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MODULATION OF SEROUS SALIVARY GLAND FUNCTION BY THE SYMPATHETIC NERVOUS 
SYSTEM.
A Biochemical and U1trastructural Study With Special Reference to 3- 
Adrenoceptor Subtypes.
Abstract: The aim of the present investigation was to study the influ
ence of the sympathetic nervous system and of various adrenoceptor 
agents on enzyme secretion and morphology in rat parotid and guinea-pig 
submandibular glands. Biochemical methods were combined with electron 
microscopical techniques.

Two different in vitro systems were employed, batch-incubation and 
microperifusion, to characterize the sympathetically evoked amylase re
lease and its correlation to cyclic AMP. By using various selective 3- 
adrenoceptor agonists and antagonists a dominance of the 3^-adrenoceptor 
over the 3^ - in regulating amylase release - was establ ished. Continuous 
noradrenaline perifusion caused a rapid initial amylase discharge, clo
sely correlated to tissue levels of cyclic AMP; no correlation between 
the two was observed during the later phase. Prenalterol (a 3^-agonist) 
failed to elevate glandular cyclic AMP. This was in contrast to its po
tent secretagogic effect. On the other hand, terbutaline (a 32-agonist) 
was a weak secretagogue but markedly raised the levels of cyclic AMP. 
Thus, 3-adrenoceptor activation may lead to release of large amounts of 
amylase despite minimal or no increase in cyclic AMP. Moreover, these 
effects seemed to be dissociated in salivary glands with regard to the 
3-adrenoceptor subtypes. This was further substantiated by the findings 
that repeated injections of prenalterol induced qualitative changes in 
the granule populations, similar to those caused by the non-selective 
3-agonist isoprénaline. Terbutaline was without effect. However, acinar 
cells size was increased following both prenalterol and terbutaline 
treatment. The data suggest that the 3-adrenergic effects on acinar 
cell size and granule population may be independently regulated.

A decreased sympathetic activity of long duration was induced by 
neonatal or adult extirpation of the superior cervical ganlion on one 
side. Acinar cell size, as well as granule and amylase content was re
duced 9 weeks after neonatal denervation. Ganglionectomy performed in 
adult animals was without significant effects.

The secretory behaviour of neonatally denervated glands was cha
racterized by an increased postjunctional sensitivity to 3-adrenoceptor 
agonists. Of special interest was the finding that neonatal denervation 
seemed to transform terbutaline from a partial to a full secretory ago
nist, thus changing its effects in the direction of those of prenalte
rol and noradrenaline. Moreover, increased levels of cyclic AMP as well 
as an enhanced response to DBcAMP were noted in the denervated glands 
as were intracellular changes. The denervation supersensitivity after 
neonatal denervation seems to differ from that observed in adult dener
vated glands. The results of the studies on denervated glands suggest 
that the sympathetic nervous system plays a fundamental role in the 
early maturation of the rat parotid gland as well as for the develop
ment of the 3-adrenoceptor subtypes.
Key words: Rat parotid gland, Guinea-pig submandibular gland, 3-Adreno
ceptor subtypes, Sympathetic denervation, Sympathetic superstimulation, 
Amylase secretion, Cyclic AMP, U1trastructural stereology.
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INTRODUCTION

GENERAL ASPECTS

The integrity of the two major divisions of the autonomic nervous 
system, the sympathetic and parasympathetic, is of vital importance for 
maintaining homeostasis. The two systems consist of neurons and ganglia 
which innervate glands, heart, blood vessels, and visceral smooth 
muscle. In general these two systems have antagonistic effects. The 
parasympathetic part serves to conserve or restore the organism whereas 
the sympathetic part prepares the organism for "fight and flight". In 
salivary glands stimulation by the parasympathetic system induces a 
copious salivary flow which is poor in protein, whereas sympathetic 
stimuli induce secretion of much smaller amounts of saliva which on the 
other hand are rich in protein.

Pharmacologically, the two systems are classified as cholinergic 
(parasympathetic) and adrenergic (sympathetic) respectively. Choli
nergic is a term describing those nerve fibers which utilize acetyl
choline as neurotransmitter substance and the adrenergic division 
mainly secretes noradrenaline as its transmitter at the neuroeffector 
junction.

The sympathetic division of the autonomic nervous system origi
nates from cells located in the lateral horns of the spinal cord and 
extends from the base of the cranium to the coccyx. The preganglionic 
fibers leave the cord and establish contact with postganglionic nerve 
cells, located in ganglia on each side of the spinal cord or in the 
abdominal cavity. The nerve terminals contain the presynaptic machinery 
for synthesis, storage, release and metabolism of the neurotransmitters. 
The postsynaptic events, resulting from transmitter release or from 
blood borne substances, are initiated through interaction of trans
mitter and specific structures, receptors, on the effector cell.

The sympathetic neurons synthesize and store catecholamines in 
small quanta which are released in response to an appropriate stimulus. 
The transmitter substance then interacts with a specific receptor for 
catecholamines, the adrenergic receptor or adrenoceptor. Catecholamines 
released from e.g. the adrenal medulla can via the blood stream also 
interact with adrenoceptors. The transmitter-receptor interaction is 
the initial step in a complicated and incompletely understood series of 
events (schematically depicted in Fig 1).

The agonist is bound to the specific receptor with subsequent in
duction of an initial stimulus. The binding is influenced by several 
factors, among these the sterical configuration of the drugs. After 
transduction, modulation and amplification processes, the initial 
stimulus is further transmitted to the effector system and the physio
logical effect is produced (see Ariens and Simonis, 1976).
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The adrenoceptor concept
For a better understanding of modern concepts regarding sympathe

tic influence on adrenoceptors in salivary glands it is necessary to 
outline the development of the adrenoceptor concept.

The general idea of receptive mechanisms for biologically active 
substances in effector cells traces its historical roots to the pioneer 
work of Langley (1905), Dale (1906) and Ehrlich (1909). Langley intro
duced the term "receptive substance" to designate the specific hypo
thetical component with which chemical substances i.e. nicotine or 
adrenaline must interact to cause their characteristic response in the 
effector organ. Langley also discussed the occurrence of different 
types of "receptive substances" within the same tissue and that such 
"substances" determined whether the organ would be stimulated or inhi
bited by a drug. Somewhat later Ehrlich proposed the term "receptor" 
for a hypothetical chemical structure with which a specific potential 
chemical agent would react.

Further support for the concept of receptive sites of interaction 
with catecholamines and the existence of multiple types of adrenergic 
receptors was suggested by the results of Dale. He demonstrated that 
ergot alkaloids inhibited some of the effects of adrenaline or of 
sympathetic nerve stimulation while other responses were unaffected.

The nature of chemical transmission was established in 1923 by 
Otto Loewe although the possibility of neuronal chemical transmission 
was suggested as early as 1877 by Du Bois Raymond (according to 
Ahlquist, 1979). Cannon and Rosenblueth (1933) forwarded the concept 
of two hypothetical adrenergic transmitters, an excitatory (sympathin 
E) and an inhibitory transmitter (sympathin I), to explain the varied
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effects of adrenergic stimulation. This concept, however, did not unveil 
mysteries of the adrenergic neuroeffector junction. In the 1940's von 
Euler showed that noradrenaline was the adrenergic neurotransmitter.

