared from 100 mg of pulverized 

frozen rat submandibular glands and confluent SMG-C10 cultures grown in T-75 tissue culture 

flasks using TRIzol (GIBCO BRL, Grand Island, NY) according to the manufacturer’s 

instructions.  Contaminating genomic DNA was removed from total RNA by treatment with 

RNase-free DNase I, followed by RNA extraction with water-saturated phenol-chloroform and 
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precipitation with ethanol.  The integrity of the RNA was confirmed by denaturing agarose gel 

electrophoresis.  Total RNA was determined by measuring the absorbance at 260 nm with a 

Beckman DU-650 spectrophotometer (Fullerton, CA).  Preparations were stored at -70°C. 

Reverse Transcription-Polymerase Chain Reaction (RT-PCR).  Approximately 1 µg 

of total RNA from either rat submandibular glands or SMG-C10 cells was reverse transcribed 

using 25 pmol random hexamers and 25 pmol oligo d(T) primers.  First strand cDNA was 

synthesized from RNA preparations using 50 units of murine leukemia virus reverse 

transcriptase (Perkin Elmer, Foster City, CA) in a 10 µl reaction volume containing 20 units 

RNasin (Promega, Madison, WI), 1 mM dNTP, and 2.5 mM MgCl2 in PCR buffer (GIBCO 

BRL, Grand Island, NY).  The reaction was incubated at room temperature for 15 min, then at 

42°C for 50 min, followed by enzyme inactivation for 5 min at 95°C in a RoboCycler Gradient 

96 Thermal Cycler (Stratagene, LaJolla, CA).  PCR was performed on 10 µl of the reverse 

transcribed cDNA reaction using alpha-1 adrenoceptor subtype-specific oligonucleotide primers 

synthesized on an Applied Biosystems Synthesizer (Perkin Elmer, Foster City, CA).  The sense 

(S) and antisense (AS) primer sequences were:  

GTAGCCAAGAGAGAAAGCCG (α1A-S;), CAACCCACCACGATGCCCAG (α1A-AS); 

GCTCCTTCTACATCCCGCTCG (α1B -S), AGGGGAGCCAACATAAGATGA (α1B -AS);   

CGTGTGCTCCTTCTACCTACC (α1D -S), GCACAGGACGAAGACACCCAC (α1D -AS). 

  The design of alpha-1 adrenoceptor subtype-specific primer pairs was previously 

described (Scofield et al., 1995).  The PCR mixture contained 1.25U Taq DNA polymerase 

(GIBCO BRL, Grand Island, NY), 3 mM MgCl2, 25 pmoles AS primer, 25 pmoles S primer and 

0.2 mM dNTPs in PCR buffer.  The cDNA template and primers were denatured for 5 min at 

95°C then amplified in a 50 µl reaction volume for 40 cycles of denaturation at 95°C for 45 sec, 
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followed by annealing for 45 sec at 55°C, then extension at 72°C for 45 sec.  After amplification, 

products were extended further by incubation at 72°C for 7 min.  The products were horizontally 

electrophoresed on a 2% agarose-ethidium bromide gel.  The 212 bp, 300 bp and 304 bp PCR 

products for the alpha-1A, alpha-1B and alpha-1D adrenoceptor subtypes, respectively, were 

cloned using a TA Cloning Kit with a PCR II vector (Invitrogen, Carlsbad, CA) and sequenced 

to confirm the primer specificity. The absence of genomic DNA for each reaction was confirmed 

by amplification of the RNA that was not previously incubated with reverse transcriptase. 

Membrane preparation.  SMG-C10 cells were washed twice with phosphate-buffered 

saline and removed from T-75 tissue culture flasks with a rubber policeman.  Cells were 

homogenized twice in 10 volumes of ice-cold 50 mM Tris buffer (pH 7.4) using a Janke & 

Kunkel Ultra-Terrax T25 homogenizer (Germany) at 22,000 RPM for 10 sec.  The homogenate 

was centrifuged at 30,000 × g for 15 min and the supernatant discarded.  The membrane pellet 

was resuspended in Tris buffer, washed twice more by centrifugation and stored at −78°C. 

