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ABSTRACT
Lymphatic function is pivotal in maintaining tissue fluid homeostasis.
Information on how different inflammatory mediators modify lymphatic
performance is still lacking. This study was aunique assessment of the roles the
amine 5-HT and the protease-activated receptor 2played in modulating guinea
pig mesenteric lymphatic contractile activity.
5-HT effectively reduced spontaneous lymphatic vessel contractions in a
concentration-dependent manner. This inhibition was caused primarily by the 5HT7 receptor and was reduced by endothelial nitric oxide synthase inhibition (100
12M L-NOARG) and endothelial destruction.
PAR-2 was found in guinea pig mesenteric lymphatics by RT-PCR and
immunohistochemisty. Both trypsin and the PAR-2 activating peptide SLIGRLNH2 caused adecrease in lymphatic constriction frequency. This effect was
endothelium dependent and was obliterated by treatment with the
cyclooxygenase inhibitor indomethacin (10

M).

Thus, it is speculated that activation of both PAR-2 and 5-HT receptors in
inflamed conditions would act to prolong edema by decreasing lymphatic
interstial tissue fluid uptake.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Lymphatic System
1.1.1 History
The lymphatic system was first identified in the scientific publications of
1627, by Gasparo Aselli (Foster, 1996). Despite this discovery of the lymphatic
system at asimilar period to the identification of the blood vascular system, there
is alarge discrepancy in the relative levels of knowledge between each system.
The cardiovascular system is well characterized in physiology and anatomy,
especially in comparison to the limited understanding we have attained on the
biology of the lymphatic system. Research has slowly increased in the last few
decades to gain further insight into lymphatic vessel pumping activity and the
functions of the system, but we still lack a thorough comprehension of the
mechanism of lymphatic contractile activity and its modulation.
1.1.2 Function
We have slowly gained appreciation of the lymphatics, especially with the
substantiation of the system's role in immunity and cancer metastasis. In addition
to being a possible transporter of cancerous cells, the lymphatics may also be
important in transport and spread of antigenic agents such as bacteria and virally
infected cells. Thus, it is important in many disease states. As anormal function,
lymphatics act as aconduit for detection of foreign agents and the transport of
chemical messengers.

In addition, all ingested lipid breakdown products are
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absorbed from the small intestine into lacteals, the initial lymphatics contained
within each villus.
Of primary interest is the lymphatic system's essential function in the
removal of escaped vascular fluid and proteins from the tissue and the return of
this back into the circulation to maintain proper tissue fluid homeostasis.

This

leakage occurs constitutively caused by an imbalance at the capillary beds
between the hydrostatic and plasma colloid osmotic (oncotic) pressures at the
arterial and venous side, respectively (Figure 1.1). In ahuman an average, of 2-4
liters of interstitial fluid is pumped by the lymphatics per day, and returned to the
circulation via the thoracic duct into the junction of the subclavian and jugular
veins (Swartz, 2001; Townsend, 2001).

This volume may approximate the total

human blood volume (average 5liters), and indicates the importance of the fluid
return.

Combined with fluid leakage, 50-70% of plasma protein extravasation

may occur that's return to maintain blood composition and ensure proper
functioning is necessary by lymphatic vessels (Swartz, 2001; Townsend, 2001).

3
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Figure 1.1
Diagram Of The Fluid Pressures Present In The Capillary Beds Causing The Formation
Of Lymph. The hydrostatic pressure at the arterial end of the capillary bed causes the
movement of blood fluid and proteins into the tissue space, which is greater than the
plasma colloid osmotic pressure on the venous side. This results in residual interstial
fluid and plasma proteins within the tissue that is removed by the lymphatic system.
(from Townsend, 2001).
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1.1.3 Role in Inflammation
During an inflammatory event, vasodilation and an increase in vascular
permeability occurs in response to the initial release of inflammatory mediators to
an antigenic challenge or from detection of atrauma to the body. This results in
an increase of both plasma fluid and protein movement into the tissue space
(Benoit et al., 1989). The necessary, compensatory removal of interstitial fluid and
proteins is afunction of the lymphatic system. Either due to an overloading of the
system or by lymphatic dysfunction, efficient reuptake may not be possible and
consequent edema forms. This swelling is acardinal sign of inflammation. This
edema causes pain and discomfort, and if prolonged or chronic, may cause
cellular dysfunction by alteration of the interstitial fluid protein concentration and
cellular death by apoptosis and replacement with fibroblasts.
1.1.4 Physiology
It is known that the lymphatic machinery is controlled by innervations and
secretion

of

neurotransmitters,

hormones

and

diffusible

factors,

and

by

stimulation of a yet unidentified 'mechanosensor' (Skobe and Detmar, 2000;
Swartz, 2001;

Reviewed in (von der Weid, 2001)).