In 1948 Ahlquist presented his dual receptor theory which is still 
the basis for our present understanding of adrenergic responses 
(Schematically summarized in Fig 2). Ahlquist suggested that the varied 
effects of sympathetic activity correspond to two different receptors 
at the effector cell and are not due to different neurotransmitters.
The presence of two groups of adrenergic receptors could be demonstra
ted by applying pharmacologically closely related compounds with diffe
rent orders of potency in different tissues. The first class of recep
tors, called alpha (a), responded to the agonists in the following 
potency order: adrenaline > noradrenaline > a-methylnoradrenaline > 
a-methyladrenal ine > isoprénaline. The second type of adrenergic recep
tor, called beta (3), was stimulated by agonists in the potency order 
of isoprénaline > adrenaline > a-methyladrenal ine > a-methylnoradrena
line > noradrenaline. Stimulation of a-receptors caused contraction of 
the nictitating membrane, vasoconstriction and contraction of smooth 
muscle in the uterus and ureter whereas 3-stimulation caused positive 
cardiac inotropy and chronotropy, vasodilatation and relaxation of the 
uterus. Furthermore, Ahlquist showed that both a- and 3-receptors could 
occur in the same organ.

This classification of adrenergic receptors has been extended to 
include most effects mediated by catecholamines. However, it was the 
introduction of the 3-adrenoceptor blocking agent dichloroisoprenaline 
that made the dual adrenoceptor concept fully acceptable (see Furchgott, 
1972). The a-receptor responses were early shown to be blocked by ergot 
alkaloids (Dale, 1906) and by the sympathetic antagonist dibenamine 
(Furchgott, 1972).

In 1967 Lands and co-workers showed that the 3-adrenoceptor popu
lation was not homogeneous and divided it, by absolute organ separation, 
into 3>|- and 32-adrenoceptors. This classification was based on the 
finding that the order of potency of several 3-agonists could be divi
ded into two main groups when tested on isolated organs. Albeit some 
controversial studies exist regarding this strict subdivision (Bristow 
et al., 1970; Levy, 1973; Ahlquist, 1976), this grouping is now 
welT^accepted. However, the 3-adrenoceptor subtypes co-exist in varying 
proportions depending on the tissue examined (Carlsson et aK> 1972, 
1977; Daly and Levy, 1979; Minneman et al_., 1981; Wagner et_ al_., 1981). 
3i-receptors in cardiac and adipose tissue have high and essentially 
equal affinity for the naturally occurring catecholamines adrenaline 
and noradrenaline, whereas 32"receptors in e.g. smooth muscle cells 
have a much higher affinity for adrenaline than noradrenaline.

A somewhat different theory regarding the subdivision of the 3- 
adrenoceptors has been discussed (Ariens, 1981). According to this view 
the 3-adrenoceptor is divided into a neurotransmitter receptor for nor
adrenaline (3-|) and a hormone receptor for adrenaline (32)* The con
centration of the 3-adrenoceptor subtypes has been shown to be indepen
dently regulated (Minneman et al., 1979) and the molecular substructure 
seems to be clearly different "(Venter et al., 1981). Recent observa-
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tions have indicated that 3-adrenoceptors may be present presynapti- 
cally and that they may potentiate the transmitter release (Dahlöf, 
1981).

The a-adrenergic receptors have also been divided into o^- and 
a2-adrenoceptor subtypes (see Exton, 1981) due to differences in 
affinities for various selective a-agonists and antagonists. Originally, 
oc-j-adrenergic receptors were considered as postsynaptic and o^-receptors 
as presynaptic receptors which inhibit the transmitter release. However, 
this strict anatomical division has been shown to be invalid, since 
a2-adrenoceptors have been demonstrated postsynaptically.

Over the last years it has become apparent that several and varied 
factors such as aging, temperature, changes in thyroid function, adre- 
nalactomy, myocardial ischemia, and skeletal muscle activity, modify 
the properties of a- and 3-receptors. (Kunos, 1978; Pointon and 
Banerjee, 1979; Minneman et aj., 1981). Thus, adrenoceptors do not seem 
to be static entities in Tiïe plasma membrane but they are subject to 
dynamic regulation by a wide variety of physiological and pathophysio
logical factors.
3-adrenoceptor activation and the cyclic AMP system

3-Adrenoceptor stimulation seems to involve activation of the. 
membrane bound enzyme adenylate cyclase with a subsequent production 
of the second messenger cyclic AMP (Robinson et al_., 1971). The 3- 
adrenoceptor and the adenylate cyclase proteins are products of diffe
rent genes (Insel et al., 1976) and they are suggested to float freely 
in the phosphol ipiT~mTTieu of the cell membrane. 3-adrenoceptor acti
vation causes an enhanced turnover rate of phospholipids with subse
quent changes in fluidity within the membrane. This may enhance the 
ability of a receptor to couple to adenylate cyclase (Strittmatter et al., 
1981). The activation of the 3-adrenoceptor by agonists and the süïï- 
sequent transmission of the signal to adenylate cyclase is dependent 
on guanyl-triphosphate (GTP). These effects of GTP are controlled by a 
guanine nucleotide regulatory protein (see Lefkowitz and Hoffman, 1980). 
Moreover, it seems that the 3-adrenoceptor determines the affinity but 
a component distal to the receptor is of importance for the relative 
drug intrinsic activities (Pike et aK, 1979).

With respect to a-adrenoceptor activation this will in some cases 
induce calcium fluxes and hydrolysis of phosphatidyl inositol. In 
other cases inhibition of the enzyme adenylate cyclase is brought 
about (see Exton, 1981). Recent studies have shown that the c^-adreno- 
ceptor subtype mediates those metabolic effects which involve phos
phatidyl inositol turnover and the release of intracellular calcium 
as well as a calcium influx. Activation of the a^-subtype decreases 
the adenylate cyclase activity by a mechanism which is independent of 
calcium but probably dependent on GTP (Exton, 1981).

SALIVARY GLANDS

The character of adrenoceptors and the subsequent intracel1ular 
events that take place in salivary glands upon stimulation of these 
receptors are similar to those found in other tissues and organs. Over
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the years an ever increasing number of reports have been published on 
various aspects of salivary gland secretion. Therefore, for the sake 
of clarity and simplicity, the remaining part of this chapter will deal 
mainly with modern concepts of sympathetic influence on parotid glands 
with special respect to the 3-adrenoceptor.

Salivary glands consist in general of epithelial secretory end- 
pieces, ducts and connective tissue containing blood vessels and nerves. 
Myoepithelial cells are found around the acini and ducts. The acinar 
cells produce the primary secretory fluid consisting mainly of water, 
inorganic ions and macromolecules. The duct system modifies the ionic 
composition and transports the secretory fluid to the oral cavity.