Male Sprague-Dawley rats (140-190 gm) were anesthetized with pentobarbital (50 

mg/kg, i.p.) and exsanguinated by cutting the abdominal aorta as approved by Creighton 

University's Institutional Animal Care and Use Committee.  Submandibular glands were 

removed, placed in ice-cold Krebs solution at pH 7.4 containing (in mM) 118 NaCl, 4.7 KCl, 1.3 

CaCl2, 1.2 MgSO4, 25 NaHCO3, 1.2 KH2PO4, 11.7 dextrose, trimmed of visible fat, fascia, 

lymph nodes, blood vessels and ducts, then minced with iris scissors.  The mince was centrifuged 

at 1,000 × g for 5 min at 4°C and the supernatant discarded.  The resulting mince is enriched 

with acinar units.  The pellet was resuspended in 20 volumes of Tris buffer and membranes 

prepared as described for SMG-C10 cells, with the exception of an additional step whereby the 

homogenate was filtered through 100 µM nylon mesh.   
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Radioligand binding assays.  Membrane pellets were resuspended and homogenized in 

Tris buffer.  Assay tubes used in radioligand binding experiments were pretreated with 

Sigmacote (Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer's instructions.  For 

saturation binding experiments, total [3H]-prazosin binding was determined using duplicate tubes 

containing 300 µl of membrane suspension (150 µg and 100 µg/0.5 ml of assay volume for 

SMG-C10 cells and submandibular glands, respectively), 100 µl Tris buffer and 100 µl [3H]-

prazosin ranging in concentration from 0.02 to 2.5 nM.  To a parallel set of duplicate tubes, 100 

µl of 10 µM phentolamine in Tris buffer was added to determine nonspecific binding.  After a 30 

min incubation in a shaking water bath at 37°C, a 48-sample cell harvester (Brandel, 

Gaithersburg, MD) was used to filter membrane suspensions through GF/B glass fiber filter 

strips (Whatman, Maidstone, England) pretreated with polyethylenimine (0.2% w/v for 30 min) 

and bovine serum albumin (0.1% w/v for 15 minutes).  Tubes and filters were washed three 

times with 5 ml of ice-cold Tris buffer and radioactivity retained on the filters counted by liquid 

scintillation spectroscopy.  Specific binding was calculated as the difference between total and 

nonspecific binding.  For competition binding experiments, duplicate tubes containing 300 µl of 

membrane suspension, 100 µl of 0.3 nM [3H]-prazosin and 100 µl of increasing concentrations 

of various unlabeled drugs were incubated and processed as for saturation experiments.  The 

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

albumin as the standard. 

 Chloroethylclonidine treatment.  Crude membranes were treated with 

chloroethylclonidine as previously described (Minneman et al., 1988).  Briefly, membrane 

pellets were resuspended in 5 ml of 50 mM Tris buffer and incubated with or without 30 µM 

chloroethylclonidine for 12 minutes at 37°C.  Chloroethylclonidine treatment was terminated by 
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a 4-fold dilution with ice-cold Tris buffer, and then followed with three successive washings by 

centrifugation (30,000 × g for 15 min) to remove any unbound drug.  Treated and non-treated 

membranes were then used in side-by-side radioligand binding experiments.     

Data analysis.  Radioligand binding data were analyzed using a nonlinear least-squares 

curve-fitting program (GraphPad Prism, GraphPad Software, San Diego, CA, USA) to determine 

Kd and Bmax values from saturation binding experiments and IC50 values from competition 

binding experiments.  Ki values were calculated from IC50 values by using the method of Cheng 

and Prusoff (1973).  All values are given as means ± S.E.  The F test was used to determine 

whether or not the binding data fit best to a one- or two-site binding model.  A value of P < 0.05 

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

Expression of mRNA for alpha-1 adrenoceptor subtypes in SMG-C10 cells and 

submandibular glands.  We used RT-PCR to determine whether or not the pattern of 

expression of mRNA for the three alpha-1 adrenoceptor subtypes was similar between SMG-C10 

cells and native rat submandibular glands.  Figure 1 shows horizontal gel electrophoresis of RT-

PCR products of total RNA from SMG-C10 cells and submandibular glands using gene-specific 

primers for the alpha-1 adrenoceptor subtypes.  In both SMG-C10 cells and submandibular 

glands, mRNAs for the alpha-1A, alpha-1B and alpha-1D adrenoceptor subtypes were expressed. 

RT-PCR analysis of alpha-1 adrenoceptor subtypes produced products of the correct size for the 

alpha-1A, alpha-1B and alpha-1D adrenoceptor receptor subtypes of 212 bp, 300 bp and 304 bp, 

respectively.  Sequence analysis confirmed the identity of the RT-PCR products.  These data 

suggest that there is a similar pattern of expression of alpha-1 adrenoceptor subtype mRNA in 

SMG-C10 cells and native rat submandibular glands. 

