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α1-Adrenoceptors relate Ca2+ modulation and protein secretions in rat lacri-
mal gland
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ABSTRACT
Noradrenaline (NA) is a catecholamine with multiple roles including as a hormone and a neu-
rotransmitter. Cellular secretory activities are enhanced by adrenergic stimuli as well as by cholin-
ergic stimuli. The present study aimed to determine which adrenoceptors play a role in controlling 
intracellular calcium ion ([Ca2+]i) level in acinar cells of rat lacrimal glands. Expression of mRNA 
for adrenoceptor subtypes in the acinar cells was assessed using RT-PCR. All types except α2c, 
β1, and β3 were detected. NA induced a [Ca2+]i increase with a biphasic pattern in the acinar cells. 
Removal of extracellular Ca2+ and use of Ca2+-channel blockers did not inhibit the NA-induced 
[Ca2+]i increases. In contrast, U73122 and suramin almost blocked these increases. The α1-
adrenoceptor agonist phenylephrine induced a strong increase in [Ca2+]i. However, clonidine and 
isoproterenol failed to induce a [Ca2+]i increase. The peroxidase activity was quantified as a mea-
sure of mucin secretion. Ca2+-dependent exocytotic secretion of peroxidase was detected in rat lac-
rimal glands. The RT-PCR results showed that MUC1, MUC4, MUC5AC, MUC5B, and MUC16 
were expressed in acinar cells. These findings indicated that NA activates α1-adrenoceptors, which 
were found to be the main receptors in Ca2+-related cell homeostasis and protein (including mu-
cin) secretion in lacrimal glands.

The lacrimal gland is the main contributor to the 
aqueous component of the preocular tear film, which 
contains water, electrolytes, proteins, peroxidase, mu-
cins, and lactoferrin. The lacrimal gland is composed 
of several cell types, including myoepithelial cells, 
ductal cells, goblet cells, and acinar cells, which are 
the major cell type constituting 80% of the gland. 
Acinar cells are highly polarized and joined by tight 
junctions at the luminal membrane, creating distinct 
basolateral and apical membranes (12). Goblet cells 

are a source of mucus in tears and secrete different 
types of mucins onto the ocular surface, especially 
in the conjunctiva. Although the number of goblet 
cells increases in the nasolacrimal duct, as the diam-
eter of the nasolacrimal duct lumen is narrower than 
that of the lacrimal sac. Regulation of lacrimal gland 
fluid secretions is under neural control; activation of 
the sensory nerves in the cornea and conjunctiva 
initiates an afferent pathway leading to the central 
nervous system, which subsequently activates an ef-
ferent pathway that stimulates parasympathetic and 
sympathetic nerves, and ultimately, the lacrimal 
gland (32). The appropriate amount and composition 
of lacrimal gland fluid are crucial for a healthy, in-
tact ocular surface (14).
　Sympathetic nerves release the catecholamine 
noradrenaline (NA). Catecholamines bind to adreno-
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MUC5AC, MUC5B, MUC7, MUC8, MUC11, 
MUC13, MUC15, MUC16, MUC18, MUC19, 
MUC20, MUC21, and MUC22) mucin genes are 
expressed (19, 31, 35, 56, 63, 68). The predicted 
amino acid sequences of the cloned mucin genes 
revealed that there are 2 types of mucin groups in 
humans: secreted and membrane-tethered mucins. 
Seven mucin gene products (i.e., MUC2, 5AC, 5B, 
6, 7, 8 and 19) are secreted in type, and the remain-
ing 10 are membrane-tethered (31, 65). The mem-
brane-associated mucins MUC1, MUC4, and MUC16 
have been identified in the cornea, conjunctiva, and 
tears in humans, while the soluble secreted mucin 
MUC5AC is secreted by conjunctival goblet cells in 
rats (3, 5, 33, 34, 38, 52, 53). Secretion of MUC5AC 
is stimulated by the calcium ionophore A23187 and 
by purinergic agonists acting as P2Y2 receptors (37). 
Tears of patients with Sjögren’s syndrome have de-
creased levels of the goblet-cell mucin MUC5AC 
(2). Some scientists consider that mucins found on 
the ocular surface are primarily produced by goblet 
cells, apical part of cells of the conjunctiva and cor-
nea, and the lacrimal gland. For that reason, there is 
no report to observe an immediate mucin secretion 
from acinar cells in lacrimal glands to date. Analysis 
of the protein secretion mechanism of lacrimal 
glands is required to unravel the cause of Sjögren’s 
syndrome.
　The aim of the present study was to determine 
the contribution of adrenoceptors to NA-induced 
changes in [Ca2+]i in lacrimal gland acinar cells. For 
this purpose, we examined the [Ca2+]i dynamics in 
semi-intact rat acinar cells that retained their essen-
tial cellular structure. We recently showed that ATP 
and protease-activeted receptor 2 participate in a va-
riety of signaling activities in lacrimal glands (40, 
49). The present study focused on identification of 
the types of adrenoceptors that are present in acinar 
cells and the receptors that mediate the effect of NA 
on [Ca2+]i levels in these cells. We examined the ef-
fect of NA on the secretion of mucus peroxidase to 
clarify its mechanism by using ELISA. The mucus 
that constitutes the mobile mucus layer covering the 
cornea is a complex mixture of mucins, globular 
proteins, antimicrobial proteins (including peroxi-
dase) and peptides, salts, and water. It is difficult to 
directly obtain native mucins from cells and tissues 
because of their high molecular weight, many disul-
fide linkages and large variety of sugar structure. 
And mucins are difficult to quantitate. In this study, 
therefore, mucin secretion was quantified indirectly 
by the peroxidase activity in the rat lacrimal gland 
acinar cells. mRNA levels of α- and β-adrenoceptors 