The initial lymphatics or

lymphatic capillaries expand in diameter by an increase of the interendothelial
spaces to absorb more extracellular fluid in response to agreater exertion of tissue
fluid pressure. The increased luminal volume within these structures is caused by
expansion of the overlapping endothelial cells and an outward tension from
anchoring filaments to the extracellular matrix (Schmid-Schoenbein, 1990). The
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fluid enters the subsequent collecting vessels and the increased fluid pressure
activates stretch or 'mechanosensors' to cause an increase in contraction
frequency (Schmid-Schoenbein, 1990; Koller et al., 1999). In regards only to the
stimulus from an increased volume, the system has a maximum capacity of
absorption. The initial capillary's expansion is limited by the size of the structure
and by the rate of lymph removal onward to the collecting vessels.
The collecting vessels are the active mechanical components of the system,
consisting of both an endothelium and smooth muscle layer. These vessels are
highly

valved

and

compartmentalize

lymphangions (Figure 1.2).

the

vessels

into

chambers

called

The vessel's rhythmical contractile activity moves

lymph against the dynamic fluid pressure forces, through at least one lymph
node, to the cisterna chyli, a wide cistern formed from the fusion of lower
extremity and visceral collecting ducts, and into the thoracic duct to return to the
circulation. These contractions are spontaneous and triggered by action potentials
generated in the smooth muscle layer of the vessel wall (Kirkpatrick and McHale,
1977; Allen et al., 1983; Van Helden, 1993). The collecting vessel's pumping
efficiency and rate of clearance is controlled by the relationship between chamber
filling

and

chamber

Townsend, 2001).

contraction

(Schmid-Schoenbein,

1990;

Swartz,

2001;
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1

2
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B
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E

100 im

Figure 1.2
Photographic Depiction Of The Spontaneous Contractile Activity Of Guinea Pig
Mesenteric Lymphatic Vessels. Time progresses in the order of A to E. Four
chambers are shown (labelled 1-4) and fluid movement is in the direction from
left to right of the page in association with the sequential chamber contraction.
Valves are seen in line with the arrowhead (P.Y. von der Weld, unpublished
data).
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Combined with modulation from fluid load are stimuli from diffusible factors,
hormonal

molecules

and

neurotransmitters

such

as

acetylcholine

and

noradrenaline (Johnston, 1987; McHale, 1990; Dobbins, 1992; Harty et al., 1993;
Yokoyama and Ohhashi, 1993; Hasimoto et al., 1994; von der Weid et al., 1996;
Mizuno et al., 1998).

The overall rate of contractions is produced from an

accumulation of all the mechanical and chemical stimuli acting upon the
lymphatic vessels. During normal bodily conditions there must be abalance of
these signals for
composition.

optimal functioning to maintain both fluid and tissue

Presently

the factors

involved

in lymphatic

control,

their

interactions and mechanisms remain unclear including the differences that occur
from normal to inflamed conditions.

This complexity is magnified by the

variations observed in both different tissues and in different species (Swartz, 2001;
Reviewed in von der Weid, (2001)).
1.1.5 Pharmacology
Chemical mediators may act on receptors expressed on either the
endothelium or smooth muscle layer of the lymphatic collecting vessels; asingle
chemical can then elicit two opposing mechanical actions. For example, activation
of a Gq protein coupled receptor on the endothelium mobilizes Ca2 to cause
endothelial nitric oxide (NO) synthase stimulation, NO production and inhibition
of contractions by activation of cytosolic guanylate cyclase. Conversely, agonist
binding to the same receptor expressed on the smooth muscle would cause
greater mobilization of Ca2 into the cytosol by induction of an action potential,
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Ca2 binding to calmodulin and activation of myosin light chain kinase to cause
contraction by actin-myosin mobilization.

The resultant mechanical effect is

dependent on the relative distribution of the receptors and the magnitude of the
signals in each layer. The functioning of lymphatic vessels is under both electrical
and chemical control.

A unique feature of lymphatic vessels, especially in

comparison to vascular vessels, is the capacity for spontaneous contractile ability.
This capability, in combination with the extensive valve structures, allows for the
propulsion of lymph in aforward direction.
The cellular ionic basis for the spontaneous pumping capability has been
examined in guinea pig lymphatic vessels (van Helden, 1993; van Helden et al.,
1996; van Helden and Zhao, 2000) and sheep mesenteric lymphatic vessels
(McCloskey et al., 1999). In this study's preparation, the working hypothesis is of
existing spontaneous transient depolarizations (STDs) in the smooth muscle that
act as a'pacemaker', underlying the lymphatic contractions. STDs are intrinsic,
brief membrane depolarizations proposed to be caused by small releases of
calcium (Ca2 )ions from intracellular stores such as the sarcoplasmic reticulum
(SR). These Ca2 releases cause opening of calcium activated chloride channels
(Cica) on the plasma membrane and the electrophysiological measurements of
STDs represent these movements of Cl- out of the cell (Figure 1.3).

Either by

summation of STDs, or by an individual STD reaching a threshold level of
depolarization, an action potential is produced by alarge influx of Ca2 through
voltage gated ion channels.

An action potential induces smooth muscle
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contraction and the physical pumping of the lymphatic chamber. It is suggested
that by modulation of the frequency or amplitude of STDs, or the membrane
potential there is an effect on lymphatic contractions (Van Helden, 1993; Van
Helden et al., 1996).

A hyperpolarization of the membrane potential and/or

reduction of STD activity decreases contraction frequency since agreater potential
change is needed to reach threshold and elicit an action potential; adepolarization
causes the reverse and agreater tendency for action potentials. Different chemical
signaling

molecules

significantly

affect the

contraction frequency

of

the

lymphatics by alteration of this machinery (Reviewed in von der Weid, 2001), in
addition to the activation of other signaling pathways such as those with more
long-term effects involving gene transcription.