In salivary glands, macromolecules, (e.g. amylase) synthesized by 
the classical route common to most exportable proteins, are sequestered 
intracellularly in membrane-bounded secretory granules. Upon stimula
tion, the secretory granules are transferred to the luminal surface of 
the cells where, after membrane fusion, the granule content is dischar
ged into the acinar lumen by the process of exocytosis (Amsterdam et al. 
1969; Butcher and Putney, 1980; KanagaSuntheram and Lim, 1981). However, 
an alternative mechanism may exist for amylase discharge. Thus some 
enzyme molecules may reach the saliva directly from cisternae of the 
rough reticulum without being prepackaged into secretory granules 
(Garrett et aj_., 1978).
Adrenoceptors

Since the first discoveries of the autonomic control of salivary 
glands, substantial information has accumulated regarding chemical 
transmission and sympathetic influence as well as adrenoceptor struc
tures in salivary glands (see e.g. Emme!in, 1967; Schneyer and Hall, 
1967; Schramm and Sel inger, 1975; Butcher and Putney, 1980). Salivary 
gland function depends on the integrity of both parasympathetic and 
sympathetic innervation. The innervation pattern differs markedly 
bétween different animals and glands (Garrett, 1974). The glands used 
in our studies, rat parotid and guinea-pig submandibular glands, are 
well supplied with adrenergic nerves in intimate association with the 
acinar cells (Garrett, 1974; Aim et al., 1973; Bloom et a]_., 1977).
These sympathetic nerves, the celTlxxïies of which lie in the superior 
cervical ganglion, innervate the gland parenchyma via adrenoceptors.
The adrenergic innervation of the blood vessels seems to be of diffe
rent origin (Aim and Ekström, 1976).

Numerous studies have established the existence of both a- and 
3-adrenoceptors as well as cholinergic receptors in the studied glands 
(see Schramm and Sel inger, 1975; Butcher and Putney, 1980). Activation 
of the a-adrenoceptor as well as the cholinergic receptor mainly re
gulates the water and inorganic ion content of the primary secretory 
fluid. However, some release of enzymes is also seen upon activation 
of these receptors. The a-adrenoceptor primarily involved in the rat 
sal ivary glands seems to be of the a>|-subtype (Bylund and Martinez, 1980; 
Danielsson, unpublished).

More recently interest has been focused on the role on undecapep- 
tides (e.g. Substance P) in salivary glands. These agonists seem to
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have an effect both on salivation and amylase release (Butcher and 
Putney, 1980; Brown and Hanley, 1981), and seem to engage the same 
intracellular pathways as a-adrenergic and cholinergic processes (see 
Butcher and Putney, 1980). a-Adrenergic and cholinergic agonists as well 
as isoprénaline increase cyclic GMP accumulation in salivary glands but 
the physiological significance of this is not fully understood (Wojcik 
et al_., 1975).

Activation of the 3-adrenoceptors in parotid and submandibular 
glands leads predominantly to exocytosis with release of enzymes e.g. 
amylase and peroxidase (Amsterdam et al., 1969; Carl sob et a]_., 1974a; 
Schramm and Selinger, 1975; Butcher ancf Putney, 1980). Previous studies 
have given some indication that the 3-adrenoceptor is mainly of the 31- 
subtype (Thulin 1972; Butcher et_ al_., 1975; Au et ä]_. , 1977; Carlsöö 
et a]_., 1978). The 3-adrenoceptor-induced depolarisation is closely 
related to protein secretion and is blocked by 3i-receptor antagonists 
(Petersen and Pedersen, 1974; Emme!in et al., 1980).

The 3-adrenoceptor-induced amylase release is believed to be asso
ciated with the activation of membrane bound adenylate cyclase, and 
cyclic AMP has been accepted as the classical second messenger in the 
3-adrenergic regulation of enzyme release (Carlsöö et å]_., 1974b; 
Schramm and Selinger, 1975; Butcher and Putney, 198117 Yu et aK, 1979). 
Furthermore, activation of cyclic AMP-dependent protein kinase and 
phosphorylation of microsomal proteins, seem to be involved in 3- 
adrenoceptor activation (Dowd et £]_., 1981). However, the role of 
cyclic AMP as the exclusive mecTTator of the 3-adrenoceptor-induced sec
retory process has been questioned (e.g. Harfield and Tenenhouse, 1973; 
Butcher et al_., 1975).

It is now established that calcium plays an important role in 
adrenoceptor-mediated effects in salivary gland secretion (Butcher and 
Putney, 1980; Berridge, 1980). a-Receptor, 1 ike cholinergic, stimula
tion requires the presence of extracellular calcium whereas 3-adreno
ceptor-mediated effects on cyclic AMP accumulation and amylase release 
are dependent on intracellular pools of calcium. An increased level of 
intracellular calcium seems to be of importance for the secretory 
process and is brought about by either a phospholipid dependent in
creased influx (a-activation and cholinergic receptor stimulation) or 
by a sodium dependent release of intracellular stores of calcium in the 
3-adrenoceptor mediated secretory process (Butcher and Putney, 1980; 
Watson et, a]_., 1980).
Receptor effect interaction

a- and 3-adrenoceptors as well as cholinergic receptors often seem 
to interact with each others effects. If, for example, sympathetic 
nerves are stimulated at the same time that a low level of parasympat
hetic stimulation is applied, a much greater secretion of saliva and 
amylase is brought about than the sum of the two separate effects. This 
would seem to indicate that the enzyme secretion caused by sympathetic 
stimulation is dependent on a parasympathetic evoked fluid secretion 
(Asking et aj_., 1979; Templeton, 1980). It has also been observed that 
the 3-adrenoceptor stimulated amylase release is enhanced by a-agonists 
(Petersen and Ueda, 1975). Furthermore, carbachol and a-adrenoceptor
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Stimulation inhibits the stimulatory effect of 3-adrenoceptor activa
tion on adenylate cyclase activity and cyclic AMP accumulation (Butcher 
et aK , 1976; Harper and Brooker, 1977; Oron et al_., 1978a, b).

The role of myoepithelial cells in the secretory process has been 
outlined in a recent review (Garrett and Emmelin, 1981). The myoepithe
lial cells receive nerve fibers from both branches of the autonomic 
nervous system. Cholinergic receptor and sympathetic activation as well 
as circulating catecholamines cause contraction of the cells via a- 
adrenoceptor mechanisms whereas 3-adrenoceptors do not seem to be in
volved in this cellular activity.

Apart from the direct effect on the release process, 3-agonists 
also seem to stimulate amylase synthesis (Byrt, 1966; Grand et al., 
1969), whereas cholinergic and a-agonists inhibit this process TMcPher- 
son and Hales, 1978).
Variation in sympathetic activity

The effect of variation in sympathétic activity on salivary gland 
function has attracted considerable interest over a long period of 
time. Intensive stimulation of the 3-adrenoceptor with isoprénaline or 
via sympathetic nerves, has been shown to induce hypertrophic and 
hyperplastic changes in parotid and submandibular acinar cells (Selye 
et al., 1961; Brown-Grant, 1961; Schneyer, 1969; Barka, 1970; Muir 
et äT., 1 975; Bloom et aj_., 1979). However, morphological changes after 
a period of decreasecTsympathetic activity, are less pronounced 
(Schneyer and Hall, 1967; Klein, 1979).