ceptors and are the principal mediators of the sym-
pathetic nervous system effects. Adrenoceptors are 
part of the G-protein-coupled receptors that activate 
heterotrimeric G-proteins after binding of their li-
gands. G-proteins typically stimulate (Gs) or inhibit 
(Gi) the enzyme adenylyl cyclase, or activate (Gq) 
phospholipase C (PLC) (55). NA signals via a fami-
ly of adrenergic receptors comprising three major 
classes, α1, α2, and β, which are coupled to distinct 
intracellular signaling pathways (11, 29).
　NA is an effective stimulus of lacrimal gland se-
cretion, particularly protein secretion (15, 16). How-
ever, the adrenergic system in the lacrimal gland has 
been assumed to play an indirect, minor role in lac-
rimal function, mostly by regulating the blood flow 
to the gland (7, 27). In rodents, the lacrimal gland is 
innervated by the autonomic nervous system, with 
parasympathetic input predominating (6, 57, 58). Al-
though it is generally accepted that parasympathetic 
innervation of the lacrimal gland is responsible for 
inducing tear secretion, there is still some controver-
sy about its functional relevance. Moreover, increas-
ing evidence indicates that the adrenergic system 
may also play a direct and significant role in regu-
lating tear secretion in some species (8, 50). Recent 
studies have demonstrated that the α1-adrenergic 
pathway stimulates lacrimal gland protein secretion 
from acini (17) and that α1D-adrenergic receptors 
compared with P2X7 receptors (ionotropic ATP-gat-
ed receptors) use different cellular mechanisms to 
increase [Ca2+]i and cause protein secretion in rat 
lacrimal gland acini (18). The authors reported that 
activation of α1D-adrenoceptors releases ATP, which 
induces P2X7 receptors to increase [Ca2+]i, but not 
to stimulate protein secretion. In another study, direct 
stimulation of either the α1- or the β1-receptor in-
duced significant protein secretion from mouse lac-
rimal glands (20). Although it is very important to 
understand these physiological phenomena, their 
mechanisms remain unclear at present.
　Mucus, a major component of the tear film, com-
prises giant glycoconjugates called mucins, whose 
protein core is extensively decorated with O-linked 
oligosaccharide chains (24). Mucins are a class of 
very high-molecular-weight glycoproteins that are 
synthesized and secreted by epithelial tissues such 
as the gastrointestinal, respiratory, and reproductive 
tracts, and by the conjunctiva (25, 34, 38, 48, 61). 
At these tissue surfaces, mucins prevent evapora-
tion, provide lubrication, and protect tissues from 
harmful agents and organisms. At least 22 human 
mucin genes have been cloned (31, 35, 56, 68). For 
instance, in case of lungs, 16 (MUC1, MUC2, MUC4, 
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Nikon, Tokyo, Japan) was used to measure cellular 
[Ca2+]i changes. The Indo-1-loaded cells were ex-
posed to an ultraviolet-beam (351 nm). An inverted 
microscope was equipped with an argon-ion laser 
(TE-300, Nikon) and the fluorescence emission was 
passed through a water-immersion objective lens 
(Nikon C Apo 40×, N.A. 1.15) to a pinhole dia-
phragm. The acquisition time per image frame was 
1/30 s. Images were immediately stored on high-
speed hard disks. The digital images in the laser 
scanning microscopic imaging were composed of 
512 × 480 pixels with a density resolution of 8 bits/
pixel. The fluorescence intensity was displayed in 
pseudocolor with 256 colors; red represents high 
[Ca2+]i, and purple and blue low [Ca2+]i. Additionally, 
we measured [Ca2+]i changes in specific, restricted 
areas of the cell (~0.5-μm2 spot size).

Stimulation with NA and NA-analogs. The [Ca2+]i 
dynamics in acini were examined in a perfusion 
chamber immediately after the dye-loading proce-
dure. After perfusion with the standard HR solution 
for a few minutes at room temperature, intact lacri-
mal glands were selected and examined under the 
microscope. The specimens were continuously per-
fused with the HR solution containing the following 
agonists and/or antagonists: NA (30 μM) from Alfa 
Aesar (Lancashire, UK), U73122 (3 μM; an inhibitor 
of PLC), suramin (50 μM; an antagonist of G pro-
teins), and diltiazem (50 μM; an L-type Ca2+-channel 
blocker) from Sigma, phenylephrine (10 μM; an ago-
nist of α1-adrenoceptors), clonidine (10 μM; an ago-
nist of α2-adrenoceptors), and isoproterenol (10 μM; 
an agonist of β-adrenoceptors) from Tocris (Bristol, 
UK), GF109203X (2 μM; a protein kinase C (PKC) 
antagonist) from Enzo Life Sciences (New York, 
NY, USA), and GdCl3 (100 μM; a nonspecific cat-
ion-channel blocker) from Wako (Osaka, Japan).

RT-PCR. Total RNA was extracted from lacrimal gland 
acinar cells using the RNeasy Micro Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s 
instructions. RNA concentrations were determined by 
spectroscopy at 260 nm. First-strand cDNA synthe-
sis and RT-PCR were carried out using the ReverTra 
Ace-α-® (TOYOBO, Osaka, Japan) in a thermal cy-
cler (PC-701; ASTEC, Fukuoka, Japan). The primer 
sequences used to amplify α- and β-adrenoceptor 
mRNAs expression are shown in Table 1 and have 
previously been described by Yoshizumi et al., Yoon 
et al., and Matsubara et al. (45, 69, 70). The primer 
sequences used to amplify mucins are shown in Ta-
ble 2 and have previously been described by Zoghbi 

and MUCs were assayed by reverse-transcriptase 
polymerase chain reaction (RT-PCR).

MATERIALS AND METHODS

Preparation of rat glandular acini. Protocols and all 
animal experiments were approved by and conduct-
ed under the authority of the Iwate Medical Univer-
sity Institutional Animal Care and Use Committee. 
Adult Wistar male rats (7–12 weeks old, 150–290 g 
body weight) were used. The rats were sacrificed 
using carbon dioxide gas and perfused via the left 
cardiac ventricle with Ringer’s solution (147 mM 
NaCl, 4 mM KCl, and 2.25 mM CaCl2) at room 
temperature. The lacrimal glands were removed and 
placed in HEPES-buffered Ringer’s solution (HR) 
containing 118 mM NaCl, 4.7 mM KCl, 1.25 mM 
CaCl2, 1.13 mM MgCl2, 1 mM NaH2PO4, 5.5 mM 
D-glucose, MEM amino acids solution (Gibco, Grand 
Island, NY, USA), 0.2% bovine serum albumin (Sig-
ma, St. Louis, MO, USA), and 10 mM HEPES; the 
pH was adjusted to 7.4 with NaOH. The lacrimal 
glands were trimmed of excessive connective tissues 
and digested with purified collagenase (100 U/mL; 
Elastin Products, Owensville, MO, USA) in HR buf-
fer for 1 h at 37°C. Enzyme digestion was conduct-
ed with constant agitation (~200 rpm) in a rotary 
shaker under an atmosphere of 100% O2 that was 
achieved by gassing at 15-min intervals. After diges-
tion, the glands were washed twice and centrifuged 
at 800 × g for 2 min at room temperature between 
washes. The pellet was resuspended in 15 mL of HR 
buffer. The suspension was filtered through a Nitex 
screen (mesh size 150/inch). The gland cells were 
washed twice and centrifuged at 800 × g for 2 min 
at room temperature between washes. The final pel-
let was resuspended in 3 mL of HR buffer.

Intracellular Ca2+ imaging. The lacrimal gland aci-
nar cells were transferred into HR buffer containing 
3 μM Indo-1/AM and 0.02% cremophore®-EL (Nac-
alai Tesque, Kyoto, Japan) and incubated for 1 h at 
37°C. Indo-1 is a ratiometric dye that is excited by 
ultraviolet light and is used for quantitative determi-
nation of [Ca2+]i. The emission maximum of Indo-1 
shifts from 475 nm in Ca2+-free medium to 400 nm 
when the dye solution is saturated with Ca2+. The 
ratio of the emission intensity at a wavelength short-
er than 440 nm to that at a wavelength longer than 
440 nm can be used to estimate [Ca2+]i; a higher ra-
tio indicates higher [Ca2+]i.
　A real-time confocal microscope (RCM/Ab; a 
modified version of the Nikon model RCM-8000; 
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tions. The absorbance at 560 nm was measured us-
ing a Multiskan GO microplate spectrophotometer 
(Thermo Fischer Scientific).