Characteristics of [3H]-prazosin binding in membranes from SMG-C10 cells and 

submandibular glands.  Figure 2 illustrates mean saturation binding isotherms for specific [3H]-

prazosin binding in SMG-C10 (Fig. 2A) and submandibular gland (Fig. 2B) membranes.  

Nonlinear regression analysis of four individual specific binding isotherms indicated that [3H]-

prazosin bound to a single class of sites with a mean Kd value of 0.34 ± 0.1 nM in SMG-C10 

cells and 0.40 ± 0.1 nM in submandibular glands.  The Bmax was 97 ± 20 fmol/mg protein and 

179 ± 30 fmol/mg protein in SMG-C10 cells and submandibular glands, respectively.  Specific 

[3H]-prazosin binding ranged from 75% to 90% of total binding at the Kd concentration in both 

SMG-C10 cells and submandibular glands.  The insets show Rosenthal plots derived from their 

respective saturation binding isotherms shown in the main figure.  In Figure 3, competition 
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curves for inhibition of [3H]-prazosin binding by unlabeled prazosin in both SMG-C10 (Fig. 3A) 

and submandibular gland (Fig. 3B) membranes were monophasic and characterized by relatively 

steep slopes with Hill coefficients of -0.98 ± 0.2 and -0.78 ± 0.2, respectively (Table 1).  

Affinities (Ki values) for prazosin obtained from these experiments were 0.31 ± 0.1 nM in SMG-

C10 and 0.78 ± 0.2 nM in submandibular gland membranes. 

Alpha-1 adrenoceptor subtypes in membranes from SMG-C10 cells and 

submandibular glands.  Figure 3 illustrates competition curves for inhibition of [3H]-prazosin 

binding by alpha-1 adrenoceptor subtype-selective antagonists in side-by-side experiments 

comparing SMG-C10 cells (Fig. 3A) and submandibular glands (Fig. 3B).  From these 

experiments, Ki values for drugs and Hill coefficients for curves were obtained to determine the 

alpha-1 adrenoceptor subtypes expressed in SMG-C10 and submandibular gland membranes 

(Table 1).  In SMG-C10 membranes, inhibition of [3H]-prazosin binding by drugs that 

distinguish the alpha-1A adrenoceptor subtype from alpha-1B and alpha-1D adrenoceptor 

subtypes was biphasic and characterized by relatively shallow slopes, indicating binding site 

heterogeneity.  For example, Hill coefficients of competition curves for both 5-methylurapidil 

and WB-4101 inhibition of [3H]-prazosin binding were -0.53 ± 0.1 and -0.63 ± 0.1, respectively 

(Table 1).  Additionally, these competition binding curves for 5-methylurapidil and WB-4101 

were fit best by a two-site binding model (P < 0.05) with 40 ± 8 % high affinity binding sites and 

60 ± 10 % low affinity binding sites, suggesting the presence of a heterogeneous population of 

alpha-1 adrenoceptor subtypes.  Both 5-methylurapidil and WB-4101 are selective for the alpha-

1A adrenoceptor subtype.  Thus, the respective high and low (KiH and KiL) affinity values for 5-

methylurapidil (1.9 ± 0.4 nM and 100 ± 30 nM) and WB-4101 (0.44 ± 0.1 nM and 15 ± 4 nM) 

indicated the presence of the alpha-1A adrenoceptor subtype and either the alpha-1B or alpha-1D 
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adrenoceptor subtypes in SMG-C10 cells (Table 1).  To determine whether the alpha-1B or 

alpha-1D adrenoceptor subtype was expressed in SMG-C10 cells, we generated competition 

binding curves for BMY-7378, which is an alpha-1D adrenoceptor subtype-selective antagonist 

that distinguishes the alpha-1D adrenoceptor from the alpha-1A and alpha-1B adrenoceptor 

subtypes.  Competition curves for BMY-7378 inhibition of [3H]-prazosin binding were 

monophasic, relatively steep (Hill coefficient = -0.83 ± 0.1) and fit best by a one-site binding 

model with a Ki value of 81 ± 20 nM (Table 1), suggesting the lack of the alpha-1D adrenoceptor 

subtype in SMG-C10 cells. 

