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ABSTRACT OF DISSERTATION 
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Degree Ph.D Program Vision Science

Name o f Candidate Chuanqina Dins

Committee Chair Qm Srivastava

Title Adrenergic and Possibly NO-ergic Modulation o f  Mouse Lacrimal Gland Function

PURPOSE. In the currently accepted model o f  lacrimal gland function, the 

parasympathetic nervous system is thought to be responsible for most of the secretory 

functions. The adrenergic system has been assumed to play an indirect and minor role. 

However, there is evidence that the adrenergic system may directly influence tear 

secretion from the gland. Several lines of evidence also suggest that nitric oxide may play 

a role in modulating tear secretion. The purposes o f the dissertation are to investigate the 

adrenergic innervation in the mouse lacrimal gland and its functional relevance to protein 

secretion. We have also studied the possible expression o f neuronal nitric oxide synthase 

(nNOS) in the gland.

METHODS. Mouse lacrimal gland and pterygopalatine ganglion (PPG) were 

processed for single- and double-labeled indirect immunofluorescence studies and 

examined with conventional and confocal microscopy. Sucrose-potassium phosphate- 

glyoxylic acid (SPG) method was also used to visualize the adrenergic system. Protein 

secretion and SDS-PAGE experiments were performed to study the lacrimal glands’ 

responses to agonists and their corresponding protein profiles.

RESULTS. The mouse lacrimal gland can be divided into two different areas 

based on the innervation density and distribution pattern. Adrenergic agonists, 

phenylephrine and norepinephrine, induced a similar magnitude o f  protein secretion to

n
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that of the cholinergic agonist at concentrations from 10‘6  to 10"4  M. Extensive a i  and Pi 

adrenergic receptor immunoreactivity was observed in the gland. Our data showed no 

synergism between a i  and P receptor-stimulated protein secretion. Prelim inary SDS- 

PAGE data suggest there are differences between the proteins secreted in response to a ; 

and P adrenergic stimulation, which supports the notion o f differential secretion in the 

mouse lacrimal gland. nNOS immunoreactivitv was observed in the neurons in the PPGw

and nerve fibers in the lacrimal gland and colocalized with both parasym pathetic and 

adrenergic nerves.

DISCUSSIONS. These data suggest that there is much more adrenergic 

innervation in the mouse lacrimal gland than previously thought, and that it has a direct 

effect on protein secretion. Both immunofluorescence and functional studies suggest the 

presence o f  a i  and Pi receptor-mediated protein secretion pathways in the m ouse lacrimal 

gland and it appeared that the adrenergic activation-induced protein secretion was mainly 

mediated by a  receptors. The observation o f nNOS immunoreactivity in the PPG and 

nerve fibers in the lacrimal gland suggest that nitric oxide may play a role in modulating 

tear production.

111
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INTRODUCTION 

Gross Anatomy and Histology o f  the Mammalian Lacrimal Gland

Adequate production o f  tears o f  the appropriate composition is essential to 

maintain the health o f the ocular surface. Most o f the tears that bathe the eyes in 

mammals come from the major exorbital lacrimal glands, which are situated within the 

orbit in mammals such as rabbits. In contrast, in rodents, such as rats and mice, the gland 

is outside the orbit and on the lateral side o f the face near the ear. under the skin.

A typical mammalian lacrimal gland consists o f a number o f  lobes that are 

separated by interstitial tissue. These lobes are further subdivided into lobules, which are 

comprised o f  acini, the functional units o f  the gland. An acinus is formed by secretory 

acinar cells surrounding a central lumen. The acinar cells are columnar in shape and are 

connected by extensive junctional complexes, including tight junctions and gap junctions, 

in the apical portion. Tight junctions are the basis of the blood-tear barrier, preventing 

molecules in the interstitial areas from diffusing freely into the lumen. Gap junctions 

serve as channels that electrically couple the acinar cells. Small molecules, including 

some second messengers, may also diffuse through gap junctions to spread signals from 

one cell to others upon stimulation.

The apical surfaces o f acinar cells have many microvilli that project into the 

lumen, whereas the lateral membranes are often folded to increase their surface area, 

facilitating the transport o f  secretory products. Like other secretory epithelia, the lacrimal 

acinar cells are filled with large numbers o f  secretory vesicles in the apical portion, with

1
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nuclei situated in the basal portion and a large perinuclear Golgi apparatus, where the 

modification o f  secreted proteins takes place.

The acinar cells are responsible for most o f  the secretory products, including 

proteins, ions, and water. The secretory product o f  the acini, the primary tear fluid, is 

collected by the intra-acinar lumen and then drains to the intra-lobular and inter-lobular 

ducts, and finally to the main collecting ducts that convey the tears to the eye.

The ductal cells are similar to acinar cells, except that they are more cuboidal in 

shape. These cells are responsible for the modification o f  primary tears and their 

transport.

In the interstitial areas o f  mammalian lacrimal glands, some accessory cell types 

are also present, such as myoepithelial cells, lymphocytes/plasma cells, mast cells, and 

fibroblasts. Myoepithelial cells are often observed to be attached to acinar and ductal 

cells in a lacy arrangement, and they contain a network o f  a-smooth muscle actin that is 

similar to that o f smooth muscle . 1 ' 2  Mi muscarinic receptors are expressed on their 

surfaces , 2 and for this reason these cells have been thought to be involved in the release 

o f secretory product by contraction. Other investigators have proposed that the 

myoepithelial cells serve only as the “exoskeleton” o f  the acini . 3

Normally, both B and T type lymphocytes, as well as plasma cells, are present in 

the interstitial areas o f  the gland. Most of the plasma cells are responsible for the 

secretion o f immunoglobulin A (IgA) in the tears. Following secretion into the 

interstitium, IgA is then actively transported across the acinar cells into the lum en to mix 

with other components o f  the tears, which finally drain onto the surface o f  the eye.
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Fibroblasts and mast cells are less com m only observed in the gland. Fibroblasts 

produce the collagen fibers and matrix that are observed to fill the interstitial space, 

whereas mast cells secrete both histamine and heparin. The interstitial areas are also filled 

with collagens, extensive blood vessels, nerve bundles, and fibers.

Autonomic Innen-ation o f  the Lacrimal G land

The tear secretion from the exorbital lacrimal gland is highly regulated and is 

controlled by a number o f factors, both internal and external. Under normal physiological 

conditions, the tear flow rate is less than 1 pL/min, whereas the maximal rate can exceed 

100 pL/min in the stimulated state . 4  Therefore, the secretion and release processes must 

be highly regulated by various systems, including the nervous system.

The mammalian lacrimal gland is innervated by the autonomic nervous system, 

with the parasympathetic system predom inating . ' ' 10 However, some sympathetic 

innervation has been reported in some species , 1 1 ' 14 as well as nerve fibers that contain 

neuropeptides such as vasoactive intestinal polypeptide (VIP), substance P (SP). Leu- 

enkephaline (L-Enk), neuropeptide V (NPY) and calcitonin gene-related peptide (CGRP). 

The available data suggest that, in most species, the innervation o f  the gland includes 

both classical neurotransmitters such as acetylcholine (ACh) and norepinephrine, as well 

as at least two neuropeptides. In addition to the complex neurotransmitter systems in the 

gland, there is also evidence that some neuropeptides co-exist with classical transmitters. 

VIP has been found to coexist and to be coreleased with acetylcholine in submandibular 

glands . 1 5 ' 1 8  Although there is no direct evidence that VIP coexists and is coreleased with
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ACh in the lacrimal gland, the similarity between these two glands suggests that this may 

be the case . 19

In addition to the conventional autonomic neural supply to the gland, there is 

increasing data suggesting that the lacrimal gland secretions, including ions, water, and 

protein, may be also influenced by unconventional neurotransmitters, such as nitric oxide 

(NO). NO has also been demonstrated to modulate the release and effects of other 

neurotransmitters as discussed below.

The functional significance o f  the complex innervation pattern with multiple 

neurotransmitters and modulators in the mammalian lacrimal gland is still unclear. Most 

neurotransmitters and peptides, including ACh, norepinephrine, and VIP, can increase 

protein and fluid secretion. The only transmitters reported to have an inhibitory' effect on 

lacrimal secretion are members o f the enkephalin family. Two hypotheses have been 

proposed to explain the complex innervation o f the lacrimal gland. One view is that the 

complex innervation pattern represents “redundancy,” a safety factor, in case o f failure o f 

one or more o f the innervation pathways. Other exocrine glands, like the salivary and 

adrenal gland, also have similarly complex innervation patterns. Another view is that 

different mixes o f neurotransmitters (both classical and unconventional) and 

neuromodulators will produce tear fluid o f different composition in different conditions 

to cater to different needs. Some reports appear to support this idea . 2 0  Our observations 

indicate that there are regional differences in the innervation density and distribution 

pattern in the mouse lacrimal gland, which may lend support to the idea that there are 

different populations o f  secretory cells in the lacrimal gland and that the selective 

activation of specific subsets may produce tear fluid o f  differing composition.
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Both immunohistochemical and ultrastructural studies have shown that each 

acinus in the gland is innervated. However, it is also clear that not every acinar cell is in 

association with a nerve fiber. It has been proposed that the extensive gap junctions 

among acinar cells, as shown by both ultrastructural and dye injection studies, are 

responsible for the spread o f  neural signals upon stimulation.

Nerve fibers are observ ed to be in close association with the basolateral side o f  

both acinar and ductal cells. Various neurotransmitter/modulator receptors have been 

shown to reside in the basolateral membrane o f  these cells . 21 Neurotransmitters o r 

modulators released from nerve terminals, or that diffuse from the blood stream in the 

adjacent capillaries (like norepinephrine secreted by adrenal gland), bind to their 

corresponding receptors. Agonist binding to these receptors will activate the 

corresponding intracelluar transduction pathways and tear fluid secretion.

Parasympathetic innen-ation. The parasympathetic nerve fibers in the lacrimal 

gland arise from neurons in the pterygopalatine ganglion (PPG ) . ” ' 26 The PPG is the 

parasympathetic ganglion that receives synaptic input from preganglionic 

parasympathetic neurons in the brainstem. Postganglionic nerve fibers from the PPG 

innervate the lacrimal gland, the nasal and palatine mucosae, and the extra- and 

intracranial vasculature . 2 6 ’ 2 7

Microscopic analysis at both the light and electron microscopy level using 

protocols that reveal the distribution of acetylcholinesterase (AChE), choline 

acetyltransferase (ChAT), or vesicular acetylcholine transporter (VAChT) have show n 

that each acinus o f  the m am m alian lacrimal gland is directly innervated by
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parasymathetic nerves . 21 ChAT and AChE are the enzymes that are responsible for the 

synthesis and breakdown, respectively, o f  A C h.' VAChT is a proton-dependent 

transporter that is responsible for packaging ACh into synaptic vesicles . ' 9 '" '2 Both in vivo 

and in vitro studies have also shown that ACh or cholinergic agonists like carbachol can 

induce protein, electrolyte, and water secretion. Therefore, the parasympathetic system 

has long been assumed to play a major role in modulating tear production.

The ACh receptors on the lacrimal gland are o f the muscarinic type (mAChR). O f 

the five subtypes o f mAChR, M 3 has been shown to be present in the lacrimal gland . " ' " " ’ 4  

Binding o f  ACh to mAChRs will activate G proteins, and intracellular signal transduction 

is activated subsequently through the Ca2 7diacylglycerol (DAG)/cGM P-dependent 

pathway.

Sympathetic innervation. The sympathetic nerves within the lacrimal gland 

originate primarily from the superior cervical ganglion (SCG). w hich is the uppermost 

ganglion o f  the sympathetic trunk that lies in the upper part o f  the neck ."

The sympathetic system has long been assumed to have only a supplemental role 

in lacrimal gland function by controlling blood flow to the gland and blood distribution 

within it, or to have no contribution at all in some species. 3 0 ' 3 9  However, there is 

increasing evidence that the sympathetic nervous system plays a role not only in 

modulating blood flow within the gland, but that it may also have direct effects on tear 

secretion in some species . 2 0 ,4 0 '41 O ther investigators have shown that the sympathetic 

innervation o f  the mammalian lacrimal gland is highly variable am ong species, although 

there are controversies in the literature . 1 2 ,1 4 ,4 2  For example, there are reports that every
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acinar cell is in close proxim ity to an adrenergic fiber in cat , 11 dog , 1 2 ' 14 human, and 

monkey . 13 However, there are other studies in humans4" and in monkeys4 4  that are 

inconsistent with these findings. In ra t1 2 -42 and mouse12, only very sparse tyrosine 

hydroxylase (TH)-positive nerve fibers have been described and most o f  them were in 

association with the blood vessels, while only a few were found among acini. In guinea 

pigs, some investigators described rich adrenergic innervation in lacrimal glands,4'  while 

others reported a virtual absence in the gland, except along the blood vessels.1'

The neurotransmitter released by adrenergic nerves is norepinephrine, which 

activates both a  and p adrenergic receptors. Adrenergic receptors are currently separated 

into three families: a j ,  a : ,  and p. Each of them is subdivided into three subclasses. 

Different adrenergic receptor subtypes bind to G proteins that in turn can alter the activ ity 

o f  phospholipase C, m odulate Ca2~ channels, and activate adenylyl cyclase. The 

activation of G proteins and intracellular transduction pathways result in protein, ion, 

and water secretions.

NO and its possib le role in lacrimal gland secretion. Nitric oxide is produced by 

nerve terminals, vascular endothelium, and inflammatory cells in a reaction catalyzed by 

nitric oxide synthase (NOS), which converts L-arginine to NO and L-citrulline . ’ 5  There 

are at least three isoforms o f  NOS, neuronal NOS (nNOS), endothelial NOS (eNOS), and 

inducible NOS (iNOS ) . 4 6 '4 7  Both nNOS and eNOS are constitutively expressed, but their 

activity is regulated by various soluble ligands and/or shear forces through calcium 

/calmodulin-dependent second messenger pathways. NO concentrations produced by this 

route are usually relatively low (in the picomolar range). In contrast, regulation o f  iNOS
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occurs at the gene transcription level and is relatively slow, but leads to long-lasting and 

significant increases in NO production (in nanomolar range local concentration ) . 4 " ' 4  4 8

NO mediates a variety o f physiological functions in both central and peripheral 

nervous systems . 4 9 ' 6 0  NO is a small, lipid-soluble, and highly diffusible compound, which 

easily penetrates the membrane o f  nearby cells and can therefore affect them in a 

receptor-independent autocrine and/or paracrine manner. However, NO has a short half- 

life and is rapidly converted to nitrites and nitrates, hence its range o f  action is limited. At 

the same time, NO is a reactive free radical, due to an unpaired electron in its molecular 

orbital. At low concentrations, it preferentially activates guanylate cyclase (GC), which 

produces cGMP. At high concentrations, NO inhibits various iron-containing DNA 

synthases and mitochondrial enzymes, and thus inhibits cell growth and division, leading 

ultimately to cell death . 61

NO is eliminated by oxyhemoglobin under normal physiological conditions. 

However, if  NO is overproduced, it will combine with another free radical, superoxide 

(O y'), forming another free radical, peroxynitrite (ONOO'), which is highly active and 

can cause tissue damage. Peroxynitrite preferentially interacts with tyrosine, forming 

nitrotyrosine, which is the hallmark o f  nitration and has been used to detect tissue 

damage induced by NO.

The various physiological and pathological functions that NO mediates in  the 

central and peripheral nervous systems are well documented, and its role in regulating 

cranial exocrine gland secretion, such as that o f  the salivary glands, has been described.

Immunohistochemical studies demonstrated that NOS was found in several 

cranial exocrine glands, such as the submandibular glands o f  rat, 6 - ' 6 4  cat ,6:> and ferret, 6 4
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the labial glands o f  humans , 6 6  and the parotid and sublingual glands o f rat and ferret. 6 4  

Previous studies have shown that nNOS-IR is expressed in the PPG 6  ' 6 0  and nasal 

mucosae o f  rats , 7 0  and humans. 1

Physiological and biochemical studies in salivary glands (the submandibular and 

parotid glands), have shown that NO plays a role in modulating saliva secretion. In the 

rat, cat, and ferret, NO has been implicated in salivary secretion from the submandibular 

gland. NO has also been demonstrated to increase protein and electrolyte 

production in the parotid gland o f sheep. 6

To our knowledge, there are no published reports concerning a potential role for 

NO in modulating tear production in lacrimal glands. Anatomically and functionally, the 

lacrimal gland is similar to the salivary glands. Salivary glands also receive dense 

parasympathetic innervation from the PPG, which is the parasympathetic source for other 

tissues including the nasal mucosae in rats and humans. 1 We hypothesize that nNOS 

exists in the neurons that innervate the mouse lacrimal gland and neural cell bodies in the 

ganglia from which parasympathetic nerves in the gland originate, and that NO may play 

a role in modulating tear production.