RESULTS

Expression of adrenoceptors in rat lacrimal gland 
acinar cells
Lacrimal glands from rats were digested with colla-
genase in HR buffer as described in Materials and 
Method. Only acinar cells of lacrimal glands, ex-
cluding goblet cells, neurons and mast cells, were 
collected. Total RNA was extracted from the sam-
ple. We initially assessed the expression of adreno-
ceptor mRNAs in lacrimal gland acinar cells using 
RT-PCR. RT-PCR of adrenoceptor mRNAs harvest-
ed from the rat lacrimal glands yielded products of 
the predicted size (Table 1). Receptor expression 
levels were graded from (−), where the PCR prod-
uct was not detectable by ethidium bromide staining 
of an agarose gel, to (++), where a very strong band 
was detected in the gel (Fig. 1). All of the NA-re-
ceptor mRNAs that were investigated, except α2C, 
β1, and β3 mRNAs, were expressed in the lacrimal 
gland acinar cells (Fig. 1).

Effect of NA and NA analogs on [Ca2+]i dynamics

et al., Tian et al., Yu et al. (66, 71, 72), except 
MUC1, 4, and 16. Primers were designed using the 
web-based tool “Primer3.” The thermal cycling pro-
tocol was as follows: 42°C for 10 min and 94°C for 
1 min, followed by 35 cycles of 94°C for 45 s, 58°C 
for 30 s, and 72°C for 2 min, and final extension at 
72°C for 10 min. The PCR products were electro-
phoresed on 2% agarose gels and were stained with 
ethidium bromide. Images of the gels were captured 
using a Polaroid MP4 Land Camera (Polaroid, Min-
netonka, MN, USA). RT-PCR was repeated for three 
independent experiments.

Peroxidase activity. Lacrimal gland acinar cells were 
preincubated in 2 mL of HR buffer without BSA at 
37°C for 5 min and stimulated for 60–80 min with 
the following compounds: 100–500 μM NA, 200 μM 
phenylephrine, 200 μM isoproterenol, and 2 μM 
A23187. Preincubated cells without stimulation (in-
cubated in HR buffer for 60–80 min) were used as 
controls. The cell suspensions were chilled on ice 
for 5 min to terminate secretion and centrifuged at 
137 × g for 5 min at 4°C. The peroxidase activity in 
aliquots of the supernatants was assessed using the 
Amplex Red Hydrogen Peroxide/Peroxidase Assay 
Kit (Invitrogen/Thermo Fisher scientific, Waltham, 
MA, USA) according to the manufacturer’s instruc-

Table 1�　Primers used for PCR of the α- and β-adrenoceptors

Receptor Sequence 5’-3’ Position Accession Code Amplicon
rα1A F GCATCATCTCCATCGACCGA 368 NM017191 485 bp

R AGCAGCCTCACTGAGAAGTG 800
rα1B F GCTACCCTAGAAGTGCTTGG 696 NM016991 391 bp

R TCCTCTTGGCCACGATGTAG 1086
rα1D F CCTACAGACGGTCACCAACT 839 NM024483 321 bp

R AGTAGCGGTCCCACAGATAC 1159
rα2A F GGTAAGGTGTGGTGCGAGAT 349 NM012739 229 bp

R CAGCGCCCTTCTTCTCTATG 577
rα2B F ACACCGTCTTCAACCAGGAC 1654 NM138505 169 bp

R CCCAGAGAAATGGCCATAGA 1822
rα2C F CTGGCAGCCGTGGTGGGTTTCCTC 250 NM138506 426 bp

R GTCGGGCCGGCGGTAGAAAGAGAC 675
rβ1 F GCTCTGGACTTCGGTAGACG 1652 D00634 248 bp

R ACTTGGGGTCGTTGTAGCAG 1899
rβ2 F GAGCACAAAGCCCTCAAGAC 1001 NM012492 209 bp

R TGGAAGGCAATCCTGAAATC 1209
rβ3 F TGCGCCCATCATGAGCCAGTGGTG 721 NM013108 550 bp

R GCGAAAGTCCGGGCTGCGGCAGTA 1270
GAPDH F TTCAACGGCACAGTCAAGGC 1009 AF106860 812 bp

R TCCACCACCCTGTTGCTGTAGC 1820

F, forward primer; R, reverse primer. The primers are from Yoshizumi et al., Yoon et al., and Matsu-
bara et al. (45, 69, 70). All primers were assessed for specificity using BLAST searches (http://www.
ncbi.nlm.nih.gov/blast).
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We analyzed the effect of NA and NA analogs on 
the [Ca2+]i dynamics in lacrimal acinar cells, which 
could be clearly observed by confocal microscopy 
as shown in Fig. 2. No spontaneous [Ca2+]i changes 
were observed in the cells. A small number of in-
jured cells, which showed high [Ca2+]i under basal 
conditions, were excluded from subsequent analyses.
　Exposure of the lacrimal glands to extracellular 
NA led to an increase in [Ca2+]i in some acinar cells 
(n = 10) (Fig. 2a–e). A biphasic increase in [Ca2+]i 
was observed; an initial transient increase was fol-
lowed by a second, sustained increase. Contracted 
myoepithelial cells, which have been previously ob-
served in guinea pig lacrimal glands (59, 60), were 
not evident in the rat lacrimal gland because of the 
relatively coarse net of the myoepithelial envelope. 
To analyze the mechanism by which NA induces 
changes in [Ca2+]i, we investigated if ion channels 
were entirely responsible for the NA-induced changes 
in [Ca2+]i. The [Ca2+]i changes were a little inhibited 
in the absence of extracellular Ca2+ ([Ca2+]o) (n = 10) 
(Fig. 3a). Lasting time of the reaction was short: a 
second plateau phase disappeared (Fig. 3a, dotted 
arrows). Treatment of the acinar cells with Gd3+ 
(100 μM), a nonspecific cation-channel blocker, was 
same as in the absence of Ca2+ (n = 8) (Fig. 3b). 
Furthermore, no complete inhibition of NA-induced 
[Ca2+]i increases was observed following treatment 

with diltiazem (50 μM), an L-type Ca2+-channel 
blocker (data not shown). These data suggested that 
receptors other than ion channels might mediate the 
activity of NA.
　Generally, metabotropic receptors are G-protein-
linked, and stimulation of G protein activates PLC, 
which cleaves membrane-bound phosphatidyl-inosi-
tol-biphosphate to generate inositol-triphosphate (IP3) 
and diacylglycerol. IP3 subsequently causes Ca2+ 

Table 2�　Primers used for PCR of the mucins

Receptor Sequence 5’-3’ Position Accession Code Amplicon
rMUC1 F TCGACAGGCAATGGCAGTAG 1952 NM012602 286 bp