10

Figure 1.3
Electrophysiological Recording Of The Smooth Muscle Membrane Potential From A
Guinea Pig Mesenteric Lymphatic Vessel,
A STD is a spontaneous transient
depolarization that by STD summation or by reaching a threshold level of
depolarization causes an action potential and smooth muscle contraction. Modified
from von der Weid, 2001 with permission.
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1.1 5-Hydroxytryptamine
1.1.1

The Sources and Roles of 5-HT
The amine serotonin, or 5-hydroxytryptamine (5-HT), is an important

signaling molecule both in physiological and pathophysiological conditions (Fu et
al., 1997; Rang et al., 1999). First isolated as apowerful vasoconstrictor substance
in 1948, serotonin is now known as both an important neurotransmitter and
paracrine agent (Saudou and Hen, 1994).
which

it

is

synthesized,

90%

of

Primarily stored within the cells in

5-HT

is

found

in

enterochromaffin

(enteroendocrine) cells within the gastrointestinal tract (Martin, 1994; Rang et al.,
1999).

Serotonin may be released alone or simultaneous to noradrenaline by

sympathetic neurons, from blood platelets and from the mast cells of rodents and
bovine (Gallin et al., 1992; Barnes, 2001). 5-UT is secreted into the blood from the
enterochromaffin cells and as blood platelets pass through the intestinal
circulation, 5-UT is taken up into their storage granules.
5-HT release into the vasculature through granule liberation occurs in
response to platelet aggregation, which is an important response to tissue injury,
especially in thrombosis. Serotonin has been shown to participate in other
inflammatory responses in the circulation.

By cannulation of the cat intestinal

lymphatic duct, Fu et al. (1997) measured a rise in 5-'HT in response to brief
ischemia-reperfusion indicating another role of 5-UT in response to tissue injury.
5-HT caused the release of alipoxygenase dependent neutrophil chemoattractant
from cultured bovine and human vascular endothelial cells, and a novel T-
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lymphocyte cytokine capable of both chemotactic and growth factor activity in
human aortic endothelial cells (Charles et al., 1991; Katz et al., 1994). As well, 5HT induced interleukin-6 synthesis in human vascular smooth muscle cells
(Takayuki et al., 2000).
Vascular endothelial cells have also been shown to sequester and release 5HT (Lincoln et al., 1990; Martin, 1994), and 5-HT was observed to cause induction
of thrombin receptor expression in rat vascular smooth muscle cells (Schini-Kerth
et al., 1996).

Serot6nin may also contribute to homeostasis of endothelial cell

permeability; addition of 5-UT to pulmonary endothelial cell monolayers
decreased or reversed the appearance of interendothelial gaps (Mineau-Hanschke
et al., 1990).
These functions do not preclude the critical role of serotonin in the brain
and central nervous system that will not be discussed extensively here.
1.2.2 5-HT Receptors
The pharmacological effect of 5-HT is diverse and complex, with variation
amongst different tissue types and across species. The many different receptor
subtypes that have been identified at present are linked to a variety of cellsignaling pathways which complicates this understanding.
receptor

family

is

presently

classified

into

seven

The serotonin

categories

based

on

pharmacological, and now recently, molecular analysis, which has also clarified
species differences from distinct receptor subtypes.

Receptor subtypes within

each family are similar in both their cell signaling pathways, and their amino acid
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sequences that may reflect their evolutionary lineage (Hoyer et al., 1994; Saudou
and Hen, 1994).

Thirteen distinctly different mammalian 5-HT receptors have

been cloned that are all G-protein coupled except for 5-HT3, which is a ligandgated cation channel (Table 1.1).

All of the isoforms can be found localized in

regions of the central nervous system (CNS), especially concentrated in the brain
(Saudou and Hen, 1994). Some receptors are exclusively found in the CNS and
others are also prominent in the periphery, such as the 5-HT-1-like, 5-HT2,5-HT4
and 5-HT7.
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Table 1.1 5-HT Receptor Subtype Families and Associated Transduction Systems.
Modified from Saudou and Hen (1994).
SUPERFAMILY

FAMILY

G proteincoupled
receptors

5-HT1

TRANSDUCTION
SYSTEM
G/ G0 protein
Adenylate Cyclase

5HT2

5-HT4

G protein

Gsprotein and?
Adenylate Cyclase

5-HT6

Gsprotein
Adenylate Cyclase

5-HT7

G protein
Adenylate Cyclase

Ligand-gated
ion channels

5-HT3

5-HT1A, 5HTi, 5HTID, 5HT1E, 5-HT1F

Gq/Gii protein
Phospholipase C1

Adenylate Cyclase
5-I-IT5

SUBTYPES

Ion channel
Na/K/Ca

5-HT2A, 5HT2B, 5-HT2c

1'

None
identified

1'

5-HT5A, 5HT5B

1'

None
identified

1'

None
identified
None
identified
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Following the most recent classification system for 5-HT revised in 1994
from the 1986 Bradley et al. framework, the latter types including 5-HT5A, 5-HT5B,
5-HT6,and 5-HT7were added although these were lesser known in both function
and distribution (Hoyer et al., 1994). A difficulty in the classification of the 5-HT
receptor subtypes has been caused by the structural similarities, leading to
pharmacological confusion (Mylecharane, 1990; Martin, 1994; Saudou and Hen,
1994).