In agreement with immunohistochemical, physiological, and biochemical studies 

o f  other cranial exocrine glands, our preliminary immunohistochemical results have 

indicated that nNOS-IR was observed in association with nerve fibers in the mouse 

exorbital lacrimal gland . 7 8 ' 81 nNOS-IR was widely expressed in nerve fibers that were in 

close proximity with acini, ducts, and blood vessels in the m ouse lacrimal gland, 

suggesting that NO might play a role in modulating tear production in the lacrimal 

gland . 8 2

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



10

The extent and mechanism o f  N O ’s m odulatory effects on tear production are 

unclear. However, several lines o f  evidence suggest that NO may exert its effect through 

its interaction with other neurotransmitter/modulators . S 3 ' 8 3  VIP has been found to be co­

localized and co-released with ACh in postganglionic, parasympathetic nerve term inals in 

the submandibular glands . 1 3 ' 1 7 ,1 8 In the subm andibular glands o f  the cat and ferret, NO 

has been reported to increase protein secretion by mediating VIP release. 4  R epons on 

other tissues demonstrate that NO is also im plicated in the presynaptic VIP release in 

guinea pig stomach and rat colon in vitro .86,8, Studies in Torpedo svnaptosomes have 

indicated that NO may decrease ACh release,ss and other reports have shown that NO can 

act to modulate synaptic transmission at several types o f synapses . 8 8 ' 9 2  VIP has been 

demonstrated to stimulate protein secretion in the rat lacrimal gland . 19 Although there is 

no direct evidence as yet for the co-localization and co-release o f VIP and ACh in the 

lacrimal gland, available data suggest that this m ight be the case.

NO may also influence tear secretion through various mechanisms, including 

control o f  cGMP production , 9 ' " 9 6  modulation o f  ion channels , 9  ,9 8 activation o f 

intracellular signaling pathways , 9 9  and regulation o f  Na~, K.+-ATPase . 1 0 0 Several other 

mechanisms have also been proposed . 1 0 1 ,1 0 2

Innervation density and distribution pattern. The available data indicate that the 

innervation distribution in the mammalian lacrim al gland is relatively even,’2,10"'’10'' 

although innervation in the rat has been reported to  be most abundant in the hilus , 21 

where the main collecting ducts exit the gland.
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In contrast to the mammalian lacrimal gland, the avian Harderian gland, which is 

the major lacrimal gland in birds, has two anatomically distinct areas, the cortex and 

medulla, and these areas display different innervation patterns. The cortex consists o f 

secretory tubules made o f colum nar epithelium, whereas the medulla contains only a few. 

Both parasympathetic and adrenergic nerves are found throughout the Harderian gland, 

but only sparse innervation is observed around the cortical secretory acini in pigeons10' 

and chickens , - 1 ' 1 0 6 in contrast to the dense innervation observed in the medulla. However, 

the mouse lacrimal gland is similar to that of other mammals in that it is not comprised o f 

two anatomically distinct areas.

Signal Transduction Pathways o f  the Lacrimal Gland

Two separate intracellular transduction systems have been proposed, designated 

by the second messengers they use: 1) Ca2 7DAG/cGMP-dependent pathway; and 2) 

cAMP-dependent pathway . 1 ' 19 ' 10

The Ca2~/DAG/cGMP-dependent pathway. The transmitter first binds to the 

receptors and activates a guanine nucleotide-binding protein (G protein) in the plasm a 

membrane. Activation o f this G protein stimulates phosphatidylinositol bisphosphate 

(PIP:) phosphodiesterase (phospholipase C) to break down PIP: into 1,4,5-inositol 

trisphosphate ( 1 ,4 ,5 -IP3 ) and DAG. IP3 can release Ca:~ from intracellular stores. The 

increase o f  intracellular Ca2" concentration, in conjunction with calmodulin, activates 

Ca2 7calmodulin-dependent protein kinases to phosphorylate and activate specific protein 

substrates, which can induce secretion directly. DAG can translocate protein kinase C
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(PKC) from the cytosol to  the apical membrane. A t the plasma membrane, activated PKC 

phosphorylates protein substrates. These phosphorylated proteins are assumed to play a 

direct role in inducing secretion.

The receptor system s that trigger this signaling cascade include the muscarinic 

acetylcholine receptors and partially ai-adrenergic receptor activation.

The cAMP-dependent pathway. Stimuli that activate the cAM P-dependent 

pathway bind to their receptors in the plasma membrane and activate G protein, either 

stim ulatory (Gs) or inhibitory (Gi). Gs activation can increase adenylvl cyclase (AC) 

activity to produce cAM P, the second messenger, from adenosine triphosphate (ATP). 

The increase in cAMP concentration stimulates cAMP-dependent protein kinase A 

(PKA) to phosphorylate and activate its protein substrates. These phosphorylated proteins 

are thought to induce secretion directly. In contrast, activation o f Gi causes it to bind to 

AC, preventing its activation by Gs and therefore blocking the increase in intracellular 

cAMP levels.

Agonists that use this pathway to stimulate secretion include VIP and, to a limited 

extent, P-adrenergic agonists. Members of the enkephalin family have been identified to 

be the only inhibitors o f  this pathway.

Protein Secretion o f  the Lacrim al Gland.

Protein secretion b y  the mammalian lacrimal gland is primarily accom plished by 

the acinar cells. Acinar cells are connected with each other by tight junctions in the 

luminar side, which is the basis o f  the blood-tear barrier that prevents macromolecules
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from entering the duct system through the intercellular space. The acinar cell plasma 

membrane can be divided into basolateral and apical sides separated by tight junctions. 

Neurotransmitter receptors are found on the basolateral side membrane and are 

surrounded by nerve endings.

There are two kinds o f protein secretion: regulated and constitutive secretion. 

Regulated protein secretion occurs in response to an increase in intracellular second 

messengers. Secretory' proteins are synthesized in the endoplasmic reticulum and 

modified in the Golgi apparatus. The proteins are then packaged into secretory granules, 

which are stored near the apical membrane side. Upon appropriate stimulation, such as 

activation o f the receptors on the acinar cells, intracellular transduction systems are 

activated, second messenger levels are increased, the secretory granules fuse w ith the 

apical membrane, and the proteins are exocytosed into the lumen. This regulated protein 

secretion is controlled by the level o f  intracellular second messengers. The regulated 

protein secretion rate increases with increasing fluid secretion, namely, its concentration 

in the fluid is virtually unaffected by stimulation. Some of the proteins secreted by the 

lacrimal gland are lactoferrin, lipocalin (tear specific prealbumin), lysozyme, peroxidase, 

amylase, plasminogen activator, prolactin, epidermal growth factor (EGF), transforming 

growth factor-/? (TGF-/?), and endothelin-1.

Constitutive proteins are secreted by a constitutive pathway, and secretion in this 

instance is controlled by the rate o f protein synthesis. These proteins are synthesized in 

the same organelles as regulated proteins, but they are packaged into different vesicles in 

the Golgi apparatus. The vesicles o f  constitutive proteins are larger and more 

electronlucent than vesicles o f regulated proteins, and they have a shorter half-life. The
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release mechanism is the same as that o f  regulated proteins. The constitutive protein 

secretion rate depends on the fluid secretion rate, and the rate decreases with increasing 

fluid secretion. Secretory immunoglobulin A (slgA) is the major constitutive secretory 

protein in mammalian lacrimal gland.

Unlike regulated proteins, w hich arise from the acinar and ductal cells, IgA is 

synthesized by plasma cells scattered in the interstitial areas. The IgA is initially secreted 

by plasma cells as a dimer, linked by a protein called "'J chain” w hich is also produced by 

plasm a cells. The complex is called slgA . The slgA binds to secretory component (SC), a 

glycoprotein produced by acinar cells that serves to transport through them, on the baso­

lateral membrane o f  the acinar cells. The SC-sIgA complex is then endocvtosed in 

vesicles and transported across the acinar cells to reach the apical membrane. These 

vesicles fuse with the apical membranes, and the SC is cleaved into two portions, one o f 

which is recycled by the acinar cells w hile the other remains attached to the slgA 

complex.

Electrolytes. Water Secretion and Tear Fluid Modification

Electrolyte and water are the m ajor secretory products o f  the lacrimal gland.l0S,l(W 

Tear fluid can be considered to be produced in two stages: primary tears are secreted into 

the lumen by acinar cells and then m odified by ductal cells in the duct system.

The apical membrane o f  acinar cells contains Cl' and Kf channels to allow the 

movement o f  solutes across the membrane. Aquaporin 5, the water channel, is also 

believed to be present in the apical m em brane to facilitate water movement across the 

epithelium. On the basolateral m em branes, large amounts o f Na~-K"-ATPase are present,
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along with K \  C l', and Ca2~ channels, as well as less specific cation and anion channels. 

The Na'-K~-ATPase actively moves K" into the cell and Na~ out the cell, generating and 

maintaining the N a+-K~ gradients, which provide the driving force for the movement o f  

electrolytes and w'ater across the epithelium. Several other coupled transport systems 

(porters), which are driven by the concentration gradients generated by the NV-KT- 

ATPase and carbonic anhydrase, are also present in the basolateral side o f the acinar 

cells. Water passively diffuses into the lumen from interstitial spaces due to osmotic 

pressure established by the movement o f  electrolytes.

Although little is known about the transport physiology o f the lacrimal duct 

system, it has been estimated that the ducts account for about 30% of the final lacrimal 

gland fluid volume. The primary tear fluid, while being transported through the ductal 

system, is modified by the ductal cells. Several kinds o f  channels are assumed to be 

present in the ductal cells, K+ and Cl’ channels, K~-CT cotransporters, and K'-FT 

antiporters.

Research Topics

Based on previous data and our preliminary findings, we proposed the following 

hypotheses: 1) the mouse lacrimal gland receives more extensive adrenergic innerv ation 

than previously realized, 2) the adrenergic input m ay play a direct and important role in 

modulating or controlling protein production and secretion from the mouse lacrimal 

gland, and 3) there are regional differences o f innervation density in the mouse lacrimal 

gland.
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The results o f our studies that were undertaken to test these hypotheses are 

discussed in three papers.

The first paper addresses the regional differences o f  innervation density and 

distribution pattern, and the sympathetic neural control o f protein secretion in the mouse 

lacrimal gland. The results o f studies that relied on both immunohistochemical and 

sucrose-potassium phosphate-glyoxylic acid (SPG) techniques showed that the mouse 

lacrimal gland can be divided into two different areas based on the innervation density 

and distribution pattern. The regional differences o f innervation density appear to have 

some similarities to the innervation pattern in the avian Harderian gland. The avian 

Harderian gland showed highly uneven innervation distribution, as much more 

innervation was observed in the medulla than the cortex. Adrenergic agonists induced a 

similar magnitude o f protein secretion to that o f  the cholinergic agonist. These data 

suggest that the sympathetic innervation o f  the mouse lacrimal gland is much more 

extensive than previously reported and is associated with the protein secretory' processes. 

The division o f  the lacrimal gland into two areas suggests that the m ouse lacrimal gland 

might be a mixed gland and that these two areas may play different roles in secreting 

tears o f  different composition in different situations. Our data appear to support the 

notion that differential secretion is accomplished by activating different populations of 

cells.

The second paper addresses the observations o f oti and Pi adrenergic receptor 

(AR) immunoreactivity in the mouse lacrimal gland, and protein secretion in response to 

the adrenergic agonists phenylephrine (a i AR agonist) and isoproterenol (Pi AR agonist), 

with or without their corresponding antagonists (phentolamine for a  AR and propranolol
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for p AR). These data demonstrated that the direct stimulation o f  either a i or p t AR 

could induce significant protein secretion from the mouse lacrimal gland fragments. The 

specificity o f  this stimulation was further indicated by the antagonistic effects o f  

adrenergic receptor antagonists. Our results appear to support the notion that there is 

extensive adrenergic control in the mouse gland. We propose that the adrenergic 

receptors may be better markers to reflect the extent o f  adrenergic control because 

circulating norepinephrine in the blood stream should be taken into consideration. Using 

other markers, like TH or dopamine P-hydroxylase, may underestimate the extent o f  

adrenergic control, as they only reflect local sources o f  norepinephrine. Our 

immunohistochemical and biochemical findings support the notion that there is extensive 

ot| and pi adrenergic receptor-mediated pathways in the mouse lacrimal gland and that 

this system plays a direct and significant role in protein secretion. Our data showed no 

synergism between cxi and P receptor-mediated protein secretions. Preliminary' data also 

suggest there are differences between proteins induced by cti and P adrenergic systems, 

which appear to support the notion o f  differential secretion in the mouse lacrimal gland.

The third paper addresses the immunohistochemical observations o f nXOS 

immunoreactivity in neurons in the PPG and nerves in the lacrimal gland, by using both 

confocal and conventional microscopy techniques. The findings suggest that NO may 

play a role in modulating tear production. The site o f action might include the PPG, 

ducts, blood vessels, acini, nerve fibers, and myoepithelial cells. NO may modulate 

parasympathetic and sympathetic synaptic transmission, or directly act on lacrimal gland 

components. The interaction between NO-ergic and the conventional autonomic input 

illustrates the complexity o f  the innervation pattern o f  the mouse lacrimal gland.
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ABSTRACT

PURPOSE. To explore the sympathetic innervation pattern and the role o f the 

sympathetic nervous system control in protein secretion in the exorbital lacrimal glands 

o f normal mice.

METHODS. Mouse lacrimal glands were processed for single- and double­

labeled indirect immunofluorescence studies to show their innervation patterns. The 

sucrose-potassium phosphate-glyoxylic acid method was also used to visualize the 

adrenergic innervation. The effects o f adrenergic and cholinergic agonists on protein 

secretion were evaluated.

RESULTS. The mouse lacrimal gland can be divided into two different areas 

based on the innervation density and distribution pattern. One area, about 10-30% o f the 

gland, exhibited much higher innervation density, both parasympathetic and sympathetic, 

than the rest o f  the gland. Adrenergic agonists, norepinephrine and phenylephrine, 

induced increases in protein secretion that were o f  similar magnitude to the increases 

induced by the cholinergic agonist, carbachol, at 10"6 to 10"1 M. Isoproterenol, the p 

adrenergic agonist, also elicited protein secretion at 10° to 10-1 M.

CONCLUSIONS. Our data indicate that there is extensive sympathetic 

innervation o f  the mouse lacrimal gland, and that sympathetic input can modulate protein 

secretion. The division o f the lacrimal gland into two areas suggests that the mouse 

lacrimal gland is a mixed gland and that these two areas may play different roles in 

secreting tears o f  different compositions in different situations. O ur data appeared to 

support the notion that differential secretion is accomplished by activating different 

populations o f  secretory cells that are differentially innervated.
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INTRODUCTION

The adequate production o f  tears o f  the appropriate com position is essential in 

maintaining the clarity o f  the cornea. Most o f  the fluid and proteins that supply the 

mammalian eye are from the m ajor lacrimal glands. In rodents, a major lacrimal gland is 

the exorbital lacrimal gland found near the ear on the lateral side o f the skull. This gland 

is innervated by the autonomic nervous system, with parasympathetic input 

predominating,1’' although some sympathetic innervation has been reported in some 

species.1' The innervation is reported to be evenly distributed,15’10 although the 

innervation in rats has been reported to be most abundant in the hilus.11

While it is generally accepted that the parasympathetic innervation o f  the lacrimal 

gland is responsible for inducing most tear secretion, there is still some controversy over 

the functional relevance o f  the sympathetic innervation. There is evidence that the 

sympathetic nervous system plays a direct and significant role in initiating and 

modulating tear secretion in some species, instead o f  only modulating blood flow to the 

gland.12'13 The sympathetic innervation varies greatly am ong species, and there are some 

discrepancies in the literature. For example, there are reports that every acinar cell is in 

close proximity to an adrenergic fiber in cats,” dogs,5' humans, and monkeys.0 However, 

other data from studies in hum ans14 and monkeys15 are inconsistent with these 

observations. In rats5'10 and mice,5’9'16 only sparse adrenergic nerve fibers have been 

reported, mostly in association with blood vessels, w ith only a few being found among 

acini. In guinea pigs, rich adrenergic innervation in lacrimal glands has been reported,10 

while others described a virtual absence in the gland except along the blood vessels.5 To 

resolve these controversies and to determine the innervation pattern in the m ouse lacrimal
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gland, a useful system in the study o f  lacrimal gland function, we have used 

histochemical and immunohistochemical techniques to examine the sympathetic 

innervation pattern. We have also determined whether various a  and P adrenergic 

agonists induced glandular protein secretion. We found that some lobes o f  the mouse 

lacrimal gland displayed a high density o f  tyrosine hydroxylase (TH) immunoreactive 

fibers, a m arker for sympathetic fibers,9 among the acini, while in other lobes the 

sympathetic innervation to the acini was sparse. Antibodies to the vesicular acetylcholine 

transporter (VAChT) and to the synaptophysin show that the cholinergic and total 

innervation is also not distributed evenly among the lobes o f the gland. Both cholingergic 

and adrenergic agonists induce protein secretion by gland fragments, suggesting that both 

have a role in the regulation o f gland function.