Examination of [3H]-prazosin binding in submandibular glands produced similar results 

as those in SMG-C10 cells.  For example, competition curves for 5-methylurapidil inhibition of 

[3H]-prazosin binding were biphasic (Fig. 3B), characterized by shallow slopes (Hill coefficient 

= -0.63 ± 0.1) and fit best by a two-site binding model (P < 0.05) with 76 ± 10 % high affinity 

binding sites and 24 ± 4 % low affinity binding sites (Table 1).  KiH and KiL values for inhibition 

of [3H]-prazosin binding by 5-methylurapidil were 3.2 ± 0.8 nM and 170 ± 50 nM, respectively, 

indicating the presence of the alpha-1A adrenoceptor subtype and either the alpha-1B or alpha-

1D adrenoceptor subtypes.  WB-4101 inhibited [3H]-prazosin binding with a Hill coefficient of -

0.83 ± 0.1 and a Ki value of 0.76 ± 0.1 nM.  Inhibition of [3H]-prazosin binding by BMY-7378 

was characterized by a relatively steep (Hill coefficient = -0.80 ± 0.1), monophasic curve that 

was fit best by a one-site binding model with a Ki value of 110 ± 20 nM (Table 1).  Taken 

together, these data show the expression of alpha-1A adrenoceptor and alpha-1B adrenoceptor 

subtypes but not the alpha-1D adrenoceptor subtype in submandibular glands. 

Chloroethylclonidine inactivation of the alpha-1B adrenoceptor subtype in SMG-

C10 cells and submandibular glands.   In SMG-C10 cells (Fig. 4A) and submandibular glands 
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(Fig. 4B), we examined the heterogeneity of the alpha-1 adenoceptor population by generating 

saturation binding isotherms for specific [3H]-prazosin binding before and after treatment with 

chloroethylclondine, which is an irreversible antagonist selective for alkylating the alpha-1B 

adrenoceptor subtype.  In SMG-C10 cells, chloroethylclonidine decreased the density (Bmax) of 

specific [3H]-prazosin binding sites from 86 ± 4 fmol/mg protein in control membranes to 50 ± 8 

fmol/mg protein in treated membranes, which is a 42 % reduction in Bmax.  Similarly, 

chloroethylclonidine decreased the Bmax by 26 % in submandibular gland membranes.  For 

example, the density of specific [3H]-prazosin binding sites was 110 ± 3 fmol/mg protein in 

control membranes and 81 ± 2 fmol/mg protein in membranes treated with chloroethylclonidine. 

In addition, competition curves for 5-methylurapidil inhibition of [3H]-prazosin binding 

were obtained in SMG-C10 cell (Fig 5A) and submandibular gland (Fig. 5B) membranes 

pretreated with chloroethylclonidine.  In contrast to the shallow, biphasic control competition 

binding curves for 5-methylurapidil that were fit best by a two-site binding model, competition 

binding curves in chloroethylclonidine-treated membranes were monophasic, characterized by 

steep slopes (Hill coefficients = -0.80 ± 0.2 in SMG-C10 cells and -0.85 ± 0.2 in submandibular 

glands) and fit best by a one-site binding model (P > 0.05).  Thus, in membranes pretreated with 

chloroethylclonidine, 5-methylurapidil bound to a single class of high affinity sites with Ki 

values of 5.3 ± 2 nM and 4.7 ± 2 nM in SMG-C10 cells and submandibular glands, respectively.  

These results show that chloroethylclonidine inactivated the low affinity 5-methylurapidil 

binding site, i.e. the alpha-1B adrenoceptor subtype, leaving exclusively the high affinity 5-

methylurapidil binding site, i.e. the alpha-1A adrenoceptor subtype.  These experiments using 

chloroethylclonidine, taken together with our other competition binding data, indicate that both 
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SMG-C10 cells and native submandibular glands express the alpha-1A and alpha-1B 

adrenoceptor subtypes.  
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Discussion 

 
In salivary gland research, availability of well-differentiated epithelial cell lines of acinar 

origin that are useful for pharmacological studies is relatively new compared to epithelial cell 

lines from other tissues (Bockman et al., 2001; Dharmsathaphorn et al., 1984; Simmons, 1981). 

In the present study we examined the immortalized SMG-C10 cell line, which was cloned from 

rat submandibular acinar epithelial cells.  SMG-C10 cells exhibit many of the phenotypical 

characteristics of fully differentiated native submandibular acinar cells, making it a useful model 

of salivary gland secretion (Quissell et al., 1997; Liu et al., 2000).  The native submandibular 

gland is known to express a physiologically relevant number of alpha-1 adrenoceptors 

contributing to secretion (Michel et al., 1989).  Yet, the pharmacological characteristics of the 

alpha-1 adrenoceptor population on SMG-C10 cells have not been examined and compared with 

native submandibular acinar cells.  Thus, in side-by-side experiments comparing SMG-C10 cells 

and native submandibular glands, we characterized the expression of alpha-1 adrenoceptor 

subtype mRNA and receptor protein using RT-PCR and radioligand binding, respectively. 