Presently, there are still few specific or highly selective agonists and

antagonists synthesized for this receptor family. The mechanism of biosyn thesi
s,
storage, release and reuptake of 5-HT is also very similar to that of noradrenaline
and thus, many drugs may affect both processes non-selectively (Rang et al.,
1999).
1.2.3 Effects and Pharmacology of 5-HT Upon the Circulation
Studies of the 5-HT effect upon the vasculature are quite extensive,
although recently there has been a surge of interest primarily directed to the
function in the central nervous system. While 5-HT was initially discovered as a
potent vasoconstrictor and had been found to elicit vasoconstriction in amyriad
of blood vessels (Martin, 1994), it may also act as avasodilator the response being
primarily dependent on the vessel type and species.

5-HT1B/D,

5-HT1-like, 5-HT2,

5-HT4,and 5-HT7 subtypes have been primarily recognized to function in these
differential vascular responses (Mylecharane, 1990; Martin, 1994; Ullmer et al.;
1995, Dyer et al., 1998; Morcillo and Cortijo, 1999; Frishman and Grewall, 2000;
Centurion et al., 2001).

Within a single vessel, both responses may occur
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dependent on parameters such as agonist and receptor concentration and site of
release.
In porcine and canine coronary arteries and Cynomolgus monkey jugular
vein, alow concentration of 5-HT caused vasoconstriction, and avasodilation was
revealed at higher concentrations (Cushing and Cohen, 1992; Leung et al., 1996;
Gong et al., 2000). Thus, serotonin may initiate multi-factorial responses resulting
from differential combinations of 5-HT subtype expression.
consists of three members A-C,

(5 -HT2c

The 5-HT2 family

reclassified from the previous 5-HTic

upon structural analysis), and are all linked to Gq-proteins and increases in
inositol 1,4,5 trisphosphate (IP3) and 1,2 diacyiglycerol (DAG). Recently, 5-HT
was shown to activate mitogen-activated protein kinases (MAPKs) to cause
constriction in rat aorta (Banes et al., 1999). Both 5-HT4 and 5-HT7 are Gs-protein
coupled, activating adenylate cyclase and resulting in cAMP (cyclic adenosine 3',
5'-monophosphate)

synthesis.

The

5-HTi-like

receptor

is

yet

undefined

pharmacologically and structurally but is known to elicit smooth muscle
dependent contraction and endothelium dependent relaxation in a number of
blood vessels; similar to the G-linked 5-HT1 family (Martin, 1994; Ueno et al.,
1995; Dyer et al., 1998).

In general, a contractile response is usually at least

partially accredited to a5-HT2 receptor subtype located on the smooth muscle,
and 5-HT4for one that is dilatory (Figure 1.4).
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Figure 1.4
Schematic Representation Of 5-HT Binding To Different 5-HT Recepto
Subtypes Upon Both The Endothelium And Smooth Muscle Of Bloo
Vessels. This diagram depicts the different signal transduction pathways o
the common receptor subtypes found in the vasculature and the action upo
the smooth muscle. (Ullmer et al., 1995).
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No clear patterns exist in the response of the vasculature to serotonin
although Frishman and Grewall, (2000) suggest an inconclusive guideline of
vasoconstriction in large arteries and precapillary vessels, and vasodilation in
arterioles and large veins.

An endothelium dependent relaxation has been

observed in many vessels such as dog and porcine coronary artery, porcine vena
cava, and pulmonary artery and the jugular veins of the chick, rabbit, rat and
guinea pig.

As well, removal of the endothelium enhances a 5-HT-induced

contraction (Luscher et al., 1990; Mylecharane, 1990; Martin, 1994; Morcillo and
Cortijo, 1999).
In addition to the activation of receptors directly on the vasculature, 5-HT
may elicit an effect by binding to receptors on sympathetic neurons innervating
vessels.

5-HT inhibits the electrically stimulated release of noradrerialine from

these nerves to inhibit its contractile effect (Mylecharane, 1990; Martin, 1994; Rang
et al., 1999). This neural effect may be secondary or cancel the direct action of 5HT on the vessels to cause vasoconstriction or vasodilation. 5-HT also stimulated
visceral M- and C-fiber afferents to cause reflex excitation in cats (Fu et al., 1999).
1.2.4 Studies of 5-HT Effects on Other Lymphatic Models
A handful of studies to investigate the effect of serotonin on lymphatic
vessels have been performed in the last decade.

5-HT caused constriction in

lymphatic vessels of the human lower leg and superficial groin (Sjorberg et al.,
1987; Sjorberg and Steen, 1991).

Ferguson et al. (1993) observed concentration
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dependent 5-HT induced contraction of porcine and bovine tracheobronchial
lymphatics but did not identify the receptor subtypes. More recent research has
attributed effects to 5-HT2 and 5-ITL1 by pharmacological evidence.

In bovine

mesenteric lymphatics, serotordn caused contractile activity primarily by 5-HT2
receptors but upon inhibition, a 5-HT4 dependent relaxatory 'response was
revealed (Miyahara et al., 1994). Similarly, in astudy by McHale et al. (2000), 5-HT
inhibited spontaneous contractility in sheep mesenteric lymphatics by a 5-HT4
dependent mechanism.

Addition of a 5-HT4 antagonist unmasked a weak

contractile response that was primarily a result of 5-HT2 activation.

In viva

studies of 5-HT effects on the canine forelimb lymphatic resulted in constriction
that suggested the involvement of a-adrenoreceptors and 5-HT2 receptors
(Dobbins, 1998).
1.2.5 Summary
Serotonin is a prominent chemical messenger and plays pivotal roles to
maintain homeostasis, especially upon the vasculature as an inflammatory
mediator. As an extension of this understanding, we investigated the modulatory
effects

of serotonin on guinea-pig mesenteric lymphatic vessels.

