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Abstract 
Parasympathetic nervous activity is the principal stimulus for evoking 
fluid responses within salivary glands. Concomitantly to the onset of 
this response, the blood flow increases. The responses, in particular the 
vasodilatation, consist of an atropine-sensitive acetylcholine-mediated 
part and an atropine-resistant part mediated via non-adrenergic, non-
cholinergic (NANC) transmitters. It has been generally agreed that the 
cholinergic effects are mediated by muscarinic M3 receptors. However, 
this view has been questioned, since most muscarinic receptors are 
expressed and muscarinic M1 receptors elicit functional effects in 
salivary glands. The distribution and function of the muscarinic 
receptors is not unravelled, neither according to secretion nor 
vasodilatation. The aim of this thesis has been to investigate the roles of 
different muscarinic subtypes in the control of blood flow and secretion 
in salivary glands.  
 
In the thesis, the expression of muscarinic receptors in salivary glands 
and related blood vessels was investigated using immunoblotting and/or 
immunohistochemistry. Furthermore the effects of muscarinic 
stimulation and blockade were investigated on isolated vessels, on the 
secretion of saliva, on glandular blood flow and vessel permeability. 
The thesis includes observations on rats, sheep and man. 
 
It is shown that M1 receptors contribute considerably, in addition to the 
functionally most significant M3 receptor, to the fluid secretory 
responses of rats and sheep. The M1 receptor is particularly apparent in 
seromucous and mucous glands, and of particular functional 
significance at low intense stimulation. Since the occurrence pattern 
was the same in human salivary glands, M1 receptors may be of 
significance in man also. Notably, in the human glands, inflammation 
increased the expression of muscarinic M5 receptors. In the arterial 
blood vessels muscarinic M1 receptors generally occurred in the 
endothelium, and muscarinic M5 receptors, and possibly M3 also, were 
detected in the smooth muscle. In venous endothelium muscarinic M1 
and M4 receptors occurred, while M1 and/or M3 were expressed in the 
smooth muscle layer. Cholinergic stimulation generally caused arterial 
vasodilatation, which was mainly dependent on nitric oxide. The 
response was mediated by muscarinic M1 and possibly M5 receptors, in 
addition to the M3 receptor. The venous response included a contractile 
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M1 mediated component that may preserve perfusion pressure during 
the secretory process. In tissue in close vicinity to the parenchymal 
tissues, M1 and in particular M4 receptors occurred. In the sheep, the 
increase of submandibular secretory and vasodilator responses to 
electrical stimulation of the parasympathetic nerve in the presence of 
muscarinic antagonists were explained by neuronal muscarinic M4 
receptors. These receptors inhibited the release of transmitters as was 
shown for the NANC transmitter VIP. The role of muscarinic M5 
receptors is unclear but may affect on the vascular response or more 
likely to be correlated to inflammation. 
 
In general, the expression pattern and functions of the muscarinic 
receptors subtypes showed resemblance in the examined species. All 
muscarinic receptors occur in the salivary glands. In 
seromucous/mucous glands, muscarinic M1 receptors contribute 
substantially to the secretory response. In the vasculature, the 
muscarinic receptor subtypes interact, possibly via autocrine 
mechanisms, for preserving the hemodynamics in the glands.  
 
Keywords: Muscarinic receptor, salivary gland, vasoactive intestinal 
peptide, blood flow, human, rat sheep 
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Introduction 
 
Background 
The blood flow in salivary glands is largely controlled by the 
autonomic innervation, likewise to the secretory process (Proctor & 
Carpenter, 2007). The two functions are due to activity in different sets 
of nerve fibres (Emmelin & Engstrom, 1960), but any direct nerve 
evoked change may indirectly influence responses regulated by the 
other type. So may, in due course, a total vasoconstriction cause the 
secretory fluid response to cease (Lung, 1998; Thakor et al., 2003). The 
glandular blood flow is the effect of perfusion pressure and the 
resistance within the glandular vasculature. This is either increased or 
decreased by the activity within the autonomic innervation, while the 
activity in any of the autonomic nervous divisions increases secretion 
(Emmelin, 1981). At rest, the vascular resistance is largely under the 
influence of the tone of sympathetic innervation. However, 
concomitantly to parasympathetic nerve-evoked flow of saliva the 
parasympathetic activity causes vasodilatation (Edwards, 1998). Since 
the plasma fluid is a pre-requisite for a persisting secretory response, 
any change in the perfusion pressure will have impact on the secretory 
response, unless compensated for (Thakor et al., 2003). A short-lasting 
flow of saliva in response to electrical stimulation of the 
parasympathetic innervation of salivary glands is possible to achieve 
without any increase in the blood flow to the salivary glands (Lung, 
1998). However, an ongoing flow of blood is crucial for maintaining 
the sustained response (Thakor et al., 2003).  
 
The chemical transmission of parasympathetic nerve signals, involves, 
in addition to the classical transmitter acetylcholine, non-adrenergic, 
non-cholinergic peptidergic (NANC) transmitters, such as vasoactive 
intestinal peptide (VIP) and substance P, which regulate secretory as 
well as vasodilator responses (see Ekström, 1999). At intense electrical 
stimulation, the parasympathetically nerve-evoked vasodilatation shows 
a conspicuous resistance to atropine. VIP has been shown to be an 
important transmitter in this part, perhaps the most important (Edwards, 
1998). However, at less intense stimulation of the parasympathetic 
innervation of salivary glands, atropine inhibits or even abolishes the 
vasodilator response as has been shown in the feline, rat and ovine 
submandibular glands (Emmelin et al., 1968; Lundberg et al., 1981b; 
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Edwards et al., 2003). Thus, the parasympathetic nerve may via 
acetylcholine cause vasodilatation in salivary glands. Generally, 
acetylcholine represents a vasodilator of most vascular beds in the 
orofacial region (Kummer & Haberberger, 1999). Even so, 
acetylcholine seems to be of less importance for the vasodilator 
response, at least the sustained vasodilatation at intense 
parasympathetic nerve activity, while it is the principal mediator of 
secretory stimulator signals. The transient, immediate part of the 
parasympathetic nerve-evoked increase in salivary gland blood flow is 
more sensitive towards atropine than the sustained phase (Lundberg et 
al., 1981b). Also, the vasodilatation evoked by exogenous acetylcholine 
mimics the phasic response of the nerve-evoked vasodilatation 
(Lundberg et al., 1982). Furthermore, one part of the acetylcholine-
evoked vasodilatation is dependent on the synthesis of nitric oxide 
(NO), and one is not. Also, one part of the response seems dependent 
on an intact endothelium (Anderson & Garrett, 2004).  
 
Generally, salivary glands are densely innervated by cholinergic fibres, 
which occur close to acini and ducts as well as myoepithelial cells 
(Garrett, 1999). However, cholinergic innervation of blood vessels is a 
matter of debate since no cholinergic nerves have been clearly 
visualized in the vicinity of blood vessels, at least not reaching the 
intimal vessel parts (van Zwieten et al., 1995). As mentioned above, 
electrical stimulation of the glandular parasympathetic nerves induces 
an atropine-sensitive vasodilatation (via acetylcholine) in a number of 
different species. Needless to say, it does not necessarily mean that the 
effect is directly evoked. It should be noted that there exist non-
neuronal sources for the release of acetylcholine also, such as 
endothelial cells. Kummer and Haberberger (1999) put forward the 
hypothesis that an intimal cholinergic system regulates basal vascular 
tone responding to local stimuli, while the perivascular nerve fibres act 
on top of this by providing fine tuning in response to reflex activation 
due to systemic demands. This means that acetylcholine may have an 
autoregulatory function, e.g. release by shear stress (Ayer et al., 2007). 
According to the extrinsic system, it could be expected that resistance 
vessels are the major target of cholinergic innervation. And 
conformingly, in the vasculatures being cholinergically innervated, i.e. 
in the lung and tongue, axons preferentially occur at large arteries, and 
the frequency of their occurrence decrease towards the periphery 
(Haberberger et al., 1997; Henrich et al., 2003). The same pattern has 
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been shown in salivary glands where cholinergic perivascular nerves 
seem to principally occur at glandular arteries in rat submandibular 
glands (Jones, 1979).  
 
Theoretically, the hydrostatic blood pressure in the glandular venous 
outflow would be lowered by a profound secretory response in parallel 
with an increase of the oncotic pressure along the flow of blood through 
the salivary gland vasculature. This could be hazardous in cases of 
profuse secretion. However, during the parasympathetic secretory 
process, the hilar venous pressure increases in the canine 
submandibular gland (Lung, 1998). The effect was frequency-
dependent and occurred even under controlled blood flow, i.e. it did not 
depend on a passive flooding effect. Therefore, the opening of 
arteriovenous anastomoses was tentatively put forward as a plausible 
explanation. However, all salivary glands do not express arteriovenous 
anastomoses, such as those in the rat and the rabbit (Fraser & Smaje, 
1977; Ohtani et al., 1983). Some mechanism overriding the decrease in 
hydrostatic pressure and increase in oncotic pressure is likely to occur. 
Thus, the preservation of the transmitted pressures must be exerted by 
some other mechanism in the latter species.  
 
The acetylcholine-evoked vasodilatation was for long considered to be 
more or less dependent on NO synthesis. This idea was largely based 
on the much publicised findings by Furchgott and Zawadski (1980) in 
helical strip preparations of the rabbit descending thoracic aorta. Here, 
acetylcholine was considered to cause contraction until Furchgott and 
Zawadski reported that acetylcholine could induce relaxation at a low 
concentration (Furchgott, 1999). However, if the intimal surface was 
rubbed off, the cholinergic relaxation was changed into contraction. 
The factor in the phenomenon was in due course identified as nitric 
oxide. In salivary glands, NO has been shown to be of importance for 
cholinergic vasodilator responses, but also for VIPergic (Edwards & 
Garrett, 1993; Edwards et al., 1996; Tobin et al., 1997; Anderson & 
Garrett, 1998; Hanna & Edwards, 1998; Tobin et al., 2002). These 
findings indicate the complexity of factors being involved in the 
regulation of blood flow.  
 
The effects of acetylcholine released from postganglionic nerves are 
mediated by muscarinic receptors located on glandular, vascular and 
neuronal tissues. Orthodoxy, peripheral muscarinic receptors have been 
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regarded as a homogenous receptor group evoking either smooth 
muscle contraction or glandular secretion. However, in the beginning of 
the 80’s, the controversial idea was presented that the muscarinic 
receptors may be of two subtypes – M1 and M2 receptors, however, 
nowadays an outdated nomenclature. As more refined pharmacological 
and molecular methods became available, more subtypes could be 
distinguished. Today the muscarinic receptors are considered to 
comprise five subtypes - muscarinic M1, M2, M3, M4 and M5 
receptors (Caulfield & Birdsall, 1998; Eglen, 2006). Out of these, the 
muscarinic M1, M3 and M5 receptors are excitatory, while the 
muscarinic M2 and M4 receptors are inhibitory. The intronless genes 
encoding the receptor subtypes have been cloned from several species 
and show a high sequence homology of the subtypes in all species so 
far examined (Kubo et al., 1986; Hulme, 1990; Hulme et al., 1990). 
Originally, the muscarinic receptors mediating the metabotropic effects 
of acetylcholine at non-neuronal effector cells was thought to be of the 
M3 receptor subtype, first recognised as the M2 subtype (Goyal, 1988; 
Caulfield, 1993). It has been well recognised for a long period of time 
that other subtypes of the receptor can be found on glandular as well as 
on smooth muscle cells when examined morphologically. However, the 
functional significance of the different receptor subtypes has not been 
fully unravelled. Data have accrued indicating that the heterogeneity of 
the receptor population has functional implications according to distinct 
pre- and postjunctional effects as well as to interactive mechanisms at 
its respective location (Somogyi & de Groat, 1999; Unno et al., 2006).  
 
Thus, the increase in salivary flow evoked by cholinergic stimulation 
has for long been attributed mainly to the activation of muscarinic 
receptors solely of the M3 subtype (Caulfield, 1993; Baum & Wellner, 
1999). However, contradictory results have been found depending on 
which kind of salivary gland being examined. Binding and molecular 
experiments have shown the expression of all five muscarinic receptors 
in salivary glands (Hammer et al., 1980; Buckley & Burnstock, 1986; 
Martos et al., 1987; Vilaro et al., 1990; Flynn et al., 1997) and 
functional roles for the muscarinic M1 and possibly M5 receptors, in 
addition to those of the muscarinic M3 receptors, have also been 
demonstrated in these glands (Tobin, 1995; Culp et al., 1996; Eglen & 
Nahorski, 2000; Meloy et al., 2001; Tobin et al., 2002). The general 
view still is that muscarinic M3 receptors are the main mediators of 
responses to acetylcholine in salivary glands. Other muscarinic 
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receptors are also thought to be involved, at least by neuronally 
modulating the transmission, but to have minor or no significance for 
neither secretory nor vascular responses (Tobin, 1998, 2002; Tobin et 
al., 2002; Nakamura et al., 2004). However, little is known about the 
muscarinic receptors participating in blood flow regulation. In rat 
salivary glands, muscarinic M3 receptors have been suggested to 
mediate the cholinergic-induced vasodilatation (Tobin et al., 2002). In 
human blood vessels, acetylcholine may induce relaxation and 
contraction and these effects involve muscarinic receptors located on 
endothelial and smooth muscle cells. In human blood vessels, 
muscarinic receptors seem to be prevalent on endothelial cells as well 
as on smooth muscle cells (Walch et al., 2001). In contrast, in rabbit 
aortic preparations the muscarinic M3 receptors mediate contractions if 
the preparations are endothelium-denuded (Watson & Eglen, 1994). 
The M3 receptor is not the only muscarinic receptor put forward as a 
candidate for mediating vasodilatation. In certain vascular beds, M1 
receptors have been suggested to evoke arterial vasodilatation (Walch 
et al., 1999) but in veins to induce contractile responses (Watson et al., 
1995). 
 
Transmission in the parasympathetic innervation of salivary glands may 
be modulated by prejunctional muscarinic receptors (Tobin, 1995, 
1998, 2002). In rat salivary glands, muscarinic M1 receptors normally 
facilitate transmitter release during short, intense nerve activity. At low 
frequencies, on the other hand, muscarinic M2, or possibly, M4 
receptors, inhibit cholinergic as well as peptidergic transmission, but 
only after some delay. These effects, in addition to the fact that the 
release of neuropeptides preferentially occurs at intense nervous 
activity (Bloom & Edwards, 1979; Andersson et al., 1982a), may 
explain that stimulation of the parasympathetic nerve in bursts is more 
efficient than a continuous pattern of stimulation (Bloom & Edwards, 
1979; Andersson et al., 1982b). Thus, a short-lasting stimulation 
activating facilitator and not inhibitory receptor mechanisms are likely 
to contribute to the effectiveness of the burst stimulation pattern (Tobin, 
1998, 2002).  
 
In the parasympathetic glandular neurons, the neuropeptide VIP may be 
co-localised with acetylcholine (Lundberg et al., 1981b). In the 
submandibular gland of the sheep, VIP is present in nerve terminals 
adjacent to both small blood vessels and acini (Wathuta, 1986). In this 
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gland, as well as in the ovine parotid gland, VIP mediates secretion of 
protein-rich submandibular saliva, in addition the vasodilator effects 
(Reid & Heywood, 1988; Hanna & Edwards, 1998; Edwards et al., 
2003). Importantly, unselective muscarinic receptor blockade of 
prejunctional receptors has been shown in a number of species to 
increase VIPergic responses together with the release of VIP upon 
electrical stimulation of the parasympathetic glandular innervation 
(Tobin et al., 1991; Tobin et al., 1994; Edwards et al., 2003). The effect 
of the blockade of the prejunctional receptors seems to be unspecific 
and affect both the release of the neuropeptide VIP and the classical 
parasympathetic transmitter acetylcholine (Tobin, 1998). However, the 
muscarinic receptor subtype mediating the effect has not been 
characterized. 
 
The classical view that muscarinic receptors mediate only the 
acetylcholine-evoked secretory (Baum & Wellner, 1999), smooth 
muscle contractile and relaxatory (Eglen et al., 1994) and autoreceptor 
effects, has been challenged lately. Muscarinic receptors have also been 
suggested to be implicated in the control of inflammation, cell growth 
and proliferation (Ventura et al., 2002; Ukegawa et al., 2003; 
Kawashima & Fujii, 2004; Profita et al., 2005; Casanova & Trippe, 
2006; Racke et al., 2006). Sjögren’s syndrome is an autoimmune 
disease that affects salivary and lacrimal glands, in which the 
parenchyma of the affected glands is progressively destroyed and 
replaced by a lymphoreticular cell infiltrate, thereby causing salivary 
gland hypofunction and xerostomia (Tyldesley & Field, 1995). The 
initial steps seem to involve changes in the susceptibility of the 
muscarinic receptors. Although no specific autoantibodies have been 
identified, autoantibodies against muscarinic receptors have been 
suggested (Dawson et al., 2005; Fox, 2005). In the state of Sjögren’s 
syndrome, the acinar expression of M3 receptors has been shown to be 
increased (Beroukas et al., 2002). However, little is known about other 
subtypes of muscarinic receptors being involved in inflammatory and 
proliferatory responses. In knockout mice, neither the M1 nor M3 
receptor seems to have any effect on parenchymal structure (Nakamura 
et al., 2004). The muscarinic M5 receptor seems to be coupled to 
hypertrophic effects in an animal model of interstitial cystitis (Giglio et 
al., 2005), a condition that may be related to Sjögren’s syndrome. In 
view of this, the M5 subtype is of interest in pathological glandular 
conditions in salivary glands also. 
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At the time of planning the studies dealt with in the first section of this 
thesis, the complete expression pattern of the five muscarinic receptors 
had not been fully described in salivary glands, neither regarding 
glandular parenchymal tissue nor glandular blood vessels. Furthermore, 
the expression in human salivary glands was largely unknown, in 
particular the variation of expression pattern caused by diseases such as 
Sjögren’s syndrome. The cellular location of the receptors was also 
largely unknown but could provide interesting insights into their 
functional roles. Thus, this section includes immunoblotting and/or 
immunohistochemistry findings in the major salivary glands of the rat, 
in ovine submandibular and parotid glands and in minor labial salivary 
glands of man. This first section focuses on describing the expression 
pattern in different species in order to find general features of the 
expression. 
 
The muscarinic receptor subtypes mediating vascular effects in salivary 
glands were thus mainly unknown by the start of this thesis project. The 
second section of the thesis deals with functional cholinergic effects 
mediated by different muscarinic receptor subtypes. In the first part of 
this section, effects on blood flow within salivary glands and the 
characterization of subtypes mediating the effects both in vitro and in 
vivo. In the section, in vitro findings are related to in vivo blood flow 
findings, both with respect to flow and glandular perfusion as reflected 
by capillary permeability. The blood vessels to submandibular glands 
are easily identified and therefore, the effects of muscarinic agonists 
were studied on the vasculature of submandibular glands of rats and 
sheep. Comparisons were made with larger vessels more distally to the 
rat submandibular vasculature (carotid and jugular veins).  
 