We tested the possibility that immortalization and/or culture conditions affected the 

pattern of expression of alpha-1 adrenoceptor subtype mRNA and protein in SMG-C10 cells. 

RT-PCR analysis using gene-specific primers for the three alpha-1 adrenoceptor subtypes 

identified mRNA for the alpha-1A, alpha-1B and alpha-1D adrenoceptor subtypes in both SMG-

C10 cells and submandibular glands, suggesting gene expression of alpha-1 adrenoceptor 

subtypes is similar between SMG-C10 cells and native submandibular glands.  Expression of 

receptor protein was examined with alpha-1 adrenoceptor subtype-selective competitive 

antagonists in radioligand binding experiments comparing the pharmacological profile of the 

alpha-1 adrenoceptor population in SMG-C10 cells with that of submandibular glands.  For 
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example, 5-methylurapidil has been shown to be a selective antagonist at the alpha-1A subtype, 

with approximately 100-fold higher affinity for the alpha-1A than the alpha-1B or alpha-1D 

subtypes (Gross et al., 1988; Saussy et al., 1996).  Thus, 5-methylurapidil can distinguish the 

alpha-1A adrenoceptor from the other two alpha-1 adrenoceptor subtypes.  In the present study, 

5-methylurapidil bound to high and low affinity sites in both SMG-C10 cells and submandibular 

glands, indicating the presence of the alpha-1A and either the alpha-1B, alpha-1D or both 

adrenoceptor subtypes.  We then determined the expression of the alpha-1B, alpha-1D or both 

subtypes using BMY-7378, an alpha-1D subtype-selective drug with approximately 100-fold 

higher affinity for the alpha-1D than the alpha-1B or alpha-1A subtypes (Saussy et al., 1996).    

BMY-7378 bound to a single low affinity site in both SMG-C10 cells and submandibular glands, 

indicating the absence of alpha-1D adrenoceptor expression but consistent with the presence of 

alpha-1A and alpha-1B adrenoceptor subtypes in both cell line and native gland.  Taken together, 

these data show that receptor protein for both the alpha-1A and alpha-1B adrenoceptor subtypes, 

along with detectable alpha-1D mRNA, is present in SMG-C10 cells and submandibular glands.  

This similarity in the pattern of expression of alpha-1 adrenoceptor subtype mRNA and protein 

between SMG-C10 cells and native glands indicates SMG-C10 cells are a potentially useful 

model system to characterize the functional roles of the individual alpha-1 adrenoceptor subtypes 

in the submandibular gland. 

Additional data supporting the presence of both alpha-1A and alpha-1B adrenoceptor 

subtypes in SMG-C10 cells and submandibular glands were obtained using chloroethylclonidine. 

Chloroethylclondine irreversibly alkylates the alpha-1B adrenoceptor subtype.  Therefore, in 

cells and tissues that contain alpha-1B adrenoceptors, chloroethylclonidine decreases the density 

of the alpha-1 adrenoceptor population.  Thus, chloroethylclonidine has been used in a variety of 
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tissues to differentiate alpha-1 adrenoceptor subtypes (Minneman et al., 1988).  In our study, 

chloroethylclonidine reduced the density of 3H-prazosin binding sites in SMG-C10 cells by 42% 

and submandibular glands by 26%.  These results are consistent with our competition binding 

data, which showed that the alpha-1B subtype comprises 60% and 24% of the alpha-1 

adrenoceptor population in SMG-C10 cells and submandibular glands, respectively.  

Controversy exists concerning the use of chloroethylclonidine to characterize alpha-1 

adrenoceptor subtypes because its selectivity for the alpha-1B subtype is highly dependent on 

experimental conditions (Zhong and Minneman, 1999).  Therefore, we obtained competition 

binding curves for 5-methylurapidil in chloroethylclonidine-treated SMG-C10 cell and 

submandibular gland membranes to determine whether chloroethylclonidine treatment would 

result in the loss of low affinity binding sites, i.e. the alpha-1B subtype, while maintaining the 

high affinity binding sites, i.e. the alpha-1A subtype.  In SMG-C10 cells and submandibular 

glands, chloroethylclonidine treatment resulted in 5-methylurapidil identifying only a single high 

affinity binding site that was the alpha-1A subtype.  Our data suggest, when using appropriate 

experimental conditions and proper controls, chloroethylclonidine is useful in distinguishing 

among the various alpha-1 adrenoceptor subtypes.   

