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Abstract

Acetylcholine is one of the most important endogenous neurotransmitters in a range of

organisms spanning different animal phyla. Within pituitary gland it acts as autocrine and

paracrine signal. In a current study we assessed expression profile of the different subunits

of nicotinic as well as muscarinic acetylcholine receptors in RC-4BC cells, which are derived

from rat pituitary gland tumor. Our findings indicate that β2, δ, and M2 subunits are

expressed by the cells with the lowest Ct values compared to other tested subunits. The

detected Ct values were 26.6±0.16, 27.95±0.5, and 28.8±0.25 for β2, δ, and M2 subunits,

respectively.

Introduction

Endogenous neurotransmitter acetylcholine (ACh) acts on nicotinic receptors as well as on

muscarinic receptors. Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-

gated ion channels, with diverse structure and function. Each subunit bypasses plasma mem-

brane four times, has extracellular N- and C-termini, with ligand-binding site at the N-termi-

nus [1]. There are seventeen subunits characterized in vertebrates [2]. They include muscle-

type α1, β1, δ, ε, and γ subunits. Functional receptor in muscle cells is composed of two α1

subunits, β1, δ, and either γ or ε subunits Besides muscle-type receptor subunits, neuronal

subunits include α2, α3, α4, α5, α6, α7, α9, α10, and β2, β3, β4. The neuronal receptors can

assemble into homomeric or heteromeric structures. Homomeric receptors are composed of a

single type of α subunit, such as in α7 receptor. Heteromeric receptors contain α subunits

combined with β subunits in different stoichiometries. Neuronal receptors are widely distrib-

uted within central nervous system (CNS), as well as outside of it [3].

Muscarinic acetylcholine receptors (mAChRs) are seven-transmembrane domain G-pro-

tein coupled receptors. There are five receptor subtypes identified, named M1 –M5. M1, M3,

and M5 receptors are coupled to Gq/11, with activation of phospholipase C [4]. Activation of

M2 and M4 receptors lead to inhibition of adenylate cyclase, and downregulation of cAMP.

Pituitary gland is divided into two functional parts: anterior and posterior pituitary. While

posterior pituitary releases hormones into the bloodstream directly, being a continuation of

hypothalamus, anterior pituitary is connected with hypothalamus via network of blood vessels,

and itself is a gland that contains multiple types of cells releasing multitude of hormones into
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the bloodstream. The cells within anterior pituitary are specialized into five endocrine cell

types differing by the secreted hormone. These cell types include gonadotrophs releasing

luteinizing hormone (LH) and follicle stimulating hormone (FSH), thyrotrophs releasing thy-

roid stimulating hormone (TSH), somatotrophs producing growth hormone (GH), cortico-

trophs releasing adrenocorticotropic hormone (ACTH), and lactotrophs secreting prolactin.

Within anterior pituitary there are also non-endocrine folliculostellate cells, which have glial

cell morphology, they affect secretion of pituitary hormones [5]. ACh is synthesized by hypo-

thalamus [6, 7]. It acts in autocrine/paracrine signaling, as well as in endocrine signaling being

released into the hypophyseal portal system. Early binding studies suggested functional musca-

rinic receptors within rat pituitary [8–10]. Nakajima et al. [11] showed that Ach increases

intracellular Ca2+ within folliculostellate cells in rat primary cell culture. The same group sug-

gested that M1 muscarinic receptors were involved as far as Ca2+ rise was sensitive to atropine

and pirenzepine, and to phospholipase C inhibitors. In situ hybridization study demonstrated

expression of α9 nAChR subunit in pars tuberalis of rat pituitary [12]. α10 subunit was also

demonstrated within pars tuberalis of pituitary [13]. In the current study we aimed at identify-

ing different types of nicotinic as well as muscarinic acetylcholine receptor subunits in pitui-

tary cells. We conducted our experiment on RC-4BC cell like, as far as this cell line is derived

from aged rat pituitary adenoma [14], and it contains different types of cells similar to the cell

types within anterior pituitary.