The sensitivity or responsiveness of the effector cells in sali
vary glands is to a major degree influenced by their innervation. When 
functional nerve activity is changed the sensitivity of the receptors 
on distal effector cells is slowly altered in a direction which com
pensates for the change in neural input (Emmelin, 1965; Stefano and 
Perec, 1981). Salivary glands that have been subjected to pretreatment 
with adrenoceptor agonists, show a desensitization to further stimula
tion and also a decrease in receptor density (Strittmatter et al., 1977; 
Barka and Burke, 1977; Burke and Barka, 1978; Bloom et al_., 1979"; 
Roscher et al., 1981). On the other hand, a decreasecFexposure of the 
effector ceTTs to nerve stimuli, effected e.g. by sympathetic denerva
tion, in parotid and submandibular glands leads to supersensitivity 
and an increase in adrenoceptor density (e.g. Arnett and Davis, 1979; 
Pointon and Banerjee, 1979b;; Ludford and Talamo, 1980; Stefano and Perec, 
1981). Hence, the general law of denervation can be applied to salivary 
glands (Cannon, 1939).

AIM OF INVESTIGATION

Against the background outlined above the aim of the present 
thesis can be briefly summarized as:

—To characterize the 3-adrenoceptor induced enzyme release in serous 
salivary glands with regard to secretory dynamics and related changes 
in cyclic AMP
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—To follow up initial studies on the effects of chronic 3-adreno
ceptor stimulation on gland structure and enzyme content and

— To further study the effects of sympathetic denervation on salivary 
gland structure and function and to focus main interest on the effects 
of neonatal denervation.

MATERIALS AND METHODS

Animals and tissue preparation

Female Sprague-Dawley rats, 9-12 weeks old (II - VI) and male 
guinea-pigs, 10 - 15 weeks old (I, III) were deprived of food for 18 h 
before use, but had free access to water. The glands studied, rat paro
tid and guinea-pig submandibular glands are both almost entirely serous 
and contain large amounts of e.g. amylase. Furthermore, they are homo
geneous and surrounded by a connective tissue capsule; they can thus 
easily be dissected free. Experiments were as a rule started between 
8 pm and 9 pm to avoid diurnal variations. The glands were rapidly re
moved under either ether or sodium pentobarbital anesthesia and care
fully freed from extraglandular tissue. Pieces of uniform size were 
excised from the glands under a stereomicroscope and were subjected to 
the various analyses outlined below.
Surgical sympathectomy

The superior cervical ganglion on one side was removed from new
born rats (within 4 hours after birth) or from adult animals (6 weeks 
of age) (V, VI). Nine weeks later the sympathectomized and the contra
lateral parotid glands were removed and various parameters of secretion 
were studied as well as the ultrastructural stereology of the glands 
(V, VI). The success of the sympathetic denervation was verified in 
electron- and fluorescence microscopical studies (V, VI). A further 
control was the lack of secretory response in gland tissue when stimu
lated with 5-hydroxydopamine (V). Finally, the rats as a rule exhibited 
ptosis on the operated side but not on the contralateral control side.
Chronically increased sympathetic activity

This was mimicked by treating adult rats (8 weeks of age) twice 
daily for 10 days with the non-selective 3-adrenoceptor agonist isopré
naline, the 3i-agonist prenalterol or terbutaline, a 32_selective 
agonist. Doses were 2.3 nmol/g animal weight. The last injection was 
given 24 h before the experiments. After 18 h starvation the parotid 
and submandibular glands were excised and specimens were subjected 
to stereological analyses or used for measuring total amylase content 
(IV).
Studies on secretion and cyclic AMP accumulation

Gland specimens were transferred to a Krebs-Henseleit bicarbonate 
buffer (pH 7.4). The buffer was supplemented with pyruvate, glutamate 
and fumarate as well as albumin (1 mg/ml) and glucose (0*6 mg/ml). For 
both the batch-incubations and perifusion experiments the same basal 
medium as above was used. Before incubation a piece of tissue was
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usually taken for analyses of total amylase and cyclic AMP contents.

The in vitro secretory studies were performed with a multichannel 
microperifusion system (I, II, III, V) or a batch-incubation technique 
(II, V). The former, a micromodification of an earlier developed system 
(Idahl, 1972), makes it possible to obtain concomitant measurements of 
amylase secretion and glandular cyclic AMP contents over short periods 
of stimulation; details are given in paper I. The batch incubation 
technique is described in paper II.

In vivo secretion was studied after single injections of the 3- 
adrenoceptor agonists mentioned above, drug concentration was 2.3 
nmol/g animal weight (IV).
Amylase and cyclic AMP assay

Amylase was assayed by a micromodification of the 3,5-dinitrosal i- 
cylate (DNS) method (Danielsson, 1974). One unit of amylase is defined 
as the activity liberating reducing groups which corresponds to 1 ymol 
of maltose monohydrate per min at 25° C. Amylase release in the batch- 
incubation experiments is expressed as the percentage of amylase in 
medium in relation to the total amylase content in media plus homoge
nate. In the perifusion studies amylase release is expressed as U/min. 
Cyclic AMP was extracted from the tissue and assayed radioimmunologi- 
cally (Heilman et aj_., 1974). Cyclic AMP is expressed as pmol/mg tissue 
dry weight. ForTetails see respective paper.
Electron microscopy

The techniques employed for the ultrastructural studies including 
the stereological methods are described in papers IV and VI. Tissue 
specimens were fixed in glutaraldehyde and postfixed in osmium tet- 
roxide. After a cold buffer rinse the specimens were dehydrated in 
graded ethanol solutions and embedded in Epon 812. Thick (1 ym) as 
well as thin (70 nm) sections were cut and poststained with uranyl 
acetate and lead citrate. The parotid gland specimens from the experi
mental and control animals were fixed and embedded in parallel.
Stereological methods

The stereological analyses were carried out on randomly taken 
electron micrographs of parotid acinar cells and using to the point 
counting method of Weibel (1979) employing a multipurpose grid. The 
diameters of the secretory granules in the electron micrographs were 
measured in a Zeiss TGZ-3 particle size analyzer. The stereological 
calculations were performed according to Helander (1978) and are de
scribed in detail in papers IV and VI. It should be pointed out that 
values obtained by stereological methods are subject to various in
herent errors mainly due to tissue preparative procedures including 
sectioning. In comparative studies, however, these errors diminish in 
importance (IV, VI).
Drugs

The compounds metoprolol, H 35/25 and IPS 339 which have been 
used in our most recent work were kindly supplied by Hassle AB, Mölndal, 
Sweden. All other information concerning drugs is found in the separate 
papers.
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RESULTS AND DISCUSSION

CHARACTERIZATION OF (3-ADRENOCEPTOR INDUCED AMYLASE RELEASE AND ITS 
CORRELATION TO GLANDULAR CYCLIC AMP

Experimental procedures
The present secretion studies were mainly performed with two diffe

rent in vitro techniques: a microperifusion- and a batch-incubation one. 
The former is very useful for studying the dynamics of secretion as se
veral parameters can be measured simultaneously and they can also be 
closely correlated even to short time factors. Batch-incubations are 
more suitable for the study of e.g. agonist-antagonist interactions.