In the second part in the functional section, secretory effects are 
discussed. The overall secretory effects of muscarinic receptor 
stimulation have been known for more than a century. Even though a 
number of binding and molecular studies, as well as studies on salivary 
gland cell lines exist, the distinct contribution of the respective 
muscarinic receptor subtypes is fairly unidentified. In the third section, 
cholinergic secretory effects, on flow as well as on protein output, are 
discussed in relation to subtype determination. The functional findings 
are described in the rat parotid and submandibular glands and in ovine 
submandibular glands.  



 16 

The postsynaptical effect of muscarinic receptors is of course in the in 
vivo situation affected by the amount of acetylcholine being released 
from the parasympathetic nerve. The amount is firstly the effect of the 
intensity, i.e. the firing frequency, of the nerve signals. However, 
facilitator and inhibitory muscarinic receptors on the nerve terminals 
also affect the amount being released (Powis & Bunn, 1995). In studies 
on muscarinic autoreceptor function, it has either been examined by 
using unselective antagonist (Lundberg et al., 1982; Tobin et al., 1991; 
Tobin et al., 1994) or by examining selective blocking effects 
indirectly; i.e. on the responses and not on the actual transmitter release 
(Tobin, 1998). In the last section of the thesis, the muscarinic receptor 
subtypes modulating VIP release into the venous drainage of the ovine 
submandibular is characterized. Since VIP is co-stored in the 
parasympathetic glandular nerve fibres, VIP may be considered as a 
biomarker for any transmitter being released from the same neuron. 
Consequently, the impact of muscarinic autoreceptors is discussed. 
 
Aims 
The general aim of the thesis was to conclude how the different 
subtypes of the heterogeneous muscarinic receptor population of 
salivary glands principally interact. In order to provide data for such a 
conclusion, the muscarinic receptor expression and their functional 
effects were characterized in salivary glands of different species.  
 
The specific aims were  

• To establish the occurrence of specific receptor subtypes and 
their cellular location. 

• To functionally characterize the muscarinic receptor subtypes 
according to vascular effects 

• To functionally characterize the muscarinic receptor subtypes 
according to secretory effects 

• To functionally characterize the muscarinic receptor subtypes 
according to neuronal transmission 
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Materials and methods 
 
Adult rats and sheep were used in the morphological and functional 
experiments, whereas tissues from humans were included in the 
morphological examination. The ethical committees either of Göteborg 
University or Cambridge University approved the animal experiments 
in which Sprauge Dawley rats and ewes of different breeds were used. 
All animals were killed at the end of the experiments (during which the 
animals were deeply anaesthetized) or directly if the experiment was 
performed on isolated tissues, either by an overdose of anaesthesia or 
by carbon dioxide. Anesthesia was induced and maintained with 
sodium pentobarbitone in both the rats (Natriumpentobarbital, APL, 
Göteborg, Sweden) and the sheep (Sagatal, Rhône Mérieux Ltd., 
Harlow, U.K.). At the end of each experiment the animal was given a 
lethal dose of barbiturate (sheep; Pentoject, Animalcare Ltd., York, 
U.K.; ca 15 ml 20% w/v) or pentobarbitone (rats; 
Natriumpentobarbital, APL, Göteborg, Sweden; 180 mg/kg I.V.). The 
ethical committee of human trials of the MAS University Hospital, 
Malmö, approved the procedures of the examination of human tissue. 
The tissue was obtained from routine biopsies for the assessment of 
Sjögren’s syndrome. The patients had either histologically normal 
labial glands, or had labial glands with autoimmune sialadenitis (i.e. a 
focus score of >1 lymphocyte focus/4 mm2) compatible with Sjögren’s 
syndrome. 
 
Immunoblotting 
The tissues were homogenized. The lysate was heated in a reducing 
sample buffer and the proteins were fractured on NuPAGE Bis-Tris 
gels (Invitrogen, Carlsbad, US) and electroblotted onto PDVF 
membranes (Invitrogen). Phosphate-buffered saline containing Tween 
20 and I-Block was used to block non-specific binding. The membranes 
were incubated overnight with polyclonal anti-muscarinic subtype 
specific antibodies (Research and Diagnostic Antibodies, Berkley, US). 
The binding was visualized with the Flour-S system (BioRad, Hercules, 
US) and analyzed using the QuantityOne software (BioRad). For 
negative controls, primary antibodies were omitted in the procedure 
described above. As an additional control the antibodies were 
occasionally pre-absorbed with the appropriate peptide immunogen as 
well, before proceeding as described above.  
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Immunohistochemistry 
Preparation 
The specimens were fixed in phosphate buffered paraformaldehyde, 
and then embedded in paraffin. From humans, the labial glandular 
tissues were dissected out under local anaesthesia and sent for ordinary 
pathological examination fixed in buffered paraformaldehyde. 
 
Immunohistochemistry 
Specimens, prepared in 4 µm sections, were de-paraffinized and then 
micro waved in 10 mM citrate buffer. Endogenous peroxidase was 
blocked with hydrogen peroxidase and non-specific protein binding 
with bovine serum albumin (BSA). The sections were incubated with 
polyclonal rabbit muscarinic receptor subtype specific antibodies 
(Research and Diagnostic Antibodies, Berkley, US) overnight at room 
temperature. Two techniques were used to reveal the presence of 
staining for the muscarinic receptors, either by using an avidin-biotin-
complex immunoperoxidase method (ABC Staining System, Santa 
Cruz Biotechnology, Santa Cruz, US) or by using a Radiance 2000 
Confocal Imaging System (Bio-Rad, Hercules, US) and the 
LaserSharp2000 software (Bio-Rad). The sections analyzed by the 
ABC method were counterstained with Mayer’s haematoxylin, while in 
the confocal system, Alexa Fluor 488 goat anti-rabbit IgG (Molecular 
Probes, Eugene, US) was used. As a negative control, duplicate 
sections were immunostained without exposure to the primary 
antibody, which resulted in no brown or fluorescent staining of the 
tissue. Occasionally the binding of the antibodies was blocked by 
preincubation with its specific antigen. 
 
In vitro experiments on blood vessels 
Preparations 
Contractions and relaxations of isolated rat carotid and jugular vessels 
were examined in 25-mL organ baths. Two thin metal hooks were 
inserted through the lumen of each vessel segment. The segments were 
mounted between a fixed and an adjustable steel rod immersed in organ 
baths containing Krebs bicarbonate solution (pH=7.25) of the following 
composition (mM): NaCl 118, KCl 4.6, CaCl2 1.25, KH2PO4 1.15, 
MgSO4 1.15, NaHCO3 25, and glucose 5.5, which was gassed with 5% 
CO2 in O2. The temperature was kept at 37°C by a thermostat. The 
segments were pre-stretched and allowed to equilibrate to a stable 
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tension of about 5 mN. In order to assess the viability of the 
preparations, KCl (100 mM) was administered at the start of each 
experiment. 
 
Large vessels 
In order to examine relaxatory effects of muscarinic stimulation on the 
vessels, a muscarinic agonist was administered to pre-stretched or 
phenylephrine pre-contracted segments. In the latter case, the effects in 
the absence and presence of muscarinic antagonists and NO synthase 
inhibitor were examined. All drugs were administered to the organ 
baths in a volume of 125 µl, and the antagonists were administered 10 
min prior to addition of the agonist.  
 
Small vessels 
Contractions and relaxations of rat submandibular arteries and veins 
were examined in 5-mL microvascular baths. The segments were 
threaded onto two stainless wires in myograph baths. Otherwise the 
experimental procedures and conditions were mainly the same as 
above. The internal circumference of the vessels was determined 
automatically by the computer software (Myodaq 2.01, Myonic 
Software, Aarhus, Denmark). The relation between resting wall tension 
and internal circumference was determined and from this the internal 
circumference L100 corresponding to transmural pressure of 100 mmHg 
for a relaxed vessel in situ was calculated. The vessels were set to the 
internal circumference L1, given by L1=0.9L100 (circumference 455±10 
µm). 
The contractile responses of arteries were examined on noradrenaline 
precontracted vessels. When a stable plateau was obtained after 
noradrenaline administration, increasing concentrations of 
methacholine were added. In experiments on veins, potassium (50 mM) 
was used to provide tone in each vein segment. When a stable plateau 
was obtained, increasing concentrations of noradrenaline or 
methacholine were examined.  
 
In vivo experiments 
Preparations 
After induction of anaesthetisia, the trachea was cannulated and the 
body temperature was maintained at about 38°C. The blood pressure 
was measured continuously via a catheter placed into the femoral 
artery. The ducts of the salivary glands (submandibulars and parotids) 
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were cannulated. In the rats, blood flow changes were measured by 
using a laser Doppler flowmeter (PeriFlux PF3; Perimed; Järfälla, 
Sweden). The flowmeter probe was placed against the gland in order to 
measure changes in glandular blood flow. The probe was fixated 
against the gland by using a round, plastic disc adapter (10 mm 
diameter) with a centre hole through which the probe was placed close 
to the glandular surface. The disc was attached to the skin surrounding 
the exposed gland. In the sheep, each of the tributaries of the ipsilateral 
linguofacial vein, except that draining the submandibular gland, was 
ligated. The animal was heparinized and the linguofacial vein 
cannulated. The submandibular venous effluent was thereby diverted 
through a second photoelectric drop-counter and returned to the animal 
by a pump, via the ipsilateral jugular vein, in such a way as to match 
input to output.  
 
Secretory responses 
Vascular and secretory responses were provoked either by 
administration of a muscarinic agonist into the blood stream or by 
electrical stimulation of the parasympathetic chorda-lingual nerve at 
varying frequencies and stimulation patterns. The latter procedure was 
performed with a bipolar platinum stimulating electrode placed under 
the duct and chorda tympani close to the hilum of the gland. All saliva 
secreted in response to stimulation was collected and weighed. A 
cannula placed in the femoral vein was used for all drug 
administrations. The protein content of the fluid responses was 
analyzed for its protein content by the method of Lowry (Lowry et al., 
1951).  
 
Blood flow and VIP output 
The rates of flow of submandibular blood (and of saliva) were recorded 
photometrically drop by drop and also estimated gravimetrically. After 
the samples of blood had been collected for gravimetric estimation of 
blood flow, the blood was returned to the animal to preserve the 
circulating blood volume, except for that volume of submandibular 
venous effluent blood kept for VIP estimations. Arterial blood 
samples were collected at intervals for calculations of the glandular 
release of VIP into the circulation; difference between arterial and 
venous VIP concentration. The samples were collected into chilled 
pre-weighed tubes containing aprotinin (2500 KIU ml blood-1). 
They were then centrifuged at 4°C as soon as possible and the 
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plasma sequestered at –20°C. Plasma VIP concentrations were 
measured by an enzyme immunoassay by (EIA for VIP, Peninsula 
Laboratories Inc., US). The minimum detectable concentration for VIP 
was 0.02 pmol ml-1 (range 0 – 7.6 pmol ml-1; linear range 0.03 – 0.61 
pmol ml-1). 
 
Permeability 
In one set of rat experiments, Evans blue was slowly infused 
intravenously over a period of 1 min at a dose of 20 mg/kg. After one-
hour exposure time period, the salivary glands were excised. In control 
rats, no procedure was undertaken during this period, whereas 
methacholine was infused at 1.5 mg kg-1 min-1 in the absence or 
presence of muscarinic receptor antagonist. If performed in the 
presence of any antagonist, this was administered immediately prior to 
the start of the infusion of Evans blue. At the end of the experiment, the 
animals were killed with an overdose of pentobarbitone and the animal 
was perfused with 100 ml of cold saline. The submandibular glands 
were removed and put in preweighed tubes, which were then weighed. 
The tissues were transferred to tubes containing 2 ml of formamide, and 
the Evans blue was extracted by incubation at 50 ºC for 20 h. Evans 
blue was quantified by determining the optical density of the 
formamide extract at 620 nm. The absorbance was compared with a 
standard curve.  
 
Drugs 
The drugs employed were Pentobarbitone (Sagatal, Rhône Mérieux 
Ltd., Harlow, U.K.); Mutiparin (CP Pharmaceuticals Ltd., Wrexham, U. 
K.); pirenzepine dihydrochloride (Sigma, St Louis, US); methoctramine 
tetrahydrochloride (Sigma); p-fluoro-hexahydro-sila-diphenidol 
hydrochloride (p-F-HHSiD; Sigma); atropine sulphate (Sigma); 
diphenylacetoxy-N-methylpiperidine methiodide (4-DAMP; Sigma); 
phentolamine methansulphate (Sigma); propranolol hydrochloride 
(Sigma); acetyl-b-methylcholine chloride (methacholine; Sigma); 
carbamylcholine chloride (carbachol; Sigma); N-ϖ-nitro-L-arginine (L-
NNA; Sigma); noradrenaline (Sigma); phenylephrine hydrochloride 
(Sigma) and Evans blue (Sigma). 
 
Calculations and statistics 
Statistical significance was determined by Student's t-test for paired or 
unpaired data or by repeated measures ANOVA, followed by a 
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Bonferroni test, if appropriate. P-values of 0.05 or less were regarded as 
statistically significant. Data are presented in the form of 
means±S.E.M. Graphs were generated and parameters computed using 
the GraphPad Prism program (GraphPad Software, Inc., San Diego, 
US). Results are expressed as mean values ± S.E.M. 
Submandibular vascular resistance (SVR) was estimated by dividing 
the perfusion (arterial blood) pressure (mm Hg) by the submandibular 
blood flow (µl min-1 [g gland]-1) and expressed as the % changes from 
experimental time=0. P values less than 0.05 are considered to be 
statistically significant. All flows and outputs are expressed per unit 
weight of the contralateral gland. 
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Results and discussion 
 
I. Expression of muscarinic receptors 
 
Generally, muscarinic receptors appeared in all tissues examined. The 
location on different cell types showed variations. One has to notice 
that the methods used do not allow for exact comparisons according to 
the degree of expression of the different receptor subtypes. Each 
antibody has it specific antigen and the affinity for its binding may vary 
from one antibody to another. Furthermore, variations of binding 
affinity may also occur between species. This applies both to the 
immunoblotting and the immunohistochemistry. Anyhow, the 
examination gives indications for the occurrence of receptor subtypes in 
a gland or vessel. In the examinations, polyclonal antibodies were used, 
which caused non-specific bands in immunoblotting. Nevertheless, the 
bands corresponding to the predicted molecular masses of the 
muscarinic receptors were identified. The molecular mass estimates for 
muscarinic M1-M4 receptors in the present studies are in agreement 
with reports from other tissues and the mass estimate for the M5 
receptor is in agreement with the predicted mass (McLeskey & Wojcik, 
1990; Ndoye et al., 1998; Preiksaitis et al., 2000; Giglio et al., 2005). 
As there was always a good correlation between the immunoblotting 
and the immunohistochemistry, the immunohistochemical antibody 
binding may be considered as specific as well. As a general 
observation, it can be noted that immunoblotting for the muscarinic M3 
receptors always produced weak bands. It thus seems reasonable to 
believe, in the view of the established presence and role for the subtype, 
both by binding and molecular studies and by functional studies 
(Martos et al., 1987; Maeda et al., 1988; Mei et al., 1990; Meloy et al., 
2001; Nelson et al., 2004) as well as in knockout studies (Nakamura et 
al., 2004), that the signal for the M3 receptor has been underestimated 
in comparison with that of the other subtypes of muscarinic receptors. 
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Blood vessels (papers I, II, III and IV) 
 
Endothelial cells commonly possess a functional non-neuronal 
cholinergic system (see Wessler et al., 2001 for review) and choline 
acetyltransferase immunoreactivity has been demonstrated in vascular 
cells (Kirkpatrick et al., 2003). This provides compelling evidence for 
cholinergic effects in vasculature. Immunohistochemistry on rat 
intraglandular vessels indicated expression of muscarinic M1 receptors 
in both arteries and veins in submandibular glands. Muscarinic M3 
receptors were expressed in all submandibular and parotid vessels, 
whereas muscarinic M2 and M5 receptors were expressed occasionally. 
The expression was examined in rat extraglandular vessels also; in the 

Control M1 M3 M4 M5

Control M1 M3 M4 M5

Control                M1 M3 M4

Control                M1 M3 M4

Figure 1. Immunohistochemical labeling of arteries (panel 1 carotid and 
panel 2 submandibular artery) and veins (panel 3 jugular and panel 4 
submandibular vein). Images demonstrate staining in absence of antibody 
(control); staining in the presence of muscarinic M1, M3, M4 and M5 
receptor. Bar in panels 1 and 3 indicates 100 µm and in panels 2 and 4 10 
µm. 
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submandibular artery and vein, in the carotid artery, and in the jugular 
vein. In all these vessels, muscarinic M1 receptors could be detected. 
The receptor constantly appeared in the endothelium, but in the veins in 
the smooth muscle also, particularly in the jugular vein. Regarding the 
M3 receptor, at least a vague signal may have occurred in the smooth 
muscle of all the vessels, being very pronounced in the submandibular 
vein. Regarding the M4 receptor, it occurred in the endothelium, but 
not in the smooth muscle layer of the vessels. A non-ubiquitously 
distributed signal for M5 receptors occurred in the smooth muscle layer 
in the arteries. In the sheep, on the other hand, all subtypes of the 
muscarinic receptor except the muscarinic M2 receptor were detected in 
the submandibular arterial and venous endothelium. While muscarinic 
M3, M4 and M5 receptors appeared in the smooth muscle layer in the 
artery, M1 and M4 receptors could be detected in the vein (Figure 1).  
 
Thus, the expression of muscarinic receptors on the vasculature of the 
submandibular glands of the two species shows pronounced 
resemblance. In arteries in both species, the muscarinic M3 receptors 
are expressed on endothelial and smooth muscle cells. Furthermore, 
muscarinic M1 receptors seem to be the most prominent in the 
endothelium, and notably, the excitatory muscarinic M1 receptor occurs 
in the venous smooth muscle layer also. The non-ubiquitously 
distribution of the muscarinic M5 receptor, could tentatively be a 
consequence of that this particular receptor has been associated with 
modulatory effects on inflammatory cells (see Kawashima and Fujii, 
2004). When studied in animals, the expression of the muscarinic M1, 
M2 and M3 receptors has been identified in aortic endothelial cells 
(Tracey & Peach, 1992), while all muscarinic receptors except the M4 
receptor have been detected in the basilar and mesenteric arteries 
(Phillips et al., 1996, 1997). In the human pulmonary vasculature, M1 
receptors have been described in the endothelium (Walch et al., 2001). 
And further, while M3 receptors are prevalent on the human pulmonary 
endothelial cells as well as on smooth muscle cells, the M4 subtype has 
not been described in human vessels (Walch et al., 2001). In the brain 
microvasculature, however, the endothelial cells express both M2 and 
M5 receptors, while the vascular smooth muscle cells express all 
subtypes except M4 (Elhusseiny & Hamel, 2000). In general the 
endothelium seems to prevalently express muscarinic M1, M3 and 
possibly M5 receptors, while muscarinic M3 receptors are expressed in 
the arterial and muscarinic M1 receptors in the venous smooth muscle. 



 26 

In venous preparations, the muscarinic M1 receptor has been associated 
with an endothelium-undependent vasoconstriction in the canine 
saphenous vein (O'Rourke & Vanhoutte, 1987) and in the human 
umbilical vein (Pujol Lereis et al., 2006). These observations support 
the present morphological findings describing the expression of 
muscarinic M1 receptor in the venous smooth muscle layers.  
 