Methods and materials

Cells and reagents

RC-4B/C cell line was obtained from the American Type Culture Collection (ATCC CRL-

1903). The cells were maintained at 37˚C in a humidified atmosphere with 5% CO2 and were

cultured in complete medium which contained Dulbecco’s modified Eagle’s medium with 4

mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose, 45%;

alpha minimum essential medium with 1 g/L glucose, 45%; supplemented with the 0.01 mM

nonessential amino acids, 15 mM HEPES, 0.2 mg/ml bovine serum albumin, 2.5 ng/ml epider-

mal growth factor, dialyzed heat-inactivated fetal bovine serum, 10% and penicillin-streptomy-

cin solution (with 10,000 units of penicillin and 10 mg/ml of streptomycin), diluted 100x. The

complete medium was refreshed every 2 days. Cells used for the experiment were under tenth

passages.

RNA isolation, cDNA synthesis and PCR

Total RNA was isolated from RC-4B/C cell line using RNeasy Mini Kit (Qiagen, 74104),

according to the manufacturer’s protocol. cDNA was synthesized using the Maxima First

Strand cDNA Synthesis Kit for RT-qPCR, with dsDNase (ThermoFisher, K1672). 1 μg of RNA

was used for the synthesis, synthesis was according to the manufacturer’s protocol. Afterwards,

amplification of target fragments was carried out on a PCR thermocycler. 20 μl of PCR reac-

tion included 2 μl template DNA, 1 μl forward primer (10 pmoles), 1 μl reverse primer (10

pmoles), 2 μl dNTP, 2 μl 10x buffer, 0.25 μl Taq DNA polymerase (5U/μL, NEB, M0273X),

11.75 μl nuclease-free H2O. The PCR reaction conditions were initial denaturation at 95˚C for

3 min, 30 cycles of denaturation at 95˚C for 30 s, annealing at 55˚C for 30 s, extension at 72˚C

for 30 s, followed by final extension at 72˚C for 7 min. Bands were detected by 1.5% agarose

gel electrophoresis. As ladder DirectLoad PCR 100 bp Low Ladder (D3687, Sigma-Aldrich)

was used. After electrophoresis, sample was analyzed on GelDoc.
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RT-qPCR

For RT-qPCR using nAChR and mAChR primers, all polymerase chain reaction primers were

purchased from Lumiprobe RUS Ltd. (Moscow, Russian Federation) (Table 1). qPCR was per-

formed and analyzed on CFX96 Touch Real-Time PCR Detection System to determine the rel-

ative amounts of α1, α2, α3, α4, α5, α6, α7, α9, α10, β1, β2, β3, β4, δ, ε nAChR subunits and

M1, M2, M3, M4, and M5 mAChRs at mRNA level. SsoAdvanced Universal SYBR Green

Table 1. Primers used in the study.

Gene GenBank accession number Primer PCR product (bp)

CHRNA1 NM_024485.2 Forward: 5’-CGGGAAGTACATGTTGTTTACC-3’ 180

Reverse: 5’-CTGGATGGTCTTTTCATTGTGG-3’

CHRNA2 NM_133420.1 Forward: 5’-GCTCTTCACCATGATCTTTGTC-3’ 235

Reverse: 5’-AGCATCCATGTTAGTCTCTAGC-3’

CHRNA3 NM_052805.2 Forward: 5’-TGAAGGTGGATGAAGTAAACCA-3’ 165

Reverse: 5’-CGTTGTTGTACAGTACGATGTC-3’

CHRNA4 NM_024354.2 Forward: 5’-GTACCTCCTCTTCACCATGATC-3’ 277

Reverse: 5’-GTTGCAGATGTCACTCAAGATG-3’

CHRNA5 NM_017078.2 Forward: 5’-CGTACTCCTTTGTGATTAAGCG-3’ 267

Reverse: 5’-CCATAATGGATAGGGTCACGAA-3’

CHRNA6 NM_057184.2 Forward: 5’-AAGTGGACATGAACGACTTTTG-3’ 153

Reverse: 5’-TGGTATAAAACATGGGCAGTCT-3’

CHRNA7 NM_012832.3 Forward: 5’-CGGAGTGAAGAATGTTCGTTTT-3’ 154

Reverse: 5’-GAATATGCCTGGAGGGAGATAC-3’

CHRNA9 NM_022930.2 Forward: 5’-GGTTGCGTATGCTTTTATTCCT-3’ 204

Reverse: 5’-CACTGTGCTTTGTTGTCTACAA-3’