R TCTGAGAACCACCACTACCC 2237
rMUC2 F GCCTCAAACCCGTGCGTGTC 696 XM006230606 613 bp

R TCATTCACCAACCACTCATC 1086
rMUC3 F TCATCCTGAAGGCCCAGTAC 398 U76551 335 bp

R CTGACATTTGCCATAGCTGC 732
rMUC4 F CGTACTAGAGAACTTGGACATGC 7655 XM006221167 638 bp

R GGTAGGAGAACTTGTTCATGG 8292
rMUC5AC F AGCTCGATCGACTCCTACTCC 4647 XM001063331 321 bp

R GGTGTGTTGGGAAAGAACTGA 4967
rMUC5B F TGACCACCTCTATTGGCAAAC 6879 XM006223574 209 bp

R GGCTGAAGATGTTGTGGTGAT 7087
rMUC6 F TCCTACTTGCCAGGTCTT 5884 XM006230605 294 bp

R GGGTGTTGACTTCGGTAT 6177
rMUC16 F ACCCTACCACTGTGGCTTTG 16592 XM235886 180 bp

R GTGTGGCCAGTGAAATTGTG 16771
GAPDH F TTCAACGGCACAGTCAAGGC 1009 AF106860 812 bp

R TCCACCACCCTGTTGCTGTAGC 1820

F, forward primer; R, reverse primer. The primers are from Zoghbi et al., Tian et al., and Yu et al. (66, 
71, 72), except those for MUC1, MUC4, and MUC16; these primers were designed using the web-
based tool “Primer3.” All primers were assessed for specificity using BLAST searches (http://www.
ncbi.nlm.nih.gov/blast).

Fig. 1�　RT-PCR analysis of adrenoceptors in rat lacrimal 
gland acinar cells. All adrenoceptor subtypes except α2C, β
1, and β3 were expressed. G: GAPDH (positive control), M: 
molecular standards.
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suramin (50 μM; n = 8) almost completely blocked 
NA-induced increases in [Ca2+]i (Fig. 4a and b). This 
finding confirms that NA-induced [Ca2+]i increases 
in lacrimal gland acinar cells were caused by the 
Ca2+ release from internal Ca2+ stores and the influx 

mobilization from internal stores (4). To determine 
if this mechanism of Ca2+ mobilization was involved 
in the NA-dependent [Ca2+]i increase, the effects of 
the PLC inhibitor U73122 and the G-protein antago-
nist suramin were assayed. U73122 (5 μM; n = 9) and 

Fig. 2�　Spatiotemporal changes in [Ca2+]i in acinar cells during noradrenaline (NA)-stimulation (n = 10). Changes in [Ca2+]I 
are indicated as pseudocolors. (a–d) Color scale bar: [Ca2+]i was calculated based on the ratio of dye fluorescence at differ-
ent wavelengths. (e) Time course of NA-induced changes in [Ca2+]i in specific regions of interest (ROIs) of lacrimal gland 
acinar cells (~1 μm2 in size). Note that the [Ca2+]i changes are biphasic; an initial acute increase (arrow heads) is followed 
by a plateau phase (arrows).

Fig. 3　Ion channels are not entirely responsible for NA-induced [Ca2+]i changes. The time course of [Ca2+]i changes induced 
by NA in specific areas of lacrimal gland acinar cells (~1 μm2 in size) was analyzed as described for Fig. 2. Under extracel-
lular Ca2+-free conditions ([Ca2+]o-free) (n = 10), the second plateau phase disappeared (a, dotted arrows). Gd3+ (100 μM) 
(n = 8) inhibits NA-induced [Ca2+]i dynamics in the same manner as above (b, dotted arrows). Three ROIs were set.
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of these receptors. Phenylephrine, an α1-adrenoceptor 
agonist, induced a [Ca2+]i increase in the cells (n = 
10) (Fig. 5a). However, both the β-adrenoceptor ag-
onist isoproterenol (n = 8) and the α2-adrenoceptor 
agonist clonidine (n = 10) failed to induce an in-
crease in [Ca2+]i in the acinar cells (Fig. 5b and c). 
These data indicated that the NA-induced response 
is mainly mediated by the α1-adrenoceptor and in-
volves intracellular Ca2+ stores.

of extracellular Ca2+. Thus, Ca2+ influx from extra-
cellular spaces and IP3-dependent Ca2+ mobilization 
from intracellular Ca2+ stores were induced by NA 
stimulation, and mobilization of Ca2+ from intracel-
lular Ca2+ stores may be more significant than Ca2+ 
influx in the NA-induced response.
　Next, we studied the involvement of α- and 
β-adrenoceptors in the effect of NA and its analogs 
on lacrimal gland acinar cells using specific agonists 

Fig. 4　A role for mobilization of Ca2+ from intracellular Ca2+ stores in NA-induced [Ca2+]i changes. (a) NA (30 μM) induced 
only a slight [Ca2+]i increase in the cells after blocking of PLC by treatment with U73122 (5 μM; n = 9). (b) Treatment with a 
G protein antagonist, suramin (50 μM; n = 8), inhibited NA-induced [Ca2+]i increases. Three ROIs were set.

Fig. 5　Effect of adrenoceptor agonists on [Ca2+]i dynamics. (a) The α1 agonist phenylephrine (10 μM; n = 10) caused a 
strong [Ca2+]i increase in the cells. (b) The α2 agonist clonidine (10 μM; n = 8) caused no [Ca2+]i increase in the cells. (c) 
The β agonist isoproterenol (10 μM; n = 10) failed to induce an increase in [Ca2+]i. Three ROIs were set.
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DISCUSSION

NA, as a ligand of adrenoceptors, plays a role in the 
secretion of tears from lacrimal gland acinar cells. 
Most previous studies have reported that the adren-
ergic system in the lacrimal gland plays an indirect 
and minor role in lacrimal function, mostly by regu-
lating the blood flow to the gland (7, 27). Based on 
the data of this study, we would like to propose that 
NA, particularly α1, plays a significant role in rat 
lacrimal gland acinar cells.
　The present study demonstrated that Ca2+ mobili-
zation from intracellular Ca2+ stores was induced by 
extracellular NA, suggesting the presence of metabo-
tropic receptors in rat lacrimal gland acinar cells that 
are activated by NA. The results of our experiments 
using U73122 or suramin indicated that the NA-in-
duced Ca2+ mobilization was mediated mainly by G 
protein and the IP3 receptor. Lacrimal gland secretion 
is controlled mainly by autonomic nerves. Parasym-
pathetic cholinergic stimuli elicit an IP3-dependent 
[Ca2+]i increase, while sympathetic adrenergic stimu-
lation-induced [Ca2+]i dynamics are IP3-independent 
(13, 28). We previously reported that NA and adren-
aline induce an increase in [Ca2+]i and exocytosis in 
acinar cells of lacrimal glands, while myoepithelial 
cells respond only to cholinergic stimuli (60). The 
results from our current study are consistent with 
these previous results. Therefore, even under increas-
ing sympathetic nervous system activity, the lacrimal 
gland can secrete fluid via both an IP3-dependent 
calcium signal and myoepithelial cell contraction us-
ing the parasympathetic nervous system. Different 
signaling pathways are involved in ensuring that the 

　PKC plays a major role in both cholinergic- and 
α1-adrenergic-stimulated lacrimal gland protein se-
cretions (73). Therefore, we investigated whether 
PKC participates in the NA-induced response in the 
acinar cells. The PKC antagonist GF109203X (2 μM) 
failed to inhibit an increase in Ca2+ by NA stimula-
tion in these cells (n = 10) (Fig. 6). These data sug-
gested that PKC might not be involved in the α1-
adrenoceptor-stimulated increase in [Ca2+]i in lacrimal 
gland acinar cells.