Glandular tissue (papers I and III) 
 
Salivary glands have been extensively studied according to the 
expression of muscarinic receptors (see Caulfield, 1993; Caulfield and 
Birdsall, 1998; Baum and Wellner, 1999). However, in many of early 
ligand binding studies, the salivary gland tissue was used as reference 
material for a tissue exclusively expressing muscarinic M3 receptors. 
During the previous decades, data from expression studies accrued 
showing a heterogeneous muscarinic receptor population (Maeda et al., 
1988; Dorje et al., 1991; Levey, 1993; Watson & Culp, 1994; Culp et 
al., 1996; Watson et al., 1996; Flynn et al., 1997; Khosravani et al., 
2007). These studies indicated that more or less all subtypes could be 
detected in salivary glands, but to varying degrees depending on the 
type of gland and on the species examined.  
 
In the immunoblotting, glandular tissues from rats and sheep were 
investigated, while in the immunohistochemistry human glands were 
included as well. Immunoreactivity for the same muscarinic receptors 
was detected whether using immunoblotting or immunohistochemistry, 
even though the signal in some cases varied in the immunoblotting 
compared to the immunohistochemistry. Needless to say, the 
immunoblotting represents the total occurrence of a subtype in the 
investigated tissue, irrespective of which kind of structure. The 
immunohistochemistry, on the other hand, shows the actual localisation 
of the receptor.  
Generally, the most intense immunoreactivity was detected in the outer 
parts of acini and/or the demilunar and myoepithelial cells. In the rat, 
except for in the sublingual gland, immunoreactivity for all of the 
muscarinic subtypes was detected in acini. The current observations on 
the rat parotid gland indicated that this gland differed from the 
submandibular and sublingual glands. In the latter glands, the 
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Figure 2. Immunohistochemical labeling of rat submandibular gland. Panels 
demonstrate staining in absence of antibody (control); staining in the presence 
of muscarinic M1, M2, M3, M4 and M5 receptor antibodies (M1, M2, M3, 
M4 and M5, respectively). All sections are counterstained with haematoxylin. 
Bar indicates 50 µm. 
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Figure 3. Immunohistochemical labeling of ovine submandibular glands. 
Panels demonstrate staining in absence of antibody (control); staining in the 
presence of muscarinic M1, M3, M4 and M5 receptor antibodies (M1R-IR, 
M3R-IR, M4R-IR, M5R-IR, respectively; inserts in M1R-IR, M4R-IR and 
M5R-IR for demonstration of appearances in stroma and endothelium). All 
sections are counterstained with haematoxyline. Bar indicates 50 µm and the 
arrow close to the letters a, d, e and s indicate acinar cells, demilunar cells, 
endothelial cells and stroma, respectively. 
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muscarinic M1 receptor was particularly evident. Occasional 
immunoreactivity for different muscarinic subtypes was detected in the 
ducts of different glands as well. However, this immunoreactivity was 
not as strong as the immunoreactivity in the acini. The phenomenon 
seemed particularly evident for the M5 receptors. In the ovine parotid 
gland, clear signals for the M2, M3 and M4 receptors occurred, while in 
the sheep submandibular glands, clear signals for the M1, M3, M4 and 
M5 receptors occurred in and around the acini (Figure 2 & 3). Even 
though a negative finding should be interpreted with caution, the absent 
signal for muscarinic M2 receptors in the ovine submandibular gland is 
supported by the functional findings discussed in section II. In the 
human labial glands, muscarinic M1 and M3 receptors occurred evenly 
distributed over the whole specimen, and M5 receptors could be 
detected as well. M2 and M4 receptors seemed to appear on the outer 
parts of the acini, or on tissue in close vicinity to these. In the 
specimens from patients with Sjögren-like symptoms, the staining for 
M3, M4 and M5 appeared to be stronger than in the healthy glands and 
staining for the M4 receptor could be observed in ducts (Figure 4). 
Sjögren’s syndrome is a syndrome causing salivary gland hypofunction, 
xerostomia and severe effects on the oral health (Tyldesley & Field, 
1995). A general agreement has been that the hypofunction is a direct 
consequence of immune-mediated destruction of the secretory 
parenchyma. However, the pathology involves changes in the 
susceptibility of the muscarinic receptors also (Dawson et al., 2005; 
Fox, 2005). The innervation is not affected in Sjögren’s syndrome, 
while the acinar expression of M3 receptors has been shown to be 
increased in Sjögren’s syndrome (Beroukas et al., 2002), sometimes 
resulting in glandular hyperfunction (Dawson et al., 2005). 
Noteworthy, the current studies showed the expression pattern of 
muscarinic M5 receptors differed in comparison with that of the other 
subtypes in all species examined – it was markedly patchy. In relation 
to these present observations, some other reports on inflammation and 
acetylcholine are worth considering. First, acetylcholine does not only 
mediate the classical autonomic effects, but has also been shown to 
influence inflammation within different organs (Pavlov & Tracey, 
2006; Ohama et al., 2007). Also, the induction of muscarinic M3 and 
M5 receptors has been shown to be associated with differentiation of 
cultured inflammatory cells into monocytic/macrophagic cells (Mita et 
al., 1996). Secondly, as mentioned introductory, increase in the 
expression of muscarinic M5 and possibly M1 receptors, have been 
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coupled to inflammatory and hypertrophic effects in the urinary bladder 
(Giglio et al., 2005), and lastly, muscarinic receptors seem to 
participate in remodelling processes known to occur in chronic 
inflammatory diseases (Gosens et al., 2005), and mechanisms by 
muscarinic M3 receptors have been linked to cellular proliferation in 
cancer cells (Frucht et al., 1999; Yang & Frucht, 2000). Altogether, the 
expression appearance and the prominent increase in labial glands of 
patients suffering from adenitis (Sjögren’s syndrome), may favour the 
idea that muscarinic M5 receptors may mediate cross-talk between the 
autonomic and the immune system. Considering the suggestions of 
muscarinic M5 receptors having hypertrophic effects, the increase 
observed in the Sjögren patients may reflect a compensatory 
mechanism for the immune-mediated destruction of the secretory 
parenchyma. 
 
The current studies show the presence of most muscarinic receptors in 
salivary glands, regardless of species or gland, which is in agreement 
with the current view of a heterogeneous muscarinic receptor 
population. They also show that the common view that all salivary 
glands are the same irrespective of which kind or from which species is 
erroneous. Great variations occur both when examined by functional or 
by morphological methods. These studies also show that there exists no 
archetypical gland, even though the submandibular glands from various 
species showed some resemblance; significant levels of muscarinic M1 

Control M1 M2 M3 M4 M5

Control M1 M2 M3 M4 M5

Figure 4. Immunohistochemical labeling of human labial glands. Upper 
panel: From patients with normal glands. Lower panel: From patients with 
Sjögren-like symptoms. Panels demonstrate staining in absence of antibody 
(control); staining in the presence of muscarinic M1, M2, M3, M4 and M5 
receptor antibodies (M1, M2, M3, M4 and M5, respectively). Bar indicates 
50 µm. 
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and M5 receptors could be detected, and vaguer signals for muscarinic 
M3 and, in particular for, M4 receptors.  
 
In conclusion, besides muscarinic M3 receptors, the M1 receptor seems 
to be commonly expressed is salivary glands, particularly in 
seromucous/mucous glands, as judged by the findings in rat, ovine and 
human salivary glands. It should be noted that the ovine parotid gland 
might differ from the rat parotid, since the former has been suggested 
not to be a pure serous gland (Shackleford & Wilborn, 1968; van 
Lennep et al., 1977; Pinkstaff, 1993).  
 
Stromal tissue (papers I and III) 
 
Prejunctional muscarinic receptors have been recognized for long 
(Sharma & Banerjee, 1978; Buckley & Burnstock, 1984). In recent 
years, characterization by employing immunohistochemistry has 
demonstrated presynaptic muscarinic receptor expression of the 
subtypes M1-M4 in the rat neuromuscular junction (Garcia et al., 2005) 
and in the enteric nervous system of different species, including man, 
muscarinic neuronal M1, M2 and M4 receptors have likewise been 
visualized (Takeuchi et al., 2005; Harrington et al., 2007). In salivary 
glands, functional modulator effects by prejunctional muscarinic 
receptors have been demonstrated in the rat, ferret, cat and rabbit 
(Lundberg et al., 1984; Tobin et al., 1991; Tobin, 1995, 1998, 2002). 
Even though the muscarinic receptors have been characterized into 
facilitatory or inhibitory out of functional effects, no subtype 
characterization has been performed in salivary glands. In this thesis, a 
functional characterization is reported. The immunohistochemistry 
experiments in the current studies do not establish the expression of any 
particular neuronal muscarinic receptor subtype. However, some 
observations may be discussed in the context of prejunctional receptor 
expression.  
 
The immunohistochemical studies on rat, ovine and human glands in 
the current thesis describe expression of muscarinic M1, M4 and M5 
receptors in vicinity to glandular acini of more or less all kinds of 
glands. The data indicate generally more marked staining in the 
peripheral region of the acini. This could mean that cells surrounding 
the acini, e.g. demilunar and myoepithelial cells, and nerve fibres, 
express muscarinic receptors. Since the staining of the peripheral part 
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of the cells seemed to vary between the different antibodies, it may 
indicate different receptor expression on surrounding cells. Since also 
myoepithelial cells receive cholinergic innervation (Emmelin et al., 
1968), the observations could reflect expression of myoepithelial 
muscarinic receptors as well, which in that case would mean any of the 
excitatory subtypes (M1, M3 or M5). If the expression reflects nerve 
terminal expression instead, an inhibitory subtype is also possible. In 
view of that facilitatory effects by muscarinic M1 receptors have been 
described functionally (Tobin, 1998), muscarinic M1 receptor 
expression may occur on the neurons as well. However, the same 
receptor subtypes were occasionally found in the stromal parts of the 
glands. The localisation of these latter receptors could represent cells of 
the immune system (Kawashima & Fujii, 2004), but the expression of 
the same subtypes of muscarinic receptor both in the stroma and close 
to acini, indicates a neuronal localisation. Thus, the 
immunohistochemistry seems to support the functional findings from 
the ovine submandibular gland (see below; muscarinic M4 receptor 
antagonism inhibits VIP release). 
 
The functional data, discussed later, give no evidence for muscarinic 
M4 receptor involvement in the postjunctional responses. As the 
muscarinic M4 receptor was the only inhibitory muscarinic receptor 
found in the ovine submandibular gland, and it was found in the rat and 
ovine parotid glands as well, in stromal parts, where parasympathetic 
nerve fibres may occur, this may indicate an autoreceptor role in these 
glands. The muscarinic M4 receptor has been shown to play this role in 
other organs as well (D'Agostino et al., 2000; Zhang et al., 2002). 
However, the occurrence of other stromal muscarinic receptor subtypes, 
such as muscarinic M1 receptors, may favour the idea that the 
parasympathetic innervation exhibits such receptors, possibly 
facilitating transmitter release. 
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II. Functional characterization 
 
The functional characterization of muscarinic receptor subtypes is 
hampered by the lack of pharmacological tools exhibiting 
pronounced selectivity for the subtypes. Three subtypes of 
muscarinic receptors (M1, M2 and M3) may be distinguished 
pharmacologically relatively well. A number of subtype selective 
antimuscarinic agents exists that exhibit at least 10-fold selectivity 
for each of the M1–M3 subtypes, but pirenzepine, methoctramine, 
4-DAMP and p-F-HHSiD are most frequently used when exploring 
muscarinic receptor populations pharmacologically (Caulfield, 1993; 
Caulfield & Birdsall, 1998; Eglen & Nahorski, 2000; Jerusalinsky et 
al., 2000). The most selective non-peptidergic muscarinic receptor 
antagonist is pirenzepine, which until recently has been regarded 
more or less as “M1-selective”. Even though this antagonist shows 
selectivity towards M2 and M3 receptors, it discriminates less 
markedly between M1 and M4 receptors (Eglen & Nahorski, 2000). 
Nevertheless, muscarinic M1 receptors have a high affinity for 
pirenzepine, a low affinity for methoctramine and an intermediate 
affinity for p-F-HHSiD. 4-DAMP discriminates only between the 
excitatory and the inhibitory groups of muscarinic receptors, and 
shows almost identical affinities for M1, M3 and M5 receptors. 
While M2 receptors have a high affinity for methoctramine and a 
low affinity for pirenzepine and p-F-HHSiD, M3 receptors have a 
high affinity for p-F-HHSiD (and 4-DAMP), an intermediate 
affinity for pirenzepine and a low affinity for methoctramine 
(Caulfield, 1993). The affinity of an antagonist thus represents the 
composite affinity at multiple receptor subtypes that may occur at 
unknown levels in a tissue expressing several subtypes (Caulfield & 
Birdsall, 1998). Since this is the case in salivary glands, this is 
probably one explanation for the often-bewildering array of data 
describing the receptor mediation of acetylcholine functional 
effects. Also, the functional antagonism per se, and in particular 
that in vivo, of the substances may often diverge from the out of 
binding experiments estimated receptor subtype affinities (Tobin & 
Sjogren, 1995; Eglen & Nahorski, 2000; Meloy et al., 2001). Of the 
antagonists used in this thesis, methoctramine may show this 
feature. Therefore, the antagonism has to been validated in both in 
vitro and in vivo functional studies. 
 
In in vitro studies, exact concentration response curves can be 
constructed, experimental conditions can be well controlled and 
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usually a large number of drug administrations can be performed. In 
view of the lack of highly selective antagonists and agonists, the 
advantages with in vitro studies are evident. This is at least usually 
valid for smooth muscle contractile studies, while, however, vessel 
smooth muscle does not always allow for experiments over long 
periods of time. When it comes to studies of secretion, the situation 
is different. Even though in vitro experiments can be performed 
(Larsson et al., 1990), a marker for fluid secretion has to be 
assessed, and consequently, in vivo experiments may be more 
reliable. Anyhow, in both glandular blood vessels and in the glands, 
as described by the immunohistochemistry, multiple muscarinic 
receptor subtypes exist. In addition to the in vitro functional 
characterization, the findings have been tried to be confirmed in in 
vivo experiments.  
  
In vitro effects on blood vessel contraction (paper II) 
 
In the vasculature, acetylcholine may evoke contractile as well as 
relaxatory responses. The classical experiments performed by Furchgott 
and Zawadzki (1980) showed that in endothelium-denuded rabbit aortic 
preparations, acetylcholine-evoked relaxations were changed into 
contractions. And further, as already mentioned, in intact vessel 
preparations, relaxations occurred at low concentrations of muscarinic 
agonists, but were changed into contractions when the preparations 
were challenged by large concentrations (Furchgott & Zawadzki, 
1980). The different effects by acetylcholine are also apparent when 
comparing arterial and venous preparations. In general, the 
acetylcholine relaxation effect is the principal arterial response, 
whereas a contractile effect has been described on veins in the 
vasculature of some organs of animals as well as in man (Krausz, 1977; 
Walch et al., 2001; Pujol Lereis et al., 2006; Wang & Lung, 2006; Ding 
& Murray, 2007). In the canine nasal venous system, acetylcholine 
may, likewise to the observations made by Furchgott and Zawadzki 
(1980), induce NO-dependent relaxations of outflow veins at low 
concentrations followed by NO-independent contractions at larger 
(Wang & Lung, 2006). However, a dual response seemed not to occur 
in the collecting veins, indicating different physiological mechanisms at 
varying levels of the venous drainage. 
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Figure 5. Original trace recordings of A) responses to methacholine (10-9 

– 10-4 M) on noradrenaline precontracted submandibular artery, B) 
responses to methacholine (10-8 – 10-5 M) on potassium precontracted 
submandibular vein and C) responses to noradrenaline (10-10 – 10-5 M) on 
potassium precontracted submandibular vein. Horizontal bars represent 5 
minutes. 
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Figure 6. A) Responses of carotid arteries to carbachol (; n=25) and of 
submandibular arteries to methacholine (; n=6) expressed in percentages 
of precontraction tension. B) Responses of jugular veins to carbachol (; 
n=14) and of submandibular veins to methacholine (; n=5) expressed in 
percentages of basal tension level. Each symbol represents mean±SEM. 
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In the current studies, the vessels were examined in two different 
experimental methods. The larger vessels were examined in the more 
insensitive organ bath set-up, whereas the smaller had to be examined 
in the myograph, which is time-consuming and therefore does not allow 
long experimental protocols. Nevertheless, independently of the type of 
protocol, the responses to cholinergic stimulation of rat isolated arteries 
and veins were opposite. While the arteries showed pronounced 
relaxations in response to muscarinic agonists, the veins showed 
contractions (Figure 5). The reactions from carotid and submandibular 
arteries and jugular and submandibular veins, respectively, were similar 
(Figure 6). Cholinergic-induced relaxations of carotid arteries have 
been reported previously (Sendao Oliveira & Bendhack, 2004), 
likewise to cholinergic contractile responses of isolated veins (Pujol 
Lereis et al., 2006; Ding & Murray, 2007). Also, adrenoceptor 
stimulation had disparate effects on the arteries and the veins. It 
induced a possible short-lasting contraction, if any, followed by a 
tendency towards relaxation in the veins, while it caused pronounced 
contractions in the arteries. Contractile and dilator adrenoceptor effects 
have previously been shown in carotid arteries and jugular veins, 
respectively (Cohen & Wiley, 1978; Deighan et al., 2005).  
The cholinergic responses from small vessels were larger than the 
corresponding responses from the carotid artery and the jugular vein. 
Tentatively, this could mean that acetylcholine has a greater impact in 
the smaller vessels, which in that case could mean that parasympathetic 
stimulation of this region would benefit the maintenance of salivation.  
 
The relaxation to muscarinic agonists of precontracted carotid arteries 
was significantly reduced, but not completely abolished by the nitric 
oxide synthase inhibitor L-NNA, indicating a NO-dependent 
component. 4-DAMP and pirenzepine also abolished the relaxation, 
while pirenzepine at 10-5 M caused carbachol at 10-4 M to evoke 
significant contractions, i.e., a dual response was indicated (Figure 7). 
The observations are in line with previous reports in the nasal 
vasculature showing relaxatory effects at low concentrations of 
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muscarinic agonists and contractile at large (Wang & Lung, 2006). 
However, since 4-DAMP, and in particular, pirenzepine have a 
selectivity for muscarinic M1 receptors (Flynn et al., 1997), the 
relaxatory response seems to involve the M1 receptor subtype. 
Furthermore, since the relaxation is dependent on nitric oxide synthesis, 
an indirect effect is probable. The interpretation of the observations 
could very well be that there exist two muscarinic pathways in the 
artery, one dominantly being NO-dependent and another appearing 
during blockade of the former and causing contraction. Since the 
contraction did not occur in the presence of 4-DAMP, the contractile 
effects may be exerted via M3 or M5 receptors. A similar 
muscarinergic mechanism has been demonstrated in the mouse stomach 
fundus, where a M1-mediated relaxatory component is masked by a 
M3-mediated contractile component (Stengel & Cohen, 2003). The 
affinity of pirenzepine is about three times and 4-DAMP two times 
larger on M5 than on M3 receptors (Eglen & Nahorski, 2000). Even 
though both antagonists have larger affinity for muscarinic M1 than for 
M5 receptors, the results do not contradict a muscarinic M5 receptor 
involvement in the control of glandular blood flow control, in particular 
since staining for muscarinic M5 receptors was observed. The effects of 
methoctramine on muscarinic receptor vascular responses, on the other 
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Figure 7. Responses of carotid arterial preparations to carbachol expressed 
in percentages of precontraction tension. A) Responses before () and after 
L-NNA (; 10-4 M; n=7), B) before () and after 4-DAMP (: 10-8, : 
10-7 M; ; 10-6; n= 6) and C) before () and after pirenzepine (: 10-7, : 
10-6 M; ; ; 10-5; n=6). 
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hand, were ambiguous. At low concentrations it had no significant 
effect on the relaxations, and at increasing concentrations unspecific 
adrenergic inhibition seemed to occur affecting the precontraction. 
However, it is well-known that many of the “muscarinic M2 receptor” 
antagonists, including methoctramine, may have composite 
mechanisms of action sometimes resulting in unspecific effects (Howell 
et al., 1994). 
 