CHRNA10 NM_022639.1 Forward: 5’-TTGATATGGATGAACGGAACCA-3’ 159

Reverse: 5’-TGTAAAGTACGATGTCTGGTCG-3’

CHRNB1 NM_012528.1 Forward: 5’-TTATGATAGCTCAGTAAGGCCG-3’ 112

Reverse: 5’-GCTCATTTCTTCATCCTTCTCG-3’

CHRNB2 NM_019297.2 Forward: 5’-GACAATATGAAGAAAGTCCGGC-3’ 115

Reverse: 5’-AGACCACAGCATTGGAATAGAA-3’

CHRNB3 NM_133597.2 Forward: 5’-GTTCTCTAAGGCAGGTGTTACT-3’ 149

Reverse: 5’-TACAGTTCTACTAGCGAATGGC-3’

CHRNB4 NM_052806.2 Forward: 5’-CTATGACTTCATCATCAAGCGC-3’ 242

Reverse: 5’-CCATGGTGAACAAGAGGTACTT-3’

CHRND NM_019298.1 Forward: 5’-CATTCCAGATTTCTTACGCCTG-3’ 153

Reverse: 5’-TGAGTGAACTGAATTTGAGGGA-3’

CHRNE NM_017194.1 Forward: 5’-GAGGAGCTCATCTTGAAAAAGC-3’ 239

Reverse: 5’-CAAAAACAGACATTGTCGAGGG-3’

CHRM1 NM_080773.1 Forward: 5’-CTCACCTGGACACCATATAACA-3’ 104

Reverse: 5’-TTGACGTAGCATAGCCAGTAG-3’

CHRM2 NM_031016.2 Forward: 5’-CAATGTCATGGTGCTCATCAAT-3’ 208

Reverse: 5’-CTTTTGATGGTCTTTTCACCGT-3’

CHRM3 NM_012527.2 Forward: 5’-TCCCTGATGGTGATAAAATGGG-3’ 144

Reverse: 5’-CACATCTCTTCATGTTTAGCGG-3’

CHRM4 NM_031547.1 Forward: 5’-CATCTGCTGAAGAGAACAGGTC-3’ 80

Reverse: 5’-TCAGTAGAGATCTCTCCCATCC-3’

CHRM5 NM_017362.5 Forward: 5’-GCTCAGATCTTTCTTTAGCTGC-3’ 108

Reverse: 5’-GTTGTCTTTCCTGTTGTTGAGG-3’

https://doi.org/10.1371/journal.pone.0279284.t001
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Supermix (Bio-Rad, 1725271) was used for qPCR reactions. PCR program was as follows: ini-

tial denaturation at 95˚C, followed by 30 cycles of denaturation at 95˚C for 10 sec and anneal-

ing at 60˚C for 30 sec, followed by melt curve analysis at 55–95˚C in 0.5˚C increments with 4

sec/step. Three technical replicates were used. The experiment was repeated in duplicates. Ct

values are number of cycles required to cross fluorescence threshold value, which is set up

automatically.

Results

In order to evaluate the expression of the acetylcholine receptors in RC-4BC cells, RT-PCR

approach were used. The sequence of primers and expected product size are presented in

Table 1.

From the initial expression data amplicons of expected size were detected for α2 and δ sub-

units (Fig 1). In addition, bands were observed for β2, β3, β4, M2, and M3 subunits. Alongside

the expected bands of appropriate size, multiple bands were observed for α4, M4, and ε sub-

units. Not conclusive bands were observed for α1, α3, α5, α6, α7, α9, α10, β1, M1, and M5

subunits.

The expression of the subunits was checked by RT-qPCR, and following results for Ct val-

ues were obtained (Fig 2). Three technical replicates were used per reaction. The lowest Ct

value was observed for β2 subunit (26.6±0.16, n = 6), followed by δ subunit (27.95±0.5, n = 6),

where n represents the number of wells pooled from independent experiments. β1, β4, and M4

subunits had Ct values below 30. M1 subunit was at non-detectable level, while α7, α9, α10

subunit, as well as M5 receptor each had Ct values higher than 35.