In vitro techniques reduce the effects of certain factors which 
influence and modify adrenoceptor-induced amylase release in vivo. Rem
nant nerve terminals and catechol-0-methyl transferase (CÖMT) can, how
ever, to some extent complicate this kind of investigation. Differences 
in inactivation of the agonists used, as has been shown for noradrena
line and isoprénaline (see Furchgott, 1972) may also modify the influ
ence of different agonists on the adrenoceptors. The employed drugs 
could further act indirectly by releasing endogenous stores of noradre
naline from the nerve endings. However, pretreatment with reserpine did 
not modify the secretory effect of the tested agonists with the sole 
exception of 5-hydroxydopamine (II). Moreover,the synthetic 3-subtype 
selective agonists used do not contain a catechol moiety and are con
sequently persistent to degradation by COMT.

According to Furchgott (1972) a proper pharmacological analysis of 
the 3-adrenoceptor requires blocking of the a-receptor. However, in our 
system, a-antagonists such as phenoxybenzamine and phentolamine were 
found to initiate amylase release; this discharge was further found to 
be blocked by the 3-adrenoceptor antagonist propranolol (Table 1). A 
potentiating effect of a-antagonists on 3-adrenoceptor induced amylase 
release as well as on cyclic AMP accumulation has been reported in the 
literature (Butcher et , 1975; Jirakulsomchok and Schneyer, 1979;
Yu et aj_., 1979). On the other hand, the synthetic 3-selective agonists 
used+exert no detectable effect on a-receptor mediated processes such 
as K -release from salivary glands (Danielsson, unpublished).
Amylase secretion

Amylase discharge was detectable as early as 15 sec after stimula
tion was begun. Continued exposure of the slices to noradrenaline re
sulted in an initial rapid secretory peak followed by a slow declining 
second phase (I). Amylase release was still clearly detectable after 
60 min of perifusion. Discontinuation of noradrenaline stimulation 
rapidly reduced amylase secretion to basal levels, and a second lower 
peak was obtained after repeating the stimulus (I). This may indicate 
a rapid desensitization phenomenon (Harper and Brooker, 1977) or may 
be due to depletion of preexisting amylase stores.
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Table 1.

Amylase secretion with an a-adrenoceptor antagonist alone and in com
bination with a 3“antagonist.

n % amylase release

Non-stimulated control 6 18.1 - 3.2
Ihenoxybenzamine (10 **M) 6 28.8 -2.9
Ehenoxybenzamine (10^M) + 
propranolol (2 x 10 °M)

6 18.8 - 3.5

Experimental design as described in paper II for the batch-incubation 
technique. Mean values - SEM.

The properties of adrenoceptors can be described in terms of the 
relative potencies of a series of adrenergic agonists and antagonists 
eliciting or inhibiting a particular tissue response (Fig 2). In other 
words the two measurable parameters of interest are the potency, i.e. 
the concentration range over which a drug can produce a graded physio
logical response,and the intrinsic activity, i.e. the biological re
sponse which can be obtained by a maximally effective concentration of 
the drug (Furchgott, 1972).

The development of high affinity selective 3-j- and 32-adreno
ceptor agonists and antagonists has made feasible more specific analy
ses of 3-adrenoceptor-mediated effects. However, the selectivity of 
these drugs is not absolute and varies for each individual drug. By 
studying the concentration-response relations of different adrenocep
tor agonists inducing amylase secretion from the parotid gland we re
corded the potency order of prenalterol > isoprénaline > noradrenaline 
> adrenaline > salbutamol > terbutaline (II). The 3i-agonist prenal
terol (Carlsson et al., 1977; Minneman et a]_. , 1981) was much more 
potent and showeTVTTigher intrinsic activity than the 32_selective 
agonist terbutaline. The relatively strong effects of the 32-adreno
ceptor agonists salbutamol and terbutaline, within higher concentration 
ranges (II, III), may be due to a non-selective interaction with the 
3i-adrenoceptors (Hedberg et al_. , 1981).

In the experiments in which selective 3-adrenoceptor antagonists 
were used, we could further substantiate the dominance of 3^-receptors 
in the amylase release process (Fig 3). The non-selective 3-antagonist 
propranolol was the most effective blocker of amylase secretion. The 
3i-selective antagonist metoprolol was also an effective blocker, 
whereas H 35/25, a 32_selective antagonist, (Minneman ejt aj^., 1981) was 
virtually without effect on maximal noradrenaline- and prenalterol- 
induced amylase release.
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X 100-

ANTAGONIST ( M )

A B

Hg 3

Effects of the non-seleative ß-adrenoceptor antagonist pro
pranolol (*——»), the èj-seleotive antagonist metoprolol
Ù.-----A, and the antagonist H 35/25 (o------o)
on maximal amylase release from rat parotid gland induced by 
A) noradrenaline and B) prenalterolf respectively. The batch- 
incubation technique, as described in paper II, was used. The 
points represent mean values of 5+separate experiments. The 
maximal amylase release was, 39. 3 - 3.3 % for prenalterol and 
32.5 * 3.1 % for noradrenaline. Bon-stimulated control re
lease was 15.4 - 2.9 %.

The greater capacity of prenalterol, as compared to terbutaline, 
to elicit amylase release was also evident in the in vivo experiments 
(IV). A single injection of prenalterol (2*3 nmol/g animal weight) 
caused a pronounced decrease in parotid amylase as well as an exocytotic 
discharge of secretory granules (Fig 4). Terbutaline at the same con
centration was far less effective (IV).
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Fig 4

Electron micrograph illustrating the general appearance of 
acinar cells 60 min after injection of prenalterol. The 
lumen (L) has increased in size, its irregular horders in
dicating areas of fusion with secretory granules (SG). 
Unsecreted granules preserve their original density. Some 
flocculent secretory material can be seen in the lumen 
(12,200X).

Recently developed techniques utilizing radiolabelled 3-adrenergic 
ligands, make it possible to identify and study receptor binding sites. 
Ligand studies on parotid glands have shown that the binding sites in 
the glands are of the 31~type (Au et al_. , 1977; Ludford and Talamo, 
1980). Preliminary studies in our laboratories using ^H-dihydroalpre- 
nolol (a 3-antagonist) binding to crude parotid membrane preparations 
also indicate a predominance of 3^-adrenoceptors in this gland. There 
are, however, some shortcomings with radioligand binding studies which 
may complicate the interpretation of results obtained. There.is an 
evident risk that radioligand binding sites occur, which are not uni
quely linked to the biochemical machinery responsible for producing 
the characteristic physiological response of the tissue. Another 
problem is that the pharmacological and physiological selectivity of
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several 3-j- and 32_active agents seems to be lost in binding studies 
(Minneman et a]_. , 1981).