Using

pharmacological tools, we identified the receptor subtypes involved in the
lymphatic contractile response. This investigation will add to our knowledge of
how 5-HT may act on lymphatic vessels and possibly contribute to edema or
interstitial fluid absorption especially during inflammation.
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1.3 Protease Activated Receptors
1.3.1 The Novelty and Interest of PARs
The recently discovered PAR family of G-protein coupled receptors has
been found to be involved in many physiological processes including growth and
development, mitogenesis, and inflammation (Dery et al., 1998; Reviewed in
Macfarlane et al. (2001)).

As well, PARs have been implicated in neurogenic

inflammation, neurodegenerative processes, and nociception (Steinhoff et al.,
2000; Reviewed in Vergnolle et al. (2001)).

A high degree of interest in this

receptor exists because of its unique mechanism of activation by serine proteases,
necessitating

novel

modes

of

both

activation

and

deactivation.

This

distinctiveness and importance is stimulating a plethora of research that is
increasing our understanding and knowledge of PARs, especially towards
therapeutic intervention.
Proteases are thought to function primarily as degradative enzymes but in
recent years anewly discovered role has been identified to perform cell-signaling
actions.

Serine proteases such as thrombin, trypsin and tryptase recognize

specific sequences on the PAR extracellular amino (NH2) terminus and cleave the
receptor to expose anew terminal sequence of approximately six amino acids (Vu
et al., 1991; Hollenberg, 1996). This acts as atethered ligand by binding to the
receptor on extracellular loop 2 (Al-Ani et al., 1999), and causing receptor
activation (Figure 1.5).

As depicted for PAR-1 in Figure 1.6, all PARs are

potentially linked with many different G-proteins and increasing evidence shows
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that each G-protein may elicit a wide variety of signaling events including
opening of ion channels and activation of tyrosine kinases, in addition to G and
Gq-protein cell signaling events. PAR-1 activation by thrombin has been coupled
to activation of Gq,G0,Ga12, Gai, and G (Dery et al., 1998).

This has been

observed to activate PLC-, PLC-y, PLA2, tyrosine kinases such as Src, MAPKs,
and/or Na/H

exchange (Dery et al., 1998, and Reviewed in Macfarlane et at.

(2001)). Therefore, the PAR cellular events are diverse and highly complex, likely
resulting in a multitude of responses including the induction of transcription
factors to regulate longer term processes such as cell growth, proliferation and
differentiation.
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A

Serine Protease

Extracellular

Intracellular

jr
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B

tethered ligand

Cell Signaling

SLIGRL-NH 2

Extracellular

Intracellular

=

activating peptide

1

Cell Signaling

Figure 1.5
Schematic Representation of the Mechanism of PAR-2 Activation Upon the Cell Surface
Membrane. (Adapted from W. K. MacNaughton).
A. Protease cleavage of the amino terminus on the receptor to expose the tethered
ligand. This ligand binds to extracellular loop 2of the receptor to cause activation,
leading to the initiation of various cell signaling pathways.
B. Artificial activation of the receptor by addition of the PAR-2 activating peptide
SLIGRL-NH2 that mimics the tethered ligand sequence. Binding occurs similar to
the endogenous ligand, and activates the receptor.
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Figure 1.6
The Variation in Mechanisms of Signal Transduction by PARs. Specifically, PAR-1
activation by thrombin is depicted and compared to the signal transduction of
receptor tyrosine kinases such as the epidermal growth factor receptor (EGF-R).
(Dery et al., 1998)
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1.3.2 The Types of PARs and Proteases
To date four types of PAR have been identified and cloned (Hollenberg,
1999; Reviewed in Macfarlane et al. (2001)).

PAR-1 has undergone the most

intensive study as the first receptor identified, and having a highly disperse
distribution of both the receptors and its activating proteolytic enzymes that are
involved in inflammation, tissue remodeling, and healing (Dery et al., 1998). In
comparison to the PAR-2 receptor, PAR-1, 3and 4are all activated by thrombin,
which is an important and prevalent constituent in blood, involved in blood
coagulation.
A complication with PAR-2 studies has been caused by the discrepancy
between the disperse distribution of this receptor in many tissues and the limited
number of known PAR-2 activators. Trypsin is apotent protease of PAR-2 but is
predominant only within the gastrointestinal tract, where its importance as a
PAR-2 activator upon enterocytes, in addition to digestion, has been increasingly
studied (Vergnolle, 2000). More relevant PAR-2 activators in other areas of the
body have yet to be identified although many proteases are liberated from active
neutrophils, platelets and mast cells.

A strong candidate may be tryptase, a

trypsin-like enzyme, found in the granules of mast cells in some species including
guinea-pig lungs (McEuen et al., 1996).

Mast cells are actively participating

immune cells, especially during the initial events in inflammation, acting as a
component of the first line of defense and releasing many proteases and other
enzymes in response to antigen exposure.

25
Recently, aprotease upstream of thrombin in the coagulation process was
observed to function in PAR-2 modulation of keratinocytes and endothelial cells.
Factor VITa coexpressed with its cofactor, tissue factor, as well as the subsequently
activated zymogen Factor X, both caused PAR-2 activation (Camerer et al., 2000).
Other potential protease activators of PAR-2 are the fibrinolytic proteases plasmin
and elastase. These were shown to decrease the potency of trypsin and PAR-2
activating peptide in eliciting calcium release when added to brain capillary
endothelial cells.