Discussion

RC-4BC cell line was derived from an aged male rat pituitary adenoma. It contains all types of

anterior pituitary cells with majority of cells containing FSH, LH, and prolactin, with many

bihormonal cells within cell line [15]. The cell line was used to study basal prolactin secretion

in comparison with primary pituitary cells and other aspects of pituitary cell functionality [16,

17]. They are suitable to address questions related to pituitary adenoma growth. RC-4BC cells

were used to create 3D model of pituitary tumor [18]. The cells were used to address the regu-

latory role of miR-29-3p [19] and miR-410-3p [20] on cell proliferation. Additionally, the cells

can be used to study binding affinities of different ligands, as was done for prolactin-releasing

peptide and its palmitoylated analog [21]. RC-4BC can be used to study antiproliferative

Fig 1. Representative data of expression of different receptor subunits in RC-4BC cells. 100 bp ladder was used. The expected sizes of PCR

products are shown.

https://doi.org/10.1371/journal.pone.0279284.g001
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potential of drugs for treatment of pituitary adenomas [22]. In the current study we aimed to

investigate the expression of different subunits of acetylcholine receptors.

In the current study we detect high expression level of β2 subunit. β2 subunit constitutes

part of heteromeric nAChRs. It is worth investigation, whether β2 subunit contributes to the

formation of functional receptors within studied cells. Previously it was shown that rat gona-

dotrophs express functional β2-containing nicotinic receptors (23). α4β2 subunit is the most

prevalent receptor type within brain [23]. Our results for β2 subunit expression coincide with

finding by Zemkova et al. [24], who demonstrated the highest level of expression for β2 sub-

unit in rat primary culture cells compared to other nicotinic receptor subunits.

Our study suggests that α7 and α9 subunits of homomeric receptor subtypes are expressed

at low level within RC-4BC cells. It is quite interesting considering that α7 receptor is abun-

dantly present within hippocampal region [25], while α9 receptor is present in rodent pituitary

gland within pars tuberalis [12]. Zemkova et al. also demonstrated expression of α9 subunit

within rat pituitary cells [24]. The discrepancy in findings could be explained by different

nature of tested cells: RC-4BC cells as in our case and primary cells as in previous studies. The

discrepancy in the expressed receptors between primary cell culture and immortalized cells

was noted before [7]. The cells within cell line over multiple passages could potentially change

the expression profile of receptor subunits. RC-4BC cell line is a heterogeneous cell line that

contains different types of pituitary cells. Further studies are needed to dissect the expression

of nicotinic receptor subunits within different cells of such heterogeneous cell mixture.

δ subunit amplified robustly in our experiment. This is quite unexpected as far as δ subunit

constitutes the structural subunit of muscle-type nicotinic acetylcholine receptor, and muta-

tions within this particular receptor subunit result in congenital myasthenic disease [26].

While being essentially a muscle-type of receptor subunit, there are studies indicating sole

expression of δ subunit in particular cell line. For example, it is expressed in human cerebellar

medulloblastoma cell line TE671 [27].

M2 subunit robustly amplified in our study. Zemkova et al. [24] that showed the expression

of M4 subunit in rat pituitary cells as well as in immortalized LβT2 gonadotrophs. Both M2

Fig 2. Ct values for each subunit tested. The mean Ct values for each subunits with SEM were as follows: α1–33.9±0.16 (n = 6), α2–31.7±0.15 (n = 6),

α3–34.4±0.47 (n = 6), α4–31.0±0.29 (n = 6), α5–30.3±0.12 (n = 6), α6–33.3±0.45 (n = 6), α7–36.8±0.17 (n = 6), α9–35.5±0.33 (n = 6), α10–37.4±0.67

(n = 6); β1–28.9±0.13 (n = 6), β2–26.6±0.16 (n = 6), β3–31.65±0.19 (n = 6), β4–29.05±0.22 (n = 6); δ– 27.95±0.5 (n = 6), ε– 32.5±0.35 (n = 6); M1 –not

amplified, M2–28.8±0.24 (n = 6), M3–33.2±1.5 (n = 5), M4–29.3±0.46 (n = 6), M5–36.9±0.5 (n = 3). N corresponds to the number of wells pooled from

two experiments.

https://doi.org/10.1371/journal.pone.0279284.g002
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and M4 receptors function through inhibition of adenylate cyclase and downregulation of the

level of cAMP within the cell [28]. M2 receptor is abundantly present within hearth muscle

cells, where its activation affects the contractibility of the heart muscle. M4 receptor subunit is

abundant within CNS.