Peroxidase secretion
To explore the involvement of NA in mucous secre-
tion, mucus peroxidase secretion was investigated. 
Acini were preincubated with various concentrations 
of NA for 60 min. Dose-dependent release of perox-
idase was observed (Fig. 7A). Next, we checked the 
time-dependent increase in peroxidase activity using 
400 μM NA. NA-induced peroxidase secretion in-
creased during 80 min of incubation (Fig. 7B). To 
determine whether [Ca2+]i is involved in the protein 
secretion, the effect of the Ca2+ ionophore A23187 
was investigated. The cells were stimulated with 
A23817 (2 μM) for 60 min, and peroxidase secretion 
was measured. Peroxidase secretion was significant-
ly stimulated by A23187 (Fig. 7C). Next, we as-
sessed peroxidase secretion in the presence of α1- 
and β-receptor agonists. Stimulation of the acini with 
the α1-adrenergic agonist phenylephrine (200 μM) 
increased peroxidase secretion. In contrast, the 
β-adrenergic agonist isoproterenol (200 μM) did not 
increase peroxidase secretion (Fig. 7C). These results 
suggested that NA mainly stimulates α1-adrenoceptors 
that induce the increase in [Ca2+]i and stimulate pro-
tein secretion. Additionally, the protein secretion 
mechanism is activated by intracellular Ca2+.

MUC mRNA expression in lacrimal gland acinar 
cells
Finally, we assessed the mRNA expression of MUCs 
in lacrimal gland acinar cells, excluding goblet cells, 
using RT-PCR. Receptor expression levels were 
graded from “−,” where no PCR product was de-
tectable by ethidium bromide staining of an agarose 
gel, to “++,” where a very strong band was detected 
in the gel (Fig. 8). MUC1, MUC4 and MUC16 
(membrane-associated mucins), and MUC5AC and 
5B (soluble, secreted mucins) were expressed in the 
lacrimal gland acinar cells (Fig. 8). The band ob-
tained for MUC6 was due to non-specific amplifica-
tion (a predicted PCR product size: 294 bp).

Fig. 6　A role for PKC in mobilization of Ca2+ from intracel-
lular Ca2+ stores in NA-induced [Ca2+]i dynamics. GF109203X 
(2 μM; n = 10), a PKC antagonist, did not inhibit NA-induced 
[Ca2+]i increases in these cells. Three ROIs were set.
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corneal surface is moist at all times. If lacrimation 
is competitively controlled by cholinergic and ad-
renergic nerves, tear secretion might be stopped be-
cause of a hormonal imbalance. As a result, dry eye 
syndrome will occur.
　We recently reported that Ca2+ mobilization from 
intracellular Ca2+ stores is induced by extracellular 
ATP, suggesting the presence of metabotropic recep-
tors that are activated by ATP in rat lacrimal gland 
acinar cells (40). Purinergic receptors are important 
signaling molecules that are activated by ATP. These 
receptors can be divided into 2 main categories: P1 
purinoceptors (adenosine receptors) and P2 purino-
ceptors (ATP receptors) (9). P2 purinoceptors are fur-
ther grouped into 2 subfamilies: P2X and P2Y. Since 
P2X purinoceptors are ligand-gated ion channels, 
they mediate the influx of Ca2+, causing an increase 
in [Ca2+]i. P2Y purinoceptors are 7-membrane-span-
ning receptors that are coupled to G-proteins, and 
their activation results in the mobilization of [Ca2+]i 

Fig. 7　Stimulus-induced peroxidase release from lacrimal gland acinar cells. (a) Dose-dependent effects of NA on peroxi-
dase release from lacrimal gland acinar cells. Cells were stimulated with the indicated concentrations of NA for 60 min. (b) 
Time-course of peroxidase release from NA-stimulated lacrimal gland acinar cells. The cells were stimulated with or without 
400 μM NA for the indicated periods. (c) Effects of α1- and β-adrenergic agonists on peroxidase release from lacrimal gland 
acinar cells. The cells were stimulated with 200 μM phenylephrine (Phe), 200 μM isoproterenol (Iso), A23187 (A23187), or 
buffer (basal) for 60 min. In (a)–(c), peroxidase activity in the supernatants was measured as described in “Materials and 
Methods.” The data shown in (a)–(c) are the mean ± SD of three independent determinations. *P < 0.05, as determined by 
Student’s t test compared to cells without stimulation.

Fig. 8　RT-PCR analysis of MUC mRNA in rat lacrimal gland 
acinar cells. MUC1, 4, 5AC, 5B, and 16 are expressed in 
the cells. There are two types of mucins: secreted and mem-
brane-tethered mucins. MUC5AC and 5B are secreted mu-
cins and MUC1, 4 and 16 are membrane-tethered mucins. 
G: GAPDH (positive control), M: molecular standards.
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from internal Ca2+ stores (1, 9, 10, 21, 23, 43). We 
suggest that under pathological conditions, prolonged 
stimulation of intact normal cells by ATP that has 
leaked from injured cells might activate P2X7, re-
sulting in an [Ca2+]i increase and leakage of various 
proteins. However, the exocytotic action of nerve 
endings can result in accumulation of micromolar 
concentrations of extracellular ATP (26). It is there-
fore likely that, under physiological conditions, the 
effect of extracellular ATP on lacrimal glands is me-
diated by P2Y receptors. Therefore, we hypothesize 
that under sympathetic nerve stimulation, the lacri-
mal gland can secrete lacrimal gland fluid via a 
mechanism involving an IP3-dependent [Ca2+]i in-
crease. Direct stimulation of the α1- or β1-receptor 
by using specific agonists has been shown to induce 
significant protein secretion from mouse lacrimal 
glands (20). In contrast, our results showed that the 
β-adrenoceptor agonist isoproterenol failed to induce 
an increase in [Ca2+]i in rat lacrimal glands. However, 
a Ca2+-independent, cAMP-dependent pathway has 
been demonstrated to control lacrimal gland protein 
secretion in rats (12, 46). In our study, stimulation of 
the acini with α1-adrenergic agonist phenylephrine 
increased peroxidase secretion, while the β-adrenergic 
agonist isoproterenol did not. These results suggest-
ed that NA mainly stimulates α1-adrenoceptors that 
induce an increase in [Ca2+]i, which subsequently 
stimulates protein secretion.
　It has been shown that PKC isoforms differentially 
control lacrimal gland protein secretion and cholin-
ergic-induced Ca2+ elevation (74). In Madin-Darby 
canine kidney (MDCK-D1) cells, agonists acting on 
α1-adrenoceptors promote hydrolysis of phosphati-
dylcholine, resulting in rapid generation of diacylg-
lycerol for activation of PKC (62). Our results 
showed that a PKC antagonist did not inhibit the 
NA-induced [Ca2+]i increase in rat lacrimal gland ac-
inar cells, suggesting that PKC is not involved in 
α1-adrenoceptor stimulation in these cells. However, 
future studies will be necessary to evaluate the role 
of various protein kinases in [Ca2+]i changes in differ-
ent tissues/organs. Simultaneous activation of α- and 
β-adrenoceptors is necessary to produce a maximal 
secretory response to catecholamines and a syner-
gism may exist between both routes of stimulation, 
leading to an amount of protein discharge higher 
than that expected in the case of additive effects (47). 
We hypothesize that α-adrenergic agonists are more 
effective stimuli of protein secretion than β-adrenergic 
agonists; however, further experiments will be need-
ed to corroborate this.
　Secretory granules in the lacrimal gland acinar 