Domotor et al. (2002) speculated that these enzymes may

regulate PAR-2 signaling under pathological conditions. 1.3.3 Pharmacology of
PARs
Invaluable in investigations of PARs has been the development of
activating peptides that mimic the amino acid sequences of the receptor's tethered
ligand such as SLIGRL-NI-I2, representing the sequence serine-leucine-isoleucineglycine-arginine-leucine-amide

of

the

tethered

ligand

in

mouse

and

rat

(Hollenberg et al., 1992, 1996; Nystedt et al., 1994). These can act as agonists to
allow reversible binding. For undefined reasons, the peptide sequence for PAR-3
does not cause receptor activation (Dery et al., 1998), leading to speculations of the
receptor instead functioning as a cofactor (Cirino et al., 2000)

as has been

documented for PAR-4 (Nakanishi-Matsui et al., 2000). Binding and activation of
the receptors by peptides typically has a lower potency than the proteases,
speculated to be due to more improper presentation of the diffusing peptide
sequence to the binding site and also enzymatic degradation (Al-Ani et al., 2002).
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However, advantages include the limitation of uncontrolled protease action on
other receptors or proteins to cause background activity, as well as receptor
activation without being disabled, thus allowing repeated stimulation without
waiting for receptor turnover from the cytosol.
Protease cleavage of the receptor entails a desensitization of the receptor
since a structural change has occurred.

Conversely, it may be argued that the

receptor may be continually active in accordance with the ligand binding that
occurs with cleavage.

Different mechanisms of elimination for the activated

signal must be in place for efficient messenger transmission but these have not
been clearly defined. This may include subsequent protease cleavage to remove
the tethered ligand, receptor phosphorylation by G protein receptor kinases
(GRKs) or protein kinase A or C (PKA or PKC) to cause G protein dissociation,
and agonist induced endocytosis of the receptor (Dery et al., 1998; Reviewed in
Macfarlane et al. (2001)).
1.3.4 Function of PARs
PARs have been found to play both contrasting protective roles, involved
in tissue repair and regeneration, and pro-inflammatory functions. For example,
PAR-1 indicates aprimary role in vessel wound healing and vascularization, in
addition to platelet aggregation and coagulation (Dery et al., 1998; Reviewed in
Macfarlane et al. (2001)).

Vascular injury in PAR-1 deficient mice resulted in

reduced neointima and impaired remodeling (Cheung et al., 1999). In contrast,
PAR-1 has been implicated in numerous disease states including pulmonary

27
fibrosis, acute lung injury, cancer formation and metastasis, and neurological
disorders (Darmoul et al., 2001; Reviewed in Macfarlane et al. (2001)). Although
less information is available on PAR-2 function, it is believed that constitutive
activation occurs in normal physiological processes but in conditions of
hyperactivation associated with inflammation, PAR-2 action may be deleterious
(Reviewed in Macfarlane et al. (2001)). Thus, PARs appear to be very important
therapeutic targets.
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1.4 Protease Activated Receptor-2
1.4.1 The Distribution and Function of PAR-2
Many studies of PAR-2 indicate similar responses to PAR-i activation but
its distinct distribution leads to the speculation of distinct functions.

PAR-2

expression is prevalent in vascular tissue and in highly vascularized organs
including tissues and cells of the lung, cardiovascular system, epidermis, exocrine
glands, gallbladder, intestine, kidney, nervous system, pancreas, stomach, ureter,
and osteoblasts, leukocytes, and mast tells (Reviewed in (Macfarlane et al., 2001)).
1.4.2 Pharmacology of PAR-2
PAR-2, and the other members of the PAR family, are all potential
activators of aplethora of different cell signaling pathways adding confusion to
the underlying cellular mechanisms for their responses.

At present, PAR-2 has

only been shown to be directly coupled to the G-protein Gq and phospholipase C
isoforms (Dery et al., 1998; Reviewed in Macfarlane et al., (2001)). This does not
exclude potential coupling to other G-proteins, further downstream crossinteractions, nor the recent observations of possible PAR-PAR induced coactivation as observed by the cofactor action of PAR- 3 on PAR-4 in murine
platelets (Nakanishi-Matsui et al., 2000), especially since studies on the signal
transduction pathways of PAR-2 are lacking. Effects in the airways were caused
by acyclooxygenase dependent pathway resulting in such prostanoid production
as prostaglandin E2 (PGE2), or a neurokinin mechanism that is inhibited by
neurokinin receptor antagonists and capsaicin (Cocks et al., 1999; Carr et al., 2000;
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Chow et al., 2000; Cicala et al., 2001). Many studies precluded the role of nitric
oxide (NO) dependent pathways and adrenergic receptors in these tissues, or did
not identify the underlying process. Contractile activity could also occur by direct
smooth muscle receptor activation to cause the mobilization and increase of
cytosolic Ca2 .
1.4.3 PAR-2 and Inflammation
We examined the function PAR-2 plays upon guinea pig mesenteric
lymphatics as the first step to understanding its role in the lymphatic system.
This expands our knowledge of the physiology of these structures and the
changes that occur during inflammation which is highly significant considering
the upregulation of PAR-2 during inflammation and its pro-inflammatory effects
(Cirino et al., 2000; Dery et al., 1998; Hamilton et al., 2001; Lindner et al., 2000;
Reviewed in Macfarlane et al. (2001)).