The relationship between mRNA expression and protein measured as radioligand binding 

sites is not always clear.  For example, in the present study, RT-PCR detected alpha-1D 

adrenoceptor subtype mRNA; however, alpha-1D adrenoceptor protein was not identified with 

radioligand binding in SMG-C10 cells or submandibular glands.  It is possible that the mRNA is 

not translated into receptor protein; however, recent data show that alpha-1D adrenoceptor 

protein is predominantly localized to intracellular compartments (Chalothorn et al., 2002; Piascik 

and Perez, 2001).  In addition, N-terminal truncation of the alpha-1D adrenoceptor results in an 
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increase in its binding site density (Pupo et al., 2003), subsequent to changes in the subcellular 

distribution of the shortened receptor protein (Hague et al., 2004).  Together, these results 

support the idea that although alpha-1D adrenoceptor mRNA is translated into receptor protein, 

alpha-1D adrenoceptor protein may not be efficiently processed into an able-binding form and 

translocated to the cell membrane where it can be detected with radioligands.  Our result 

showing that mRNA for the alpha-1D adrenoceptor subtype is not expressed as an alpha-1D 

adrenoceptor binding site is consistent with these studies and not unique to the submandibular 

gland.  For example, in another major salivary gland, the parotid gland, Abel et al. (1995) 

identified mRNA for the alpha-1D adrenoceptor receptor subtype but could not detect its 

expression with radioligand binding.  In contrast, the alpha-1D adrenoceptor subtype is reported 

to be a cell surface receptor protein that mediates contraction of blood vessels from certain 

vascular beds (Piascik et al., 1995).  These differences underscore the importance of examining 

mRNA expression and radioligand binding site density, as well as receptor protein expression 

with subtype-specific antibodies when they become available, because the regulation of 

intracellular sequestration and trafficking of alpha-1D adrenoceptors likely varies among cell 

types and disease states. 

In the present study, competition by 5-methylurapidil for [3H]-prazosin binding identified 

both the alpha-1A adrenoceptor and alpha-1B adrenoceptor subtypes in the submandibular gland.  

In contrast, the submandibular gland is generally thought to contain only the alpha-1A 

adrenoceptor subtype (Michel et al., 1989), and thus has been widely used as a prototypical 

tissue for studying alpha-1A adrenoceptors (Zhong and Minneman, 1999).  However in the 

original study by Michel and coworkers (1989), WB-4101, but not 5-methylurapidil, was used in 

competition binding experiments.  Although WB-4101 is selective for the alpha-1A adrenoceptor 
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subtype, with approximately 20-fold higher affinity for the alpha-1A than the alpha-1B 

adrenoceptor (Morrow and Creese, 1986), this limited selectivity likely precluded ascertainment 

of the multiple alpha-1 adrenoceptor subtypes present in the submandibular gland.  The 

usefulness of WB-4101 in differentiating between subtypes is further moderated in tissues where 

the proportion of the alpha-1B adrenoceptor subtype is low relative to the total alpha-1 

adrenoceptor population, such as in the submandibular gland.  For example, using WB-4101, we 

too were unable to identify the alpha-1B adrenoceptor subtype in the submandibular gland.  

However when we used 5-methylurapidil, which exhibits greater selectivity (50-500-fold) than 

WB-4101 for the alpha-1A subtype over the alpha-1B subtype, we detected a heterogeneous 

population of alpha-1 adrenoceptors comprised of 76% alpha-1A and 24% alpha-1B in 

submandibular glands.  Interestingly, in SMG-C10 cells, where 5-methylurapidil identified a 

more equal distribution of the two alpha-1 adrenoceptor subtypes (40% alpha-1A and 60% 

alpha-1B), WB-4101 also detected the alpha-1A and alpha-1B adrenoceptor subtypes.  These 

results not only highlight the similarity between SMG-C10 cells and submandibular glands, but 

also provide important new information about additional alpha-1 adrenoceptor subtypes in the 

native gland. 