Our experiments including both 3-subtype selective agonists and 
antagonists clearly indicate that the sympathetically evoked amylase 
release in parotid glands is mainly mediated by the 3^-adrenoceptor. 
However, the present results do not exclude the possibility that 32- 
adrenoceptors also play a role in the amylase release process. As shown 
in Fig 3 the 32-antagonist H 35/25 was without effect in blocking 
maximal noradrenaline- and prenalterol-induced amylase release. More
over, H 35/25 and another 32_antagonist, IPS 339 (Minneman et al_., 1981), 
could completely inhibit the amylase release induced by a suFmaximal 
concentration of terbutaline (Fig 5). The metoprolol inhibition curve 
displayed a two-phase character (Fig 3 A) suggesting the presence of 
more than one single receptor population involved in the noradrenaline- 
induced amylase discharge. The increased maximal secretory response to 
terbutaline recorded in neonatally denervated glands also lends support 
to such an assumption (V).

The co-existence of both 3-adrenoceptor subtypes (3-| and 32) in 
one and the same tissue mediating similar effects, has been shown 
earlier. Smooth muscle relaxation (trachea, blood vessels) and chro- 
notropy (heart muscle) can be induced by activation of either or both 
of the 3-adrenoceptor subtypes (see Minneman £t al_., 1981; Wagner 
et al_. , 1981). The biological significance of this phenomenon is un- 
cTear. It has been proposed that the 3>|-receptor acts as a neuronal 
receptor and as such is more sensi vite to noradrenaline whereas the 32- 
receptor is a hormonal one, more sensitive to circulating adrenaline 
(Ariens, 1981). Omini and collaborators (1979) have forwarded the in
teresting hypothesis that when one subtype is inhibited or destroyed 
the other may take over on a functional level.
The correlation between amylase secretion and cyclic AMP accumulation 
in the 3-adrenoceptor-mediated secretory process

After exposure to 3-adrenoceptor agonists a rapid accumulation of 
cyclic AMP has been found to take place in salivary glands. This accu
mulation is closely correlated to amylase release during the initial 
phase of the secretory process (I). However, after maximal amylase re
lease was achieved the cyclic AMP levels continued to rise; this was 
especially the case in the guinea-pig submandibular gland (I, III).
There is thus a lack of correlation between cyclic AMP and amylase 
release during the later phases of the secretory process.

A deviation between cyclic AMP levels and amylase release at high 
agonist concentrations has also been reported by Durham et aK, (1974). 
Butcher and co-workers (1975) noted that low concentrations of adreno
ceptor agonists, although sufficient to cause amylase release, were 
without detectable effects on total cyclic AMP content in rat parotid 
gland. Those authors also found that (+)-propranolol markedly blocked 
isoprenaline-induced cyclic AMP accumulation without causing a parallel 
decrease in amylase release. Furthermore, it has been demonstrated that 
the presence of EGTA inhibits cyclic AMP accumulation but is without 
effect on protein release (Harfield and Tenenhouse, 1973).
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ANTAGONIST (H

Fig 5

Effect of the ^2~se^eo^ve antagonists H 35/25 (0----- 0)
and IPS 339 (X-----X) on a submaximat terbutaline-induced
amylase release. The batch-incubation technique, described 
in detail in II, was used. The points represent mean values 
of 4 separate experiments. The amylase release was 
20.4 ± 2.1 %.

It has earlier been shown that if either carbachol or an a- 
adrenergic agonist are present together with a 3-agonist in the in
cubation-bath this will cause an augmented amylase release - above that 
expected by each agonist separately (Petersen and Ueda, 1975; Harper 
and Brooker, 1978; Asking and Gjörstrup, 1980). On the other hand, the 
cyclic AMP increase after 3-adrenoceptor stimulation can be inhibited 
by either carbachol or a-adrenergic agonists (Butcher et al., 1976a, b; 
Harper and Brooker, 1977; Oron ejt ajl^., 1978a, b). Thus, although it is 
accepted that cyclic AMP is of great importance for 3-adrenoceptor
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stimulated amylase release, it is at present not possible to explain 
why inhibition of cyclic AMP accumulation would lead to enhanced amy
lase secretion.

Terbutaline caused a significant accumulation of cyclic AMP in 
both rat parotid and guinea-pig submandibular glands, whereas prenal- 
terol was without significant effects both in vitro and in vivo (III, 
IV). The effects observed in salivary glands are to some degree similar 
to those noted in cat myocardium and soleus muscle. Prenalterol and 
another 3i-selective agonist, tazolol, fail to significantly activate 
myocardial adenylate cyclase and elevate cyclic AMP in spite of a mar
ked physiological muscle response (Vaquelin et al_., 1976; Hedberg 
et al_., 1981). In the cat soleus muscle, whicïï mainly contains 32“ 
adrenoceptors (Minneman et aj_., 1981), procaterol, a 32"selective 
agonist, stimulates adenylate cyclase activity whereas prenalterol is 
without effect (Hedberg and Mattsson, 1981). Furthermore, prenalterol 
inhibits isoprenaline-stimulated adenylate cyclase activity in both the 
soleus muscle as well as in the myocardium, whereas selective 32“ 
agonists are without significant effect (Hedberg and Mattsson, 1981).

Since prenalterol seems to be a full agonist in eliciting amylase 
release, the lack of significant effects of the drug on cyclic AMP 
accumulation both in vitro (III) and in vivo (IV) supports the assump
tion that 3i-adrenoceptor-induced amÿTase secretion under certain con
ditions could be mediated by mechanisms not directly involving cyclic 
AMP. On the other hand, the rise in cyclic AMP levels after stimulation 
with noradrenaline or terbutaline appears essential for 3?“adrenoceptor- 
induced amylase release. It is possible though that prenalterol may 
induce high levels of cyclic AMP locally in small compartments of the 
acinar cell whereas the total content of cyclic AMP in the gland tissue 
would remain low. On the other hand, the high concentration of cyclic 
AMP noted after noradrenaline and terbutaline stimulation could be due 
to activation of several compartments as has been suggested by Hedberg 
and Mattsson (1981) for cardiac tissue. This theory is difficult to 
accept, since the majority of 3-adrenoceptors seems to be of the 3-|- 
subtype. Another explanation could be the spare receptor theory (see 
Hedberg and Mattsson, 1980). However, for the relevance of this theory, 
a direct one-to-one coupling between the 3-adrenoceptor and adenylate 
cyclase has to be proven. This theory appears less probable if one 
considers that: a) prenalterol seems to be a full agonist with respect 
to amylase release and is without significant effect on cyclic AMP, 
b) terbutaline is a weak secretagogue but its effect on cyclic AMP is 
pronounced.

The results obtained with 3-adrenoceptor subtype selective ago
nists raises doubts concerning the role of cyclic AMP as an essential 
mediator in 3-adrenoceptor induced amylase release.
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EFFECTS OF CHRONIC VARIATION IN SYMPATHETIC ACTIVITY ON SECRETORY 
BEHAVIOUR AND MORPHOLOGY

Decreased sympathetic activity
In our studies a state of decreased sympathetic activity was indu

ced by neonatal (within 4 hours after birth) or adult (6 weeks of age) 
extirpation of the superior cervical ganglion on one side (V, VI). The 
neonatal sympathetic denervation was performed in animals in which the 
parotid glands were still under development, whereas the adult denerva
tion was carried out when gland development was completed (VI). Nine 
weeks after the operation the denervated glands were used for the 
experiments and the contralateral glands served as controls. The effi
cacy of the denervation technique was proven by applying electron- and 
fluorenscence microscopical techniques (V, VI), as well as by the de
monstration of a decreased vn vitro secretory effect of 5-hydroxydopa- 
mine (V). This drug liberates endogenous stores of noradrenaline at 
sympathetic nerve endings (Thoenen and Tranzer, 1971).