The jugular vein contains little smooth muscle in comparison with the 
carotid artery, and any stimulation evokes only small and fatigable 
responses. However, in comparison with the submandibular vein, the 
responses were well defined and allowed further examinations with 
antagonists. In these preparations, 4-DAMP, pirenzepine and 
methoctramine inhibited the carbachol induced contractions (Figure 8). 
However, since 4-DAMP did only inhibit the responses at a ten-fold 
lower concentration than pirenzepine did, and further, since the effect 
of the muscarinic agonist was excitation (contraction), a muscarinic M1 
receptor response is plausible. Further, since methoctramine also had 
some effect, this could indicate that M2/M4 receptors participate as 
well. Furthermore, since M1 and M4 are clearly detected in the 
immunohistochemistry, M4 seems to be the likely candidate as a 
companion to M1. Presently, however, the role of the M4 receptors is 
ambiguous. They could of course cause a direct relaxatory effect, but 
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 38 

perhaps more likely, they could inhibit the synthesis of nitric oxide, 
particularly since the M4 receptors were exclusively detected in the 
endothelium. Notably, the observations on venous preparations had to 
be made over relatively short periods of time, and neither could 
observations be made on pre-contracted veins. This makes it hard to 
exclude a relaxatory component in the cholinergic venous response in 
addition to the contractile. 
 
The contractile effect of muscarinic agonists on vein preparations could 
mean, in light of the occurrence of M1 receptors in the jugular vein, 
that a cholinergic contractile mechanism is involved in the blood flow 
regulation. Support for this hypothesis is found in the fact that 
pirenzepine completely abolished the carbachol response and the same 
mechanism has been demonstrated in other venous preparations (Pujol 
Lereis et al., 2006). However, as mentioned above, the role of the M4 
receptors is ambiguous but may speculatively contribute to contraction 
by NO-inhibiting effects. Anyhow, a venous contractile muscarinic 
mechanism could mean that the hydrostatical pressure is preserved and 
makes more fluid available for secretion, as been indicated by studies 
on the canine submandibular gland (Lung, 1998). Even though vascular 
conductance primarily depends on the tone of the resistance vessels 
rather than on that of the venous vessels, the tone of the latter may 
tentatively also act just to prevent blood pooling in low resistance 
vessels.  
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In vivo effects on blood flow (papers I, III and IV) 
 
In vivo studies characterizing the muscarinic receptor subtypes that 
regulate blood flow are in general few (Walch et al., 2001; Eglen, 
2006). The vasodilatation in salivary glands evoked by muscarinic 
receptor stimulation is well recognised and thoroughly examined in in 
vivo experiments (Morley et al., 1966; Lundberg et al., 1981b, 1982; 
Emmelin, 1987). However, when the parasympathetic nerve is 
stimulated electrically, a large part of the vasodilatation is resistant 
towards atropine (Heidenhain, 1872; Edwards, 1998). Even though this 
part is dominating, the increase of the vasodilatation is slower in the 
presence of atropine (Lundberg et al., 1981b). As mentioned above, at 
low intense parasympathetic activity, a substantially greater part is 
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Figure 9. Submandibular blood flow changes as indicated by the laser 
Doppler flowmeter signal. Changes to methacholine 1 µg.kg-1 i.v. before 
(; n=6) and after pirenzepine (    ; n=6) and before (   ; n=5) and after 4-
DAMP (; n=5) are expressed as means of the percentage increase over 
basal blood flow. Vertical bars represent S.E.M. * p=0.05; ** p=0.01; *** 
p=0.001. 
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sensitive towards atropine and thus includes a significant muscarinic 
part (Emmelin et al., 1968).  
In the current experiments, the muscarinic agonist methacholine caused 
significant increases in blood flow in rat submandibular glands as 
assessed by a Doppler flowmeter. Both pirenzepine and 4-DAMP 
inhibited these increases, but pirenzepine at about a 100–1000-fold 
higher dose (Figure 9). This indicates that the cholinergic-evoked 
vasodilatation is at least mainly mediated via another muscarinic 
receptor than M1. In the rat parotid gland, it has been suggested to be 
M3-mediated (Tobin, 1998), and this seems to be the case in the 
submandibular gland as well. Since 4-DAMP is “M1/3/5-selective”, 
involvement of the muscarinic M5 receptor is also of course possible. 
The cholinergic dilatation in cerebral blood vessels is largely mediated 
by muscarinic M5 receptors (Yamada et al., 2001), and, in view of the 
expression of muscarinic M5 receptors in the rat submandibular artery, 
a M5 receptor involvement may occur in salivary glands as well. 
Contradicting this hypothesis are the findings in muscarinic M5 
receptor knockout-mice, in which no changes in extracerebral vascular 
responses have been detected (Yamada et al., 2001). 
 

The ovine submandibular vascular responses were evoked by electrical 
stimulation of the chorda tympani. The size of the sheep makes 
gravimetrical estimations of the blood flow possible. One advantage 
with evoking the responses by nerve stimulation is that you may study 
the changes in glandular vascular resistance (reflecting glandular 
vascular responses) without affecting the blood pressure or heart rate. 
The frequency-dependent responses were well maintained for the 
duration of stimulation. Stimulation in bursts tended to increase blood 
flow more than continuous stimulation (Figure 10). High frequency 
stimulation given intermittently, resulting in the same total number of 
impulses as a low frequency continuous stimulation, enhances the 
release of VIP and results in greater decrease of glandular vascular 
resistance (Bloom & Edwards, 1980; Andersson et al., 1982b; Tobin et 
al., 1990a; Edwards et al., 2003). However, Edwards et al. (2003) has 
shown that continuous low frequency stimulation (<4 Hz) evokes 
acetylcholine-dependent vasodilator responses in the sheep as well. 
Also in the current experiments, pre-treatment with atropine did not 
affect the fall in vascular resistance at 8 Hz given continuously, 
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Figure 10. Upper panel: Changes in submandibular vascular resistance in 
response to chorda tympani stimulation at 2 Hz continuously (), 20 Hz in 
bursts (1:10 s; ) and 8 Hz continuously () for 10 min in 13 anaesthetized 
sheep. 
Middle panel: Changes in submandibular vascular resistance in response to 
chorda tympani stimulation at 2 Hz continuously for 10 min in the absence 
() and in the presence of methoctramine (100 µg kg-1 I.V.;) in five 
anaesthetized sheep.  
Lower panel: Changes in submandibular vascular resistance in response to 
chorda tympani stimulation at 2 Hz continuously for 10 min in the absence of 
antagonists () and in the presence of pirenzepine (40 µg kg-1 I.V.; ) before 
and after administration of p-F-HHSiD (4 µg kg-1 I.V.; ) in five 
anaesthetized sheep. 
Vertical bars: S.E. M. value. Horizontal bar: duration of stimulation (CT 
stim). 
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whereas the fall in the submandibular vascular resistance during 
stimulation at 2 Hz continuously was more than halved. 
Pirenzepine did not significantly affect the vascular responses to 
parasympathetic stimulation in the ovine submandibular gland, and 
therefore, muscarinic M1 receptors are unlikely to substantially 
contribute to the vasodilatation in sheep, at least the nerve evoked. 
Since a low dose of p-F-HHSiD in the presence of pirenzepine, 
significantly reduced the vasodilatation, the cholinergic vascular 
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Figure 11. Changes in mean vascular resistance over the 10 min 
stimulation period. The column doublets (left panel) and triplets (right 
panel) in each panel show from left to right the mean responses to chorda 
tympani stimulation at 2 Hz continuously, 20 Hz in bursts and 8 Hz 
continuously. The left panel show the mean responses in the absence () 
and presence () of methoctramine (100 µg kg-1 I.V.) in five 
anaesthetized sheep and the right panel show the mean responses in the 
absence () and presence of pirenzepine (40 µg kg-1 I.V.) before (    ) and 
after administration p-F-HHSiD (; 4 µg kg-1 I.V.) in five other 
anaesthetized sheep. Vertical bars: S.E. M. *P<0.05, ** P<0.01. 
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response is mediated by some other muscarinic receptor subtype(s) 
(Figure 11). In view of the affinity profile of p-F-HHSiD, and further, 
its pronounced effect on the concomitantly occurring salivation 
compared to the vascular effect, the cholinergic vasodilator response 
may include muscarinic M5 receptors in addition to the M3 receptor 
mediation. Since both muscarinic M3 and M5 receptors belong to the 
excitatory group, the vasodilator responses are likely to be linked to 
NO. Both receptors have, as well as the muscarinic M1 receptor, been 
shown to exert effects via NO in several studies (Elhusseiny & Hamel, 
2000; Giglio et al., 2005).  
 
The doses of the antagonists have previously been validated in in vivo 
experiments to enabling “selective” discrimination of subtype specific 
responses (Tobin, 1995; Tobin & Sjogren, 1995; Tobin, 1998; Tobin et 
al., 2002). Also, the current observations on the heart rate support the 
idea that the antagonists have been acting in semi-selective ways. 
Namely, methoctramine significantly and consistently increased the 
heart rate without affecting the flow of saliva. Pirenzepine and p-F-
HHSiD, on the other hand, both tended to decrease the heart rate, if 
anything. 
 
It is concluded that muscarinic M1 receptor effects are of less 
importance than the effects via other excitatory muscarinic receptors for 
the cholinergic vasodilator response in the rat and the ovine 
submandibular glands. Doubtlessly, acetylcholine exerts modulator 
effects on the vasculature, but the origin of the transmitter is under 
debate. As mentioned earlier, Kummer and Haberberger (1999) 
suggested, based on immunohistochemical, biochemical and functional 
studies, two separate cholinergic systems in the arterial vascular wall. 
One, an intrinsic, intimal cholinergic system serves as a regulator of 
basal vascular tone responding to local, luminal stimuli, whereas the 
other, the perivascular nerve fibres, i.e. the extrinsic, adventitial 
cholinergic system act on top of this basal tone by providing fine tuning 
in response to reflex activation due to systemic demands. In the current 
in vivo experiments, pirenzepine seemed to be more effective in the rat 
submandibular than in the ovine gland. One reason could in such a case 
have been that in the rat, the intrinsic system was preferentially 
activated (intravenous methacholine injections); whereas the extrinsic 
system was activated in the sheep (nerve stimulation).  
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In vivo effects on vascular permeability (paper II) 
 
The differences in hydrostatic pressures and osmotic pressures along 
and across the walls of the exchange vessels have been widely accepted 
to balancing the filtration and absorption of fluid (see Michels et al., 
1984). According to the Starling hypothesis (Starling, 1896), absorption 
of fluid would be expected to occur at venule side of the capillary bed 
because of the successive increase in oncotic plasma pressure and 
decrease in hydrostatic pressure. But in contrast to the Starling 
hypothesis, filtration coefficient increases with decreasing pressure in 
both capillaries and venules (Fraser et al., 1978). Another disparity, 
which has puzzled vascular experimenters for long, is that in the intact 
circulation, the transcapillary gradients of hydrostatic and osmotic 
pressure are themselves determined by the transcapillary filtration rates 
and the capillary permeability of osmotic-acting molecules (Krogh et 
al., 1932; Hughes et al., 1958; Guyton, 1963; Lunde & Waaler, 1969). 
However, the Starling hypothesis has recently been re-evaluated 
considering endothelial glycocalyx functions, which partly explains the 
paradox (see (Levick, 2004)). Anyhow a large part of the fluid filtration 
in the microcirculation occurs in postcapillary venules (Fraser et al., 
1978; Qiao & Bhattacharya, 1991). Normally, there would be little net 
extravasation of fluid and colloids despite large pores in venules, 
because of small differences in hydrostatic and oncotic pressure 
between intra- and extravascular spaces (Jacob et al., 2007). Therefore, 
any change in the balancing forces at the venule level could be 
expected to have impact on filtration. 
 
Likewise to filtration of fluid at postcapillary venules, extravasation of 
macromolecules is considered to occur at this level in the vasculature 
and this site thus provides physiological access of large molecules to 
the tissue (Grega & Adamski, 1988; Qiao & Bhattacharya, 1991; Figini 
et al., 1997; Jacob et al., 2007). Evans blue binds to plasma proteins 
and may therefore serve as a marker for extravasation (LeVeen & 
Fishman, 1947). Evans blue has previously been used when examining 
vessel permeability in rat salivary glands, and in the submandibular 
gland, the muscarinic receptor agonist pilocarpine was shown to 
increase the extravasation (Asztely et al., 1998). Also in the present 
examination, methacholine induced conspicuous increases in the efflux 
of Evans blue into the glandular tissue. The antagonistic effect of 
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pirenzepine and 4-DAMP were examined at doses well below the 
threshold for affecting methacholine induced vasodilatation (Figure 
12). Since pirenzepine and 4-DAMP at these low doses both potently 
inhibited the methacholine-induced efflux and methoctramine with 
conspicuously lesser potency, the in vivo findings could be interpreted 
in support for the idea that the effect of muscarinic M1 receptors may 
influence vascular filtration in the rat submandibular gland.  
 
During the secretory process in the rat submandibular gland there is a 
substantial decrease in fluid interstial pressure, which favours fluid 
filtration and preserves salivation (Berggreen & Wiig, 2006). In the 
perspective of the low compliance of the gland, the mechanism has 
been suggested to be exerted by myoepithelial cells. When the cells are 
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Figure 12. Vascular protein efflux in the submandibular glands of 
anaesthetized rats indicated by tissue content of Evans blue one hour after 
its administration (20 mg/kg i.v. infusion over 1 min). Glandular content 
was measured in rats infused with methacholine (1.5 µg/kg/min i.v. for one 
hour) in the absence ( ; n=6) and in the presence of pirenzepine (50 
nmol/kg i.v.; ; n=5), 4-DAMP (0.3 nmol/kg i.v.; ; n=5) and 
methcotramine (20 nmol/kg i.v.; ; n=5). Each column represents mean 
and vertical bars ±SEM. 
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stimulated, which may be induced by muscarinic stimulation (Garrett, 
1987), the tissue surrounding the cells undergoes conformation, which 
in turn reduces interstitial fluid pressure (Berggreen & Wiig, 2006). 
The muscarinic receptors on the myoepithelial cells have not been 
characterized. And if the muscarinic receptor would be of the M1 
subtype, the results on the blockade of extravasation of Evans blue 
could very well had been an effect caused by blockade of muscarinic 
M1 receptors on the myoepithelial cells. Since it is not possible to 
exclude the occurrence of muscarinic M1 receptors on myoepithelial 
cells, as the staining gives inconclusive results, an effect of muscarinic 
M1 receptors acting directly on the myoepithelial cells cannot be 
excluded as a partial explanation of the decreased permeability. 
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Secretory effects of muscarinic receptors  
In vivo effects on secretion of fluid (papers I, III and IV) 
 
Parasympathetic impulses releasing acetylcholine that acts on glandular 
muscarinic receptors, predominantly of the M3 subtype, are by far the 
most important stimuli for production of voluminous fluid salivary 
gland responses (Baum & Wellner, 1999). In contrast to the 
sympathetic glandular activation, the cholinergic response is usually 
poor in protein (Martinez et al., 1975). However, in the cholinergic 
neuron, NANC transmitters such as VIP may be co-stored (Lundberg et 
al., 1980). VIP may per se evoke a sparse and protein rich secretion 
(Tobin et al., 1990b). In spite of the rather early morphological 
characterization of a heterogeneous muscarinic receptor population on 
parenchymal secretory structures in salivary glands, studies on the 
functional significance of other muscarinic receptors than those of the 
M3 subtype are few. Most functional studies are performed on knock-
out mice and in these whole saliva responses are measured (Matsui et 
al., 2000; Takeuchi et al., 2002; Bymaster et al., 2003; Gautam et al., 
2004). Before this thesis, the only functional in vivo studies measuring 
the actual secretory responses according to the muscarinic subtype 
distribution from the individual glands have been performed in the rat 
and the rabbit (Tobin, 1995, 1998; Tobin et al., 2002).  
 