cells contain mucin and other proteins. Lacrimal 
gland secretory proteins such as lactoferrin, lyso-
zyme, β-hexosaminidase, secretory mucins, and per-
oxidase are secreted by stimulus-induced exocytosis 
(14). Early studies have demonstrated that stimula-
tion of muscarinic receptors increased the discharge 
of granule-stored protein, largely peroxidase, from 
rat exorbital lacrimal gland (30, 41, 54). Phenyleph-
rine activates an α1-adrenergic signaling pathway to 
stimulate lacrimal gland protein secretion, especially 
peroxidase, from acini (17). Mucin secretion from 
goblet cells occurs through Ca2+-dependent exocyto-
sis (22). Therefore, mucin secretion was quantified 
indirectly by measuring peroxidase activity in the 
rat lacrimal gland acinar cells. In our experiments, 
NA stimulated peroxidase secretion in a Ca2+-depen-
dent manner. This result is consistent with the finding 
that the α1-adrenergic pathway is active in lacrimal 
glands.
　Recently, it has been shown that mucin mRNA 
expression and peroxidase activity are correlated in 
human adenocarcinomic human alveolar basal epi-
thelial cells (A549 cells) (44). MUC5AC is synthe-
sized by goblet cells of the normal human conjunctiva 
and is a component of conjunctival secretions and 
normal human tears. To date, at least 5 mucins have 
been found in the ocular surface epithelium (67). 
MUC1 and MUC4 are produced by both corneal 
and conjunctival epithelial cells (34, 64). Alterations 
of the membrane-spanning mucins are also seen in 
patients with dry eye. MUC5AC and MUC5B are 
also localized in the acinar cells. In this case, 
MUC5AC is not only produced by the goblet cells 
of excretory ducts but also by some acinar cells of 
the lacrimal gland (51). PCR analysis indicated that 
MUC1, MUC4, and MUC5B are expressed in hu-
man lacrimal tissue, but no in situ hybridization 
analysis has been performed to confirm their local-
ization (39). In humans, MUC16 is present in the 
whole lacrimal apparatus (36). In our RT-PCR study, 
MUC1, MUC4 and MUC16 (membrane-associated 
mucins), and MUC5AC and 5B (soluble, secreted 
mucins) were detected in the rat lacrimal gland aci-
nar cells, excluding goblet cells. Our data are almost 
consistent with these previous studies. It is not sur-
prising that membrane-tethered mucins are ex-
pressed in lacrimal glands, since these glycoproteins 
are present at apical surfaces of epithelia and glands 
that empty onto surface epithelia. These mucins 
have also been proposed to be required for mainte-
nance of a patent acinar and ductal lumen, because 
they prevent the adherence of apical surface (42). In 
this study, we found some evidences for a relation-
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ship between mucin secretion and peroxidase secre-
tion. Methods to assay mucins in normal and 
diseased eyes are being developed and cell lines of 
the ocular surface epithelia and lacrimal glands have 
been developed; the mucin expression in these cells 
remains to be assessed in future studies.
　In conclusion, although previous studies have 
suggested a minor role for the adrenergic system in 
lacrimal function, based on our data, we propose 
that NA, particularly α1 receptor, does play a signif-
icant role. These findings will allow further charac-
terization of alterations in the mucins in disease and 
lead to an understanding of the tissue-specific regu-
lation of mucins by lacrimal gland acinar cells.

Acknowledgements

We wish to express our gratitude to M. Hirakawa, 
Department of Anatomy, for his technical assistance. 
This work was supported by research grants from 
the Ministry of Education, Culture, Sports, Science 
and Technology of Japan (T.S; K.K) and from 
Grants-in-Aid for Strategic Medical Science Re-
search (S1491001, 2014-2018). Some of this work 
was performed at the Advanced Medical Science 
Center of Iwate Medical University, which also pro-
vided financial support.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

REFERENCES
 1. Abbracchio MP and Burnstock G (1994) Purinoceptors: Are 

there families of P2X and P2Y purinoceptors? Pharmacol 
Ther 64, 445–475.

 2. Argueso P, Balaram M, Spurr-Michaud S, Keutmann HT, 
Dana MR and Gipson IK (2002) Decreased levels of the gob-
let cell mucin MUC5AC in tears of patients with Sjögren’s 
syndrome. Invest Ophthalmol Vis Sci 43, 1004–1011.

 3. Argüeso P, Spurr-Michaud S, Russo CL, Tisdale A and 
Gipson IK (2003) MUC16 mucin is expressed by the human 
ocular surface epithelia and carries the H185 carbohydrate 
epitope. Invest Ophthalmol Vis Sci 44, 2487–2495.

 4. Berridge MJ (2009) Inositol trisphosphate and calcium sig-
nalling mechanisms. Biochim Biophys Acta 1793, 933–940.

 5. Berry M, Ellingham RB and Corfield AP (1996) Polydisper-
sity of normal human conjunctival mucins. Invest Ophthal-
mol Vis Sci 37, 2559–2571.

 6. Botelho SY, Hisada M and Fuenmayor N (1966) Functional 
innervation of the lacrimal gland in the cat: origin of secreto-
motor fibers in the lacrimal nerve. Arch Ophthalmol 76, 581–
588.

 7. Botelho SY, Martinez EV, Pholpramool C, Prooyen HC, 
Janssen JT and De Palau A (1976) Modification of stimulat-
ed lacrimal gland flow by sympathetic nerve impulses in rab-

bit. Am J Physiol 230, 80–84.
 8. Bromberg BB (1981) Autonomic control of lacrimal protein 

secretion. Invest Ophthalmol Vis Sci 20, 110–116.
 9. Burnstock G (1996) P2 purinoceptors: historical perspective 

and classification. Ciba Found Symp 198, 1–34.
10. Burnstock G (1997) The past, present and future of purine 

nucleotides as signalling molecules. Neuropharmacology 36, 
1127–1139.

11. Bylund DB, Eikenberg DC, Hieble JP, Langer SZ, Lefkowitz 
RJ, Minneman KP, Molinoff PB, Ruffolo RR Jr and 
Trendelenburg U (1994) International Union of pharmacology 
nomenclature of adrenoceptors. Pharmacol Rev 46, 121–136.

12. Dartt DA (1989) Signal transduction and control of lacrimal 
gland protein secretion: a review. Curr Eye Res 8, 619–636.