Neonatal sympathetic denervation caused hypotrophie alterations 
in the adult animals (VI). The stereological and morphological analyses 
showed that acinar cell size was decreased and the number of granules 
as well as the mean size of the individual granules was reduced. On the 
other hand ganglionectomy performed in adult animals was without signi
ficant effects (VI).

Gland fine structure and especially cellular granule content was 
well correlated to the tissue amounts of amylase. Neonatal ganglionec
tomy caused a significant decrease in amylase (V), whereas amylase 
levels in the adult denervated glands were not altered as compared to 
controls (unpublished).

The sympathetic nervous system thus seems to play a fundamental 
role in the early maturation of the parotid gland. Support for this 
conclusion is found in a study on rat submandibular gland by Srini- 
vasaan and Chang (1977). The trophic role of noradrenaline-containing 
neurons on postsynaptic cells of various organs has also previously 
been noted (Bevan, 1975; Jonsson et aj_., 1979).

A decreased transfer of stimulatory agonists to effector cells - 
induced by e.g. interruption of the pathways of the autonomic nervous 
system - will cause a state of supersensitivity in such cells (Cannon, 
1939). In the sympathetic nervous system,two phenomena can be identi
fied which contribute to the development of an increased responsiveness 
after sympathetic denervation. Initially a strong response to submaxi
mal stimulatory concentrations of agonists is seen. This early pheno
menon corresponds to the loss of nerve terminals containing mechanisms 
for inactivating catecholamines and it is supposed to be mainly an 
acute presynaptic feature unrelated to a supersensitivity of the effec
tor cell. This prejunctional event covers only those amines which are 
substrates for neuronal uptake mechanisms. A second, slowly developing 
postsynaptic event appears to involve changes at or beyond the site of 
which receptor interaction takes place; this is recorded as an enhanced 
maximal response to different agonists. This postsynaptic component is
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further characterized by its lack of specificity (Trendelenburg, 1963, 
1966; Kebabian and Zatz, 1980; Stefano and Perec, 1981).

These effects of sympathetic denervation on the secretory process 
in salivary glands have been extensively studied in adult animals (see 
e.g. Emmelin, 1967; Stefano and Perec, 1981). However, in the present 
study, main interest was focused on the effects of neonatal denervation.

Neonatal sympathetic denervation caused an increased maximal sec
retory response, not only to the 3-adrenoceptor agonists isoprénaline 
and noradrenaline, but also to dopamine, carbamylcholine and the dibu- 
tyryl analogue of cyclic AMP (DBcAMP) (V). The enhanced maximal amylase 
release caused by noradrenaline and isoprénaline in combination with 
the unspecific supersensitivity to non-adrenergic drugs points towards 
postjunctional changes in the effector cells (Trendelenburg, 1963,
1966; Kebabian and Zatz, 1980; Stefano and Perec, 1981). An increase 
in 3-adrenoceptor density has also been described in salivary glands 
subjected to sympathetic denervation (Pointon and Banerjee, 1979;
Arnett and Davis, 1979; Ludford and Talamo, 1980).

The augmented maximal response to the 3?-agonist terbutaline was 
especially notable after neonatal ganglionectomy, whereas on the other 
hand, maximal amylase release following stimulation with the 31-agonist 
prenalterol was not significantly altered (V). Furthermore, a relati
vely small increase in maximal response was observed after stimulation 
with noradrenal ine, which has a preference for 3>|-receptors, while the 
maximal response to the non-selective 3-agonist isoprénaline was mar
kedly enhanced (V).

Prenalterol has been shown to be a potent enzyme secretagogue, 
whereas terbutaline has only minor effects on amylase release in normal 
glands (II). Sympathectomy appears to transform terbutaline from a par
tial to a full secretory agonist, well in the class of prenalterol and 
noradrenaline. These results could reflect an altered proportion of the 
3-adrenoceptor subtypes. In fact, preliminary studies demonstrate an 
equalization of the effects of selective 3i~ and 32-adrenoceptor anta
gonists in inhibiting the binding of a radiolabel led 3-adrenoceptor 
ligand (^H-dihydroalprenolol) from denervated parotid crude membrane 
preparations (unpublished). An intact sympathetic nervous system thus 
seems to be of great importance for the differentiation of the 3- 
adrenoceptor into its subtypes, just as it seems to be for the matura
tion of the parotid gland as a whole (VI). Non-parallel changes in 3^- 
and 32"adrenoceptor densities under different experimental conditions 
have also been reported for other tissues (Minneman et al_., 1979;
Barney eit aK » 1980).

The perifusion experiments also demonstrated that the secretory 
dynamics were altered in the neonatally denervated glands (V). Nor
adrenaline is known to activate both a- and 3-adrenoceptors on acinar 
cells as well as a-adrenoceptors on myoepithelial cells. Myoepithelial 
cells are of importance for raising the speed of the initial flow of 
saliva and maintaining a high flow rate of secretion (Emmelin and 
Gjörstrup, 1973). A state of supersensitivity is also apparent in these
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CONCENTRATION (H )

Fig 6

Concentration-response curve for noradrenaline. Amylase 
release is expressed as a percentage of amylase released 
into the medium in relation to total amylase activity in 
medium plus homogenate. Each point represents mean values 
- SEM for indicated number of experiments and animals.
0 ---- 0 represents glands from animals (9 weeks of age)
in which sympathetic denervation was performed two weeks 
earlier by avulsion of the superior cervical ganglion.
9----- 9 contralateral control glands.

* p < 0.05



25

cells after sympathetic denervation (Emmelin and Thulin, 1973; Peusner 
et aj_., 1979a). In addition to the alterations in 3-adrenoceptor re
sponse, the initial high amylase release in the neonatally denervated 
glands could be related to a supersensitivity of the a-adrenoceptors 
of the myoepithelial cells (V).

Other factors besides quantitative and qualitative changes of the 
3-adrenoceptor population may also play a role in the altered sensiti
vity of the neonatally denervated acinar cells. This is suggested by 
the increased levels of non-stimulated and stimulated cyclic AMP as 
well as the enhanced secretory response to DBcAMP (V). Similar results 
have been obtained in studies on rat submandibular and pineal gland 
(Arnett and Davis, 1979; Kebabian and Zatz, 1980). The pineal gland is 
also supplied with sympathetic nerves from the superior cervical gang
lion. An increase in 3-adrenoceptor density and adenylate cyclase as 
well as a decreased phosphodiesterase activity have been reported in 
this gland after sympathetic denervation (Kebabian and Zatz, 1980). 
Thus, denervation-induced supersentitivity may either be caused by 
modifying the number of 3-adrenoceptors and/or by altering the meta
bolism of intracellular compounds.