MATERIALS AND METHODS

Chemicals

Carbamylcholine chloride (carbachol), isoproterenol bitartrate, norepinephrine 

bitartrate, L-phenylephrir.e hydrochloride, phentolamine hydrochloride, and d l -  

propranolol hydrochloride were from Sigma (St. Louis, MO). All other reagents were o f 

the highest purity available.

Animals

C57 female mice (-18  g body weight), aged from 2 to 12 months, were purchased 

from commercial vendors (Taconic Farms, Germantown, NY, or Charles River, 

Wilmington, MA). All animals were kept in a 12-hour light-dark cycle and maintained in
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an accredited animal facility with freely available food and water. They were managed in 

accordance with the ARVO Statement for the Use o f  Animals in Ophthalmic and Vision 

Research. To obtain lacrimal glands, the animals were sacrificed with an overdose o f 

halothane around midday, and lacrimal glands were rapidly removed and trimmed from 

surrounding membranes and fatty tissues under a dissecting microscope.

Tissue Preparation fo r  Immunohistochemistry

For immunohistochemistry, lacrimal glands were fixed in freshly prepared 4%  

buffered paraformaldehyde. After 3-4 hours of fixation at 4 °C. the tissue was placed in

0.1 M phosphate buffer containing 30% sucrose at pH 7.4 for at least 12 hours at 4 °C.

The glands were then placed in optimal cutting temperature (OCT) embedding medium 

(Sakura Finetek USA. Torrance, CA). serially sectioned at 10 pm on a cryostat (Leica. 

Deerfield. IL). and collected on slides (SuperFrost Plus: VW R Scientific, West Chester. 

PA). The sections were dried and stored at -20 °C until used.

Immunohistochemistry

The antibodies used were sheep (dilution 1:800) and rabbit (dilution 1:400) anti- 

TH polyclonal antibodies (Chem icon International, Temecula, CA); rabbit anti- 

synaptophysin polyclonal antibody (Dako, Carpinteria, CA) at a dilution o f 1:200; and 

goat anti-VAChT polyclonal antibody (Chemicon) at a dilution o f 1:2,000. The VAChT 

antibody has been well characterized and is reported to colocalize with classical 

cholinergic markers, such as choline acetyltransferase (ChAT) and acetylcholinesterase

17 18(AChE), in both the central and peripheral nervous systems, and in the lacrimal gland. ’
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Sections were incubated in primary antibody diluted with 0.1 M sodium 

phosphate buffer (PBS) overnight or for 48 hours for TH, at 4 °C. For controls, prim ary 

antibodies were omitted. Secondary- antibodies used were fluorescein isothiocyanate 

(FITC)-conjugated donkey anti-rabbit, sheep, and goat IgG. and Texas Red or 

Rhodamine Red-X-conjugated donkey anti-goat, sheep, and rabbit IgG (Jackson 

Immunoresearch, West Grove. PA), all at a dilution o f  1:200. The secondary antibodies 

were applied for an hour at room temperature. The slides were then washed w ith 3 

changes o f  PBS and 1 change of 4 mM sodium carbonate (pH 10.0). cover-slipped, and 

examined with a conventional fluorescence microscope (Eclipse E800M: N ikon.

Melville. NY). The images were captured with a  digital camera (SpotCam: D iagnostic 

Instruments. Sterling Heights. MI) and analyzed on a desktop PC computer with 

PhotoShop (Adobe Systems. Mountain View. CA). At least 21 sections were exam ined 

per gland in order to examine all lobes within the gland.

Sucrose-Potassium Phosphate-Glyoxylic A cid  fSPG) Method

The SPG technique, as developed by De la Torre,19 is a very sensitive and  

powerful method for visualizing adrenergic nerves.7'10 Lacrimal glands were quickly  

removed from the animals and frozen in OCT medium on chucks in the cryostat at -2 0  

°C. Sections (14 pm  thick) were cut and picked up on room temperature slides and 

immediately dipped 3 times for 1 second in the glvoxylic acid solution. The sections were 

dried with a blow dryer set at cool. When dry-, the sections were covered with 2 d rop  o f  

mineral oil (USP grade) and placed on an alum inum  tray in a 95 °C oven for 2 m inutes.
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The slides were drained of excess oil. covered with 2 drops o f  fresh oil, and coverslipped. 

The sections were examined with a conventional fluorescence microscope.

Protein Secretion

Lacrimal glands were weighed before being cut into fragments o f 1-2 mm with a 

scalpel blade. The fragments were washed in 5 ml of saline solution (116 mM NaCl. 5.4 

mM KC1. 1.8 mM CaCl2. 0.81 mM M gCl2. 1.01 mM NaH2P 0 4. 26.2 mM N aH C 03. and 

5.6 mM dextrose. pH 7.4) that was maintained at 37 °C and was vigorously bubbled with 

95% 0 2 and 5% C 0 2 in a beaker for 10 minutes. The solution was changed 3 times and 

discarded. The gland fragments were then incubated in 1 ml saline for 10 minutes. The 

saline was then removed and replaced with fresh medium. This was repeated for 2 or 3 

times and the saline was collected after each o f  the 10-minute incubations. The proteins 

in these samples represent the basal secretion from the glands. In the last exchange, the 

medium that was added contained one o f  the drugs at a specific concentration. After 

another 10-minute incubation, the medium was removed and saved, and the proteins in 

these solutions represented the stimulated secretion in response to various drugs. One 

gland was used in each experiment.

Although isoproterenol is subject to inactivation by oxidation in oxygenated 

medium, our relatively short incubation period (10 minutes), did not cause a significant 

change in concentration.12 Also, though isoproterenol becomes brownish pink upon 

oxidition, the color did not become visually perceptable until the concentration exceeded 

10"4 M. However, to ensure that the discoloration did not decrease accuracy, control
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samples with corresponding isoproterenol concentrations were included in each 

experiment and corrections were made at various concentrations.

Protein Assay

The samples were analyzed for their total protein using a Coomassie protein assay 

kit (Pierce, Rockford, IL). Bovine serum albumin (BSA) was used as a standard protein, 

and standards were run with each assay. Protein concentrations were determined from the 

standard curves measured with each assay. The assays were performed on an EL 808 

microplate reader (Bio-Tek Instruments, Winooski. VT), read at 595 nm. Both samples 

and standards were read in duplicate, using 96-well Costar flat bottom microplates 

(Coming Inc., Coming, NY). Total protein concentration was determined using the 

software provided by the manufacturer (K.C4; Bio-Tek). Proteins secreted in response to 

various agonists (stimulated secretion) were the difference between total and basal 

secretions. The readings were then converted to (ig/'ml per gram tissue per minute 

(pg/ml/g/min).

Quantification o fV A C hTIR

Under low-power magnification, 10 randomly selected rectangular areas (30  pm x 

40 pm) in both low- and high-innervation density areas were chosen. Using a 40x 

objective, the punctate VAChT labeling was then counted, and the numbers in each area 

were averaged. The averages represent the numbers ofV A C hT  IR in either low- or high- 

innervation density areas.
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Statistical Analysis

Data were expressed as mean ± SEM, wherever appropriate. Student paired or 

unpaired r-tests were performed using SigmaPlot 5.0 software (SPSS Inc., Chicago. IL). 

P<0.05 was considered to be significant.

RESULTS

Sympathetic Innen'ation in the Gland

Examination o f  the lacrimal gland stained with antisera to TH (host in either 

rabbit or sheep) showed that some lobes o f  the gland had relatively sparse TH 

immunoreactivity (TH IR; low-fD areas) while other lobes had extensive TH IR (high-ID 

areas). In all lobes, TH IR was found associated with the blood vessels (Fig. 1A). In the 

lobes with low-ID, in addition to the TH IR associated with the blood vessels, a few 

positive fibers were seen among the acini. These fibers were varicose and were close to 

some acini (Fig. IB). However, the majority o f  acini did not have TH IR fibers associated 

with them. In some cases, there were regions in the low-ID areas that did have a higher 

density o f  TH IR, but they were not common (Fig. 1C). In the lobes with high-ID TH IR, 

there was an extensive network o f positively staining fibers. The immunoreactivity was 

so intense that the fibers appeared smooth with few obvious varicosities (Fig. ID ). In 

these lobes, virtually every acinar cell had a TH IR fiber close to it. Using serial sections 

from the whole glands, we found that the high-ID areas were usually situated in the 

rostral-ventral side o f  the gland, often beneath low-ID areas o f the gland. The size  o f 

high-ID areas varied from 10% to 30% o f  the whole gland.
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FIGURE 1. Sympathetic innervation in the mouse lacrimal gland. (A ) TH 
immunoreactive nerve fibers were observed to be in association with blood vessels 
(arrows). (B) Nerve fibers that were TH immunoreactive were observed to have large 
number o f varicosities and were in close contact with acini in the low-ID areas. (C) In 
some regions within the low-ID areas, TH immunoreactive fibers were observed to be in 
close association with acini and in relatively higher density than other regions. These 
regions were mostly found in the periphery o f  the gland. (D) TH IR visualized with FITC 
in the high-ID areas. Thick nerve bundles and fibers that exhibit TH immunoreactivity to 
TH appeared smooth and formed dense plexus around acini. Scale bar, 40 pm.
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The SPG m ethod revealed a pattern o f fibers similar to that observed with the TH 

antibodies. In all parts o f  the gland, fluorescent fibers were associated with the blood 

vessels that are found w ithin the lobes (Fig. 2A). In some lobes, there were occasional 

varicose fibers among the acini (Fig. 2B), while in other lobes, there was a very dense 

meshwork o f  fibers am ong the acini (Fig. 2C).

Parasympathetic Innervation in the Gland

VAChT IR was found in all lobes o f the gland. Varicose fibers were found 

among acini, presum ably representing synaptic vesicles containing acetylcholine (ACh). 

These VAChT-positive varicosities were close to the basolateral membrane o f  acini and 

formed a loose network around them (Fig. 3A). Some larger non-varicose nerve fibers 

were also observed to be VAChT immunoreactive.

In the lobes o f  the gland that TH IR staining showed to be high-ID areas, it 

appeared that more VAChT-positive fibers were also observed in these areas (Fig. 3A). 

Because VAChT IR was always punctate with obvious varicosities, we were able to 

quantify VAChT IR in the low-ID and high-ID areas. We estimated that the num ber o f 

VAChT IR in the high-ID  areas was about 3.7 times o f the low-ID areas (Fig. 4).

Total Innervation in the Gland

In the low-ID areas, the synaptophysin IR (SIR) appeared to be evenly distributed 

among most o f  the acini, although some acini exhibited less SIR. The SIR was 

characteristically punctate and outlined the acini. Some SIR nerve fibers could also be 

observed. However, in the high-ID areas, SIR was observed to be of higher density  than
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FIGURE 2. Adrenergic innervation in the lacrimal gland as revealed by the SPG method. 
(A) Adrenergic fibers were in close contact with blood vessels. (B ) In the low-ID areas, 
sparse nerve fibers were observed in association with acini, along with those around 
blood vessels (not shown in this figure). (C) A dense meshwork o f  adrenergic fibers was 
apparent among acini in the high-ID areas. Scale bar, 30 pm.
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F ig u r e  3 . Double labeling o f  the innervation in the lacrimal gland. (A ) VAChT IR was 
observed in both low- and high-ID areas. (B) Synaptophysin IR (SIR) colocalized with all 
VAChT IR in both low- and high-ID areas. (C) D ense TH immunoreactive nerve fibers 
were observed in the high-ID areas, mostly in thick bundles o f  fibers with a smooth 
appearance. N o TH IR could be visualized in low-ID areas in this section. (D) Dense SIR 
(with FITC) observed in the high-ID areas colocalized with TH IR, whereas SIR in the 
low-ID areas did not. Note that even in the low-ID areas, there were regional differences 
in the SIR density. Scale bar in A, B, C, and D, 100 pm. (E) In high-ID areas, some 
VAChT IR colocalized or be in close contact with TH IR (arrows). (F ), and one nerve 
bundle appeared to include both VAChT IR and TH IR fibers, suggesting that these 
nerves contain both parasympathetic and sympathetic fibers. Scale bar in E and F, 40 pm.
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F ig u r e  4. The regional differences o f VAChT IR in the mouse lacrimal gland. Values 
are means ± SEM. Numbers o f sam pling areas are in parentheses. Each sampling area 
was 30 pm x 40 (im = 1.200 pm". in d ic a te s  significant difference from low-ID area.
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that in lower-ID areas. M ost SIR nerve fibers were thick and had smooth surfaces, 

displaying morphological properties similar to those observed with the TH antibody, and 

the punctate SIR appeared to merge, forming a dense plexus o f nerve fibers (Figs. 3B, 

3D).

Double Labeling

Double labeling showed that in the high-ID areas, the majority o f  SIR fibers also 

exhibited TH IR (Figs. 3C, 3D). Some VAChT IR nerves also showed TH IR (Figs. 3E. 

3F). suggesting that nerves in this area are mixed, containing both parasympathetic and 

sympathetic nerve fibers. However, it appeared that the sympathetic innervation 

predominated in the high-ID  areas.

In the low-ID areas, most o f the SIR colocalized with VAChT IR (Figs. 3 A. 3B), 

suggesting that most o f  the innervation o f these lobes was o f parasympathetic origin, with 

the exception of a few nerve fibers that were TH IR in the interstitial areas and blood 

vessels.

Protein Secretory • Responses to Autonomic Agonists at I O'3 M

The immunohistochemical studies raised the possibility that the sympathetic 

system may play a m ajor role in the regulation o f  lacrimal gland function in the mouse. In 

order to test this possibility, we exposed lacrimal gland fragments to adrenergic agonists 

and measured the am ount o f  protein secreted in response to each drug. Norepinephrine 

(a -  and P-adrenergic receptors agonist), phenylephrine (apadregergic agonist), and 

isoproterenol (P-adrenergic agonist) all induced protein secretion from the gland
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fragments (Fig. 5). For comparison, we also used carbachol, which is a muscarinic 

cholinergic agonist.

Norepinephrine, carbachol, and phenylephrine induced the largest secretion, 

whereas isoproterenol induced the smallest secretion (Table 1). Norepinephrine and 

phenylephrine elicited almost the same magnitude o f protein secretion as that elicited by 

carbachol (P>0.05, no significant difference between any two o f  them). Isoproterenol 

appeared to be a relatively weaker stimulant, as the increase in protein secretion was 

significantly different from the increases induced by the other three agonists.

TABLE 1. Protein Secretion in Response to Autonomic Agonists at 10'3 M

Agonist Stimulated Secretion* P  value*
Norepinephrine 336.13 <0.01
Phenylephrine 301.28 <0.01

Carbachol 319.10 <0.01
Isoproterenol 80.78

*Stimulated secretion (pg/ml/g/min) = total secretion in response to agonist -  basal 
secretion, d iffe re n ces  between isoproterenol-induced secretion and those induced by- 
other three agonists.