Although the data obtained may not exactly correlate with the actual number of transcripts

due to different sizes of amplicons, nevertheless, the data show that there is expression. For a

more accurate number of transcripts, a standard curve can be included in future experiments

to avoid misinterpretation of results. It is also important to note that the expression does not

indicate the translation of transcripts and the formation of a full-fledged receptor; nevertheless,

the data obtained provide a primary picture of expression in cells.

Overall, the knowledge gained in this study could be further used in subsequent studies

addressing functionality of cholinergic system within pituitary cells. Especially in studies that

utilize RC-4BC cells.
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7. Zemková H, Stojilkovic SS. Neurotransmitter receptors as signaling platforms in anterior pituitary cells.

Molecular and Cellular Endocrinology. 2018; 463: 49–64. https://doi.org/10.1016/j.mce.2017.07.003

PMID: 28684290

8. SCHAEFFER JM, HSUEH AJW. Acetylcholine Receptors in the Rat Anterior Pituitary Gland*. Endocri-

nology. 1980; 106: 1377–1381. https://doi.org/10.1210/endo-106-5-1377 PMID: 7363856

PLOS ONE Expression of acetylcholine receptors by RC-4BC cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0279284 December 16, 2022 6 / 8

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279284.s001
https://doi.org/10.1016/bs.irn.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26472524
https://doi.org/10.1016/j.neuropharm.2008.07.041
http://www.ncbi.nlm.nih.gov/pubmed/18723036
https://doi.org/10.1016/j.tips.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16876883
https://doi.org/10.1074/jbc.270.7.3141
http://www.ncbi.nlm.nih.gov/pubmed/7852396
https://doi.org/10.1111/jne.13053
http://www.ncbi.nlm.nih.gov/pubmed/34734454
https://doi.org/10.1210/er.2010-0005
http://www.ncbi.nlm.nih.gov/pubmed/20650859
https://doi.org/10.1016/j.mce.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28684290
https://doi.org/10.1210/endo-106-5-1377
http://www.ncbi.nlm.nih.gov/pubmed/7363856
https://doi.org/10.1371/journal.pone.0279284


9. Mukherjee A, Snyder G, McCann SM. Characterization of muscarinic cholinergic receptors on intact rat

anterior pituitary cells. Life Sci. 1980; 27: 475–482. https://doi.org/10.1016/0024-3205(80)90128-9

PMID: 7412489

10. Taylor RL, Burt DR. Pituitary cell cultures contain muscarinic receptors. Eur J Pharmacol. 1980; 65:

305–308. https://doi.org/10.1016/0014-2999(80)90407-0 PMID: 6249627

11. Nakajima Y, Uchiyama M, Shirai Y, Sakuma Y, Kato M. Acetylcholine increases intracellular Ca2+ in

the rat pituitary folliculostellate cells in primary culture. American Journal of Physiology-Endocrinology

and Metabolism. 2001; 280: E608–E615. https://doi.org/10.1152/ajpendo.2001.280.4.E608 PMID:

11254468

12. Elgoyhen AB, Johnson DS, Boulter J, Vetter DE, Heinemann S. Alpha 9: an acetylcholine receptor with

novel pharmacological properties expressed in rat cochlear hair cells. Cell. 1994; 79: 705–715. https://

doi.org/10.1016/0092-8674(94)90555-x PMID: 7954834

13. Sgard F, Charpantier E, Bertrand S, Walker N, Caput D, Graham D, et al. A novel human nicotinic

receptor subunit, alpha10, that confers functionality to the alpha9-subunit. Mol Pharmacol. 2002; 61:

150–159. https://doi.org/10.1124/mol.61.1.150 PMID: 11752216

14. Hurbain-Kosmath I, Berault A, Noel N, Polkowska J, Bohin A, Jutisz M, et al. Gonadotropes in a novel

rat pituitary tumor cell line, RC-4B/C. Establishment and partial characterization of the cell line. In Vitro

Cell Dev Biol. 1990; 26: 431–440. https://doi.org/10.1007/BF02624084 PMID: 2161825
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