The observations in the thesis agree with the previous findings in that 
methacholine caused a profuse secretion from the rat parotid and 
submandibular glands. And likewise to the general conception, 
administration of 4-DAMP exerted pronounced inhibitory effects on the 
salivation. Furthermore, it equipotently inhibited the secretion in both 
glands. In contrast, pirenzepine caused potent inhibition in the 
submandibular glands, but in the parotids only at larger doses (Figure 
13). In the ovine submandibular gland, electrical stimulation of the 
parsympathetic chorda tympani nerve induced profuse and markedly 
atropine-sensitive fluid responses. However, at the highest frequency 
stimulation employed (8 Hz), a small secretion still occurred in the 
presence of a large atropine dose (6 % of that in the absence of 
atropine), which indicate that other transmitters than acetylcholine are 
released (Figure 14). One NANC transmitter being released in the ovine 
submandibular gland has been shown to be VIP (Edwards et al., 2003). 
Even so, NANC transmitters had relatively little influence on the 
parasympathetic fluid response, since stimulation in bursts, which is 
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known to enhance peptidergic transmitter release (Edwards et al., 
1984), did not improve the secretory response in comparison to that of a 
continuous stimulation. Anyhow, the nerve-evoked response was well-
maintained during stimulation and well reproducible. Methoctramine 
did not affect the flow of saliva at any of the stimulation patterns and 
frequencies when assessing the changes over the whole 10 min 
stimulation period. Pirenzepine, on the other hand, significantly 
reduced the flow of saliva at all frequencies examined, most 
conspicuously at low frequency stimulation. At stimulation at 2 Hz 
given continuously, the flow was reduced by 69%. In addition to the 
reduction of the flow of saliva, pirenzepine consistently delayed the 
onset of the flow of saliva, especially at low frequencies. The addition 
of an extremely low dose of p-F-HHSiD had no or little effect on the 
pirenzepine-inhibited fluid response to the intensive stimulations, but 
almost abolished the fluid response at 2 Hz. The fact that this low dose 
affected the response supports the assumption of selective antagonism, 
both for pirenzepine and p-F-HHSiD (Figure 15). 
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Figure 13. Protein output from rat submandibular (; n=8) and parotid (; 
n=8) glands. represent mean protein output responses to methacholine at 1 
µg.kg-1 i.v. in the absence and presence of pirenzepine (left) and in the 
absence and presence of 4-DAMP (right). Vertical bars represent S.E.M. * 
p=0.05; ** p=0.01; *** p=0.001. 
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The thesis thus includes the ovine and rat submandibular glands in the 
row of glands in which muscarinic M1 receptors evoke flow of saliva. 
In previous studies, muscarinic M1 receptor-activated salivary flow has 
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Figure 14. Upper panel: Changes in submandibular salivary flow in 
response to chorda tympani stimulation at 2 Hz continuously (), 20 Hz 
in bursts (1:10 s; ) and 8 Hz continuously () for 10 min in 13 
anaesthetized sheep. 
Middle panel: Changes in submandibular salivary flow in response to 
chorda tympani stimulation at 2 Hz continuously for 10 min in the absence 
() and in the presence of methoctramine (100 µg kg-1 I.V.;) in five 
anaesthetized sheep.  
Lower panel: Changes in submandibular salivary flow in response to chorda 
tympani stimulation at 2 Hz continuously for 10 min in the absence of 
antagonists () and in the presence of pirenzepine (40 µg kg-1 I.V.; ) 
before and after administration of p-F-HHSiD (4 µg kg-1 I.V.; ) in five 
anaesthetized sheep. 
Vertical bars: S.E. M. value. Horizontal bar: duration of stimulation (CT 
stim). 
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been demonstrated in the rabbit submandibular gland (Tobin, 1995) and 
in the rat sublingual gland (Culp et al., 1996; Tobin et al., 2002). In 
these glands, as well as the murine parotid gland (Watson et al., 1996), 
a co-expression of muscarinic M1 and M3 receptors occurs, and in 
knock-out mice, as well as in the sublingual gland of the rat, a 
simultaneous activation of both subtypes seems to be a prerequisite for 
evoking a maximal fluid response (Luo et al., 2001; Gautam et al., 
2004). Because of the number of different ways positive interactions 
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Figure 15. Changes in mean salivary flow over the 10 min stimulation 
period. The column doublets (left panel) and triplets (right panel) in each 
panel show from left to right the mean responses to chorda tympani 
stimulation at 2 Hz continuously, 20 Hz in bursts and 8 Hz continuously. 
The left panel show the mean responses in the absence () and presence 
() of methoctramine (100 µg kg-1 I.V.) in five anaesthetized sheep and 
the right panel show the mean responses in the absence () and presence of 
pirenzepine (40 µg kg-1 I.V.) before (  ) and after administration p-F-
HHSiD (; 4 µg kg-1 I.V.) in five other anaesthetized sheep. Vertical bars: 
S.E. M. *P<0.05, ** P<0.01. 
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could be exerted regarding the fluid response, it is hard to make any 
absolute estimation of the relative contribution to the fluid response of 
muscarinic M1 and M3 receptors in the current studies. The ovine 
submandibular and parotid glands share the characteristics of salivary 
glands of several other species in that stimulation of the 
parasympathetic innervation at relatively high frequencies produces an 
atropine-resistant fluid secretion mediated by peptidergic transmitters 
(Reid & Titchen, 1988; Ekström, 1999). But the absence of an overt 
secretion at the low intense stimulations does not guarantee a pure 
cholinergic response. In the ferret and the cat, it has been shown that, 
even though an overt atropine-resistant response is absent, peptidergic 
transmitters may anyway act in concert with the classical transmitter, 
i.e. acetylcholine, and enlarge the amount or alter the quality of the 
saliva (Lundberg et al., 1982; Ekström & Tobin, 1990). Nevertheless, at 
low frequencies muscarinic M1 receptors account for a large part, if not 
nearby the whole secretory response. Furthermore, in all cases a 
maximal secretory response was not elicited under muscarinic M1 
receptor blockade. Thus, muscarinic M1 receptors account for a 
significant proportion of the cholinergic parasympathetic secretory 
response of the rat and ovine submandibular glands, and, at low 
intensity of nerve activity, their contribution may be larger than that of 
muscarinic M3 receptors. 
 
In vivo effects on secretion of protein (papers I, III and IV) 
 
When administered into the bloodstream, cholinergic agonists evoke a 
profuse salivary secretion, which is poor in proteins. VIP stimulates, in 
most species examined so far, a conspicuous glandular output of 
proteins, in some of these species accompanied by a sparse fluid 
response as well (Ekstrom et al., 1983; Ekstrom & Tobin, 1989, 1990; 
Edwards & Titchen, 2002). Accordingly, electrical stimulation 
produces a secretory response with higher protein content than that 
evoked by cholinergic stimulation, but lower than that produced by VIP 
(Ekstrom & Tobin, 1990). Another fact, which further contributes to 
enhance the nerve-evoked protein output, is that simultaneous 
administration of VIP and methacholine potentiates the output far more 
than would be expected by just an additive effect (Ekstrom & Tobin, 
1990). Also in this thesis the same observations were made according 
to nerve stimulation and stimulation by muscarinic agonist. In the rat 
salivary glands methacholine was used, and in the sheep, the 
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parasympathetic chorda tympani nerve was stimulated. Consequently, 
the protein output in the latter experiments was somewhat larger than 
that in the rat glands. Stimulation by different transmitter does not seem 
to affect the protein output qualitatively but only quantitatively 
(Ekstrom et al., 1996). 
 
Thus, in the rat salivary glands, methacholine evoked a profuse 
secretion poor in protein. The protein concentration therein was, 
however, twice as high in the parotid saliva than in the submandibular. 
In the rat parotid and submandibular glands, the inhibitory pattern was 
the same except that 4-DAMP, at the doses used, had a greater 
inhibitory effect on the protein output, which makes muscarinic M1 
receptors unlikely to be directly connected to regulatory effects on 
protein secretion (Figure 16). In the ovine submandibular gland, the 
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Figure 16. Protein output from rat submandibular (; n=8) and parotid (; 
n=8) glands. Columns represent mean protein output responses to 
methacholine at 1 µg.kg-1 i.v. in the absence and presence of pirenzepine 
(left) and in the absence and presence of 4-DAMP (right). Vertical bars 
represent S.E.M. * p=0.05; ** p=0.01; *** p=0.001. 
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Figure 17. Upper panel: Changes in submandibular protein output in 
response to chorda tympani stimulation at 2 Hz continuously (), 20 Hz 
in bursts (1:10 s; ) and 8 Hz continuously () for 10 min in 13 
anaesthetized sheep. 
Middle panel: Changes in submandibular protein output in response to 
chorda tympani stimulation at 2 Hz continuously for 10 min in the absence 
() and in the presence of methoctramine (100 µg kg-1 I.V.;) in five 
anaesthetized sheep.  
Lower panel: Changes in submandibular protein output in response to 
chorda tympani stimulation at 2 Hz continuously for 10 min in the absence 
of antagonists () and in the presence of pirenzepine (40 µg kg-1 I.V.; ) 
before and after administration of p-F-HHSiD (4 µg kg-1 I.V.; ) in five 
anaesthetized sheep. 
Vertical bars: S.E. M. value. Horizontal bar: duration of stimulation (CT 
stim). 
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protein concentration was approximately 30 % higher than in the rat, 
but this is, as discussed above, likely to have depended on the agonist 
versus nerve stimulation (Figure 17). Also, the neuronal release of 
peptidergic transmitters is enhanced by increased neuronal signalling 
intensity (Lundberg et al., 1981a; Edwards et al., 2003). As a 
consequence, electrical nerve stimulation delivered in bursts gives rise 
to a larger VIP release than the same number of impulses delivered at a 
continuous pattern. And in contrast to the fluid nerve stimulation 
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Figure 18. Changes in mean protein output over the 10 min stimulation 
period. The column doublets (left panel) and triplets (right panel) in each 
panel show from left to right the mean responses to chorda tympani 
stimulation at 2 Hz continuously, 20 Hz in bursts and 8 Hz continuously. 
The left panel show the mean responses in the absence () and presence 
() of methoctramine (100 µg kg-1 I.V.) in five anaesthetized sheep and 
the right panel show the mean responses in the absence () and presence 
of pirenzepine (40 µg kg-1 I.V.) before (    ) and after administration p-F-
HHSiD (4 µg kg-1 I.V.) in five other anaesthetized sheep. Vertical bars: 
S.E. M. *P<0.05, ** P<0.01. 
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response in the ovine submandibular gland, burst stimulation at 20 Hz 
given every tenth second caused a larger output of protein that the 
continuous stimulation at 2 Hz, and further, 8 Hz stimulation caused a 
greater concentration in the saliva than 2 Hz. But as mentioned 
previously, this is no guarantee for absence of peptidergic influence on 
nerve response at 2 Hz. Namely, neuropeptides may be release at very 
low frequencies (<1 Hz; Ekstrom and Tobin, 1989) and could 
consequently potentiate a cholinergic response even at 2 Hz.  
 
The intravenous administration of methoctramine combined with 
continuous stimulation at 2 and 8 Hz, caused significant increases of 
the saliva protein output by 90 and 45%, respectively. The increase in 
the protein output at 2 Hz occurred primarily during the initial few 
minutes. Likewise, methoctramine caused a significant increase during 
the first minutes (2-4) of stimulation at 20 Hz in bursts, but not of the 
output when assessed for the whole period. Whereas pirenzepine on its 
own did not affect the protein output at any frequency or pattern, the 
addition of p-F-HHSiD significantly reduced the output at 2 Hz. This 
decrease occurred in spite of four-fold increase in the protein 
concentration, much because of the markedly diminished fluid response 
(Figure 18). The initial increases in the protein output observed in the 
sheep both after the administration of pirenzepine and methoctramine 
may not necessarily be coupled to postsynaptic events. In view of the 
affinity profiles (see above) of the two antagonists, muscarinic M4 
receptors seem plausible for mediating the protein output enhancing 
effect.  In many organs, muscarinic M4 receptors have been described 
to modulate the transmitter release (Alberts, 1995; Kilbinger et al., 
1995; D'Agostino et al., 1997). Tentatively, muscarinic M4 receptors 
may be the inhibitor receptor on parasympathetic nerve terminals in 
salivary glands also. Inhibitory muscarinic receptors have previously 
been described in the rat parotid gland and suggested to affect the 
release of acetylcholine as well as NANC transmitter(s) (Tobin, 1995, 
1998). However, no characterization discrepancies regarding M2 and 
M4 receptors were made.  
 
The current findings may support non-M1 receptor mediation by 
excitatory muscarinic receptors (M3/M5) in protein release, but more 
strongly indicate the occurrence of prejunctional muscarinic M4 
receptors. Blockade of such inhibitory receptors would result in 
increased responses to electrical stimulation of the parasympathetic 
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responses. In view of the poor effect on the fluid response and on the 
pronounced effect on the protein output, as well as the intermediate 
effect on the vascular response, and further, in connection with effects 
even at high frequencies, the release of NANC transmitters, and VIP in 
particular, seems to be mainly affected by this prejunctional 
modulation. 
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III. Neuronal release of transmitter  
(paper IV) 
 
Modulator roles of prejunctional muscarinic receptors on acetylcholine 
release from cholinergic nerve terminals have been demonstrated in 
peripheral organs of several species including man (Kilbinger et al., 
1991; Tobin, 1995; Tobin & Sjogren, 1995; Somogyi & de Groat, 
1999; D'Agostino et al., 2000; Larsen et al., 2004). The modulating 
effects include facilitation as well as inhibition. While the facilitation 
preferentially seems to occur over short periods of intense neuronal 
activity, the inhibition seems to be the basic function occurring more or 
less constantly (Tobin, 1998, 2002). Pharmacological studies 
characterizing the muscarinic prejunctional inhibitory receptors suggest 
these to be of either the M2 or the M4 subtype (Kilbinger et al., 1991; 
Alberts, 1995; D'Agostino et al., 1997; Tobin, 1998; D'Agostino et al., 
2000; Tobin, 2002). In salivary glands, the modulator prejunctional 
muscarinic receptor subtypes have been characterized out of indirect 
functional observations. Direct inhibitory and facilitator effects by 
muscarinic receptors have been observed on the release of several 
NANC transmitters from parasympathetic nerves in salivary glands 
(Tobin et al., 1991; Tobin et al., 1994). However, in salivary glands the 
effect has been most thoroughly studied on the parasympathetic release 
of VIP (Lundberg et al., 1981a; Tobin et al., 1991; Edwards et al., 
2003). The inhibitory prejunctional effect seems to be unspecific for the 
release of transmitters co-localised in the nerve, as indicated by the 
muscarinic modulator effects on typical responses to acetylcholine and 
VIP (Tobin, 1998). Since VIP is co-stored with acetylcholine 
(Lundberg, 1981), the release of VIP is therefore likely to reflect a 
general effect on the neuronal transmitters being released, even though 
the release of each may vary depending on the intensity of neuronal 
activity. By considering VIP as a marker of the effect on transmitter 
release, the detection of VIP in the glandular blood effluent demands 
relatively high nerve stimulation frequencies, since the peptidergic 
transmitters are released in low amounts at low stimulation frequency. 
But even though the parasympathetic nerve was challenged with high 
frequency of stimulation, the amount of VIP being released is small 
considering the detection limit of the ELISA tests available. 
Consequently, a big animal such as the sheep allowing for withdrawal 
of blood samples of certain volumes to be analysed is a requirement. 
Any short-lived facilitation was not even in this big animal possible to 
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study in spite of employing a high frequency of stimulation (8 Hz).  
 
Electrical stimulation of the parasympathetic chorda tympani nerve at 8 
Hz induced significant increase outflow of VIP in the submandibular 
venous effluent plasma. When the chorda tympani nerve was 
challenged by electrical stimulation in the absence of antagonist, the 
VIP output rose by nine to eleven times. After the intravenous 
administration of methoctramine, the total mean VIP output over the 10 
min stimulation was not significantly increased. In the presence of 
pirenzepine, no changes in the output occurred during the early phase 
of stimulation, whereas it was conspicuously increased in the later 
phase of the 10 min stimulation period (Figure 19).   
 
In the current experiments, pirenzepine inhibited the flow of saliva. 
Even though the existence of a VIP-evoked as well as an atropine-
resistant parasympathetic fluid response, muscarinic receptor 
stimulation is the principal stimulus for fluid secretion in the actual 
gland (Edwards et al., 2003). In view of the small VIPergic response, 
the pirenzepine inhibition of the flow of saliva is likely to be an effect 
on glandular muscarinic receptors and any blockade of postjunctional 
muscarinic receptors would override prejunctional effects increasing 
the release of VIP. However, all other parameters, i.e. protein output, 
vasodilatation and VIP release, were increased after pirenzepine 
administration, indicating a blockade of prejunctional inhibitory 
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Figure 19. Comparison of the changes in VIP output in response to chorda 
tympani stimulation at 8 Hz continuously for 10 min (from point of time 0 
to 10) in the absence () and in the presence () of methoctramine (left 
column of panels ; 100 µg/kg iv) in 5 anesthetized sheep and in the absence 
() and in the presence () of pirenzepine (right column of panels; 40 
µg/kg iv) in 6 anesthetized sheep. Values are means±S.E.M. 
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receptors. In view of the general opinion that pirenzepine preferentially 
blockades muscarinic M1 receptors, it may seem rather unexpected that 
pirenzepine showed a greater potency than the “M2/M4”-selective 
antagonist methoctramine. However, the selectivity window of 
muscarinic antagonists is very narrow. Even though pirenzepine shows 
about 100 times greater affinity for M1 than for M2 receptors, it shows 
only about five times greater for the M1 over the M4 receptor 
(Caulfield & Birdsall, 1998). Furthermore, the affinity of the currently 
used antagonists, pirenzepine and methoctramine, is close to identical 
on M4 receptors.  Nevertheless, while pirenzepine significantly 
increased the protein output, the vasodilatation and the release of VIP, 
methoctramine showed tendencies towards the same pattern. The 
reason to the poor effect of methoctramine could possibly be found in 
the pharmacology of the antagonist, which could include effects on 
nicotinic as well as on adrenergic receptors (Howell et al., 1994; 
Usherwood, 2000; Melchiorre et al., 2003) resulting in more varying 
responses. Notably, this was also indicated in the present thesis studies, 
in which methoctramine inhibited phenylephrine induced blood vessel 
contractions (paper II). 
 
A striking phenomenon within the current results is that the release of 
VIP and the VIP archetypical responses, i.e. protein secretion and 
vasodilatation, went in parallel. This favours the idea that it is the 
release of VIP that is affected by the muscarinic antagonists and not 
direct anticholinergic effects on glandular secretory and vasodilator 
responses. The fact that the blockade caused increases in these 
responses also favours a blockade of inhibitory receptors. No 
muscarinic M2 receptors were detected in the immunohistochemical 
examination of the ovine submandibular gland, and pirenzepine showed 
at least the same inhibitory potency as methoctramine. Thus, it seems 
reasonable to conclude that in this gland, inhibitory muscarinic 
receptors of the M4 subtype are localized prejunctionally and that these 
modulate the release of transmitters.  
 
However, the values of the VIP output should be interpreted with some 
caution. In the resting condition, the plasma VIP content of the venous 
and arterial samples was occasionally very close to the detection limit. 
However, the results could be considered as reliable, since clear 
progresses were found during the stimulation period, and further, since 
the typical VIP responses coincided with the release of VIP. Also, the 
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length of the experiment could have influenced the released amount of 
VIP into the venous blood since one sheep was submitted to a series of 
stimulation. It is possible that more VIP could be released from the 
nerve at the beginning of the experiment than after several periods of 
stimulation (it did not only include the 8 Hz stimulations, but also the 2 
Hz and 20 Hz bursts stimulations). In contrast to the classical 
transmitters, VIP is synthesized in the nerve cell body and transported 
by the axonal flow to the nerve terminal (Dahlstrom et al., 1992). If the 
stimulation released more than is transported by the axonal flow, there 
will be a shortage of the transmitter in peripheral end of the neuron 
(Tobin, 1998). Thus, the experimental protocol may have hampered the 
detection possibilities of muscarinic prejuncational inhibition. The 
release may have been underestimated at the end of the protocol, which 
makes the conclusion from the data of the existence of inhibitory 
muscarinic receptors on nerve terminals in the ovine submandibular 
even more definite.   
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General discussion 
 
In physiological responses, the integration of stimuli may be performed 
at different levels. So may the sensory input be, such as in salivary 
glands the result of mechanical or chemical stimulation at short or long 
duration and at varying intensity. In the central nervous system, the 
input may then be further modulated by nervous impulses from other 
areas, which consequently may result in varying efferent signals 
affecting salivary gland function. These efferent signals may not only 
employ different and interacting signals in the two autonomic nervous 
systems. They may also, by complex systems within each division, be 
further modulated. So is the release of transmitter affected by 
prejunctional receptors and the amount of co-stored transmitters 
modulated by the intensity of neuronal activity. The responses are thus 
not the result of a single type of transmitter or receptor, but the effects 
of the whole concert of interacting players either enhancing or 
inhibiting each other. Furthermore, the actual response from a salivary 
gland is also dependent on the integration of different types of functions 
within the gland. Needless to say, the blood flow through the gland 
must present fluid and molecules meeting the demands of the living 
cells necessary for its survival under normal and pathological 
conditions. However, the primary function of glandular cells, i.e., 
moistening, lubrication and digestion, put further requirements into 
focus (Pedersen et al., 2002). Namely, the quantity of fluid and 
essentials for synthesis of saliva content must be adapted to the 
circumstantial requirements.   
 