DISCUSSION

The sympathetic innervation varies greatly among species, and there are some 

discrepancies between reported observations. In rats3,10 and mice,3-9'16 only sparse 

adrenergic nerve fibers were observed, and most o f them were associated with blood 

vessels, with only a few found among acini. In guinea pigs, some researchers reported 

rich adrenergic innervation in the lacrimal gland,10 while others described a virtual 

absence in the gland except along the blood vessels.3 Our observations o f  TH IR in the
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F i g u r e  5. Protein secretory responses of the mouse lacrimal gland to agonists at 10° M. 
Ordinate is total protein secretion rate (pg/ml per gram tissue per minute ). Values are 
means ±  SEM. Numbers in parentheses are replicates of each experiment. ^'Indicates 
significant difference from their corresponding basal secretion rate of each agonist. There 
are no significant differences between any two responses evoked by carbachol. 
norepinephrine, and phenylephrine. The secretions induced by isoproterenol, how ever, is 
significantly lower than those induced by carbachol. norepinephrine, and phenylephrine.
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low-ID areas appeared to be in agreement with previous reports in the m ouse,' 9'16 

whereas the observation o f  TH IR in the high-ID areas is similar to the sympathetic 

innervation observed in guinea pig extraorbital lacrimal gland.10 However, the division of 

the mouse lacrimal gland into two areas, based on the differences o f  innervation pattern 

and density, is a novel finding. By using serial sections from the whole gland, we 

estimated that the high-ID  areas represent about 10-30% o f the gland and is situated on 

the rostral side o f the gland, mostly near the ventral side. The low-ID areas clearly 

showed blood vessels with associated staining which suggests that these areas were not 

simply inaccessible to the antisera. Further, using a totally different technique, the SPG 

method which has been shown to be verv sensitive in visualizing adrenergic nerves, 10 

we found similar differences in the adrenergic innervation density between different 

lobes.

Increasing evidence in some species12'13 indicates that the sympathetic nervous 

system plays a role in influencing tear secretion not only by modulating blood flow to the 

gland and its distribution within it, but also by direct effects on the secretory' acini. In the 

present study, the observation o f TH-immunoreactive nerve fibers with numerous 

varicosities in close association with acini in some lobes o f the mouse gland support this 

notion. Axonal varicosities have been shown to represent synaptic junctions. This 

observation contrasts w ith previous data from mouse lacrimal gland, w hich showed 

extensive adrenergic innervation of blood vessels, but only sparse nerve fibers associated 

with the secretory acini.’’9,16

The protein secretion experiments reported here, using norepinephrine as the 

agonist for both a -  and P-adrenergic receptors, and phenylephrine and isoproterenol for
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a i and (3 adrenergic receptors,12"20 respectively, suggested the presence o f  both a i and p 

adrenergic receptors in the mouse lacrimal gland and that they are associated with the 

protein secretion process. The robust responses elicited by norepinephrine and 

phenylephrine suggest that the sympathetic innervation o f  the mouse lacrimal gland has 

more functional significance than previously thought. While there are TH IR fibers 

associated with the blood vessels within the lacrimal gland, the protein secretion data 

described above were obtained from in vitro lacrimal gland fragments and could not be 

caused by the modulation o f blood flow in the gland. The significant response o f the 

gland fragments to adrenergic agonists suggests there is extensive direct adrenergic 

control o f  acinar cells.

In the mouse lacrimal gland, there was a i adrenergic-mediated stimulated protein 

secretion. Phenylephrine has been shown to increase intracellular Ca'~ concentrations"1 

and induce significant peroxidase secretion (an index o f  protein secretion) in the m ouse." 

Intracellular recordings o f  mouse acinar cells indicate that epinephrine elicited 

hyperpolarization and a marked reduction o f membrance resistance." '24 In the rat 

lacrimal gland, phenylephrine stimulates protein secretion from acini in a time- and 

concentration-dependent manner, with the maximum reached at 10“* M ." a  adrenergic 

agonists, such as phenylephrine and norepinephrine, can induce Kf release and secretion 

o f  both peroxidase and newly synthesized protein from rat acinar cells.1' " ' ' 2

The selective a i  adrenergic agonist phenylephrine appears to have intrinsic 

activity similar to that o f  norepinephrine, a mixed a  and p receptor agonist, in eliciting 

protein secretion. In rats, 85% o f  the adrenergic regulation o f  protein secretion was 

achieved through oil adrenergic receptor activation, and the remaining 15% was assumed
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to be due to the activation o f  P receptor.20 Our data are in agreement with those from 

other studies o f  rats. A t 10° M, protein secretion induced by  phenylephrine is about 89% 

o f  that induced by norepinephrine, suggesting that the adrenergic stimulation in the 

mouse lacrimal gland is also mainly achieved through a i  receptor activation.

Protein secretion data suggest that a p adrenergic pathw ay is present in the mouse 

lacrimal gland as well. Although the isoproterenol-induced protein secretion was much 

smaller than that induced by other agonists, it doubled the secretion rate. These results 

appear to contradict a report that the sympathetic influence in mouse lacrimal gland is 

mediated only by oci adrenoceptors."8 Intracellular recording o f  mouse lacrimal gland 

acinar cells, for example, revealed that isoproterenol had no detectable effects on 

membrane potential and resistance.2" '2'* However, in the lacrimal gland of the rat. 

isoproterenol stimulates both fluid and protein (peroxidase) secretion, though the 

response is small and no KT release could be observed.Ij~9'30 In vivo experiments on 

cannulated rabbit lacrimal gland also demonstrated that there are norepinephrine- 

responsive p adrenergic receptors present, and that isoproterenol was more effective than 

norepinephrine and epinephrine in inducing lacrimal flow .3* Reports from in vitro studies 

using rabbit lacrimal gland fragments also show that isoproterenol can induce protein 

secretion.12

Although there w ere no significant differences betw een protein secretion rates 

induced by norepinephrine, phenylephrine, and carbachol, the significant increase in 

protein secretion induced by norepinephrine and phenylephrine appears to be in contrast 

to the prevailing view that the parasympathetic system is responsible for most o f  the 

protein secretion in the mouse lacrimal gland. Previous studies reported that there was
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only sparse sympathetic innervation o f the mouse lacrimal gland3'9'16 and that there is 

much m ore parasympathetic innervation present in the gland. These reports suggested 

that the sympathetic innervation observed might not be sufficient to induce robust protein 

secretion in response to adrenergic agonists.

The sympathetic nerves within the lacrimal gland primarily originate from the 

superior cervical ganglion (SCG). which is the uppermost ganglion o f  the sympathetic 

trunk. In the lacrimal gland of rats.j2 retrograde-tracing experiments showed both ipsi- 

and contralateral sympathetic contributions from SCG neurons, though only a few  labeled 

somata were observed in the contralateral SCG. Although no comparable data concerning 

the sympathetic source in mouse lacrimal gland is available, it seems likely that the 

mouse lacrimal gland may be similar to that o f  the rat, with both ipsi- and contralateral 

SCG contributions. We speculate that there may be some relationship between the origin 

o f  the sympathetic input to the lacrimal gland and the innervation density: i.e.. perhaps 

the sympathetic innervation in the high-ID areas comes from the ipsi-lateral SCG. while 

that in the low-ID areas originates contralaterally. or vice versa. Retrograde labeling 

studies, with dye injections into either the high- or low-ID areas o f the lacrimal gland, 

and subsequent evaluation of the labeling in the ipsi- and contralateral SCG could test 

this idea.

In addition to TH IR. regional differences o f  innervation were also observed in 

both synaptophvsin and VAChT immunoreactivity: much more synaptophysin and 

VAChT immunoreactivity was observed in the high-ID areas. Synaptophysin has been 

well docum ented as a marker o f total innervation,8 and VAChT has been extensively 

docum ented as a marker for parasympathetic nerves.17,18 Our data suggest that th e  mouse
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lacrimal gland is divided into two areas, one with much higher innervation density (both 

parasympathetic and sympathetic), and the other with lower density. By counting the 

number o f  VAChT IR puncta, it was estimated that the parasympathetic innervation in 

the high-ID areas is about 3.7 times that o f  the low-ID area. This is a novel observation 

that contrasts with data from studies o f  the autonomic supply to lacrimal glands in 

m ice,"9 rats,11 humans and monkeys.6 which showed relatively even innervation density.

The regional differences o f  innervation suggest that the mouse lacrimal gland is a 

mixed gland. In the high-ID areas, in which dense nerve fibers were observed around 

blood vessels and acini, the density and distribution patterns o f  synaptophysin and TH 

immunoreactivity were similar to the sympathetic innervation in guinea pig extra- and 

intra-orbital glands.10 In the low-ID areas, however, the TH IR density was similar to the 

sympathetic innervation observed in lacrimal glands o f  rats10 and mice.' '; This is 

reminiscent o f  the innervation pattern in avian Harderian gland, the main lacrimal gland 

in birds, which has two anatomically distinct areas, the cortex and the medulla. The 

cortex consists o f  secretory tubules made o f columnar epithelium, whereas the medulla 

contains only a few. Both cholinergic and adrenergic nerves are observed in the 

Harderian gland, but only sparse fibers are observed around the cortical secretory acini in 

pigeons'3 and chickens,34 ' 5 in contrast to the dense innervation observed in the medulla.

Anatomically, the mouse exorbital lacrimal gland consists o f several lobes, and 

each lobe has a duct that runs to the surface o f  the eye. There are 6 to 7 ducts that come 

together to form the main duct. Therefore, it is conceivable that the lobes have different 

innervation patterns and functions. A lobe itself consists o f  many lobules, which are 

further comprised o f  acini, the functional units o f  tear secretion. Since tear flow is highly
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regulated, division o f  the mouse lacrimal gland into two distinct areas according to the 

differences o f  innervation density and distribution pattern suggests that the two areas may 

have different functions.

In addition to classical neurotransmitters such as ACh and norepinephrine, 

various neuropeptides14,15'36'38 and other unconventional transmitters such as nitric 

oxide16 have been found in the mammalian lacrimal gland, including that o f  the mouse. 

The available data suggest that both classical neurotransmitters and at least two 

neuropeptides are present in the lacrimal glands o f most species.""6

The complexity o f  the innervation pattern o f  the lacrimal gland, in conjunction 

with the multiple neurotransmitters and modulators present, may influence the protein, 

ion, and water composition o f tears.12,35 Based on the results obtained from rabbit. 

Bromberg et al. suggested that both parasympathetic and sympathetic systems work 

together to effect secretion o f  tears o f the appropriate composition.12 For exam ple, the 

parasympathetic system may regulate the flow rate and electrolyte content, and the 

sympathetic system may regulate protein secretion.12 Differential secretion could be 

accomplished by stimulating different autonomic nervous pathways in acinar and ductal 

cells, by activating different populations o f  secretory cells, or by the activation o f  

different intracellular signal systems. There is precedence for this idea.

Based upon data from muscarinic ACh receptor immunohistochemical 

observations in the rat lacrimal gland, it was reported that even though the 

immunoreactivity was as sociated with each acinus, the labeling appeared to be unevenly 

distributed both within an acinus and between them .35 The two separate areas w ithin the 

mouse lacrimal gland, with distinctive innervation densities and distribution patterns, and
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the regional differences o f  innervation even in the low-ID areas, suggest that the 

secretory cells in these two areas m ay be differentially stimulated. Tears o f varying 

composition, resulting from differential sympathetic and parasympathetic stimulation, 

could thus be produced depending on the needs o f a given situation.

It is unlikely that we observed a pathological condition because the animals used, 

aged between 2 to 12 months, were healthy at the time o f  experiment. Tissues obtained 

from many animals yielded similar results, and it was very unlikely that all these animals 

had the same pathological condition.

It must be pointed out that because our observations w ere made in the course o f  a 

study o f  Sjogren’s syndrome, we used only female mice, so the data reported here may 

not be applicable to male mice. Another point is that the preparation used for protein 

secretion was from fragments o f the lacrimal gland, which m ay have contained nerve 

fibers, ductal cells, myoepithelial cells, mast cells, and plasma cells. However, as acinar 

cells represent at least 80% o f the rat lacrimal gland mass,13'39'40 we believe the data 

presented here are representative o f  the acinar cells.

In summary, these data indicated that there is extensive sympathetic innervation 

in the mouse lacrimal gland and that it appears to be directly associated with the protein 

secretory process. Immunohistochemistry and SPG observations suggest the mouse 

lacrimal gland can be divided into two areas based on the innervation density and 

distribution pattern. One area, com prising about 10% to 30% o f  the gland, has higher 

innervation density, both parasympathetic and sympathetic. The rest o f the gland is less 

densely innervated. These two areas m ay play different roles in secreting tears that are o f  

different compositions in various situations. These data support the notion that
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differential secretion is accomplished by activating different populations o f  secretory 

cells, which are differentially innervated.
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ABSTRACT

PURPOSE. To determine the express patterns o f  cti and Pi adrenergic receptors 

in the mouse lacrimal gland, a  and p adrenergic receptor agonist and antagonist were 

used to elucidate the receptors’ relevance to protein secretion.

METHODS. Mouse lacrimal glands were processed for single- and double­

labeled indirect immunofluorescence studies and examined with confocal scanning 

microscopy. Protein secretion and SDS-PAGE experiments were also employed.

RESULTS. Extensive a ; and P[ adrenergic receptor immunoreactivity was 

observed in the mouse lacrimal gland. The protein secretion in response to phenylephrine 

and isoproterenol showed that direct stimulation o f either a i or Pi adrenergic receptor 

could induce significant protein secretion from the lacrimal gland. The specificity o f  this 

stimulation was further indicated by the effects o f  adrenergic receptor antagonists. 

Preliminary- SDS-PAGE results showed that different proteins were secreted in response 

to a i  and P agonists. No synergism was observed between ai and p receptor-mediated 

protein secretions.

DISCUSSIONS. Our results support the notion that there is extensive adrenergic 

control in the mouse gland. We propose that the adrenergic receptors may be a better 

choice o f  markers to reflect the extent o f adrenergic control, because circulating 

norepinephrine in the blood stream should be taken into consideration. Both confocal 

microscopy observations and protein secretion data suggest the presence o f  a i  and Pi 

adrenergic receptor-mediated pathways in the mouse lacrimal gland. Prelim inary data 

appeared to support the existence of differential secretion in the mouse lacrimal gland.
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INTRODUCTION

The adrenergic system in the mammalian lacrimal gland has been assumed to play 

an indirect and minor role in lacrimal function, mostly by regulating the blood flow and 

distribution to the gland.1-2 However, increasing evidence indicates that the adrenergic 

system may also play a direct and significant role in regulating tear secre tio n /-4 

suggesting the lacrimal gland may be under the control o f  both cholinergic and 

adrenergic innervation.

Electrophysiological recordings from mouse lacrimal acinar cells showed that 

isoproterenol markedly enhances ATP-induced currents, which can be  blocked by 

propranolol.5 lontophoretic application o f  epinephrine to mouse lacrimal acinar cells 

increases potassium permeability, which is similar to the change induced by 

acetylcholine.6 Similar findings were obtained from rats.' In rabbits, adrenergic 

stimulation has been shown to enhance lacrimal flux.1-2-8 These data suggest that the 

adrenergic stimulation may have a direct and significant influence on lacrimal acinar 

cells.

Most previous investigations have used markers such as tyrosine hydroxylase or 

dopamine (5-hydroxylase to visualize the adrenergic innervation in the lacrimal 

gland.9-10-11 However, catecholamines released by the adrenergic fibers in the lacrimal 

gland proper are not the only source. Catecholamines are also released by other tissues or 

organs into the blood stream and serve as systemic neurotransmitters and may diffuse 

from the blood stream into the lacrimal gland milieu and influence secretory processes.

For those acini that are in close association with adrenergic nerves, 

catecholamines released from nerve terminals may influence secretory cells directly.
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However, as catecholamines are inactivated quickly upon release from the terminals, it 

seems unlikely that the catecholamines would diffuse across long distances to the acinar 

cells and still reach the threshold concentration to stimulate secretion. Therefore the 

assumption that the adrenergic nerves present in the lacrimal gland are the sole source o f  

catecholamines in the gland m ay be unwarranted. Adrenergic receptors may be better 

indicators to reflect the extent o f  adrenergic control. However, we were unable to find 

any published report o f  the direct observation o f adrenergic receptors in the lacrimal 

gland o f  any species. Therefore, in the present study, we used antibodies against a: and 

Pi adrenergic receptors to determine the distribution o f  these receptors in the mouse 

lacrimal gland. We also studied the protein secretory responses induced by adrenergic 

agonists.

Our data suggest that every acinar cell has a large number o f  a i and Pi adrenergic 

receptors. Protein secretion results indicate that the adrenergic system plays a direct and 

significant role in modulating protein secretion from the mouse lacrimal gland. Our 

studies also suggest that the proteins secreted in response to phenylephrine and 

isoproterenol stimulation were not the same, providing evidence o f  the existence o f 

differential secretion.

MATERIALS AND METHODS

Chemicals

Carbamylcholine chloride (carbachol), isoproterenol bitartrate, norepinephrine 

bitartrate, L-phenylephrine hydrochloride, phentolamine hydrochloride, and D l -
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propranolol hydrochloride were from Sigma (St. Louis, MO). All reagents were o f  the 

highest purity available.