A role for PAR-2 activation has been

identified in inflammatory pain, gastrointestinal inflammation, and airway
disease (Cocks and Moffatt, 2001; Reviewed in Vergnolle et al., (2001)). PAR-2 is
partly responsible for leukocyte rolling, adhesion and extravasation in mesenteric
rat venules, leukocyte rolling in mice, as well as stimulation of inflammatory
mediator release from eosinophils (Vergnolle, 1999; Lindner et al., 2000; Miike et
al., 2001).
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1.4.4 PAR-2 and the Vasculature
The blood vasculature provides some insight since it is the most related in
morphology and function to the lymphatic system, and where preliminary work
has begun.

The generalized effect of PAR-2 activation has been of vascular

relaxation. In rat femoral arteries and veins, rat aorta, and porcine isolated artery,
trypsin or activating peptides such as SLIGRL-NH2,both caused an endothelium
dependent relaxation that was sensitive to an NO synthase inhibitor such as LNOARG (NGnitro L-arginine) (Al-Ani et al., 1995; Saifeddine et at., 1996; Emilsson
et al., 1997; Bhattacharya and Cohen, 2000; Hamilton and Cocks, 2000). Hamilton
et at. (2001) also observed aPAR-2 endothelium-dependent relaxation of human
isolated coronary arteries, by SLIGKV- NH2, but only after exposure to the
inflammatory cytokines, tumor necrosis factor a (TNFa) and interleukin-la (ILla).
In studies in which measurements of mean arterial blood pressure were
taken, an accompanying hypotensive effect was observed (Emilsson et at., 1997;
Cheung et al., 1998), which was followed by a hypertensive response in
anaesthetized rats (Cicala et al., 2001). This initial response appeared to be caused
by Gq activation to increase intracellular calcium and activate nitric oxide
synthase (NOS).

In vessels with the endothelium removed there was either an

absence of a PAR-2 response or in some tissues a contractile response was
revealed that may be indicative of PAR-2 receptors present on the smooth muscle
(Reviewed in Macfarlane et al. (2001)).

Thus, it is possible for the presence of
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receptors on both the smooth muscle and endothelium, and the overall effect of
PAR-2 stimulation being dependent on the relative distribution of the receptors in
each tissue.

The physiological and pathophysiological roles of PAR-2 in

cardiovascular function still remain unclear (Reviewed in Macfarlane et al. (2001);
Cicala, 2002).

1.5 Hypotheses and Objectives
An objective of the von der Weid lab is to examine the underlying
electrochemical basis

of the spontaneous

lymphatic

contractile

ability

in

mesenteric guinea pig lymphatics, and its modulation by various chemical
mediators with afocus on those which participate in inflammation. Both PAR-2
and 5-HT receptor activation in lymphatic vessels may play prominent roles,
especially during an inflammatory response, in modulating lymphatic pumping
and subsequent uptake of interstitial fluid.

The objective of my study was to

identify the effects of both of these mediators upon the contractility of guinea-pig
mesenteric lymphatic vessels and identify the mechanism of these responses.
• The functional role of 5-HT upon the lymphatic vessels was first assessed.
The hypothesis tested with this study was that 5-HT receptors present on
lymphatic vessels, when activated, incite achange in the contractility of the
vessels.

The identification of the receptor subtypes contributing to this

effect was performed by pharmacological studies.
• The hypothesis that was tested next was that PARs are present on the
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guinea-pig mesenteric lymphatic vessels and when activated modulate
lymphatic pumping.

In this study, we have investigated the presence of

the PAR-2 on these tissues by utilization of both the reverse transcriptasepolymerase chain reaction and immunohistochen-tistry. The role of PAR-2
activation upon lymphatic vessel function was examined by the addition of
both the protease trypsin and PAR activating peptides (PAR-AP).
In summary, this study aimed to investigate the role of PARs and serotonin
in the control of active lymph propulsion.

In addition, this study was further

supported by experiments performed by Dr. Pierre-Yves von der Weid looking at
the effect of receptor activation on membrane potential and electrical events that
drive the pumping mechanism. Portions of these data will be presented in the
Discussion section to provide a more comprehensive examination of these
signaling agents.

These provide the first detailed investigation of the effect of

PARs and serotonin on the electrophysiological, intracellular, and mechanical
properties of lymphatic endothelial and smooth muscle cells in lymphatic vessels.
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CHAPTER 2: EXPERIMENTAL PROCEDURES
2.1 Animals
Young Hartley guinea pigs 7-20 days old (100-250g) were used and were
supplied by Charles River; Montreal, QC, CAN.
All experiments were performed on the guinea pig mesenteric lymphatic
vessels.

Guinea pigs were used based on their developed, precocious state at

birth and the necessity to use young animals to limit the degree of fat deposition
surrounding the lymphatic vessels, which would obscure the visualization of the
vessels and prevent measurements by, the edge detector system.

2.2 Tissue preparation
Animals were euthanized by an overdose of the anesthetic halothane (510% in air) followed by exsanguination. This procedure has been approved by
the University of Calgary Animal Care and Ethics Committee and conforms to the
guidelines established by the Canadian Council on Animal Care.