13. Dartt DA (1994) Regulation of tear secretion. Adv Exp Med 
Biol 350, 1–9.

14. Dartt DA (2009) Neural regulation of lacrimal gland secreto-
ry processes: relevance in dry eye diseases. Prog Retin Eye 
Res 28, 155–177.

15. Dartt DA, Baker AK, Vaillant C and Rose PE (1984) Vasoac-
tive intestinal polypeptide stimulation of protein secretion 
from rat lacrimal gland acini. Am J Physiol 247, 502–509.

16. Dartt DA, Dicker DM, Ronco LV, Kjeldsen IM, Hodges RR 
and Murphy SA (1990) Lacrimal gland inositol trisphosphate 
isomer and inositol tetrakisphosphate production. Am J Physi-
ol 259, 274–281.

17. Dartt DA, Rose PE, Dicker DM, Ronco LV and Hodges RR 
(1994) Alpha 1-adrenergic agonist-stimulated protein secre-
tion in rat exorbital lacrimal gland acini. Exp Eye Res 58, 
423–429.

18. Dartt DA and Hodges RR (2011) Interaction of α1D-
Adrenergic and P2X7 receptors in the rat lacrimal gland and 
the effect on intracellular [Ca2+] and protein secretion. Invest 
Ophthalmol Vis Sci 52, 5720–5729.

19. Davies JR, Kirkham S, Svitacheva N, Thornton DJ and 
Carlstedt I (2007) MUC16 is produced in tracheal surface 
epithelium and submucosal glands and is present in secre-
tions from normal human airway and cultured bronchial epi-
thelial cells. Int J Biochem Cell Biol 39, 1943–1954.

20. Ding C, Walcott B and Keyser KT (2007) The α- and 
β-adrenergic modulation of lacrimal gland function in the 
mouse. Invest Ophthalmol Vis Sci 48, 1504–1510.

21. Dubyak GR (1991) Signal transduction by P2-purinergic re-
ceptors for extracellular ATP. Am J Respir Cell Mol Biol 4, 
295–300.

22. Forstner G (1995) Signal transduction, packaging and secre-
tion of mucins. Annu Rev Physiol 57, 585–605.

23. Fredholm BB, Abbracchio MP, Burnstock G, Dubyak GR, 
Harden TK, Jacobson KA, Schwabe U and Williams M (1997) 
Towards a revised nomenclature for P1 and P2 receptors. 
Trends Pharmacol Sci 18, 79–82.

24. Friedrich P, Gesa L, Werner H and Monica B (2004) Human 
lacrimal gland mucins. Cell Tissue Res 316, 167–177.

25. Gendler SJ and Spicer AP (1995) Epithelial mucus genes. 
Annu Rev Physiol 57, 607–634.

26. Gordon JL (1986) Extracellular ATP: effects, sources and 
fate. Biochem J 233, 309–319.

27. Goldstein AM, De Palau A and Botelho SY (1967) Inhibition 
and facilitation of pilocarpine-induced lacrimal flow by nor-
epinephrine. Invest Ophthalmol 6, 498–511.

28. Gromada J, Jørgensen TD and Dissing S (1995) The release of 
intracellular Ca2+ in lacrimal acinar cells by α-, β-adrenergic 
and muscarinic cholinergic stimulation: the roles of inositol 
triphosphate and cyclic ADP-ribose. Pflügers Arch 429, 751–



C. Ikeda et al.368

756.
29. Hein L and Kobilka BK (1995) Adrenergic receptor signal 

transduction and regulation. Neuropharmacology 34, 357–
366.

30. Herzog V, Sies H and Miller F (1976) Exocytosis in secreto-
ry cells of rat lacrimal gland. Peroxidase release from lobules 
and isolated cells upon cholinergic stimulation. J Cell Biol 
70, 692–706.

31. Hijikata M, Matsushita I, Tanaka G, Tsuchiya T, Ito H, 
Tokunaga K, Ohashi J, Homma S, Kobashi Y, Taguchi Y, 
Azuma A, Kudoh S and Keicho N (2011) Molecular cloning 
of two novel mucin-like genes in the disease-susceptibility 
locus for diffuse panbronchiolitis. Hum Genet 129, 117–128.

32. Hodges RR and Dartt DA (2003) Regulatory pathways in 
lacrimal gland epithelium. Int Rev Cytol 231, 129–196.

33. Inatomi T, Spurr-Michaud S, Tisdale AS and Gipson IK (1995) 
Human corneal and conjunctival epithelia express MUC1 
mucin. Invest Ophthalmol Vis Sci 36, 1818–1827.

34. Inatomi T, Spurr-Michaud S, Tisdale AS, Zhan Q, Feldman 
ST and Gipson IK (1996) Expression of secretory mucin 
genes by human conjunctival epithelia. Invest Ophthalmol 
Vis Sci 37, 1684–1692.

35. Itoh Y, Kamata-Sakurai M, Denda-Nagai K, Nagai S, Tsuiji M, 
Ishii-Schrade K, Okada K, Goto A, Fukayama M and Irimura 
T (2008) Identification and expression of human epiglycanin/
MUC21: a novel transmembrane mucin. Glycobiology 18, 
74–83.

36. Jäger K, Wu G, Sel S, Garreis F, Bräuer L and Paulsen FP 
(2007) MUC16 in the lacrimal apparatus. Histochem Cell 
Biol 127, 433–438.

37. Jumblatt JE and Jumblatt MM (1998) Regulation of ocular 
mucin secretion by P2Y2 nucleotide receptors in rabbit and 
human conjunctiva. Exp Eye Res 67, 341–346.

38. Jumblatt MM, McKenzie RW and Jumblatt JE (1999) 
MUC5AC mucin is a component of the human precorneal 
tear film. Invest Ophthalmol Vis Sci 40, 43–49.

39. Jumblatt MM, McKenzie RW, Steele PS, Emberts CG and 
Jumblatt JE (2003) MUC7 Expression in the human lacrimal 
gland and conjunctiva. Cornea 22, 41–45.

40. Kamada Y, Saino T, Oikawa M, Kurosaka D and Satoh Y 
(2012) P2Y purinoceptors induce intra- cellular calcium dy-
namics of acinar cells in rat lacrimal glands. Histochem Cell 
Biol 137, 97–106.

41. Keryer G and Rossignol B (1976) Effect of carbachol on 
45Ca uptake and protein secretion in rat lacrimal gland. Am J 
Physiol 230, 99–104.

42. Komatsu M, Carraway CA, Fregien NL and Carraway KL 
(1997) Reversible disruption of cell–matrix and cell–cell in-
teractions by overexpression of sialomucin complex. J Biol 
Chem 272, 33245–33254.

43. Kunapuli SP and Daniel JL (1998) P2 receptor subtypes in 
the cardiovascular system. Biochem J 336, 513–523.

44. Li W, Yan F, Zhou H, Lin X, Wu Y, Chen C, Zhou N, Chen Z, 
Li JD and Shen H (2013) P. aeruginosa lipopolysaccharide-
induced MUC5AC and CLCA3 expression is partly through 
Duox1 in vitro and in vivo. PLoS One 8, e63945.

45. Matsubara A, Miyashita T, Inamoto R and Mori N (2013) 
Presence of adrenergic receptors in rat endolymphatic sac ep-
ithelial cells. J Membr Biol 246, 109–114.