Animals

C57 female mice (—18 g body weight), aged from 2 to 12 months, were purchased 

from commercial vendors (Taconic Farms, Germantown, NY. or Charles River, 

Wilmington. MA). All animals were kept in a 12-hour light-dark cycle and maintained in 

an accredited animal facility with freely available food and water. They were managed in 

accordance with the ARVO Statement for the Use o f Animals in Ophthalmic and Vision 

Research. To obtain lacrimal glands, the animals were sacrificed with an overdose o f 

halothane around midday, and lacrimal glands were rapidly removed and trimmed from 

surrounding membranes and fatty tissues under a dissecting microscope.

Tissue Preparation fo r  Immunohistochcmisuy

For immunohistochemistry, lacrimal glands were fixed in freshly prepared 4% 

buffered paraformaldehyde. After 3-4 hours o f fixation at 4 °C, the tissue was placed in 

0.1 M phosphate buffer containing 30% sucrose at pH 7.4 for at least 12 hours at 4 °C. 

The glands were then placed in “optimal cutting temperature” (OCT) embedding medium 

(Sakura Finetek USA, Torrance. CA). serially sectioned at 10 pm on a cryostat (Leica, 

Deerfield, IL), and collected on slides (SuperFrost Plus; VWR Scientific, West Chester, 

PA). The sections were dried and stored at -20  °C until used.
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Immunohistochemistry

The antibodies used were rabbit anti-ai adrenergic receptor polyclonal antibody 

(Oncogene Research Products. San Diego, CA), at a dilution o f  1:100; rabbit anti-Pi 

adrenergic receptor polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), at a dilution o f  1:1000; and sheep anti-tyrosine hydroxylase (TH) polyclonal 

antibody (Chemicon International. Temecula. CA). at a dilution o f  1:800.

Sections were incubated in primary antibody diluted with 0.1 M sodium 

phosphate buffer (PBS) for 48 hours at 4 °C. For controls, primary antibodies were 

omitted. Secondary antibodies used w ere fluorescein isothiocyanate (FITC)-conjugated 

donkey anti-rabbit IgG, at a dilution o f 1:100; and Rhodamine Red-X-conjugated donkey 

anti-sheep IgG (Jackson Immunorescarch. West Grove, PA), at a dilution o f  1:200. The 

secondary antibodies were applied for an hour at room temperature. The slides were then 

washed with three changes o f  PBS and one change o f  4 mM sodium carbonate (pH 10.0), 

cover-slipped, and examined with a conventional fluorescence m icroscope (Eclipse 

ES00M; Nikon, Melville, NY). The images were captured with a digital camera (Spot; 

Diagnostics Instruments, Sterling Heights. MI), and analyzed on a desktop PC computer 

with image analysis software (PhotoShop; Adobe Systems. M ountain V iew , CA). 

Additional images were also obtained with a confocal laser scanning m icroscope (Leica; 

TCS SP). At least 20 sections were examined per gland in order to exam ine all lobes 

within the gland.
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Protein Secretion

Lacrimal glands were weighed before being cut into fragments o f 1-2 mm with a 

scalpel blade. The fragments were washed in 5 ml o f  saline solution (116 mM NaCl. 5.4 

rnM KC1, 1.8 mM CaCb. 0.81 mM MgCb. 1.01 mM N aH 2PCb, 26.2 mM N aH C 03, and 

5.6 mM dextrose, pH 7.4) that was maintained at 37 °C and were vigorously bubbled 

with 95% O : and 5% CO: in a beaker for 10 minutes. The solution was changed three 

times and discarded. The gland fragments were then incubated in 1 ml saline for 10 

minutes. The saline was then removed and replaced with fresh medium. This was 

repeated two or three times, and the saline was collected after each of the 10-minute 

incubations. The proteins in these samples represent the basal secretion from the glands.

In the last exchange, the medium that was added contained one o f  the drugs at a specific 

concentration. After another 10-minute incubation, the medium was removed and saved, 

and the proteins in these solutions represented the stimulated secretion in response to 

various drugs. One gland was used in each experiment.

Although isoproterenol is subject to inactivation by oxidation in oxygenated 

medium, our relatively short incubation period (10 minutes) did not cause a significant 

change in concentration.' Also, though isoproterenol becomes brownish pink upon 

oxidition, the color did not become visually perceptible until the concentration exceeded 

KT4 M. However, to ensure that the discoloration did not decrease accuracy, control 

samples w ith corresponding isoproterenol concentrations were included in each 

experiment, and corrections were made at various concentrations.

Theoretical additivity was the sum o f the experimental responses obtained in  the 

presence o f  each agonist alone with the basal value subtracted. A response was defined as
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additivity. This was interpreted to mean that the effects o f  the two agonists are modulated 

by separate pathways, but that the pathways interacted. A response was not considered 

additive if  the experimental additivity was significantly lower than the theoretical 

additivity. In this instance, our interpretation was that the two agonists activated the same 

pathway.12

Protein Assay

The samples were analyzed for their total protein using a Coomassie protein assay 

kit (Pierce, Rockford, IL). Bovine serum album in (BSA) was used as a standard protein, 

and standards were run with each assay. Protein concentrations were determined from the 

standard curves measured with each assay. The assays were performed on an EL SOS 

microplate reader (Bio-Tek Instruments, W inooski. VT), read at 595 nm. Both samples 

and standards were read in duplicate, using 96-well Costar flat bottom microplates 

(Coming Inc., Coming, NY). Total protein concentration was determined using the 

software provided by the manufacturer (KC4; Bio-Tek). Proteins secreted in response to 

various agonists (stimulated secretion) were the difference between total and basal 

secretions. The readings were then converted to pg/m l per gram tissue per minute 

(pg/ml/g/min).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Samples were subjected to SDS-PAGE in 10% (vol/vol) polyacrylamide gels 

(0.75 mm) using a commercial system (M ini-Protean II; Bio-Rad, Hercules, CA). Protein
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samples, obtained from gland fragments incubated in the presence o f  individual agonists, 

were run in separate gel lanes under reduced (2-mercaptcethanol) and non-reduced 

conditions. Gels were resolved at 200 V for 45 minutes, stained with GelCode Silver 

Staining Reagent (Pierce, Rockford, IL). Gels were dried using an automated gel dryer 

(Bio-Rad, Hercules, CA). The protein concentration o f  the samples were determined with 

the Pierce Commassie protein assay kit.

Statistical Analysis

Data were expressed as mean ± SEM, wherever appropriate. Student paired or 

unpaired Mests were performed using SigmaPlot 5.0 software (SPSS Inc.. Chicago. IL). 

P<0.05 was considered to be significant.

RESULTS

Immunohistochemistry Obsen'ations

In the lacrimal gland, extensive a i  and Pi adrenergic receptor immunoreactivity 

(IR) was observed. Some ai adrenergic receptor IR was observed to be on the surface o f 

acinar cells, w hile much of the immunoreactivity appeared to be inside the acinar cells 

(Figs. IB, 1C). In addition to the a i adrenergic receptors that were associated with acinar 

cells, much more a i  adrenergic receptor IR was observed in the interstitial areas, in 

association with blood vessels and ducts (Fig. IB). The oti adrenergic receptor IR 

observed on the acinar cells’ surface appeared as small punctate labeling, whereas that in 

the interstitial areas appeared as larger punctate labeling (Fig. IB). Double labeling 

results showed that although some o f  the a i  adrenergic receptor IR appeared to colocalize
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FIGURE 1. Confocal images o f  a i and Pi adrenergic receptor immunoreactivity (IR) in 
the mouse lacrimal gland. (A ) Control for a i adrenergic receptors. (B) Extensive a i 
adrenergic receptor IR was observed in the gland and it appeared that more a i adrenergic 
receptor IR was observed in association with interstitial tissue, blood vessel (arrow) and 
ducts. This IR appeared as larger punctate labeling compared to that in contact with the 
acinar cells. (C) At higher magnification, a i adrenergic receptor IR was observed on the 
surface and inside the acinar cells. (D) Control for Pi adrenergic receptors. (E) Extensive 
Pi adrenergic receptor IR was observed in the gland. It appeared that little was found on 
acinar cell surfaces and most was inside these cells. Unlike the distribution o f  a i  
adrenergic receptor IR, little Pi adrenergic receptor IR could be observed in the 
interstitium. (F) ct| adrenergic receptor IR observed at higher magnification. N ote that 
this IR appeared to concentrate in an area within the acinar cells' cytoplasm. Scale bar in 
A, B, D, and E, 25 pm; in C and F, 40 pm.
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FIGURE 2. Confocal images o f  double labeling o f  a i, Pi adrenergic receptors and TH IR 
in the mouse lacrimal gland. (A) a i adrenergic receptor IR (visualized with FITC) was 
observed in the gland. (B) A few TH immunoreactive nerves (visualized with Rhodamine 
Red) were observed in the gland. Som e o f  these nerves colocalized (arrow) or were in 
close association (arrowhead) with a i  adrenergic receptor IR. (C) Extensive Pi 
adrenergic receptor IR was found in the gland and it appeared that none was in close 
contact or colocalized with TH IR. A blood vessel (arrow) and a nerve (arrowhead) were 
stained with TH antibody in (D). Scale bar, 40 pm.
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or be in close association with TH immunoreactive nerve fibers, most was not (Figs. 2A. 

2B).

Compared to the extent o f  a i adrenergic receptor IR, more Pi adrenergic receptor 

IR was observed in the lacrim al gland. Some was evident on the basolateral surfaces and 

most appeared to be inside the acinar cells (Figs. IE, IF). The Pi adrenergic receptor IR 

appeared to concentrate in  an area within the cytoplasm o f  the acinar cells. Unlike the 

distribution o f cxi adrenergic receptor IR, almost no Pi adrenergic receptor IR could be 

observed in the interstitial areas (Figs. IE, IF). Double-labeling results indicated that 

none o f  the Pi adrenergic receptor IR was colocalized with TH immunoreactive nerves 

(Figs. 2C, 2D).

Dose Response Curves f o r  Autonomic Agonists

Responses to norepinephrine, phenylephrine, carbachol. The dose dependency of 

protein secretion in response to carbachol, norepinephrine, and phenylephrine stimulation 

was relatively similar (Fig. 3). Protein secretion rates increased with increasing agonist

concentration, and reached their maxima at 10'5 M, respectively. Moreover, the secretory

8 -6responses for carbachol in  the concentration range o f 10‘ M to 10 M, and 

norepinephrine in the range o f  10'7 M to lO0 M. were almost linear. As the concentration 

increased further, the secretion rate reached a plateau or decreased slightly. Although 

carbachol, norepinephrine, and phenylephrine showed sim ilar patterns and exhibited 

almost the same maximal responses, the threshold concentration o f  carbachol that elicited 

protein secretion was about 10 times lower than that o f  norepinephrine or phenylephrine. 

The half maximal concentrations (EC 5 0 X the concentration at which half of the m axim al
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FIGURE 3 . Dose response curves of protein secretion from mouse lacrimal gland 
fragments in response to autonomic agonists. O rdinate is total protein secretion rate 
(pg/ml per gram tissue per minute). Each point represents means + SEM from 4 to 6 
experiments, in d ic a te s  significant difference from the corresponding basal secretion rate 
of each agonist.
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response was elicited, were estimated based on the dose-response curves: carbachol 

(3x10" M), phenylephrine (5x10' M), and norepinephrine (1 O' 6  M).

Response to isoproterenol. The protein secretion rate increased almost linearly 

with increasing agonist concentration. At the highest dose used (1 O' 4  M), it appeared that 

isoproterenol had not yet achieved its maximum effect, which may be higher than that for 

carbachol, norepinephrine, and phenylephrine. However, the threshold for isoproterenol 

was much higher than the other agonists. By using the secretion rate in response to 

isoproterenol at 1 0 "* M as the maximal response, the EC>o o f  isoproterenol was estimated 

to be 3xlO ' 5 M, which was about 100 times that o f  carbachol and 60 times that o f  

phenylephrine.

By comparing each EC5 0 , the order o f potency o f these agonists can be estimated: 

carbachol (EC5o=3 x l 0 ' '  M)>phenylephrine (EC5 o=5xlO" M) >norepinephrine (E C jcfIO ' 0  

M)>isoproterenol (ECno=3x10'' M).

The stimulated secretion rate induced by each agonist was significantly greater 

(P<0.05) than its corresponding basal rate at all concentrations. However, at 10' 5 M. the 

concentration that induced maximal secretion, no significant differences (P>0.05) existed 

among the regulated secretion rates evoked by carbachol, norepinephrine, and 

phenylephrine.

Protein Secretion to Agonists with the Presence o f  Antagonists

To further explore the specificity o f the adrenergic agonists, we exposed the gland 

fragments to agonists at their E C 5 0  in the presence o f specific antagonists.
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Phentolamine, a general a  adrenergic receptor antagonist, inhibited 

phenylephrine-induced secretion in a concentration-dependent manner. At the lowest 

concentration used, 10'8 M, phentolamine caused 50% inhibition. As the concentration o f 

phentolamine increased, secretory inhibition was also increased. A maximal inhibition o f 

about 80% occurred at 10'3 M. In rat lacrimal gland acini, maximal inhibition o f 

phenylephrine-induced peroxidase secretion by phentolamine was 90%. which was 

considered to be com plete inhibition.1' As the phentolamine concentration was further 

increased to 1CT1 M, the inhibitory effect was slightly lower than that at 10'3 M (Fig. 4).

Propranolol, a general P adrenergic receptor antagonist, also inhibited protein 

secretion induced by isoproterenol in a concentration-dependent manner. Generally, the 

inhibitor)' effect was proportional to the concentration o f propranolol. Like phentolamine, 

the maximal inhibition o f about 52% occurred at 10° M and was significantly lower than 

that achieved by phentolamine on phenylephrine-induced secretion. This suggests that the 

inhibition by propranolol on isoproterenol-induced secretion was incomplete. As with 

phentolamine, the inhibitory effect o f  propranolol at 1CT4 M was slightly lower than that 

at 10‘3 M (Fig. 5).

Since norepinephrine can stimulate both a  and P receptors and is naturally present 

in the body, we also used antagonists to explore the relative contribution o f  a  and P 

receptor-mediated pathways. Norepinephrine was used at 10'6 M, the concentration that 

induced maximal protein secretion. Antagonists were used at 10° M, the concentration 

that maximally inhibited the response to the corresponding agonists. Norepinephrine and 

antagonists were added simultaneously. The addition o f  phentolamine decreased 

norepinephrine-induced protein secretion by about 67%, whereas the addition o f
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FIGURE 4 . The inhibitory effects o f phentolamine on protein secretion induced by 
phenylephrine at half maximal concentration (5x 10'7 M). Ordinate is the percentage of 
inhibitory effect. Each point represents means ± SEM from 4 to 6 experiments.
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FIGURE 5. Inhibitory effect of propranolol on protein secretory responses induced by 
isoproterenol at half maximal concentration (3x10 '5 M). Ordinate is the percentage of 
inhibitory effect. Each point represents means ± SEM from 4 to 6 experiments.
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FIGURE 6 . Inhibitory effects of phentolamine (PL) and propranolol (PP) on 
norepinephrine (NE)-induced protein secretion. Protein secretory rate induced by NE is 
normalized as 1 0 0  and ordinate is percentage of secretion rate with the presence o f 
antagonists compared to it. NE (10 ' 6  M). PL and PP (10 ‘5 M). NE and antagonist were 
added simultaneously. Each point represents means ± SEM from 4 experiments.
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propranalol caused a 47%  decrease (Fig. 6). Neither phentolamine nor propranolol alone 

caused a change in the protein secretion rate.

Protein Secretion to a  and f3 Receptors Agonists Added Together

Both agonists were used at their EC5 0 : phenylephrine (5x10" M) and 

isoproterenol (3x10 '' M). The protein secretory response to these two agonists applied 

simultaneously was slightly larger than that induced by either agonist alone. However, 

the response was much lower than the theoretical addition o f  the secretion elicited by 

phenylephrine and isoproterenol alone, which was significantly different (Fig. 7). These 

data suggest that there was no synergism of protein secretion between a  and P adrenergic 

pathways.

SDS-PAGE

A previous report indicated that the individual proteins in the tear samples from 

llama and cattle separated out much more distinctly under non-reduced conditions.1'  

However, our results showed the contrary. Better protein band separation was achieved 

under reduced conditions. Therefore, we used 2 -mercaptoethanol throughout the 

experiments, and all the results presented were obtained under reduced conditions.