An experiment on isolated tissues only gives indications for how a 
specific mechanism may affect functions. Even though studies within 
whole body preparations, such as within the anaesthetized animal, give 
better clues for the roles of the mechanisms, the number of interactions 
and variations are obviously numerous. Therefore, the importance of 
one particular receptor system for the homeostasis of the organism is 
hard to quantify out of experimental models. However, by describing 
the effects of muscarinic receptor subtypes on glandular functions in 
different species and by different techniques, a pattern of regulatory 
effects was searched for. Common findings in the different species 
would also imply general occurrence of the mechanisms in mammals, 
including humans. 



 62 

More or less, all muscarinic receptors were detected in the salivary 
glands in the three species examined. In accordance to the orthodoxy 
idea, muscarinic M3 receptor subtype was doubtlessly the receptor 
evoking the most significant functional effects both regarding vascular 
and secretory responses. However, the postjunctional receptor subtype 
besides the M3 subtype, contributing considerably seems to be the 
muscarinic M1 receptor, which influenced both types of function. Also, 
its frequent occurrence supports this assumption, but the occurrence 
pattern indicated different roles. While muscarinic M3 receptors 
showed a general appearance, the muscarinic M1 receptors 
preferentially occurred in seromucous/mucous glands. These types of 
glands have been suggested to be particularly important during resting 
conditions, such as for meeting the demands of lubricating the oral 
cavity (Pedersen et al., 2002; Brosky, 2007). It is also noteworthy that 
the blockade of muscarinic M1 receptors in the ovine submandibular 
gland was most efficient on the fluid response at less-intense 
stimulation. It should be kept in mind that muscarinic M5 receptors 
have been indicated to exert influence on the salivary secretions in the 
rat submandibular gland (Tobin et al., 2002), but that the effect was 
small and did not favour the idea of any significant role for secretion. 
Furthermore, in the vasculature, the muscarinic receptor responses 
comprised relaxation, being at least partly NO dependent, as well as 
contractile components. In the arteries, a M1 receptor component, in 
addition to the M3 receptor relaxatory effects, may have contributed to 
the relaxation at less intense stimulation, while a non-M1 contractile 
component appeared at intense stimulation. According to the expression 
findings, this non-M1 receptor contractile effect is most likely to have 
been evoked by M3 receptors. In veins, contractions occurred, 
preferentially at less intense stimulation, which, however, were 
markedly reduced at intense stimulation, possibly indicating the 
inclusion of a relaxation component at high cholinergic activity.  This 
venous contractile effect may either be induced by inhibition of NO-
synthesis (possibly by M4 receptors) or more likely, by muscarinic 
receptor-induced contraction, presumably by M1 receptors. The 
expression pattern showing endothelial as well as more adventitial 
occurrence of muscarinic receptors supports the idea of cholinergic 
intrinsic and extrinsic systems in the regulation of the vasculature 
(Kummer & Haberberger, 1999). Tentatively, acetylcholine 
autoregulatory effects by release from endothelial and blood cells 
(Kawashima et al., 1990; Kawashima & Fujii, 2000) may be of 
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significance for the basal regulation of blood flow. These effects may 
be mediated by endothelial muscarinic M1 and M3 receptors on the 
arterial part of the vasculature, whereas endothelial muscarinic M4 
receptors may participate on the venous part. The intrinsic system may 
also include blood cell cholinergic systems, such as lymphocytes 
(Kawashima & Fujii, 2000) comprising acetylcholine synthesis as well 
as muscarinic receptors including the M5 subtype (Kawashima & Fujii, 
2004), which may further complicate the picture. The activation of the 
extrinsic system, which presumably would have been done by electrical 
stimulation of the parasympathetic innervation in the ovine 
submandibular gland, induced cholinergic vasodilatation. Inhibition of 
this response by administration of “subtype-specific” antagonists did 
not agree to any specific receptor subtype, particularly not to M1 
mediation. This may of course be the result of a composite cholinergic 
response or to the involvement of yet another type of muscarinic 
receptor subtype, possibly of the M5 subtype. All in all, a general 
feature for the muscarinic receptors according to “normal” 
physiological responses may be that in the case of resting conditions, 
the M1 receptors play a significant role, whereas muscarinic M3 
receptors seem to mediate parasympathetic cholinergic responses in the 
situation of more conspicuous glandular activation. This theory is 
further supported by the fact that while pirenzepine had a very minor 
effect on the blood flow in the sheep, which were subjected to nerve 
stimulation, it had a tendency to a more pronounced effect on the 
methacholine-induced blood in the rat flow in vivo and a substantially 
greater effect on the methacholine-induced arterial relaxation in vitro. 
 
The role of the seemingly dual cholinergic responses of arterial and 
venous preparations, that is, constriction at low cholinergic 
concentrations and possibly dilatation at large of veins and the opposite 
of arteries, may also be interpreted in the context of composite 
responses. The responses at low concentrations may reflect the effects 
during autoregulatory cholinergic mechanisms. Thus, there is an arterial 
vasodilatation and a tendency towards a constriction of the venous 
drainage. Accessory glands may secret even in the absence of 
autonomic impulses (Emmelin, 1981). The autoregulation causing 
increase in the arterial (by dilatation) as well as in the venous (by 
constriction) hydrostatic pressure, may serve to preserve filtration 
conditions by compensating for the fluid and protein secretion. In other 
glands, arteriovenous anastomoses and/or myoepithelial mechanisms 
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have suggested to exert such effects (Lung, 1998). However, as 
mentioned above (Fraser & Smaje, 1977; Ohtani et al., 1983), not all 
glands are provided with anastomoses, and further, if there is no 
autonomic signalling, some other mechanism is likely to contribute to 
preserving filtration according to the re-evaluated Starling hypothesis 
(Levick, 2004). In this context it is worth noting the findings by Lung 
(1998) when injecting acetylcholine and VIP intraarterially. While the 
hilar venous pressure rose gradually over a one minute period in spite 
of an instantaneous increase in blood flow in response to VIP, 
acetylcholine induced an immediate increase of both. The observations 
favour the idea of muscarinic receptor involvement in the regulation. 
Since the contractile response of salivary gland veins was markedly 
sensitive towards pirenzepine, as the permeability of glandular filtration 
was also, muscarinic M1 receptors (and possibly M4) are likely to exert 
the venous autoregulatory effect. Furthermore, M1 receptors may also 
contribute to the relaxatory effect on the arterial side; their occurrence 
on the endothelium and the effects of pirenzepine on arterial relaxation 
indicates this. Nevertheless, these effects seem to occur only at low 
intense stimulations. At intense stimulation, the responses were 
reversed indicating counteracting effects; for instance such as 
counteracting pronounced arterial NANC dilatator effects. 
 
The current findings regarding protein secretion could also be 
interpreted in support for the assumption that muscarinic M1 receptors 
principally mediate effects during resting conditions. Assuming M1 
receptors to cause some kind of basal effects, any pronounced 
cholinergic stimulation would add secretory products to the basal 
content. Since blockade by the antagonists favoured the idea of 
muscarinic M3/M5 receptors possibly evoking protein release, it does 
not contradict the assumption. However, the observations made on the 
protein output more strongly indicate modulation on the release of 
neuronal transmitters. The parasympathetic neuronal co-storage of 
acetylcholine and VIP (Lundberg, 1981), and that VIP is much more 
potent regarding protein secretion (Lundberg et al., 1980), means that 
any variation of the relative release of the two would have impact on 
the saliva protein concentration. Since blockade by pirenzepine, and 
possibly methoctramine also, increased the protein output, prejunctional 
muscarinic M4 receptors are plausible to modulate parasympathetic 
transmitter release, which was supported by the observations on the 
nerve-evoked release of VIP.   
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The observations made on human labial glands showed the same 
occurrence pattern for the muscarinic receptor subtypes as was found in 
the examinations of the rat and the sheep. However, in patients 
suffering from Sjögren’s syndrome, there was a conspicuous increase in 
the expression of muscarinic M3, M4 and, in particular of M5 
receptors. This is in accordance with an previous report of M3 up-
regulation (Beroukas et al., 2002), as well as the occasional glandular 
hyperfunction occurring during the disease progression (Dawson et al., 
2005). M5 receptor up-regulation has been associated with 
inflammation in other tissues (Wood et al., 2000; Giglio et al., 2005; 
Eglen, 2006), but to my knowledge it has not been reported in man 
before. Thus these findings may strengthen the idea of a role for M5 in 
the cross-talk between the nervous and the immune system, regulating 
pathological mechanisms. 
 
Concluding comments 
Most autonomic responses in salivary glands, if not all, represent the 
composite effects of activation of different types and subtypes of 
receptors. The glands in all species examined showed some principal 
similarities; muscarinic M3 receptors were of utter importance for the 
nerve-evoked cholinergic responses, while muscarinic M1 receptors 
mediated effects by low intensity cholinergic stimulation. Tentatively, 
this could mean that nerve activity of certain intensity evokes responses 
that are primarily mediated by muscarinic M3 receptors, while 
cholinergic function under resting conditions, or at least at less intense 
stimulation, is mediated by the M1 subtype. The autoregulation of 
blood flow may represent an example of the latter. The nerve-evoked 
parasympathetic responses are modulated by prejunctional muscarinic 
receptors of the M4 subtype. Furthermore, in pathological conditions, 
other subtypes and systems may be recruited. The muscarinic M5 
receptor is one such candidate.  
 
Expression of muscarinic receptor subtypes and their cellular location.  
All subtypes occurred in the salivary glands, but the degree of 
expression varied. In the glandular vasculature, muscarinic M3 
receptors are expressed on endothelial and smooth muscle cells in the 
arteries, while muscarinic M1 receptors seem to be the most prominent 
in the endothelium. In veins, muscarinic M1 receptor occurs in the 
venous smooth muscle layer also.  In the glandular parenchymal tissue 
seromucous/mucous glands, the M1 receptor was commonly expressed 
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besides the muscarinic M3 receptors. In vicinity to glandular acini as 
well as in adventitial tissue of more or less all kinds of glands, 
muscarinic M1, M4 and M5 receptors were expressed, interpreted as 
nerve terminal, and possibly also, myoepithelial cell expression of 
muscarinic receptors. 
 
Functional characterization of the muscarinic receptor subtypes 
according to vascular effects 
Submandibular as well as carotid arteries relaxed in response to 
muscarinergic stimulation, partially via a nitric oxide-dependent 
mechanism. Submandibular and jugular veins contracted. In the 
carotids, M1 receptors may evoke a large part of the relaxation, at least 
that representing the intrinsic system. However, at high concentrations 
of muscarinic agonists and during blockade of M1 receptors, a 
contractile response may appear, probably via M3 receptor mediation. 
In the jugulars, a muscarinic M1 receptor contraction is suggested. In 
the submandibular vein, the contraction occurs at low concentrations of 
agonist.  The overall effect on the glandular blood flow is 
vasodilatation and this effect is mainly evoked by muscarinic M3 
receptors. However, muscarinic M1 or M5 or possibly both receptors 
may participate. Since blockade of M1 receptors seemed to have greater 
effect when the muscarinic receptors were stimulated by an intravenous 
muscarinic agonist, than by stimulation by nerve stimulation, 
muscarinic M1 receptors are suggested to be involved in the intrinsic 
system. Furthermore, the muscarinic M1 receptor affected vascular 
filtration.  
 
Functional characterization of the muscarinic receptor subtypes 
according to secretory effects 
Muscarinic M1 receptors account for a significant proportion of the 
cholinergic parasympathetic secretory response, and at low intensity of 
nerve activity, their contribution may be larger than that of muscarinic 
M3 receptors. If any particular muscarinic receptor subtype contributes 
more than another to the secretion of protein, this receptor may be an 
excitatory muscarinic receptor of the M3 or possibly the M5 subtype.  

 
Functional characterization of the muscarinic receptor subtypes 
according to neuronal transmission 
Inhibitory muscarinic receptors of the M4 subtype may occur 
prejunctionally on parasympathetic nerve terminals. In the sheep, these 
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receptors potently inhibited the release of VIP, but are likely to have an 
impact on the release of acetylcholine as well.  
 
Thus, it is shown in the thesis that: 
 

• All subtypes of the muscarinic receptor occur in the salivary 
glands 

 
• Muscarinic M1 receptors accompany the M3 receptor both in 

the vasculature and in the secretory parenchyma  
 

• The muscarinic M1 receptor expression as well as its function 
is particularly obvious in seromucous/mucous glands  

 
• Muscarinic M1 receptors have contractile effects in veins and 

affect the permeability of the glandular (submandibular) 
vasculature  

 
• Muscarinic M4 receptors are expressed on parasympathetic 

nerve terminals and modulate the release of transmitter 
 

• Muscarinic M5 receptors are increased in Sjögren’s syndrome, 
and are suggested to have a role in pathophysiological 
regulatory mechanisms. 



 68 

Acknowledgements 
 
Firstly, I offer my most heartfelt thanks to my tutor, Gunnar Tobin, 
for making this thesis possible, for giving me the opportunity to do 
research in his group, for sharing his vast knowledge in autonomic 
pharmacology with me, for encouragement and guidance, for many 
interesting discussions on diverse subjects (including science), and 
foremost for introducing me to my wife. 
 
Daniel Giglio, for introducing me to the work at the lab, for years of 
cooperation, for all his feedback on scientific issues, and for his knack 
for finding plural forms of verbs in this thesis. 
 
Michael Andersson, for many opportunities to joke with him, for 
many good jokes, for great collaboration on student matters and for 
raising a slight interest for American football in me. But you have to 
admit that I’m always right in certain matters. 
 
Patrik Aronsson for many a good laughs, for interesting discussions, 
and for helping me with my dissertation party. 
 
Kathryn Gradin for introducing me to the myograph and for sharing 
her knowledge of blood vessel pharmacology. 
 
Ondrej Soukup for being a great project worker, for contributing to 
many projects, and for giving a whole new meaning to the word 
“pingis”. 
 
Hanna Selberg, for her skill at the lab, for many hours of talking, and 
for nagging me to get things done, both in the lab and outside. 
 
I would also like to thank my co-authors, Louise Axelsson, the late 
Anthony V Edwards, Bengt Götrick and Gunnar Warfvinge for 
their contributions to the papers. 
 
Everyone at the section of Section of Pharmacology as well as past 
and present project workers in this group for providing a good 
atmosphere. 
 



 69 

HistoCenter, Västra Föulunda, for sectioning of tissues and the Centre 
for Cellular Imaging at the Sahlgrenska Academy for use of 
equipment. 
 
Leaving the field of science, I would like to thank my friends, 
especially the old crowd from BVLP, for encouragement and for 
making my life outside the lab much more enjoyable. My thanks go to 
Albina, Anna, Anna, Matilda, Mia and Tania. 
 
I would like to thank my parents, Dad and Ninni, for simply being 
great, for all their help and never-ending faith in me. Without you and 
your support I would never have made it this far. 
 
My brother Tobias and my sister-in-law, Lisa for their friendship, their 
encouragement, and for providing me with violin strings. I hope that I 
can be of some kind of help during your next great adventure. 
 
My mother-in-law, Marylone for giving me the opportunity to breath 
fresh air, for lovely honey, and for raising a wonderful daughter. 
 
Finally I would like to thank my number one finding at the lab, my wife 
Maria, for her never-ending love and for the immense joy she has 
given me. Words are not enough. 
 
The study was supported by grants from the Swedish Dental Society, 
Wilhelm och Martina Lundgrens Vetenskapsfond, and Magnus 
Bergvall’s Foundation. 



 70 

References. 
 
ALBERTS, P. (1995). Classification of the presynaptic muscarinic receptor subtype that 

regulates 3H-acetylcholine secretion in the guinea pig urinary bladder in 
vitro. J Pharmacol Exp Ther 274, 458-468. 

ANDERSON, L. C. & GARRETT, J. R. (1998). Neural regulation of blood flow in the rat 
submandibular gland. Eur J Morphol 36 Suppl, 213-218. 

ANDERSON, L. C. & GARRETT, J. R. (2004). Neural regulation of submandibular gland 
blood flow in the streptozotocin-diabetic rat: evidence for impaired 
endothelium-dependent vasodilatation. Arch Oral Biol 49, 183-191. 

ANDERSSON, P. O., BLOOM, S. R. & EDWARDS, A. V. (1982a). Parotid responses to 
stimulation of the parasympathetic innervation in bursts in weaned lambs. J 
Physiol 330, 163-174. 

ANDERSSON, P. O., BLOOM, S. R., EDWARDS, A. V. & JARHULT, J. (1982b). Effects of 
stimulation of the chorda tympani in bursts on submaxillary responses in the 
cat. J Physiol 322, 469-483. 

ASZTELY, A., HAVEL, G. & EKSTROM, J. (1998). Vascular protein leakage in the rat 
parotid gland elicited by reflex stimulation, parasympathetic nerve 
stimulation and administration of neuropeptides. Regul Pept 77, 113-120. 

AYER, A., ANTIC, V., DULLOO, A. G., VAN VLIET, B. N. & MONTANI, J. P. (2007). 
Hemodynamic consequences of chronic parasympathetic blockade with a 
peripheral muscarinic antagonist. Am J Physiol Heart Circ Physiol. 

BAUM, B. J. & WELLNER, R. B. (1999). Receptors in salivary glands. In Frontiers of 
oral biology, vol. 11. ed. GARRETT, J. R., EKSTRÖM, J. & ANDERSON, L. C., 
pp. 44-58. Karger, Basel. 

BERGGREEN, E. & WIIG, H. (2006). Lowering of interstitial fluid pressure in rat 
submandibular gland: a novel mechanism in saliva secretion. Am J Physiol 
Heart Circ Physiol 290, H1460-1468. 

BEROUKAS, D., GOODFELLOW, R., HISCOCK, J., JONSSON, R., GORDON, T. P. & 
WATERMAN, S. A. (2002). Up-regulation of M3-muscarinic receptors in labial 
salivary gland acini in primary Sjogren's syndrome. Lab Invest 82, 203-210. 

BLOOM, S. R. & EDWARDS, A. V. (1979). The relationship between release of 
vasoactive intestinal peptide in the salivary gland of the cat in response to 
parasympathetic stimulation and the atropine resistant vasodilatation. J 
Physiol 295, 35P-36P. 

BLOOM, S. R. & EDWARDS, A. V. (1980). Vasoactive intestinal peptide in relation to 
atropine resistant vasodilatation in the submaxillary gland of the cat. J 
Physiol 300, 41-53. 

BROSKY, M. E. (2007). The role of saliva in oral health: strategies for prevention and 
management of xerostomia. J Support Oncol 5, 215-225. 

BUCKLEY, N. J. & BURNSTOCK, G. (1984). Distribution of muscarinic receptors on 
cultured myenteric neurons. Brain Res 310, 133-137. 

BUCKLEY, N. J. & BURNSTOCK, G. (1986). Autoradiographic localization of peripheral 
M1 muscarinic receptors using [3H]pirenzepine. Brain Res. 375, 83-91. 