The SMG-C10 cell line is unique in that it expresses multiple alpha-1 adrenoceptor 

subtypes.  Most other clonal cell lines containing alpha-1 adrenoceptors express only the alpha-

1B subtype (Zhong and Minneman, 1999).  Together these findings suggest multiple alpha-1 

adrenoceptor subtypes coexist on native submandibular acinar cells rather than the individual cell 

types of the gland each expressing a single subtype.  Thus, the SMG-C10 cell line is an 

important new tool for examining the role of alpha-1A and alpha-1B adrenoceptor subtypes in 

regulating submandibular gland functions.  For instance, it is widely known that stimulation of 
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alpha-1 adrenoceptors on submandibular acinar cells results in an elevation of intracellular free 

calcium that activates calcium-dependent chloride channels to cause fluid secretion (Martinez 

and Reed, 1988; Quissell et al., 1992).  In addition, we recently reported that alpha-1 

adrenoceptors activate extracellular signal-regulated protein kinases 1 and 2 (ERK 1/2) in 

submandibular glands and SMG-C10 cells (Bruchas et al., 2002).  ERK 1/2 is an important 

second messenger in the mitogen-activated protein kinase pathway; however, its role in the 

submandibular gland is unknown.  How these multiple signaling pathways activated by alpha-1 

adrenoceptor subtypes interact with each other and are ultimately integrated into the final acinar 

cell response remains to be determined in submandibular glands.  The SMG-C10 cell line may be 

useful in elucidating these interactions. 
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FIGURE 1.  Horizontal gel electrophoresis of products from reverse transcription and PCR 

amplification of total RNA from SMG-C10 cells and rat submandibular gland using rat alpha-1A 

(α1A), alpha-1B (α1B) and alpha-1D (α1D) adrenoceptor subtype gene-specific primers. 

Amplification of cDNA from reverse transcription reactions are indicated as a '+RT'.  Control 

reactions to check for DNA contamination were run in the absence of reverse transcriptase and 

are indicated with a '-RT'.  The marker consists of a ladder of multimers of a 100 base pair (bp) 

DNA fragment.  Alpha-1A, alpha-1B and alpha-1D adrenoceptor subtype mRNAs were present 

in both SMG-C10 cells and rat submandibular glands. 

 

FIGURE 2.  Mean saturation binding isotherms for specific [7-methoxy-3H]-prazosin (3H-

prazosin) binding in membranes from SMG-C10 cells (A) and rat submandibular glands (B).  

Concentrations of total 3H-prazosin, ranging from 0.02 to 2.5 nM, were incubated with 

membranes (150 µg and 100 µg/0.5 ml of assay volume for SMG-C10 cells and submandibular 

glands, respectively) in the presence (nonspecific binding) and absence (total binding) of 10 µM 

phentolamine.  Specific binding was calculated as the difference between total and nonspecific 

binding.  Nonlinear regression analysis of four individual specific binding isotherms indicated 

that 3H-prazosin bound to a homogenous population of binding sites with a mean affinity value 

(KD) of 0.34 ± 0.1 nM in SMG-C10 cells and 0.40 ± 0.1 nM in submandibular glands.  The 

density of specific 3H-prazosin binding sites (Bmax) was 97 ± 20 fmol/mg protein and 179 ± 30 

fmol/mg protein in SMG-C10 cells and submandibular glands, respectively.  Specific 3H-

prazosin binding ranged from 75% to 90% of total binding at the KD concentration in both SMG-

C10 cells and submandibular glands.  The insets show representative Rosenthal plots derived 

from their respective saturation binding isotherms.   
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FIGURE 3.  Mean competition binding curves showing alpha-1 adrenoceptor antagonists 

inhibition of [7-methoxy-3H]-prazosin (3H-prazosin) binding in membranes from SMG-C10 cells 

(A) and rat submandibular glands (B).  For each concentration of antagonists, 3H-prazosin 

binding is expressed as a percentage of the specific binding in the absence of any drug.  One- and 

two-site binding models were fit to individual and mean competition binding curves by using a 

nonlinear least-squares curve-fitting program to obtain Ki values.  Competition binding curves 

for prazosin and BMY-7378 fit best to a one-site binding model in both SMG-C10 cells and 

submandibular glands.  In SMG-C10 cells, competition binding curves for 5-methylurapidil (5-

MU) and WB-4101 fit best to a two-site binding model; whereas in submandibular glands, 

competition binding curves for 5-MU but not WB-4101 were best-fit by a two-site binding 

model. 