It appeared that there were differences between the proteins induced by 

phenelephrine and isoproterenol (Fig. 8 ). Some bands were observed in the 

phenylephrine-induced protein samples while they were absent in isoproterenol-induced 

samples, and vice versa. Even for those bands that were present in both samples, the 

density appeared not to be the same. The identity o f  these proteins is not yet known.
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FIGURE 7. Protein secretion in response to the simultaneous addition o f phenylephrine 
and isoproterenol showed no synergism. Agonists were used at their half maximal 
concentrations, phenylephrine (5 x l0 '7 M). isoproterenol (3x10  ̂ M). Ordinate is the 
secretion rate in |!g/ml per gram tissue per minute. Each point represents means ±  SEM 
from 4 to 6 experiments, ind icates significant difference between actual responses and 
theoretical addition of secretory responses to individual agonists.
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FIGURE 8. SDS-PAGE o f  protein samples o f  mouse lacrimal gland fragments induced 
by phenylephrine and isoproterenol. Samples were run on SDS-PAGE in 10% 
polyacrylamide gels. It appeared there were some differences o f  the protein profiles 
among these samples. Some bands were observed in the phenylephrine-induced protein 
samples while they were absent in isoproterenol-induced samples, and vice versa. Even 
for those bands that were present in both samples, the density appeared not to be the 
same.
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DISCUSSION

Our confocal microscopy observations clearly showed that there was extensive a i  and P; 

adrenergic receptor ER in the mouse lacrimal gland. To our knowledge, this is the first 

description o f a i  and pi receptor IR in the lacrimal gland. The observations suggest the 

presence o f a i  and Pi adrenergic pathways in the mouse lacrimal gland and their 

association with lacrimal function. Protein secretion studies using adrenergic agonists 

were in agreement with this notion.

Norepinephrine, phenylephrine, and isoproterenol induced protein secretion from 

the gland fragments in a concentration-dependent manner. Protein secretion increased 

with the increase o f  agonist concentration and reached a maximum at 10° M for 

norepinephrine and phenylephrine and lO"1 M for isoproterenol. As norepinephrine, 

phenylephrine, and isoproterenol are competitive agonists and work through adrenergic 

receptors, the significant protein secretion induced by these agonists further evidenced 

the presence o f adrenergic receptors and their direct linkage to protein secretion from the 

mouse lacrimal gland.

Dose-response curves obtained from norepinephrine and phenylephrine showed 

patterns similar to that o f  carbachol, the cholinergic agonist. Carbachol also induced 

protein secretion in a dose-dependent manner, and achieved a maximal response at 10 '

M. The dose response curve o f carbachol in our experiments was very similar to that 

from rat lacrimal gland, which measured either newly synthesized protein15 or peroxidase 

secretion.16 In the concentration range o f  10'6 M to 10"* M, norepinephrine and 

phenylephrine induced a magnitude o f protein secretion similar to that o f carbachol, 

suggesting that the adrenergic stimulation by norepinephrine and phenylephrine was as
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effective as the cholinergic activation in eliciting protein secretion. Norepinephrine and 

phenylephrine dose response curves were similar to those from rat lacrimal cells, which 

measured peroxidase secretion.1' ’18

Although carbachol, norepinephrine, and phenylephrine all induced similar 

amounts o f  protein secretion at concentrations between 1CT6 M to lO-4 M, carbachol was 

more effective at lower concentrations (<10‘6 M). In fact, the threshold o f  carbachol- 

induced protein secretion was about 10 times lower than that for norepinephrine and 

phenylephrine, and at least 100 times lower than that for isoproterenol.

The dose response curve o f  isoproterenol was quite different from that o f  other 

agonists. At the highest dose used (10"4 M), it appeared that isoproterenol had not 

achieved its maximal response, which may be higher than that o f  other agonists. 

However, the ECso o f isoproterenol was about 100 times that o f carbachol. and 60 times 

that o f  phenylephrine. These results are in contrast to those from rabbits, which indicated 

that the threshold for isoproterenol-induced protein secretion (3x 10'8 M) was 100 times 

lower than that o f  carbachol (3 x l0 '6 M).3

The EC5 0  o f these autonomic agonists was estimated from their dose response 

curves, and the order o f potency o f  these agonists was estimated as follows: carbachol 

(3 x l0 ‘7 M)>phenylephrine (5x l(T  M) >norepinephrine (10'6 M)>isoproterenol (3x10° 

M). These results were in agreement with previous reports o f the EC 5 0  o f  carbachol, 

epinephrine, and phenylephrine in rats, which measured peroxidase secretion, 18‘~° 

although one study reported an EC 5 0  o f  phenylephrine (10° M) that was much higher

19than that found in the present investigation.
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In order to characterize the specificity of agonist-induced protein secretion, we 

also tested the effect o f  increasing concentrations o f  adrenergic antagonists on protein 

secretion induced by agonists at their EC 5 0 .

Phentolamine, the non-selective a  adrenergic receptor antagonist, inhibited 

phenylephrine-induced protein secretion in a dose-dependent manner. Even though the 

inhibition appeared incomplete (maximal inhibiton was 80.15% at 10' 5 M phentolamine), 

protein secretion was decreased by 50° 0  at 10' 8 M, the lowest concentration used. In rat 

lacrimal gland acini, the maximal inhibition by phentolamine on phenylephrine (10 "4  M)- 

induced peroxidase secretion was 90° 0 . which was considered to be complete inhibition, 

whereas the half inhibition was achieved by 10' 6  M phentolamine.1' .Another report in rats 

also indicated that phenylephrine-induced protein secretion was inhibited by 

phentolamine in a dose-dependent manner . 21 These data suggest the presence o f  an a  1 

adrenergic receptor-mediated protein secretion pathway in the mouse lacrimal gland, 

which was further supported by the observation o f  a i  adrenergic receptor IR in the gland.

The non-selective [5 adrenergic receptor antagonist, propranolol, inhibited 

isoproterenol-induced protein secretion in a dose-dependent manner. However, the 

inhibition was less specific and less effective than the inhibition by phentolam ine on 

phenylephrine-induced secretion. Maximal inhibition o f  52% was achieved at 10"' M, and 

with 20% inhibition at 10"s M. In rats, propranolol inhibits isoproterenol-induced labeled 

protein secretion in a dose-related manner and achieves complete inhibition . ' 2

Propranolol has been reported to be a selective drug for p adrenergic receptors. 

These data demonstrated the presence o f  a p adrenergic receptor-mediated protein 

secretory pathway in the mouse lacrimal gland. The observation o f  Pi adrenergic receptor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7 0

IR in the gland provides further support and suggests that the P adrenergic pathway may 

be o f  the Pi type.

Both the immunofluorescence and protein secretion findings suggest there is an 

a  i adrenergic pathway in the mouse lacrimal gland. Confocal microscopy demonstrated 

that extensive a i adrenergic receptor IR was present either on the surfaces or inside the 

cytoplasm o f  acinar cells, and that much more IR was found in the interstitial areas. 

Phenylephrine, the specific a i adrenergic receptor agonist, induced a significant amount 

o f  protein secretion from the gland fragments. The inhibitory effects o f phentolamine on 

phenylephrine-induced protein secretion provide further evidence o f the presence o f an a  

adrenergic receptor-mediated protein secretory pathway. Our findings were in agreement 

with a previous report that a i  adrenergic receptors were present in the mouse lacrimal 

gland.23

In the rat lacrimal gland, a  adrenergic receptors were shown to be located on the 

acinar cells. Activation o f  these cells by phenylephrine could increase potassium 

permeability and release, and this effect was almost completely blocked by 

phentolamine.-1 Phenylephrine was reported to stimulate peroxidase secretion from rat 

lacrimocytes, and this effect was suppressed by phentolamine, even though radioligand 

binding assays indicated that the gland did not possess a substantial number o f a i  and a ;  

adrenergic receptors.*1

Our data also suggest the presence o f  a p adrenergic pathway in the mouse 

lacrimal gland. The dose response curve for isoproterenol indicates that although 

isoproterenol failed to induce protein secretion at concentrations less than 10'5 M, it did 

significantly increase protein secretion at concentrations above 10° M. The
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isoproterenol-induced protein secretion increased alm ost linearly with the increase o f 

agonist concentration. It appeared that isoproterenol had not yet achieved its maximal 

effect at 1CT4 M, which may be higher than that o f norepinephrine, phenylephrine, or 

carbachol. These data suggest the presence o f  a P adrenergic-mediated protein secretory 

pathway in the mouse lacrimal gland, a conclusion that is further supported by the 

inhibitory effect o f propranolol on isoproterenol-induced response. Electrophysiological 

recordings from mouse lacrimal acinar cells indicated that isoproterenol markedly 

enhanced ATP-induced inward and outward currents, which can be blocked by 

propranolol.' These findings were in support o f  our results. However, some studies on 

mouse lacrimal gland reported data that disputes this conclusion. A pharmacological 

study indicated that the mouse lacrimal gland had only a i adrenergic receptor-5, and 

intracellular recordings from acinar cells failed to detect any isoproterenol-induced 

membrane potential and resistance change.6

Data supporting the P adrenergic receptor-mediated modulation o f lacrimal gland 

function has been previously reported in the rat lacrimal gland. Isoproterenol has been 

shown to stimulate protein (peroxidase) secretion""4'"' and increase potassium 

permeability, even though the response could not be blocked by classical P-antagonists.4 

However, other reports claimed that isoproterenol had no effect on inducing radiolabeled 

protein26 and peroxidase19 secretions.

In rabbit, in vivo experiments on cannulated lacrimal gland showed that there 

were norepinephrine-responsive P adrenergic receptors present, which are most likely 

located in secretory cells. Isoproterenol was more effective than norepinephrine and
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epinephrine in inducing lacrimal flow.2. In vitro studies also showed the existence o f P- 

adrenergic receptors and their association with a protein secretory response/

Taken together, the present study showed three lines o f evidence in support of the 

involvement o f  a P-adrenergic system in the regulation of protein secretion in the mouse 

lacrimal gland: 1) Isoproterenol stimulated protein secretion from the gland fragments; 2) 

the isoproterenol-induced secretion was specifically inhibited by propranolol, the non- 

selective P-adrenergic receptor antagonist; and 3) the close association o f  the Pi 

adrenergic receptor IR with acinar cells and interstitial tissues was supported by confocal 

microscopy observations. The microscopy findings further suggested that the p- 

adrenergic pathway in the mouse lacrimal gland w as o f the Pi type.

From the dose response curves, phenylephrine, at concentrations o f  1 O'6 M to 1O'4 

M, appeared to have intrinsic activity sim ilar to that o f  norepinephrine in eliciting protein 

secretion. Phenylephrine has been shown to specifically activate an ai-adrenerg ic 

pathway to stimulate lacrimal gland protein secretion.3 At 10° M, protein secretion 

induced by phenylephrine was about 90% o f  that induced by nerepinephrine and 97% of 

that at 10"4 M. At 10‘6 M, phenylephrine-induced secretion was 1.58 times that from 

norepinephrine, which was significantly different.

The adrenergic neurotransmitter norepinephrine can activate both a  and P 

receptors. It has been reported in rat lacrimal glands that 85% o f the adrenergic regulation 

o f labeled (newly synthesized) protein secretion was achieved through a i  receptor 

activation, and the remaining 15% wras assumed to be mediated by P receptor 

activation.24 In order to determine the contribution o f  a  and p adrenergic system s to 

norepinephrine-induced protein secretion in the m ouse lacrimal gland, we added
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phentolamine and propranolol, at the concentrations shown to maximally inhibit 

phenylephrine and isoproterenol-induced secretion, respectively, with norepinephrine at 

its EC 5 0 . Phentolamine decreased norepinephrine-induced protein secretion by 69%, and 

propranolol achieved 47% inhibition. These data, together with the comparison o f  protein 

secretion rates induced by norepinephrine and phenylephrine at various concentrations, 

suggest that the majority o f  the adrenergic activation in the mouse lacrimal gland is 

mediated by a  adrenergic receptors, and that p adrenergic receptor activation plays a 

relatively minor role. Our data are in rough agreement with those from rats, but stand in 

contrast to the data from rabbit lacrimal glands. In rabbits, phentolamine reduced 

norepinephrine-evoked protein secretion by 47%, whereas propranolol achieved 71% 

inhibition.'

Although both a i and Pi adrenergic receptor IR were observed to be in close 

association with acinar cells, they exhibited different distribution patterns in the 

interstitial areas. It appeared that more a ;  adrenergic receptor IR was observed in the 

interstitial areas, in association with blood vessels and ducts, and less was in contact with 

acinar cells. This may suggest that the a i  adrenergic pathway, in addition to regulating 

protein secretion from acinar and ductal cells, may also play a role in m odulating blood 

flow within the gland. Vasoconstriction in the lacrimal gland has been shown to be 

mediated by a  adrenergic receptors,28 and in cats and rabbits, vascular tone in the 

lacrimal gland has been reported to be correlated with tear flow.2'29 Other studies have 

also demonstrated that the blood flow in the submandibular gland influences secretory 

function.30,31 In contrast, our study shows that most, if  not all, o f  the Pi adrenergic 

receptor IR is in association with acinar cells rather than with blood vessels and ducts,
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suggesting that the p t adrenergic pathway may be involved only in the secretory process 

at the acinar cell level.

Even in the acinar cells, a i and Pi adrenergic receptor IR appeared to have 

different distribution patterns, ot| adrenergic receptor IR was observed to be relatively 

evenly distributed on the surfaces and inside the cytoplasm, whereas much o f  the Pi 

adrenergic receptor IR appeared to be concentrated in the cytoplasm with only some 

labeling on the membrane.

Ductal cells are also responsible for secreting proteins upon activation. Since only 

a i  adrenergic receptor IR was observed to be in association with ducts, and a i  and Pi 

adrenergic receptor IR exhibited different distribution patterns even at the acinar cell 

level, activation o f  a i  and Pi adrenergic receptors may induce secretion of different 

proteins. Preliminary data by SDS-PAGE indicated that there were differences between 

the proteins secreted in response to phenylephrine and isoproterenol (Fig. 8). This 

contrasts with the results obtained from rabbits, which showed no differences.'

When the lacrimal gland fragments were exposed to both phenylephrine and 

isoproterenol, the protein secretion rate was higher than that evoked by only one agonist. 

However, the rate was significantly lower (P<0.05) than the theoretical addition o f  the 

rates resulting from exposure to each agonist separately. Based on the definition o f  

synergism,12'24 it appears that there is no synergistic effect between the a i and P 

adrenergic activation in the mouse lacrimal gland. It has been reported that the oti and p 

adrenergic activations use different intracellular transduction pathways in the lacrimal 

gland. Agonist binding to the a i receptors partially activates the Ca2+/diacylglycerol 

(DAG)/cGM P-dependent pathway, w'hereas binding to P receptors has been show n to
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activate the cAMP-dependent pathw ay.l8'j2,33 A report in rats described synergism 

between the a i  and p adrenergic stimulation,24 and in rabbits, synergism  between the 

cholinergic and p adrenergic systems has also been reported/

Although norepinephrine has been proposed to work in a “paracrine’* style, its 

actions are mostly restricted to the extrasynaptic area because norepinephrine is 

inactivated quickly upon release. It seems unlikely that the norepinephrine released from 

the adrenergic nerve endings could diffuse across long distances and remain at 

physiologically significant concentrations to stimulate acinar cells. As the lacrimal gland 

has dense vasculature, the distance between capillary walls and acinar cells is much 

shorter than that between adrenergic nerve endings and distant acinar cells. Therefore, it 

is likely that circulating norepinephrine in the blood stream plays a role in stimulating 

adrenergic receptor-mediated secretion.

Although adrenergic innervation, as reflected by markers such as tyrosine 

hydroxylase, isn’t as extensive as the parasympathetic innervation in the mouse lacrimal 

gland, the fact that there are systemic catecholamines circulating in the blood stream and 

that they can diffuse into the gland to influence secretory processes suggest that the 

adrenergic pathway may not necessarily be less important than the parasympathetic 

pathway.

It should be pointed out that we used a lacrimal gland fragment preparation in the 

present study, which contains acinar, ductal, myoepithelial, and endothelial cells. As 

acinar cells represent at least 80% o f  the lacrimal gland mass,4'16 we believe the data 

presented here are representative o f  the acinar cells. However, the presence o f other cell 

types should be considered in the interpretation of these data.
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In conclusion, we have shown that there are extensive a i and Pi adrenergic 

receptors present in the mouse lacrimal gland, and thus that there is more adrenergic 

innervation than previously thought. In addition, we propose that adrenergic receptors 

may be better a choice to reflect the extent o f adrenergic-mediated pathways in the mouse 

lacrimal gland, in view o f  the catecholamines circulating in the blood stream and their 

possible diffusion into the lacrimal gland milieu. Adrenergic agonists induced significant 

protein secretion from the gland, demonstrating the adrenergic receptor-mediated protein 

secretory processes in the mouse lacrimal gland. The inhibitory effects o f  specific 

adrenergic antagonists on agonist-induced protein secretion provide further evidence o f  

the existence o f adrenergic pathways. Our data showed no synergism between a i  and P 

receptor-mediated protein secretion. Preliminary data also suggest there are differences 

between proteins induced by a i  and p adrenergic systems, which appeared to support the 

notion o f  differential secretion in the mouse lacrimal gland.
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ABSTRACT

PURPOSE. To determine the expression patterns o f  the vesicular acetylcholine 

transporter (VAChT), tyrosine hydroxylase (TH), and neuronal nitric oxide synthase 

(nNOS) in the pterygopalatine ganglion (PPG) and the lacrimal gland o f normal mice.