BYMASTER, F. P., CARTER, P. A., YAMADA, M., GOMEZA, J., WESS, J., HAMILTON, S. 
E., NATHANSON, N. M., MCKINZIE, D. L. & FELDER, C. C. (2003). Role of 
specific muscarinic receptor subtypes in cholinergic parasympathomimetic 



 71 

responses, in vivo phosphoinositide hydrolysis, and pilocarpine-induced 
seizure activity. Eur J Neurosci 17, 1403-1410. 

CASANOVA, M. F. & TRIPPE, J., 2ND. (2006). Regulatory mechanisms of cortical 
laminar development. Brain Res Rev 51, 72-84. 

CAULFIELD, M. P. (1993). Muscarinic receptors--characterization, coupling and 
function. Pharmacol Ther 58, 319-379. 

CAULFIELD, M. P. & BIRDSALL, N. J. (1998). International Union of Pharmacology. 
XVII. Classification of muscarinic acetylcholine receptors. Pharmacol Rev 
50, 279-290. 

COHEN, M. L. & WILEY, K. S. (1978). Rat jugular vein relaxes to norepinephrine, 
phenylephrine and histamine. J Pharmacol Exp Ther 205, 400-409. 

CULP, D. J., LUO, W., RICHARDSON, L. A., WATSON, G. E. & LATCHNEY, L. R. (1996). 
Both M1 and M3 receptors regulate exocrine secretion by mucous acini. Am J 
Physiol 271, C1963-1972. 

D'AGOSTINO, G., BARBIERI, A., CHIOSSA, E. & TONINI, M. (1997). M4 muscarinic 
autoreceptor-mediated inhibition of -3H-acetylcholine release in the rat 
isolated urinary bladder. J Pharmacol Exp Ther 283, 750-756. 

D'AGOSTINO, G., BOLOGNESI, M. L., LUCCHELLI, A., VICINI, D., BALESTRA, B., SPELTA, 
V., MELCHIORRE, C. & TONINI, M. (2000). Prejunctional muscarinic 
inhibitory control of acetylcholine release in the human isolated detrusor: 
involvement of the M4 receptor subtype. Br J Pharmacol 129, 493-500. 

DAHLSTROM, A. B., CZERNIK, A. J. & LI, J. Y. (1992). Organelles in fast axonal 
transport. What molecules do they carry in anterograde vs retrograde 
directions, as observed in mammalian systems? Mol Neurobiol 6, 157-177. 

DAWSON, L., TOBIN, A., SMITH, P. & GORDON, T. (2005). Antimuscarinic antibodies in 
Sjogren's syndrome: where are we, and where are we going? Arthritis Rheum 
52, 2984-2995. 

DEIGHAN, C., METHVEN, L., NAGHADEH, M. M., WOKOMA, A., MACMILLAN, J., DALY, 
C. J., TANOUE, A., TSUJIMOTO, G. & MCGRATH, J. C. (2005). Insights into the 
functional roles of alpha(1)-adrenoceptor subtypes in mouse carotid arteries 
using knockout mice. Br J Pharmacol 144, 558-565. 

DING, X. & MURRAY, P. A. (2007). Acetylcholine activates protein kinase C-alpha in 
pulmonary venous smooth muscle. Anesthesiology 106, 507-514. 

DORJE, F., LEVEY, A. I. & BRANN, M. R. (1991). Immunological detection of 
muscarinic receptor subtype proteins (m1-m5) in rabbit peripheral tissues. 
Mol Pharmacol 40, 459-462. 

EDWARDS, A. V. (1998). Autonomic control of salivary blood flow. In Frontiers of oral 
biology, vol. 10. ed. GARRETT, J. R., EKSTROM, J. & ANDERSON, L. C., pp. 
101-117. Karger, Basel. 

EDWARDS, A. V., ANDERSSON, P. O., JARHULT, J. & BLOOM, S. R. (1984). Studies of 
the importance of the pattern of autonomic stimulation in relation to 
alimentary effectors. Q J Exp Physiol 69, 607-614. 

EDWARDS, A. V. & GARRETT, J. R. (1993). Nitric oxide-related vasodilator responses to 
parasympathetic stimulation of the submandibular gland in the cat. J. Physiol. 
464, 379-392. 

EDWARDS, A. V. & TITCHEN, D. A. (2002). The effect of parasympathetic 
postganglionic denervation on parotid salivary protein secretion in 
anaesthetized sheep. Auton Neurosci 100, 50-57. 



 72 

EDWARDS, A. V., TOBIN, G., EKSTROM, J. & BLOOM, S. R. (1996). Nitric oxide and 
release of the peptide VIP from parasympathetic terminals in the 
submandibular gland of the anaesthetized cat. Exp Physiol 81, 349-359. 

EDWARDS, C. M., CORKERY, P. P. & EDWARDS, A. V. (2003). Submandibular responses 
to stimulation of the parasympathetic innervation in anesthetized sheep. J 
Appl Physiol 95, 1598-1605. 

EGLEN, R. M. (2006). Muscarinic receptor subtypes in neuronal and non-neuronal 
cholinergic function. Auton Autacoid Pharmacol 26, 219-233. 

EGLEN, R. M. & NAHORSKI, S. R. (2000). The muscarinic M(5) receptor: a silent or 
emerging subtype? Br J Pharmacol 130, 13-21. 

EGLEN, R. M., REDDY, H., WATSON, N. & CHALLISS, R. A. (1994). Muscarinic 
acetylcholine receptor subtypes in smooth muscle. Trends Pharmacol Sci 15, 
114-119. 

EKSTROM, J., MANSSON, B. & TOBIN, G. (1983). Vasoactive intestinal peptide evoked 
secretion of fluid and protein from rat salivary glands and the development of 
supersensitivity. Acta Physiol Scand 119, 169-175. 

EKSTROM, J., MARSHALL, T., TOBIN, G. & WILLIAMS, K. M. (1996). Electrophoretic 
analysis of rat parotid salivary protein composition: investigation of the 
parasympathetic atropine-resistant secretion. Acta Physiol Scand 156, 75-79. 

EKSTROM, J. & TOBIN, G. (1989). Secretion of protein from salivary glands in the ferret 
in response to vasoactive intestinal peptide. J Physiol 415, 131-141. 

EKSTROM, J. & TOBIN, G. (1990). Protein secretion in salivary glands of cats in vivo 
and in vitro in response to vasoactive intestinal peptide. Acta Physiol Scand 
140, 95-103. 

EKSTRÖM, J. (1999). Role of nonadrenergic, noncholinergic autonomic transmitters in 
salivary glandular activities. In Frontiers of oral biology, vol. 11. ed. 
GARRETT, J. R., EKSTRÖM, J. & ANDERSON, L. C., pp. 94-130. Karger, Basel. 

EKSTRÖM, J. & TOBIN, G. (1990). Protein secretion in salivary glands of cats in vivo 
and in vitro in response to vasoactive intestinal peptide. Acta Physiol Scand 
140, 95-103. 

ELHUSSEINY, A. & HAMEL, E. (2000). Muscarinic--but not nicotinic--acetylcholine 
receptors mediate a nitric oxide-dependent dilation in brain cortical arterioles: 
a possible role for the M5 receptor subtype. J Cereb Blood Flow Metab 20, 
298-305. 

EMMELIN, N. (1981). Nervous control of mammalian salivary glands. Philos Trans R 
Soc Lond B Biol Sci 296, 27-35. 

EMMELIN, N. (1987). Nerve interactions in salivary glands. J Dent Res 66, 509-517. 
EMMELIN, N. & ENGSTROM, J. (1960). On the existence of specific secretory 

sympathetic fibres for the cat's submaxillary gland. J Physiol 153, 1-8. 
EMMELIN, N., GARRETT, J. R. & OHLIN, P. (1968). Neural control of salivary 

myoepithelial cells. J Physiol 196, 381-396. 
FIGINI, M., EMANUELI, C., GRADY, E. F., KIRKWOOD, K., PAYAN, D. G., ANSEL, J., 

GERARD, C., GEPPETTI, P. & BUNNETT, N. (1997). Substance P and 
bradykinin stimulate plasma extravasation in the mouse gastrointestinal tract 
and pancreas. Am J Physiol 272, G785-793. 

FLYNN, D. D., REEVER, C. M. & FERRARI-DILEO, G. (1997). Pharmacological strategies 
to selectively label and localize muscarinic receptor subtypes. Drug Dev. Res. 
40, 104-116. 

FOX, R. I. (2005). Sjogren's syndrome. Lancet 366, 321-331. 



 73 

FRASER, P. A. & SMAJE, L. H. (1977). The organization of the salivary gland 
microcirculation. J Physiol 272, 121-136. 

FRASER, P. A., SMAJE, L. H. & VERRINDER, A. (1978). Microvascular pressures and 
filtration coefficients in the cat mesentery. J Physiol 283, 439-456. 

FRUCHT, H., JENSEN, R. T., DEXTER, D., YANG, W. L. & XIAO, Y. (1999). Human colon 
cancer cell proliferation mediated by the M3 muscarinic cholinergic receptor. 
Clin Cancer Res 5, 2532-2539. 

FURCHGOTT, R. F. (1999). Endothelium-derived relaxing factor: discovery, early 
studies, and identification as nitric oxide. Biosci Rep 19, 235-251. 

FURCHGOTT, R. F. & ZAWADZKI, J. V. (1980). The obligatory role of endothelial cells in 
the relaxation of arterial smooth muscle by acetylcholine. Nature 288, 373-
376. 

GARCIA, N., SANTAFE, M. M., SALON, I., LANUZA, M. A. & TOMAS, J. (2005). 
Expression of muscarinic acetylcholine receptors (M1-, M2-, M3- and M4-
type) in the neuromuscular junction of the newborn and adult rat. Histol 
Histopathol 20, 733-743. 

GARRETT, J. R. (1987). The proper role of nerves in salivary secretion: a review. J Dent 
Res 66, 387-397. 

GARRETT, J. R. (1999). Nerves in the Main Salivary Glands. In Neural Mechanisms of 
Salivary Gland Secretion, vol. 11. ed. GARRETT, J. R., EKSTRÖM, J. & 
ANDERSON, L. C., pp. 1-25. Karger, Basel. 

GAUTAM, D., HEARD, T. S., CUI, Y., MILLER, G., BLOODWORTH, L. & WESS, J. (2004). 
Cholinergic stimulation of salivary secretion studied with M1 and M3 
muscarinic receptor single- and double-knockout mice. Mol Pharmacol 66, 
260-267. 

GIGLIO, D., RYBERG, A. T., TO, K., DELBRO, D. S. & TOBIN, G. (2005). Altered 
muscarinic receptor subtype expression and functional responses in 
cyclophosphamide induced cystitis in rats. Auton Neurosci 122, 9-20. 

GOSENS, R., BOS, I. S., ZAAGSMA, J. & MEURS, H. (2005). Protective effects of 
tiotropium bromide in the progression of airway smooth muscle remodeling. 
Am J Respir Crit Care Med 171, 1096-1102. 

GOYAL, R. K. (1988). Identification, localization and classification of muscarinic 
receptor subtypes in the gut. Life Sci 43, 2209-2220. 

GREGA, G. J. & ADAMSKI, S. W. (1988). The role of venular endothelial cells in the 
regulation of macromolecular permeability. Microcirc Endothelium 
Lymphatics 4, 143-167. 

GUYTON, A. C. (1963). A concept of negative interstitial pressure based on pressures in 
implanted perforated capsules. Circ Res 12, 399-414. 

HABERBERGER, R., SCHEMANN, M., SANN, H. & KUMMER, W. (1997). Innervation 
pattern of guinea pig pulmonary vasculature depends on vascular diameter. J 
Appl Physiol 82, 426-434. 

HAMMER, R., BERRIE, C. P., BIRDSALL, N. J., BURGEN, A. S. & HULME, E. C. (1980). 
Pirenzepine distinguishes between different subclasses of muscarinic 
receptors. Nature 283, 90-92. 

HANNA, S. J. & EDWARDS, A. V. (1998). The role of nitric oxide in the control of 
protein secretion in the parotid gland of anaesthetized sheep. Exp Physiol 83, 
533-544. 

HARRINGTON, A. M., HUTSON, J. M. & SOUTHWELL, B. R. (2007). 
Immunohistochemical localisation of cholinergic muscarinic receptor subtype 



 74 

1 (M1r) in the guinea pig and human enteric nervous system. J Chem 
Neuroanat 33, 193-201. 

HEIDENHAIN, R. (1872). Ueber die Wirkung eniger Gifte auf di Nerven der glandula 
Submaxillaris. Archiv für die gesamte Physiologie, 309-318. 

HENRICH, M., HABERBERGER, R. V., HEMPELMANN, G. & KUMMER, W. (2003). 
Quantitative immunohistochemical investigation of the intrinsic vasodilator 
innervation of the guinea pig lingual artery. Auton Neurosci 103, 72-82. 

HOWELL, R. E., KOVALSKY, M. P. & LAEMONT, K. D. (1994). Methoctramine induces 
nonspecific airway hyperresponsiveness in vivo. Eur J Pharmacol 265, 67-
75. 

HUGHES, R., MAY, A. J. & WIDDICOMBE, J. G. (1958). Mechanical factors in the 
formation of oedema in perfused rabbits' lungs. J Physiol 142, 292-305. 

HULME, E. C. (1990). Muscarinic acetylcholine receptors: typical G-coupled receptors. 
Symp Soc Exp Biol 44, 39-54. 

HULME, E. C., BIRDSALL, N. J. & BUCKLEY, N. J. (1990). Muscarinic receptor subtypes. 
Annu Rev Pharmacol Toxicol 30, 633-673. 

JACOB, M., BRUEGGER, D., REHM, M., STOECKELHUBER, M., WELSCH, U., CONZEN, P. 
& BECKER, B. F. (2007). The endothelial glycocalyx affords compatibility of 
Starling's principle and high cardiac interstitial albumin levels. Cardiovasc 
Res 73, 575-586. 

JERUSALINSKY, D., KORNISIUK, E., ALFARO, P., QUILLFELDT, J., FERREIRA, A., RIAL, V. 
E., DURAN, R. & CERVENANSKY, C. (2000). Muscarinic toxins: novel 
pharmacological tools for the muscarinic cholinergic system. Toxicon 38, 
747-761. 

JONES, C. J. (1979). Perivascular nerves in the rat submandibular salivary gland. 
Neurosci Lett 13, 19-23. 

KAWASHIMA, K. & FUJII, T. (2000). Extraneuronal cholinergic system in lymphocytes. 
Pharmacol Ther 86, 29-48. 

KAWASHIMA, K. & FUJII, T. (2004). Expression of non-neuronal acetylcholine in 
lymphocytes and its contribution to the regulation of immune function. Front 
Biosci 9, 2063-2085. 

KAWASHIMA, K., WATANABE, N., OOHATA, H., FUJIMOTO, K., SUZUKI, T., ISHIZAKI, Y., 
MORITA, I. & MUROTA, S. (1990). Synthesis and release of acetylcholine by 
cultured bovine arterial endothelial cells. Neurosci Lett 119, 156-158. 

KHOSRAVANI, N., EKMAN, R. & EKSTROM, J. (2007). Acetylcholine synthesis, 
muscarinic receptor subtypes, neuropeptides and secretion of ferret salivary 
glands with special reference to the zygomatic gland. Arch Oral Biol 52, 417-
426. 

KILBINGER, H., SCHNEIDER, R., SIEFKEN, H., WOLF, D. & D'AGOSTINO, G. (1991). 
Characterization of prejunctional muscarinic autoreceptors in the guinea-pig 
trachea. Br J Pharmacol 103, 1757-1763. 

KILBINGER, H., VON BARDELEBEN, R. S., SIEFKEN, H. & WOLF, D. (1995). Prejunctional 
muscarinic receptors regulating neurotransmitter release in airways. Life Sci 
56, 981-987. 

KIRKPATRICK, C. J., BITTINGER, F., NOZADZE, K. & WESSLER, I. (2003). Expression and 
function of the non-neuronal cholinergic system in endothelial cells. Life Sci 
72, 2111-2116. 

KRAUSZ, S. (1977). A pharmacological study of the control of nasal cooling in the dog. 
Pflugers Arch 372, 115-119. 



 75 

KROGH, A., LANDIS, E. M. & TURNER, A. H. (1932). The Movement of Fluid through 
the Human Capillary Wall in Relation to Venous Pressure and to the Colloid 
Osmotic Pressure of the Blood. J Clin Invest 11, 63-95. 

KUBO, T., FUKUDA, K., MIKAMI, A., MAEDA, A., TAKAHASHI, H., MISHINA, M., HAGA, 
T., HAGA, K., ICHIYAMA, A., KANGAWA, K. & ET AL. (1986). Cloning, 
sequencing and expression of complementary DNA encoding the muscarinic 
acetylcholine receptor. Nature 323, 411-416. 

KUMMER, W. & HABERBERGER, R. (1999). Extrinsic and intrinsic cholinergic systems 
of the vascular wall. Eur J Morphol 37, 223-226. 

LARSEN, G. L., LOADER, J., NGUYEN, D. D., FRATELLI, C., DAKHAMA, A. & 
COLASURDO, G. N. (2004). Mechanisms determining cholinergic neural 
responses in airways of young and mature rabbits. Pediatr Pulmonol 38, 97-
106. 

LARSSON, O., DETSCH, T. & FREDHOLM, B. B. (1990). VIP and forskolin enhance 
carbachol-induced K+ efflux from rat salivary gland fragments by a Ca2(+)-
sensitive mechanism. Am J Physiol 259, C904-910. 

LEVEEN, H. H. & FISHMAN, W. H. (1947). Combination of Evans Blue with plasma 
protein: its significance in capillary permeability studies, blood dye 
disappearance curves, and its use as a protein tag. Am J Physiol 151, 26-33. 

LEVEY, A. I. (1993). Immunological localization of m1-m5 muscarinic acetylcholine 
receptors in peripheral tissues and brain. Life Sci 52, 441-448. 

LEVICK, J. R. (2004). Revision of the Starling principle: new views of tissue fluid 
balance. J Physiol 557, 704. 

LOWRY, O. H., ROSEBROUGH, N. J., FARR, A. L. & RANDALL, R. J. (1951). Protein 
measurement with the Folin phenol reagent. J Biol Chem 193, 265-275. 

LUNDBERG, J. M. (1981). Evidence for coexistence of vasoactive intestinal polypeptide 
(VIP) and acetylcholine in neurons of cat exocrine glands. Morphological, 
biochemical and functional studies. Acta Physiol Scand Suppl 496, 1-57. 

LUNDBERG, J. M., ANGGARD, A. & FAHRENKRUG, J. (1981a). Complementary role of 
vasoactive intestinal polypeptide (VIP) and acetylcholine for cat 
submandibular gland blood flow and secretion. I. VIP release. Acta Physiol 
Scand 113, 317-327. 

LUNDBERG, J. M., ANGGARD, A. & FAHRENKRUG, J. (1981b). Complementary role of 
vasoactive intestinal polypeptide (VIP) and acetylcholine for cat 
submandibular gland blood flow and secretion. II. Effects of cholinergic 
antagonists and VIP antiserum. Acta Physiol Scand 113, 329-336. 