The supersensitivity observed in the neonatally denervated glands 
seems to differ from that noted in the adult denervated tissues two 
weeks after ganglionectomy. The most evident effect in the latter 
appears to be a leftward shift of the noradrenaline concentration- 
response curve, without significant change in the maximal response 
(Fig 6) (Peusner et , 1979b).
Increased sympathetic activity

In the present study a state of increased sympathetic activity 
was mimicked by daily injections of various 3-agonists (IV). Repeated 
activation of the rat parotid 3-adrenoceptor with isoprénaline gives 
rise to both hypertrophy and hyperplasia of the acinar cells, with 
concomitant alterations in the secretory granule population (Selye 
et_ aj_., 1961; Barka and Burke, 1977; Bloom et 1979).

Stimulation with the 3-subtype selective agonists revealed that 
prenalterol (3-j) induced almost similar effects on the granule polu- 
lation as did isoprenaline. This was expressed as changes in granule 
size and substructure as well as decrease of amylase contents (IV).
The 32-agonist terbutaline was virtually without effect on the granule 
population (IV). However, acinar cell size was significantly increased 
after repeated stimulation with both prenalterol and terbutaline, but 
less pronounced than after isoprénaline treatment.

These results suggest that the effects of the non-selective ß- 
agonist isoprénaline on acinar cell size and granule population may 
be independently regulated. The effects on the granule population 
could be mediated by ß^-adrenoceptors (II, III, IV); the increase in 
acinar cell size is possibly brought about by activation of other 
mechanisms.
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Fig 7

Dynamics of amylase release in rat parotid gland in response 
to continuous exposure to noradrenaline (10~^M). Each point 
represents the mean of two different experiments and animals. 
Amylase release is expressed as units/min □----□ corre
sponds to perifusion experiments performed on glands from 
animals (9 weeks of age) subjected to ten days treatment
with isoprénaline (2.3 nmol/g animal weight). £---- H
represents glands from control animals peri fused in paral
lel. The perifusion technique is described in detail in 
paper I. The gland content of amylase in animals subjected 
to isoprénaline treatments was 14,150 units/g wet weight, 
and 20,945 units/g wet weight in controls.
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A dissociation of the pathways for stimulus-secretion coupling 
and stimulus-growth coupling has also been proposed by other investi
gators (Sans and Galanti, 1979). A discrepancy exists between the op
timal doses of isoprénaline producing on the one hand DNA synthesis 
and on the other hand maximal secretion (Brenner and Stanton, 1970; 
Johnson and Sreebny, 1973). By using a series of isoprénaline analogues, 
Kirby and co-workers (1969) were able to show that amylase secretion 
could be initiated without any increase in DNA synthesis. However, 
extended analyses are necessary to elucidate if the increase in acinar 
cell size is a specific phenomenon or is secondary to the changes in 
secretory activity.

The secretory response in salivary glands subjected to chronic 
3-adrenoceptor stimulation, is altered in an opposite manner compared 
to that seen in denervated glands. The former glands are subsensitive 
to further stimulation with 3-agonists both in vivo (Byrt, 1966;
Barka, 1970) and in vitro (Bloom et al., 197"97 Barka and Burke, 1977), 
and this subsensitivity is clearly demonstrated with the perifusion 
system (Fig 7). The decrease in sensitivity could be due to both a 
diminished 3-adrenoceptor density and/or alterations in the cyclic AMP 
system (Burke and Barka, 1978; Bloom et aK , 1979; Revis and Durham, 
1979; Roscher et al., 1981).

GENERAL SUMMARY

1. Two different in vitro techniques, a batch-incubation system and 
a multi-channel microperifusion system as well as in vivo in
jections, have been employed in order to characterize sympatheti
cally induced amylase release and its correlation to cyclic AMP 
levels in rat parotid and guinea-pig submandibular glands.

a) A dominance of 3^- over 32"recePt°rs was established with the aid 
of different 3-adrenoceptor agonists and antagonists.

b) Continuous noradrenaline stimulation caused a rapid initial enzyme 
discharge (within 15 seconds), which was closely correlated to a 
rise in cyclic AMP levels.

c) In later stages of the noradrenaline-stimulated enzyme release 
there was a lack of correlation between enzyme release and tissue 
levels of cyclic AMP. Amylase release gradually declined, whereas 
tissue cyclic AMP continued to increase. In contrast to its potent 
secretagogic effect, the 3i-agonist prenalterol failed to signifi
cantly stimulate tissue cyclic AMP, whereas terbutaline, a weak 
stimulator of amylase release, caused a clear increase in cyclic 
AMP accumulation.

It is concluded that amylase release is mainly mediated by 3'1- 
adrenoceptors , whereas the 32-adrenoceptors are of minor impor
tance in the amylase secretory process. Furthermore, it is evident 
that a 3-adrenoceptor-mediated amylase release can take place with 
no or only slight increase in glandular cyclic AMP.
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2. Superstimulation of the rat parotid ß-adrenoceptor was induced by 
long-term treatment with the non-selective 3-agonist isoprénaline, 
the 3^-agonist prenalterol and the 32-agonist terbutaline.

-a) Isoprénaline caused a dramatic increase in acinar cell size and 
granule content as well as alterations of granular substructure 
and a decrease in amylase content.

b) The ß-j-agonist prenalterol exhibited almost similar effects on the 
granule population as did isoprénaline, whereas terbutaline was 
without effect.

c) Both of the ß-subtype selective agonists induced an increase in 
acinar cell size although it was less pronounced compared to the 
effect of isoprénaline.

The results indicate that chronic ß-adrenoceptor-induced effects 
on acinar cell size and granule population could be due to acti
vation of different 3-receptor subtypes.

3. Sympathetic denervation was performed neonatally (within 4 hours 
after birth) or in adult animals (6 weeks of age) on one side.
The contralateral side was used as a control. Nine weeks later the 
glands were used for experiments.

a) U1 trastruc.tural stereological analyses demonstrated hypotrophie 
changes in acinar cell size and granule content as well as a 
decline in amylase content after neonatal denervation. Adult 
denervation was without effect on these parameters.

b) The neonatally denervated glands displayed an enhanced postjunc
tional secretory response to 3-adrenoceptor agonists. Especially 
notable was the increase in maximal response to the ß2-agonist 
terbutaline whereas the ß-j-agonist prenalterol was without signi
ficant effect.

c) Increased levels of non-stimulated and stimulated cyclic AMP as 
well as an enhanced response to dibuturyl cyclic AMP were recorded 
in the neonatally denervated glands but not in contralateral 
controls.

It is concluded that neonatal sympathetic denervation alters the 
ß-adrenoceptor-mediated secretory response in adult glands. This 
change shows both quantitative and qualitative features, viz 
an enhanced maximal response and an increased importance of ß2~ 
adrenoceptors. The "supersensitivity" observed in neonatally 
denervated glands seems to differ in character from that found 
in adult denervated glands. Finally, an intact sympathetic nervous 
system seems to be of principal importance for the overall matu
ration of the salivary gland and for the differentation of the 
ß-adrenoceptor.
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