METHODS. Mouse PPG and lacrimal glands were processed for single- and 

double- labeled indirect immunofluorescence studies. Slides were examined with 

conventional fluorescence microscopy and confocal laser scanning microscopy.

RESULTS. All the somata in the PPG expressed both VAChT and nNOS 

immunoreactivity (IR). The postganglionic axons within the ganglion showed less 

VAChT-IR intensity than that seen in the somata, whereas nNOS-IR was almost 

undetectable. In the lacrimal gland, nNOS-positive nerve bundles and fibers were 

observed to be associated with tear-collecting ducts, blood vessels, and acini. Some 

nNOS-positive punctate elements appeared to be distributed among acini. Many nerve 

fibers were VAChT-immunoreactive and a small number o f  fibers were TH 

immunoreactive in the gland. Most o f  the VAChT-positive fibers, and some o f the TH- 

positive nerves displayed nNOS-IR.

CONCLUSIONS. The expression of nNOS in cells o f the PPG and in lacrimal 

gland nerves suggests that nitric oxide (NO) may play a role in modulating tear 

production. The site o f  action may include the PPG, ducts, blood vessels, acini, nerve 

fibers, and myoepithelial cells within the gland. NO may modulate parasympathetic 

and/or sympathetic synaptic transmission or by acting directly on lacrimal gland 

components. The interaction between NO-ergic and the conventional autonomic input 

illustrates the complexity o f  the innervation pattern o f  the mouse lacrimal gland.
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INTRODUCTION

The mammalian lacrimal gland has dense parasympathetic innervation1'3 and, in 

some species, sympathetic innervation.-*'7 M ost o f  the parasympathetic nerve fibers that 

innervate the lacrimal gland arise from neurons in the pterygopalatine ganglion (PPG ).1'3 

The PPG is the parasympathetic ganglion that receives synaptic input from preganglionic 

parasympathetic neurons in the brain stem. Postganglionic nerve fibers from the PPG 

innervate the nasal and palatine mucosae, the extra- and intracranial vasculature, and the 

lacrimal gland.8

Nitric oxide (NO) is a diffusible neurotransm itter that mediates a variety o f  

physiological functions. NO is synthesized by nitric oxide synthase (NOS), which has 

three isoforms: neuronal NOS (nNOS), epithelial NOS (eNOS). and inducible NOS 

(iNOS).9 Previous studies have reported that nNOS immunoreactivity (IR) is expressed in 

the PPG and nasal mucosae of rats,9 and hum ans.10 Because the lacrimal gland receives 

dense parasympathetic innervation and some sympathetic innerv ation in some species, 

we speculated that nNOS may also exist in the lacrimal gland and that NO m ight play a 

role in the neural control o f its function. In light o f  the various physiological functions 

that NO mediates in the central and peripheral nervous systems and its potential role in 

the regulation o f lacrimal gland secretion, w e set out to investigate the expression 

patterns o f  nNOS in the normal mouse PPG and lacrimal gland and its relationship to the 

autonomic innervation.

Choline acetyltransferase (ChAT) and acetylcholinesterase (AChE) are the 

enzymes that are responsible for the synthesis and breakdown o f acetylcholine (ACh), 

and both ChAT and AChE have been used in attempts to visualize the distribution o f
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cholinergic fibers in tissues. However, there are reports that A ChE, as revealed by 

conventional histochemical and immunohistochemical detection methods, is not 

restricted to cholinergic neurons’1 and that the synthesis o f ChA T is not necessarily 

restricted to cholinergic neurons.12 These reports suggest that neither AChE nor ChAT is 

an unambiguous marker for cholinergic neurons.

The vesicular acetylcholine transporter (VAChT) is a proton-dependent 

transporter that is responsible for packaging ACh into synaptic vesicles, and the 

immunohistochemical detection o f VAChT has emerged as a reliable method for the 

detection o f cholinergic neurons.13 Using a direct double-labeling method in rat. 

Arvidsson et al.13 found VAChT and ChAT colocalized in neurons and suggested 

VAChT as a novel and reliable marker in the autonomic nervous system for cholinergic 

neurons, which innervate organs such as the salivary' and lacrimal glands. Other reports 

showed that VAChT IR is more sensitive than most ChAT antibodies for the detection o f 

cholinergic terminals14 and provides a clearer signal than ChAT labeling.u '1; All these 

results suggest that VAChT is a highly specific marker for cholinergic somata and nerve 

fibers. Moreover, although VAChT is present in both the neurons’ somata and terminals, 

it is concentrated in the terminals and thus better reflects the distribution o f cholinergic 

synapses.15

Tyrosine hydroxylase (TH) is the rate-limiting enzyme responsible for the 

synthesis o f dopamine and has been used as the marker for the sympathetic innervation o f 

the lacrimal gland. Therefore, we have used antisera to nNOS, VAChT, and TH to 

examine the distribution o f these markers in the pterygopalatine ganglion and lacrimal 

gland o f  the mouse. Our results have confirmed that all the neurons in the PPG are
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positive for VAChT as well as nNOS. Most o f the nerve fibers in the glands were 

positive for VAChT, with many also showing nNOS IR. Some TH-positive fibers were 

seen in the gland and a few o f them were also positive for nNOS. These data suggest that 

NO could play a role in the regulation o f lacrimal gland secretion.

MATERIALS AND METHODS

Tissue Preparation

Five Swiss W ebster (SW) and five C57 female mice were obtained 

from commercial vendors (Taconic Farms or Charles River). All animals were kept in a 

12-hour light-dark cycle and maintained in an accredited animal facility with freely 

available food and water. They were managed in accordance with the ARVO Statement 

for the Use o f Animals in Ophthalmic and Vision Research. To obtain tissues, the 

animals were killed with an overdose o f halothane and decapitated around midday. The 

lacrimal glands and PPG were removed and placed in freshly prepared 4% buffered 

paraformaldehyde. After 3 to 4 hours o f fixation at 4 °C, the tissue was placed in 0 .1 M 

phosphate buffer containing 30% sucrose at pH 7.4 for at least 12 hours at 4  °C. The 

lacrimal gland and ganglia were then placed in optimal cutting temperature (O CT) 

embedding medium (Sakura Finetek USA, Torrance. CA), serially sectioned at 10 pm 

with a cryostat (Leica, Deerfield, IL), and collected on slides (Superfrost Plus; V W R 

Scientific, West Chester, PA). The sections were dried and stored at -20  °C until used.
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Immunohistochemistry

The antibodies used were polyclonal rabbit anti-rat NOS1 (R-20; Santa Cruz 

Biotechnology, Santa Cruz, CA). at dilutions o f 1:400 for lacrimal gland sections and 

1:200 for ganglion; goat anti-VAChT polyclonal antibody (Chemicon International, 

Temecula, CA) at dilutions o f  1:2,000 for lacrimal gland, 1:1,000 for ganglion. The 

VAChT antibody has been well characterized and has been shown to colocalize with 

ChAT in both central and peripheral nervous systems, including lacrimal gland.1' ' 14 The 

sheep anti-TH polyclonal antibody (Chemicon) was used at a dilution of 1:200. Sections 

were incubated in primary' antibody diluted with 0.1 M sodium phosphate buffer (PBS) 

overnight or for 48 hours for TH. For control samples, primary antibodies were omitted. 

Secondary antibodies used were fluorescein isothiocyanate (FITC)-conjugated donkey 

anti-rabbit and anti-sheep IgG. and Texas Red-conjugated donkey anti-goat and anti­

sheep IgG (Jackson Immunoresearch, West Grove. PA), all at a dilution of 1:200. The 

secondary antibodies were applied for 1 hour. The slides were then washed with three 

changes o f  PBS and one change o f  4 mM sodium carbonate (pH 10.0), cover-slipped, and 

examined with a conventional fluorescence microscope (Eclipse E800M; Nikon,

Melville, NY). The images were captured with a digital camera (Spot; Diagnostics 

Instruments, Sterling Heights, MI), and analyzed on a desktop computer with image 

analysis software (PhotoShop; Adobe Systems. Mountain View, CA). Additional images 

were also obtained with a confocal laser scanning microscope (TCS SP; Leica). At least 

21 sections were examined per gland to examine all lobes within the gland.
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RESULTS

Pterygopalatine Ganglion

In the PPG, all the neurons appeared to display various intensities o f nNOS IR. 

The neurons, which were interspersed among nerve fibers that do not synapse w ithin the 

PPG, were of various sizes (20-40 pm ) and were clearly differentiated from the nerve 

fibers (Fig. 1 A). nNOS IR appeared to be distributed relatively evenly within the 

neuronal somata, except that labeling was excluded from the nucleus (Fig. IB). However, 

nNOS-IR was weak or undetectable in the axons o f  these cells in contrast to the easily 

observed fibers in the lacrimal gland, which is one o f  the targets o f  the neurons in the 

PPG.

All the neurons in the PPG also displayed VAChT-IR. The somata were o f  

different sizes and, except for the nucleus, were filled by the labeling (Fig. 1C). VAChT- 

IR was also detectable in presynaptic terminals that resembled large baskets. Axons were 

clearly visible as well but were less intensely labeled. The labeling o f  both the cell bodies 

and the axons stood out clearly from the rest o f the nerve fibers that course through the 

ganglion without synapsing. nNOS and VAChT appeared to be colocalized in all o f the 

neuronal somata in the PPG.

Lacrimal Gland

Many nerve fibers in the lacrimal gland displayed nNOS IR, and there w ere 

smaller bundles o f  fibers w ith numerous varicosities that could be observed around tear- 

collecting ducts, blood vessels, and acini.
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F i g u r e  1. VAChT and nNOS labeling in the PPG. ( A )  VAChT visualized with FITC was 
observed in the somata, with presynaptic terminals shown as large puncta (arrow), and 
VAChT-IR in the postganglionic somata appears uniformly throughout the cytoplasm 
with some small puncta visible (arrowhead). (B) nNOS-FITC was expressed in all the 
somata, but virtually no nNOS-IR could be detected in the axons. (C) VAChT-Texas Red 
was detected in both somata and axons, though the intensity in axons appeared weaker 
than in the somata (arrows). In the somata, nNOS-IR and VAChT-IR was colocalized.
(B) and (C) are from the confocal microscope. Scale bar, 30 pm.
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Large bundles o f  nerve fibers were labeled, mostly in the interlobular areas, 

running along with large tear-collecting ducts and blood vessels. Smaller nerve bundles 

and fibers were observed to branch from the larger ones. Some nerve fibers were 

observed to be closely associated with collecting ducts, and some appeared to encircle the 

outer surface o f  ducts (Fig. 2A). Some punctate nNOS IR could also be observed in 

association with acinar and ductal cells. Some nerve fibers with prominent varicosities 

appeared to be in close proxim ity to the acini (Figs. 2A, 2B, 2E). Although quantification 

was not performed in the present study, examination o f  serial sections indicated that 

approximately 80% to 90%  o f  the acini exhibited either punctate nNOS-immunoreactive 

staining or were in close contact with nNOS-positive nerve fibers.

Dense VAChT-IR was found in the lacrimal gland. Numerous varicosities were 

observed among acini, presum ably representing synaptic vesicles containing ACh (Fig. 

2C). These VAChT-positive varicosities were close to the basolateral membrane o f  acini. 

These varicosities formed a loose network around the acini, and each nerve fiber 

appeared to be in close association with more than one acinar cell.

Some nerve fibers w ere also TH immunoreactive. However, compared with the 

dense VAChT-positive varicosities in the gland, many fewer TH-positive varicosities 

were observed. Most o f  the TH IR was seen in association with the blood vessels, which 

are known to be innervated by sympathetic neurons (Fig. 2D). Some of the labeled nerves 

were observed to course among acini, and nerve fibers with many varicosities w ere 

occasionally seen in close association with acini (Fig. 2F).

nNOS IR was colocalized in many but not all o f  the fibers that displayed VAChT 

IR (Figs. 2B, 2C). Also, some nNOS-positive fibers that did not display VAChT IR were
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FIGURE 2. nNOS, VAChT, and TH IR in the lacrimal gland. (A) Nerve bundles (arrow) 
and single fibers, were observed to be immunoreactive to nNOS. Some nerve fibers with 
varicosities were in close proximity with acini. A single nerve fiber was observed to 
encircle the duct (arrowhead). Some punctate nNOS labeling was found in both acinar 
and ductal cells. (B) Many nerve fibers (arrow) were nNOS immunoreactive. Extensive 
punctate labeling was also observed in the cytoplasm o f  acinar cells (arrowhead). (C) 
Dense fibers with numerous varicosities (arrow) and punctate labeling (arrowhead), 
which were close to the basolateral side o f  acini, showed VAChT IR. Many VAChT IR 
colocalized with nNOS IR. (D) Nerve fibers innervating the blood vessels were observed 
to be immunoreactive to TH, with typical meshwork-like labeling. (E, F) A single nerve 
fiber that was nNOS immunoreactive (E) also displayed TH IR (F). While these labels 
appeared to be colocalized, we cannot rule out the possibility that the labeling represents 
two different fibers. (B) and (C) are from the confocal microscope. Scale bar, 30 pm.
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observed. However, in most o f  the fibers nNOS-IR appeared to colocalize with VAChT 

IR. nNOS ER was detectable in some, but not all, o f the sparse TH-positive fibers that 

coursed among the acini. However, no nNOS IR was observed to colocalize with TH-IR 

in the inner layer o f  blood vessel walls.

DISCUSSION

The PPG is a parasympathetic relay center and receives its inputs from the 

preganglionic parasympathetic neurons in the brainstem through the greater superficial 

petrosal nerve. These preganglionic fibers then synapse with the neurons in the ganglion 

and the postganglionic axons project to target organs, such as the lacrimal gland and 

nasal mucosae.

The present study dem onstrated that virtually all the neurons in the mouse PPG 

were VAChT immunoreactive. To our knowledge, this is the first description o f VAChT 

IR in the neurons o f the PPG in mouse. Our results are consistent with those of other 

investigators who used ChAT or AChE as the cholinergic marker and found that virtually 

all the PPG neurons in rat,16 chicken,1' and pigeon18 display ChAT or AChE IR. Also, the 

present study demonstrated that most o f  the neurons in the PPG were nNOS 

immunoreactive. This is in agreement with other reports in m onkey,19 hum an,919 

mouse,20 rat,10 pigeon,18 and cat.21 The neuronal profiles in the mouse PPG varied in size 

and labeling intensity for both VAChT and nNOS. However, there was no apparent 

systematic relationship between the neurons’ somata size and the observed labeling 

intensity. This result was consistent with the observations in the human PPG.9
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An interesting observation in the present study was the apparent difference in the 

labeling pattern o f  VAChT and nNOS in the portion o f  the axons within PPG (Figs. IB, 

1C). In the case o f  VAChT IR, even though the labeling in the somata was more intense 

than that in axons, the axons also displayed clear VAChT IR. However, nNOS IR was 

virtually undetectable in the axons, even though the somata were clearly nNOS positive. 

This observation was in contrast to reports in pigeon,1S and rat,10 which have 

demonstrated that the postganglionic axons in the PPG were also nNOS immunoreactive. 

Because most o f  the parasympathetic nerves in the lacrimal gland originate from the PPG 

and many o f  them were immunoreactive to nNOS, and because all the neurons in the 

PPG showed both VAChT and nNOS immunoreactivity, it would be reasonable to expect 

nNOS to be detectable in the axons that extend from the neurons to the lacrimal gland. 

How ever, it is possible that NO synthesized in the postganglionic somata serves to 

modulate synaptic transmission within the ganglion and that in the terminals in the gland 

it modulates secretion. That nNOS was undetectable in the portions o f  the axons within 

the PPG may indicate that nNOS, which is being transported to the terminal, is present in 

quantities below the detection threshold for the methods used.