LUNDBERG, J. M., ANGGARD, A. & FAHRENKRUG, J. (1982). Complementary role of 
vasoactive intestinal polypeptide (VIP) and acetylcholine for cat 
submandibular gland blood flow and secretion. Acta Physiol Scand 114, 329-
337. 

LUNDBERG, J. M., ANGGARD, A., FAHRENKRUG, J., HOKFELT, T. & MUTT, V. (1980). 
Vasoactive intestinal polypeptide in cholinergic neurons of exocrine glands: 
functional significance of coexisting transmitters for vasodilation and 
secretion. Proc Natl Acad Sci U S A 77, 1651-1655. 

LUNDBERG, J. M., FAHRENKRUG, J., LARSSON, O. & ANGGARD, A. (1984). Corelease of 
vasoactive intestinal polypeptide and peptide histidine isoleucine in relation 
to atropine-resistant vasodilation in cat submandibular salivary gland. 
Neurosci Lett 52, 37-42. 



 76 

LUNDE, P. K. & WAALER, B. A. (1969). Transvascular fluid balance in the lung. J 
Physiol 205, 1-18. 

LUNG, M. A. (1998). Autonomic nervous control of venous pressure and secretion in 
submandibular gland of anesthetized dogs. Am J Physiol 275, G331-341. 

LUO, W., LATCHNEY, L. R. & CULP, D. J. (2001). G protein coupling to M1 and M3 
muscarinic receptors in sublingual glands. Am. J. Physiol. Cell. Physiol. 280, 
C884-896. 

MAEDA, A., KUBO, T., MISHINA, M. & NUMA, S. (1988). Tissue distribution of mRNAs 
encoding muscarinic acetylcholine receptor subtypes. FEBS Lett 239, 339-
342. 

MARTINEZ, J. R., QUISSELL, D. O., WOOD, D. L. & GILES, M. (1975). Abnormal 
secretory response to parasympathomimetic and sympathomimetic 
stimulations from the submaxillary gland of rats treated with reserpine. J 
Pharmacol Exp Ther 194, 384-395. 

MARTOS, F., MONFERINI, E., GIRALDO, E., DE PAOLI, A. M. & HAMMER, R. (1987). 
Characterization of muscarinic receptors in salivary and lacrimal glands of 
the rat. Eur J Pharmacol 143, 189-194. 

MATSUI, M., MOTOMURA, D., KARASAWA, H., FUJIKAWA, T., JIANG, J., KOMIYA, Y., 
TAKAHASHI, S. & TAKETO, M. M. (2000). Multiple functional defects in 
peripheral autonomic organs in mice lacking muscarinic acetylcholine 
receptor gene for the M3 subtype. Proc Natl Acad Sci U S A 97, 9579-9584. 

MCLESKEY, S. W. & WOJCIK, W. J. (1990). Identification of muscarinic receptor 
subtypes present in cerebellar granule cells: prevention of [3H]propylbenzilyl 
choline mustard binding with specific antagonists. Neuropharmacology 29, 
861-868. 

MEI, L., ROESKE, W. R., IZUTSU, K. T. & YAMAMURA, H. I. (1990). Characterization of 
muscarinic acetylcholine receptors in human labial salivary glands. Eur J 
Pharmacol 176, 367-370. 

MELCHIORRE, C., ANTONELLO, A., BANZI, R., BOLOGNESI, M. L., MINARINI, A., ROSINI, 
M. & TUMIATTI, V. (2003). Polymethylene tetraamine backbone as template 
for the development of biologically active polyamines. Med Res Rev 23, 200-
233. 

MELOY, T. D., DANIELS, D. V., HEGDE, S. S., EGLEN, R. M. & FORD, A. P. (2001). 
Functional characterization of rat submaxillary gland muscarinic receptors 
using microphysiometry. Br J Pharmacol 132, 1606-1614. 

MICHELS, L. D., O'DONNELL, M. P. & KEANE, W. F. (1984). Glomerular hemodynamic 
and structural correlations in long-term experimental diabetic rats. J Lab Clin 
Med 103, 840-847. 

MITA, Y., DOBASHI, K., SUZUKI, K., MORI, M. & NAKAZAWA, T. (1996). Induction of 
muscarinic receptor subtypes in monocytic/macrophagic cells differentiated 
from EoL-1 cells. Eur J Pharmacol 297, 121-127. 

MORLEY, J., SCHACHTER, M. & SMAJE, L. H. (1966). Vasodilatation in the submaxillary 
gland of the rabbit. J Physiol 187, 595-602. 

NAKAMURA, T., MATSUI, M., UCHIDA, K., FUTATSUGI, A., KUSAKAWA, S., 
MATSUMOTO, N., NAKAMURA, K., MANABE, T., TAKETO, M. M. & 
MIKOSHIBA, K. (2004). M(3) muscarinic acetylcholine receptor plays a 
critical role in parasympathetic control of salivation in mice. J Physiol 558, 
561-575. 



 77 

NDOYE, A., BUCHLI, R., GREENBERG, B., NGUYEN, V. T., ZIA, S., RODRIGUEZ, J. G., 
WEBBER, R. J., LAWRY, M. A. & GRANDO, S. A. (1998). Identification and 
mapping of keratinocyte muscarinic acetylcholine receptor subtypes in human 
epidermis. J Invest Dermatol 111, 410-416. 

NELSON, C. P., GUPTA, P., NAPIER, C. M., NAHORSKI, S. R. & CHALLISS, R. A. (2004). 
Functional Selectivity of Muscarinic Receptor Antagonists for Inhibition of 
M3-Mediated Phosphoinositide Responses in Guinea-Pig Urinary Bladder 
and Submandibular Salivary Gland. J Pharmacol Exp Ther. 

O'ROURKE, S. T. & VANHOUTTE, P. M. (1987). Subtypes of muscarinic receptors on 
adrenergic nerves and vascular smooth muscle of the canine saphenous vein. 
J Pharmacol Exp Ther 241, 64-67. 

OHAMA, T., HORI, M. & OZAKI, H. (2007). Mechanism of abnormal intestinal motility 
in inflammatory bowel disease: how smooth muscle contraction is reduced? J 
Smooth Muscle Res 43, 43-54. 

OHTANI, O., OHTSUKA, A., LIPSETT, J. & GANNON, B. (1983). The microvasculature of 
rat salivary glands. A scanning electron microscopic study. Acta Anat (Basel) 
115, 345-356. 

PAVLOV, V. A. & TRACEY, K. J. (2006). Controlling inflammation: the cholinergic anti-
inflammatory pathway. Biochem Soc Trans 34, 1037-1040. 

PEDERSEN, A. M., BARDOW, A., JENSEN, S. B. & NAUNTOFTE, B. (2002). Saliva and 
gastrointestinal functions of taste, mastication, swallowing and digestion. 
Oral Dis 8, 117-129. 

PHILLIPS, J. K., VIDOVIC, M. & HILL, C. E. (1996). Alpha-adrenergic, neurokinin and 
muscarinic receptors in rat mesenteric artery; an mRNA study during 
postnatal development. Mech Ageing Dev 92, 235-246. 

PHILLIPS, J. K., VIDOVIC, M. & HILL, C. E. (1997). Variation in mRNA expression of 
alpha-adrenergic, neurokinin and muscarinic receptors amongst four arteries 
of the rat. J Auton Nerv Syst 62, 85-93. 

PINKSTAFF, C. A. (1993). Serous, seromucous, and special serous cells in salivary 
glands Microsc Res Tech 26, 21-31. 

POWIS, D. A. & BUNN, S. J. (1995). Nerutransmitter release and its modulation. 
Cambridge University Press, Cambridge. 

PREIKSAITIS, H. G., KRYSIAK, P. S., CHRONES, T., RAJGOPAL, V. & LAURIER, L. G. 
(2000). Pharmacological and molecular characterization of muscarinic 
receptor subtypes in human esophageal smooth muscle. J Pharmacol Exp 
Ther 295, 879-888. 

PROCTOR, G. B. & CARPENTER, G. H. (2007). Regulation of salivary gland function by 
autonomic nerves. Auton Neurosci 133, 3-18. 

PROFITA, M., GIORGI, R. D., SALA, A., BONANNO, A., RICCOBONO, L., MIRABELLA, F., 
GJOMARKAJ, M., BONSIGNORE, G., BOUSQUET, J. & VIGNOLA, A. M. (2005). 
Muscarinic receptors, leukotriene B4 production and neutrophilic 
inflammation in COPD patients. Allergy 60, 1361-1369. 

PUJOL LEREIS, V. A., HITA, F. J., GOBBI, M. D., VERDI, M. G., RODRIGUEZ, M. C. & 
ROTHLIN, R. P. (2006). Pharmacological characterization of muscarinic 
receptor subtypes mediating vasoconstriction of human umbilical vein. Br J 
Pharmacol 147, 516-523. 

QIAO, R. L. & BHATTACHARYA, J. (1991). Segmental barrier properties of the 
pulmonary microvascular bed. J Appl Physiol 71, 2152-2159. 



 78 

RACKE, K., JUERGENS, U. R. & MATTHIESEN, S. (2006). Control by cholinergic 
mechanisms. Eur J Pharmacol 533, 57-68. 

REID, A. M. & HEYWOOD, L. H. (1988). A comparison of the effects of vasoactive 
intestinal polypeptide on secretion from the submaxillary gland of the sheep 
and pig. Regul Pept 20, 211-221. 

REID, A. M. & TITCHEN, D. A. (1988). Atropine-resistant secretory responses of the 
ovine parotid gland to reflex and direct parasympathetic stimulation. Q J Exp 
Physiol 73, 413-424. 

SENDAO OLIVEIRA, A. P. & BENDHACK, L. M. (2004). Relaxation induced by 
acetylcholine involves endothelium-derived hyperpolarizing factor in 2-
kidney 1-clip hypertensive rat carotid arteries. Pharmacology 72, 231-239. 

SHACKLEFORD, J. M. & WILBORN, W. H. (1968). Structural and histochemical diversity 
in mammalian salivary glands. Ala J Med Sci 5, 180-203. 

SHARMA, V. K. & BANERJEE, S. P. (1978). Presynaptic muscarinic cholinergic 
receptors. Nature 272, 276-278. 

SOMOGYI, G. T. & DE GROAT, W. C. (1999). Function, signal transduction mechanisms 
and plasticity of presynaptic muscarinic receptors in the urinary bladder. Life 
Sci 64, 411-418. 

STARLING, E. H. (1896). On the Absorption of Fluids from the Connective Tissue 
Spaces. J Physiol 19, 312-326. 

STENGEL, P. W. & COHEN, M. L. (2003). M1 receptor-mediated nitric oxide-dependent 
relaxation unmasked in stomach fundus from M3 receptor knockout mice. J 
Pharmacol Exp Ther 304, 675-682. 

TAKEUCHI, J., FULTON, J., JIA, Z. P., ABRAMOV-NEWERLY, W., JAMOT, L., SUD, M., 
COWARD, D., RALPH, M., RODER, J. & YEOMANS, J. (2002). Increased 
drinking in mutant mice with truncated M5 muscarinic receptor genes. 
Pharmacol Biochem Behav 72, 117-123. 

TAKEUCHI, T., FUJINAMI, K., GOTO, H., FUJITA, A., TAKETO, M. M., MANABE, T., 
MATSUI, M. & HATA, F. (2005). Roles of M2 and M4 muscarinic receptors in 
regulating acetylcholine release from myenteric neurons of mouse ileum. J 
Neurophysiol 93, 2841-2848. 

THAKOR, A. S., BROWN, C. N. & EDWARDS, A. V. (2003). Effects of prolonged 
reduction in blood flow on submandibular secretory function in anesthetized 
sheep. J Appl Physiol 95, 751-757. 

TOBIN, G. (1995). Muscarinic receptor subtypes in the submandibular gland and the 
urinary bladder of the rabbit: in vivo and in vitro functional comparisons of 
receptor antagonists. J Auton Pharmacol 15, 451-463. 

TOBIN, G. (1998). Presynaptic muscarinic M1 and M2 receptor modulation of 
auriculotemporal nerve transmission in the rat. J Auton Nerv Syst 72, 61-71. 

TOBIN, G. (2002). Presynaptic muscarinic receptor mechanisms and submandibular 
responses to stimulation of the parasympathetic innervation in bursts in rats. 
Auton Neurosci 99, 111-118. 

TOBIN, G., EDWARDS, A. V., BLOOM, S. R. & EKSTROM, J. (1997). Nitric oxide in the 
control of submandibular gland function in the anaesthetized ferret. Exp 
Physiol 82, 825-836. 

TOBIN, G., EKSTROM, J., BLOOM, S. R. & EDWARDS, A. V. (1991). Atropine-resistant 
submandibular responses to stimulation of the parasympathetic innervation in 
the anaesthetized ferret. J Physiol 437, 327-339. 



 79 

TOBIN, G., EKSTROM, J. & EDWARDS, A. V. (1990a). Submandibular responses to 
stimulation of the parasympathetic innervation in bursts in the anaesthetized 
ferret. J Physiol 431, 417-425. 

TOBIN, G., EKSTROM, J., EKMAN, R. & HAKANSON, R. (1994). Influence of atropine on 
the depletion of vasoactive intestinal peptide, substance P and calcitonin 
gene-related peptide from rat parotid gland in response to parasympathetic 
nerve stimulation. Acta Physiol Scand 150, 463-465. 

TOBIN, G., GIGLIO, D. & GOTRICK, B. (2002). Studies of muscarinic receptor subtypes 
in salivary gland function in anaesthetized rats. Auton Neurosci 100, 1-9. 

TOBIN, G., LUTS, A., SUNDLER, F. & EKSTROM, J. (1990b). VIP-containing nerve fibres 
in the submandibular gland of the dog and protein secretion in vitro in 
response to VIP. Regul Pept 29, 173-177. 

TOBIN, G. & SJOGREN, C. (1995). In vivo and in vitro effects of muscarinic receptor 
antagonists on contractions and release of [3H]acetylcholine in the rabbit 
urinary bladder. Eur J Pharmacol 281, 1-8. 

TRACEY, W. R. & PEACH, M. J. (1992). Differential muscarinic receptor mRNA 
expression by freshly isolated and cultured bovine aortic endothelial cells. 
Circ Res 70, 234-240. 

TYLDESLEY, W. R. & FIELD, A. E. (1995). Oral medicine. Oxford University Press, 
Oxford. 

UKEGAWA, J. I., TAKEUCHI, Y., KUSAYANAGI, S. & MITAMURA, K. (2003). Growth-
promoting effect of muscarinic acetylcholine receptors in colon cancer cells. 
J Cancer Res Clin Oncol 129, 272-278. 

UNNO, T., MATSUYAMA, H., IZUMI, Y., YAMADA, M., WESS, J. & KOMORI, S. (2006). 
Roles of M2 and M3 muscarinic receptors in cholinergic nerve-induced 
contractions in mouse ileum studied with receptor knockout mice. Br J 
Pharmacol 149, 1022-1030. 

USHERWOOD, P. N. (2000). Natural and synthetic polyamines: modulators of signalling 
proteins. Farmaco 55, 202-205. 

WALCH, L., BRINK, C. & NOREL, X. (2001). The muscarinic receptor subtypes in 
human blood vessels. Therapie 56, 223-226. 

WALCH, L., NOREL, X., LECONTE, B., GASCARD, J. P. & BRINK, C. (1999). Cholinergic 
control of human and animal pulmonary vascular tone. Therapie 54, 99-102. 

VAN LENNEP, E. W., KENNERSON, A. R. & COMPTON, J. S. (1977). The ultrastructure of 
the sheep parotid gland. Cell Tissue Res 179, 377-392. 

VAN ZWIETEN, P. A., HENDRIKS, M. G., PFAFFENDORF, M., BRUNING, T. A. & CHANG, 
P. C. (1995). The parasympathetic system and its muscarinic receptors in 
hypertensive disease. J Hypertens 13, 1079-1090. 

WANG, M. & LUNG, M. A. (2006). Acetylcholine induces contractile and relaxant 
effects in canine nasal venous systems. Eur Respir J 28, 839-846. 

WATHUTA, E. M. (1986). The distribution of vasoactive intestinal polypeptide-like, 
substance P-like and bombesin-like immunoreactivity in the digestive system 
of the sheep. Q J Exp Physiol 71, 615-631. 

WATSON, E. L., ABEL, P. W., DIJULIO, D., ZENG, W., MAKOID, M., JACOBSON, K. L., 
POTTER, L. T. & DOWD, F. J. (1996). Identification of muscarinic receptor 
subtypes in mouse parotid gland. Am J Physiol 271, C905-913. 

WATSON, G. E. & CULP, D. J. (1994). Muscarinic cholinergic receptor subtypes in rat 
sublingual glands. Am J Physiol 266, C335-342. 



 80 

WATSON, N. & EGLEN, R. M. (1994). Muscarinic M3 receptors mediate contractions in 
rabbit, endothelium-denuded aorta in vitro. J Auton Pharmacol 14, 283-293. 

WATSON, N., REDDY, H. & EGLEN, R. M. (1995). Pharmacological characterization of 
the muscarinic receptors mediating contraction of canine saphenous vein. J 
Auton Pharmacol 15, 437-441. 

VENTURA, S., PENNEFATHER, J. & MITCHELSON, F. (2002). Cholinergic innervation and 
function in the prostate gland. Pharmacol Ther 94, 93-112. 

WESSLER, I., KILBINGER, H., BITTINGER, F. & KIRKPATRICK, C. J. (2001). The 
biological role of non-neuronal acetylcholine in plants and humans. Jpn J 
Pharmacol 85, 2-10. 

VILARO, M. T., PALACIOS, J. M. & MENGOD, G. (1990). Localization of m5 muscarinic 
receptor mRNA in rat brain examined by in situ hybridization histochemistry. 
Neurosci. Lett. 114, 154-159. 

WOOD, M. W., SEGAL, J. A., MARK, R. J., OGDEN, A. M. & FELDER, C. C. (2000). 
Inflammatory cytokines enhance muscarinic-mediated arachidonic acid 
release through p38 mitogen-activated protein kinase in A2058 cells. J 
Neurochem 74, 2033-2040. 

YAMADA, M., LAMPING, K. G., DUTTAROY, A., ZHANG, W., CUI, Y., BYMASTER, F. P., 
MCKINZIE, D. L., FELDER, C. C., DENG, C. X., FARACI, F. M. & WESS, J. 
(2001). Cholinergic dilation of cerebral blood vessels is abolished in M(5) 
muscarinic acetylcholine receptor knockout mice. Proc Natl Acad Sci U S A 
98, 14096-14101. 

YANG, W. L. & FRUCHT, H. (2000). Cholinergic receptor up-regulates COX-2 
expression and prostaglandin E(2) production in colon cancer cells. 
Carcinogenesis 21, 1789-1793. 

ZHANG, W., BASILE, A. S., GOMEZA, J., VOLPICELLI, L. A., LEVEY, A. I. & WESS, J. 
(2002). Characterization of central inhibitory muscarinic autoreceptors by the 
use of muscarinic acetylcholine receptor knock-out mice. J Neurosci 22, 
1709-1717. 

 