FIGURE 4.  Mean saturation binding isotherms for specific [7-methoxy-3H]-prazosin (3H-

prazosin) binding in SMG-C10 cell (A) and submandibular gland (B) membranes pretreated with 

30 µM chloroethylclonidine (CEC) or vehicle (Control) for 12 min at 37°C.  Concentrations of 

total 3H-prazosin, ranging from 0.02 to 3.0 nM, were incubated with membranes in the presence 

(nonspecific binding) and absence (total binding) of 10 µM phentolamine.  Specific binding was 

calculated as the difference between total and nonspecific binding.  Nonlinear regression analysis 

of four individual specific binding isotherms indicated that the density of specific 3H-prazosin 

binding sites (Bmax) in control SMG-C10 membranes was 86 ± 4 fmol/mg protein and 50 ± 8 

fmol/mg protein in CEC-treated SMG-C10 membranes.  In submandibular gland membranes, 

CEC reduced the Bmax from 110 ± 3 fmol/mg protein (Control) to 81 ± 2 fmol/mg protein (CEC-

treated).  The insets show representative Rosenthal plots derived from their respective saturation 

binding isotherms. 
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FIGURE 5.  Mean competition binding curves showing 5-methylurapidil inhibition of [7-

methoxy-3H]-prazosin (3H-prazosin) binding in SMG-C10 cell (A) and rat submandibular gland 

(B) membranes pretreated with 30 µM chloroethylclonidine (CEC) or vehicle (Control) for 12 

min at 37°C.  For each concentration of antagonist, 3H-prazosin binding is expressed as a 

percentage of the specific binding in the absence of any drug.  Data points represent mean values 

obtained from three to eight separate SMG-C10 cell cultures or glands from individual animals.  

One- and two-site binding models were fit to individual and mean competition binding curves by 

using a nonlinear least-squares curve-fitting program to obtain Ki values.  Control competition 

binding curves for 5-methylurapidil fit best to a two-site binding model in both SMG-C10 cells 

and submandibular glands.  In contrast, in both SMG-C10 cells and submandibular glands 

pretreated with CEC, competition binding curves for 5-methylurapidil were fit best by a one-site 

binding model. 
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TABLE 1 

Affinity values and percentage of binding sites for alpha-1 adrenoceptor antagonists in SMG-C10 cells and submandibular glands.

The values are mean ± S.E.; n = number of separate SMG-C10 cell cultures or glands from individual animals.  Binding data were analyzed using a  

nonlinear least-squares curve-fitting program.  Ki = affinity in nanomolar of drugs for inhibiting specific 3H-prazosin binding.  nH = Hill coefficient.   

Affinity values from binding data that fit best to a two-site binding model are expressed as KiH (high affinity binding site) and KiL (low affinity  

binding site).  % High = percent high affinity binding sites; % Low = percent low affinity binding sites.    

            Drug                                          Ki                      nH                        KiH                      % High                       KiL                      % Low                n
_______________________________________________________________________________________________________________________ 

SMG-C10 Cells      

Prazosin                             0.31 ± 0.1          -0.98 ± 0.2                                                                                                                                        4 

WB-4101a                                                    -0.63 ± 0.1             0.44 ± 0.1                 35 ± 6%                   15 ± 4                   65 ± 10%            3 

5-methylurapidila                                         -0.53 ± 0.1              1.9 ± 0.4                  40 ± 8%                 100 ± 30                 60 ± 10%            8 

BMY-7378                           81 ± 20           -0.83 ± 0.1                                                                                                                                        4 

Submandibular Gland 

Prazosin                             0.78 ± 0.2          -0.78 ± 0.2                                                                                                                                       4 

WB-4101                           0.76 ± 0.1          -0.83 ± 0.1                                                                                                                                       6 

5-methylurapidila                                         -0.63 ± 0.1              3.2 ± 0.8                  76 ± 10%               170 ± 50                24 ± 4%              8 

BMY-7378                         110 ± 20           -0.80 ± 0.1                                                                                                                                       4 
_________________________________________________________________________________________________________________ 
a Competition binding curve fit best to a two-site binding model, P < 0.05, using the F test.
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TABLE 2 

Comparison of affinities of various antagonist drugs for alpha-1 adrenoceptor subtypes  

Affinities of drugs for alpha-1 adrenoceptor subtypes (α1A, α1B and α1D) are ranges of nanomolar 

values from a variety of radioligand binding studies in: Gross et al. (1988), Michel et al. (1989), 

Minneman et al. (1988), Morrow and Creese (1986), Piascik et al. (1995), Porter et al. (1992) 

and Saussy et al. (1996). 

Drug              α1A        α1B             α1D

Prazosin        0.13 - 2.2      0.08 - 0.38        0.09 - 0.35 

WB-4101        0.13 - 1.38      2.4 - 27        0.47 - 1.9 

5-methylurapidil       0.16 - 2.5      16 - 100        12 - 50 

BMY-7378        160 - 800      56 - 600        0.4 - 6.9 
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