The presence o f NOS in the preganglionic22 and postganglionic PPG neurons 

suggests that NO may play a role in neurotransmission within the PPG. Retrograde 

labeling studies o f  the preganglionic parasympathetic neurons projecting to the PPG  in 

rabbit demonstrated that while all of the retrogradely labeled neurons in the brain stem 

displayed ChAT IR, only 75% w'ere NOS positive, although the NOS iso form w as not 

specified.22 Our observations further demonstrated nNOS in the postganglionic neurons 

within PPG colocalized with VAChT in all the neurons’ somata. Studies in Torpedo
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synaptosomes indicated that NO may decrease ACh release,23 and other reports have 

shown that NO can act as a neuromodulator in modulating synaptic transm ission at 

several types o f  synapses.2' ' 2' There are thus two potential sources o f N O  that might play 

a role in modulating cholinergic transmission within the PPG: the preganglionic neuronal 

terminals and the postganglionic somata.

Although there are reports o f NOS distribution in the PPG and some o f  its targets, 

such as nasal m ucosae,10-20 sinus mucosa,28 and cranial blood vessels,2, to our knowledge, 

this is the first report o f  nNOS-IR in postganglionic neurons o f the PPG and nerve fibers 

in the lacrimal gland.

It has been established that the mammalian lacrimal gland is densely innerv ated 

by the parasympathetic nervous system.1-2-29 Our observations, based on VAChT as a 

parasympathetic marker, confirmed that the mouse lacrimal gland was densely innervated 

by VAChT-positive nerve fibers. The small nerve bundles and fibers that were VAChT 

immunoreactive appeared to be found only at the base o f the acinar cells. They were 

never seen to project into the acini or between acinar cells. These observations were 

consistent with findings in cat.' The VAChT-positive nerve fibers included large and 

small nerve bundles that coursed along with tear-collecting ducts and apparent nerve 

fibers that appeared to form a dense network. Every acinar cell seemed to be in close 

proximity to a VAChT-positive nerve fiber.

In contrast to the dense distribution o f  parasympathetic nerves in the lacrimal 

gland, only sparse TH IR nerve fibers were detectable in the gland am ong the secretory 

acini, although more TH-IR was present in the inner layer o f interlobular blood vessels. 

The sympathetic innervation o f the lacrimal gland varies among species, and there are
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some discrepancies between the observations o f  different investigators. For example, 

there are reports that every acinar cell is in close proxim ity to an adrenergic fiber in cat,4 

dog,-' -' human, and monkey.6 However, there are reports o f  findings in other studies in 

humans30 and in monkeys31 that are inconsistent with these findings. In ra t '-32 and 

m ouse,7 only very sparse TH-positive nerve fibers have been described, and most o f  them 

were in association with the blood vessels, whereas only a few w ere found among acini.

In guinea pig, some researchers reported rich adrenergic innervation m lacrimal g lands,"  

whereas others described a virtual absence in the gland except along the blood vessels. 

Our observations appeared to be in agreement with a previous report in the m ouse.'

Many o f the VAChT-positive, and some o f the TH-positive, nerve fibers in the 

lacrimal gland also appeared to exhibit nNOS IR. Although the role o f NO in the lacrimal 

gland is not known, the colocalizations of nNOS with VAChT and with TH, in addition 

to the highly diffusive nature o f  NO, support the notion that there might be some 

interaction between NO and other autonomic transmitter systems within the lacrimal 

gland. For example, as discussed with respect to the PPG, NO could exert its effects by 

influencing ACh transmission.

The observation o f TH-immunoreactive nerve fibers coursing among acini 

suggests that sympathetic nerves m ay play a direct role in modulating tear secretion, in 

addition to regulating blood flow within the lacrimal gland. The presence o f  nNOS IR in 

some o f  the TH-immunoreactive fibers raises the possibility that there may be som e 

interaction between these two systems as well.

There are five targets that could be influenced by N O  at the lacrimal gland level: 

ducts, blood vessels, acini, nerve fibers, and myoepithelial cells. M any of the nNOS-
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positive nerve bundles ran alongside the ducts in the interlobular areas, some o f  the 

smaller nerve fibers and their varicosities appeared to be in close association w ith the 

ducts (Fig. 2A). Physiologically, NO is a potent vasoactive agent33'"5 and can readily 

diffuse across m em branes and mediate vasodilation within vascular smooth muscle."6'3S 

Thus, the blood vessels in the lacrimal gland, which are primarily innervated by 

sympathetic nerves and supplemented by some parasympathetic ones,'9 might be 

modulated by NO. This is significant, because in the cat and rabbit,vasodilation in the 

lacrimal gland was correlated with tear flow.40 '*1 Other studies have also dem onstrated 

that the blood flow in the submandibular gland o f  cats could influence secretory 

function.42-4'

Ultrastructural studies have demonstrated that nerve terminals in the m onkey 

lacrimal gland are in close proximity to acinar cells.44 In the present study, numerous 

parasympathetic and few er sympathetic fibers were observed among the acini, and many 

o f the parasympathetic and some sympathetic fibers exhibited nNOS labeling. It is 

possible, therefore, that NO may influence tear production from the acini, which are the 

functional units o f  the lacrimal gland. Based on the fact that most nerve fibers have 

nNOS and that NO is a highly diffusive molecule and can readily spread to adjacent 

areas, it is reasonable to speculate that NO could spread and exert its influence on  most or 

perhaps all o f the acini.

Although little is known about the functions o f  myoepithelial cells, it has been 

suggested that they could be involved in the release o f  secretory product by contraction. 

However, others have proposed that these cells' only role is to maintain the contour o f the 

glandular end pieces, serving as the exoskeleton o f  the acini.45 It has been shown that
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these cells are attached to the acini in a lacy arrangement, that they contain a network o f  

a-sm ooth muscle actin which is similar to that o f  smooth muscle , 4 6 ’4  and that M3 

muscarinic receptors are expressed on their surfaces . 4 7  In that NO has been reported to 

influence cholinergic neurotransmission - 3  and muscular tone . 3 6 ' 3 8  it can be speculated 

that NO may also exert some influence on the myoepithelial cells. The exact mechanism 

and to what extent these cells are involved are unknown.

Functional studies in the salivary glands, which have some similarities to lacrimal 

glands anatomically and functionally, have shown that NO can modulate protein, 

electrolytes, and water production in salivary secretion . 4 8 0 3  NO may influence tear 

secretion through various mechanisms, including control o f  cGMP production,36'38,5" 

modulation o f  ion channels,54'"' activation o f  intracellular signaling pathways , 5 6  and 

regulation o f  N a \ Kf-ATPase.5'

It must be emphasized that it is still unclear what role NO plays in the lacrimal 

gland, although research on salivary glands has shown that NO plays a role in salivary 

secretion. Another point that should be made is that because our observations were made 

in the course o f  a study o f  Sjogren’s syndrome, w'e used only female mice, and the 

findings reported here may not be applicable to male mice.

In summary, nNOS w'as expressed in both the neurons in the mouse PPG and 

nerve fibers in the lacrimal gland. In the PPG, nNOS was present in all the VAChT- 

positive neurons, and many of the parasympathetic and some sympathetic nerves in the 

lacrimal gland colocalized with the nNOS-positive nerves. These observations support 

the notion that NO may play a role in modulating tear production through various 

mechanisms. These observations illustrate the complexity o f both the innervation pattern
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o f  the mouse lacrimal gland and o f the mechanisms by which autonomic input m ay 

influence the secretory process.
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SUMMARY

Adequate tear secretion o f  appropriate composition is critical for maintaining the 

health o f  the cornea and conjunctiva. The exorbital lacrimal gland is the major source o f  

tear secretion in mammals. Tear secretion is highly regulated and controlled by such 

factors as hormones and neural activity. In the mammalian exorbital lacrimal gland, 

neural control plays a m ajor role in regulating tear secretory process.

Decreased tear secretion may cause dry eye syndrome, characterized by eye 

irritation, corneal damage and. in many instances, impaired vision . ' 10 One type o f  dry eye 

is associated with Sjogren’s Syndrome (SS). SS is a chronic autoimmune disease that 

affects excretory glands, such as salivary and lacrimal glands, and sometimes extra- 

glandular organs (primary SS). Some patients may also have other connective tissue 

diseases, most commonly rheumatoid arthritis (secondary' SS). SS is the second m ost 

common connective tissue disease, with a prevalence o f  about 1 -2 % of the general 

population, with women over middle-age comprising o f  80-90% o f the affected 

individuals . 1 1 0 In the US alone, the disease afflicts 2-4 m illion Americans, and m any go 

undiagnosed. One o f  the most common symptoms is dry eye and dry mouth, and since SS 

is incurable, most o f  the management methods today are to relieve these symptoms by 

artificial tears that have given rise to a pharmaceutical m arket in the US o f over SI 0 0  

million per year . 1 1 0

SS is a leading cause o f  aqueous tear-deficient dry eye. Unfortunately, the  cause 

o f  SS is unclear. 1 1 1 , 1 12 In SS, the lacrimal gland fails to secrete tear fluid in response to
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reflex stimulation, even though there is apparently healthy tissue in the glands . 1 1 3  This 

suggests that the neural control o f the gland m ay be compromised. Our research on the 

neural control mechanisms of the mouse lacrimal gland may help us to better understand 

the gland’s innervation pattern and its functional relevance in both normal and 

pathological conditions.

In the first part o f  the dissertation (first paper), we found that there are regional 

differences o f  innervation density and distribution pattern in the mouse lacrimal gland.

By using both immunohistochemical and sucrose-potassium phosphate-glyoxylic acid 

(SPG) techniques, we found that the gland can be divided into two different areas based 

on the innervation density and distribution pattern. One area, about 10-30% o f the whole 

gland, has much higher innervation density than the rest o f the gland. The majority o f the 

innervation in the high-ID area appeared to be o f  sympathetic origin, whereas most o f the 

innervation in the low-ID area was o f parasympathetic origin. The regional differences o f 

innervation density is reminiscent o f  the innervation pattern in the avian Harderian gland. 

The innervation density o f  the Harderian gland is highly uneven, with much denser 

innervation observed in the medulla than the cortex. Adrenergic agonists induced a 

similar magnitude o f  protein secretion to that o f  the cholinergic agonist. At the 

concentration o f  10‘ 5 M, norepinephrine (which activates both a  and P receptors) and 

phenylephrine (an oti receptor agonist) induced an increase in protein secretion similar to 

those induced by the cholinergic agonist carbachol. Isoproterenol, a p adrenergic receptor 

agonist, also stimulated protein secretion, though it was less effective than 

norepinephrine, phenylephrine, or carbachol. These data suggest that there is much more 

extensive adrenergic innervation in the mouse lacrimal gland than previously thought and
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that it plays a direct and significant role in inducing protein secretion. The division o f  the 

mouse lacrimal gland into two areas suggests that the mouse lacrimal gland might be a 

mixed gland and that these two areas may play different roles in secreting tears o f  

different composition in different situations. Our data support the notion that differential 

secretion is accomplished by activating different populations o f  secretory cells.

In the second part (second paper), we described the distribution o f a i and Pi 

adrenergic receptor (AR) immunoreactivity in the mouse lacrimal gland by confocal 

microscopy. We also explored the dose dependency o f protein secretion induced by 

norepinephrine, phenylephrine, isoproterenol, and carbachol, at concentrations ranging 

from 10' 8 M to lO"4  M. To further investigate the specificity o f  the responses to these 

autonomic agonists, we also studied protein secretion in response to the application o f 

phenylephrine and isoproterenol at their half-maximal concentrations, with or without 

their corresponding antagonists (phentolamine for a  AR and propranolol for p AR).

These functional studies demonstrated that direct stimulation o f  either a i or p AR can 

induce significant protein secretion from the lacrimal gland. The specificity of this 

stimulation was further explored by the effects o f specific antagonists. Our results once 

again support the notion that there is significant adrenergic control o f  the protein 

secretory process in the mouse lacrimal gland. In addition to norepinephrine produced 

and released by the adrenergic nerves present in the lacrimal glands, there is 

norepinephrine circulating in the blood stream. Therefore, the adrenergic receptors m ay 

be better markers to reflect the extent o f  adrenergic control. Traditional markers o f  

adrenergic innervation, such as tyrosine hydroxylase (TH) or dopamine P-hydroxylase 

(DBH), may underestimate the extent and magnitude o f  adrenergic control, as they only
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reflect the local sources o f  norepinephrine. O ur data showed no synergism betw een a j 

and P receptor-mediated protein secretions. Prelim inary data also suggest there are 

differences between proteins induced by a i and P adrenergic systems, which appeared to 

support the notion o f  differential secretion in the mouse lacrimal gland.

In the third part o f  the dissertation (third paper), we described the detection o f 

nNOS IR in the neurons in PPG and lacrimal gland, by both confocal and conventional 

microscopy. We found that virtually all the neurons’ somata in the PPG expressed both 

VAChT and nNOS IR. The postganglionic axons within the ganglion showed less 

VAChT IR intensity than that seen in the somata, while the nNOS IR was almost 

undetectable. In the lacrimal gland, nNOS-positive nerve bundles and fibers were 

observed to be associated with tear collecting ducts, blood vessels, and acini. Some 

nNOS-positive punctate elements also appeared to be distributed among acini. M any 

nerve fibers were VAChT-immunoreactive, and a sm aller number o f fibers were TH- 

immunoreactive in the gland. Double-labeling observations indicated that most o f  the 

VAChT-positive fibers, and some o f the TH-positive nerves, also displayed nNOS IR. 

These findings suggest that NO may be produced in nerve fibers in the gland and play a 

role in modulating tear production, although the exact mechanism is unclear. N O  may 

modulate parasympathetic and/or sympathetic synaptic transmission or act directly on 

lacrimal gland components. Candidate sites o f  action m ay include the synapses within 

PPG, tear collecting ducts, blood vessels, acini, nerve fibers, and myoepithelial cells 

within the gland. The detection o f nNOS, as an indicator o f  NO, in the lacrimal gland 

suggests that NO m ay play a role in lacrimal gland function. The potential interaction
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between the NO-ergic and the conventional autonomic innervation illustrates the 

complexity o f  the neural control in the mouse lacrimal gland.

In summary, the data presented here support the following conclusions

1. There is extensive sympathetic innervation o f  the mouse lacrimal gland, and it 

plays a direct and significant role in modulating protein secretion.

2. The mouse lacrimal gland can be divided into two distinct areas, based on the 

innervation density. These observations are consistent with the possibility that differential 

secretion might be accomplished by activating different populations o f secretory cells.

3. Adrenergic receptors m ay be better markers for evaluating the true extent o f 

adrenergic control than markers such as TH and DBH. The diffusion o f  norepinephrine 

circulating in the blood steam into the lacrimal gland may play a more significant role 

than that produced locally. Therefore, using either TH or DBH as the marker may 

underestimate the extent o f  adrenergic influence on lacrimal gland function.

4. nNOS IR is expressed in the neurons in PPG and autonomic nerves in the 

lacrimal gland. nNOS IR also colocalizes with most parasympathetic and some 

sympathetic system markers. These data suggest that NO may play a role in modulating 

tear secretion.

Implications and Future Studies

1. For the protein secretion studies in the present dissertation, we used total 

protein assay as the index. Sympathetic and parasympathetic agonists activate different 

intracellular transduction pathways, and the proteins secreted in response to stimulation
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by specific agonists m ay be different. Therefore, studies assaying individual proteins are 

needed to determine their secretory changes.

2. Immunohistochemical observations clearly indicate that nNOS is present in 

neurons in PPG and in the lacrimal gland, and that nNOS IR also colocalizes w ith the IR 

o f  autonomic markers, suggesting that NO may play a role in lacrimal function.

Functional studies are required to provide unambiguous evidence that NO plays a  role in 

modulating tear secretion.

3. Our preliminary immunohistochemistry results indicated that more nNOS IR 

was found in older NZB/W  mice, an animal model o f  Sjogren’s Syndrome, suggesting 

that nNOS activity was upregulated and that NO may be overproduced in these animals. 

We hypothesize that NO may play a role in the onset and progression o f Sjogren’s 

Syndrome. Several lines o f evidence from other studies support this idea . ' 2 ' ' * ’ ' 6 ' q 9  

Sjogren’s Syndrome is usually characterized by lymphocyte infiltration in the salivary 

and lacrimal glands and subsequent damage to their functions. The available data indicate 

that NO might be a potential mediator o f  T-cell responses''2"''•-saoi-:o: Sjogren’s 

Syndrome patients have elevated concentration o f  NO;', one o f the end products o f  NO, 

in their saliva .*’6  More detailed studies, both physiological and biochemical, are needed to 

further elucidate the possible role NO may play in SS.
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