46. Mauduit P, Herman G and Rossignol B (1984) Protein secre-
tion induced by isoproterenol or pentoxifylline in lacrimal 
gland: Ca2+ effects. Am J Physiol 246, C37–C44.

47. Mauduit P, Herman G and Rossignol B (1986) Protein secre-
tion in lacrimal gland: alpha 1-beta-adrenergic synergism. Am 

J Physiol 250, C704–C712.
48. McKenzie RW, Jumblatt JE and Jumblatt MM (2000) Quan-

tification of MUC2 and MUC5AC transcripts in human con-
junctiva. Invest Ophthalmol Vis Sci 41, 703–708.

49. Oikawa M, Saino T, Kimura K, Kamada Y, Tamagawa Y, 
Kurosaka D and Satoh Y (2013) Effects of protease-activated 
receptors (PARs) on intracellular calcium dynamics of acinar 
cells in rat lacrimal glands. Histochem Cell Biol 140, 463–
476.

50. Parod RJ and Putney JW Jr (1978) An alpha-adrenergic re-
ceptor mechanism controlling potassium permeability in the 
rat lacrimal gland acinar cell. J Physiol 281, 359–369.

51. Paulsen F, Langer G, Hoffmann W and Berry M (2004) Hu-
man lacrimal gland mucins. Cell Tissue Res 316, 167–177.

52. Pflugfelder SC, Liu Z, Monroy D, Li DQ, Carvajal ME, 
Price-Schiavi SA, Idris N, Solomon A, Perez A and Carraway 
KL (2000) Detection of sialomucin complex (MUC4) in hu-
man ocular surface epithelium and tear fluid. Invest Ophthal-
mol Vis Sci 41, 1316–1326.

53. Price-Schiavi SA, Meller D, Jing X, Merritt J, Carvajal ME, 
Tseng SC and Carraway KL (1998) Sialomucin complex at 
the rat ocular surface: a new model for ocular surface protec-
tion. Biochem J 335, 457–463.

54. Putney JW Jr, Parod RJ and Marier SH (1977) Control by 
calcium of protein discharge and membrane permeability to 
potassium in the rat lacrimal gland. Life Sci 20, 1905–1911.

55. Rengo G, Lymperopoulos A and Koch WJ (2009) Future g 
protein-coupled receptor targets for treatment of heart failure. 
Curr Treat Options Cardiovasc Med 11, 328–338.

56. Rose MC and Voynow JA (2006) Respiratory tract mucin 
genes and mucin glycoproteins in health and disease. Physiol 
Rev 86, 245–278.

57. Ruskell GL (1969) Changes in nerve terminals and acini of 
the lacrimal gland and changes in secretion induced by auto-
nomic denervation. Z Zellforsch Mikrosk Anat 94, 261–281.

58. Ruskell GL (1971) The distribution of autonomic post-gan-
glionic nerve fibers to the lacrimal gland in monkeys. J Anat 
109, 229–242.

59. Satoh Y, Oomori Y, Ishikawa K and Ono K (1994) Configu-
ration of myoepithelial cells in various exocrine glands of 
guinea pigs. Anat Embryol (Berl) 189, 227–236.

60. Satoh Y, Sano K, Habara Y and Kanno T (1997) Effects of 
carbachol and catecholamines on ultrastructure and intracel-
lular calcium-ion dynamics of acinar and myoepithelial cells 
of lacrimal glands. Cell Tissue Res 289, 473–485.

61. Seregni E, Botti C, Massaron S, Lombardo C, Capobianco A, 
Bogni A and Bombardieri E (1997) Structure, function and 
gene expression of epithelial mucins. Tumori 83, 625–632.

62. Slivka SR, Meier KE and Insel PA (1988) α1-adrenergic re-
ceptors promote phosphatidylcholine hydrolysis in MDCK-
D1 cells. A mechanism for rapid activation of protein kinase 
C. J Biol Chem 263, 12242–12246.

63. Simon GC, Martin RJ, Smith S, Thaikoottathil J, Bowler RP, 
Barenkamp SJ and Chu HW (2011) Up-regulation of MUC18 
in airway epithelial cells by IL-13: implications in bacterial 
adherence. Am J Respir Cell Mol Biol 44, 606–613.

64. Tei M, Moccia R and Gibson IK (1999) Developmental ex-
pression of Mucin genes ASGP (rMuc4) and rMuc5ac by the 
rat ocular surface epithelium. Invest Ophthalmol Vis Sci 40, 
1944–1951.

65. Thornton DJ, Rousseau K and McGuckin MA (2008) Struc-
ture and function of the polymeric mucins in airways mucus. 
Annu Rev Physiol 70, 459–486.

66. Tian F, Cheng L, Li D, Liu Z, Zeng Y, Xu J, Li X and Wang 



α1-adrenoceptor function in lacrimal gland 369

S (2011) Downregulation of mucins in graft bile ducts after 
liver transplantation in rats. Transplantation 92, 529–535.

67. Wang IJ, Yu CJ and Hu FR (2009) Alteration of ocular sur-
face mucins in MUC5AC-DTA transgenic mice. Mol Vis 15, 
108–119.

68. Yi Y, Kamata-Sakurai M, Denda-Nagai K, Itoh T, Okada K, 
Ishii-Schrade K, Iguchi A, Sugiura D and Irimura T (2010) 
Mucin 21/epiglycanin modulates cell adhesion. J Biol Chem 
285, 21233–21240.

69. Yoon MH, Huang LJ, Choi JI, Lee HG, Kim WM and Kim 
CM (2011) Antinociceptive effect of intrathecal ginsenosides 
through alpha-2 adrenoceptors in the formalin test of rats. Br 
J Anaesth 106, 371–379.

70. Yoshizumi M, Matsumoto-Miyai K, Yonezawa A and Kawatani 
M (2010) Role of supraspinal and spinal α1-adrenergic re-
ceptor subtypes in micturition reflex in conscious rats. Am J 
Physiol Renal Physiol 299, F785–F791.

71. Yu D, Thelin WR, Rogers TD, Stutts MJ, Randell SH, Grubb 
BR and Boucher RC (2012) Regional differences in rat con-
junctival ion transport activities. Am J Physiol Cell Physiol 
303, C767–C780.

72. Zoghbi S, Trompette A, Claustre J, El Homsi M, Garzón  
J, Jourdan G, Scoazec JY and Plaisancié P (2006) β- 
Casomorphin-7 regulates the secretion and expression of gas-
trointestinal mucins through a μ-opioid pathway. Am J 
Physiol Gastrointest Liver Physiol 290, G1105–G1113.

73. Zoukhri D, Hodges RR, Sergheraert C, Toker A and Dartt 
DA (1997) Lacrimal gland PKC isoforms are differentially 
involved in agonist-induced protein secretion. Am J Physiol 
272, C263–C269.

74. Zoukhri D, Hodges RR, Sergheraert C and Dartt DA (1998) 
Lacrimal gland functions are differentially controlled by pro-
tein kinase C isoforms. Ann N Y Acad Sci 842, 217–220.