The small

intestine spanning from the duodenum to the ileum with its accompanying
greater mesentery was rapidly dissected out and bathed in physiological saline
solution (PSS) of the following composition (mM): CaCl2,2.5; KCl, 5; MgCl2, 2;
NaCl, 120; NaHCO3,25; NaH2PO4, 1; glucose, 11. The pH was maintained at 7.4
by constant bubbling with 95% 02/5% CO2.
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2.3 RT-PCR
2.3.1 Tissue Dissection
Tissue collection was an intricate procedure as tissues were small and the
surrounding mesentery needed to be stripped off of the delicate vessels. Within a
1-hour time frame, a maximal amount of tissue was isolated of types: arteries,
veins and lymphatic vessels, to acquire sufficient amounts for RNA isolation.
Based on the small size of the tissue and need for immediate immersion into the
RNAlater solution, a measurement of the amount of tissue was not possible.
Small sections of mesentery, lymph node and jejunum were also obtained and
simultaneous experiments were executed.

Initially Trizol extraction was

performed with only a low level of success, thus isolation was subsequently
performed by RNeasy® methods, which will be discussed here.
2.3.2 RNA isolation
RNA extraction was performed using the RNA easy® Protect Mini Kit
according to the manufacturer's instructions (Qiagen I
nc, Mississauga, ON,
CAN). For lymphatics, veins and arteries all tissues were immediately immersed
in RNAlater solution; amaximum of 30 mg for the mesentery, lymph node and
jejunal tissue were taken. Briefly, tissue was incubated for 24 hours at ambient
temperature and then prepared for lysis and homogenization in buffer lysis
solution, Buffer RLT. Tissues were incubated for 1hour and then homogenized
with ahand-held Eppendorf homogenizer followed by syringe homogenization.
The tissue lysates were centrifuged for 3minutes at maximum speed (20,800xg)
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and the supernatant added to an equivalent volume of 70% ethanol. The samples
were loaded onto RNAeasy spin columns and the RNA obtained through
centrifuging for 15 seconds at 9000xg. The RNA was then purified with aseries of
15 second wash spins (9000xg) with the wash buffers, Buffer RW1 and Buffer RPE
provided in the kit and drying spins. The RNA was then eluted from the column
using 30 tL RNAse-free water.
2.3.3 Reverse Transcriptase
The isolated RNA's purity and concentration were measured using a
spectrophotometer (Beckman DU®640).

For the reverse transcriptase (RT)

reaction, 2jtg of RNA product was added to 3 pt of lox PCR buffer, 3 pL of 10
mM deoxynucleoside triphosphates (dNTPs), 3 .tL of No random hexamers (900
pmol/pL), 1.5

.tL of RNAguard (RNase inhibitor), 2.25 pL/450 units of

superscript RT enzyme and DEPC water added to form atotal volume of 30 jtL.
These samples were run on a Temptronic thermal cycler (Thermolyne Inc.,
Kirkland, WA, USA) on aprogram set for an initial 10 minute incubation at 20°C,
heated for 60 minutes at 42°C, then to 95°C for 10 minute to degrade the
Superscript enzyme and finally cooled down to 4°C.

This RT product, the

complementary DNA (cDNA), was stored at -20°C until the PCR step was
performed.
2.3.4 Polymeráse Chain Reaction (PCR)
The cDNA from the RT reaction was amplified by adding 2 pL of the
product to 33 j.iL of autoclaved and filtered double distilled water, 5 pL of lOX
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PCR buffer, 5 j.iL dNTPs (2 mM each), 1.25 LtL each of the 3' and 5' primers for
both PAR-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 1.25
L of Taq polymerase. The primer sequences are listed in Table 2.1 The program
run for the polymerase chain reaction was as follows:
I.
II.

Initial denaturation step of 94°C for 3minutes.
Specified number of cycles of: DNA denaturation at 94°C for 45 seconds,

primer annealing to single stranded DNA at 55°C for 1 minute and DNA
amplification at 72°C for 1minute.
III.

Final elongation step of 72°C for 10 minutes.

IV.

Cool down to 4°C.

The samples were cycled for 37 cycles for PAR-2 and 25 for GAPDI-I.
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Table 2.1 Primer Sequences Used in PCR Reactions
Primer Name

Sequence

Reference

Guinea Pig 5' PAR-2

CATGTTCAGCTACTTCCTCTCCTT

Corvera et al.,
1999

Guinea Pig 3' PAR-2

GGTTTTTAACACTGGTGGAGCTTGA

Corvera et al.,
1999

Rodent 5' GAPDH

CGGAGTCAACGGATTTGGTCGTAT

Cenac et al.,
2002

Rodent 3' GAPDH

AGCCTTCTCCATGGTGGTGAAGAC

Cenac et al.,
2002
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2.3.5 Separation Of PCR Products By Electrophoresis
The PCR samples and a KB ladder were separated on a 1% agarose gel
containing ethidium bromide that was run at 75 V for 45 minutes. The gel was
then photographed using aBioRad Gel Doc 2000 (BioRad Inc., Hercules, CA USA)
and bands were visualized.
2.3.6 Controls
A housekeeping gene GAPDH was used as an internal positive control to
ensure the efficiency of the procedure.

Additional controls were made in the

absence of cDNA to test for contamination with extraneous DNA.

An additional

positive control for PAR-2 was made with guinea-pig small intestine where it has
been documented to be present, specifically in the submucosal plexus (Reed et al.,
2003) and myenteric nerves (Gao et al., 2002).

The 472 bp sequence was purified

with the QlAguick PCR Purification Kit (Qiagen I
nc, Mississauga, ON, CAN), and
sequenced by the University of Calgary Core DNA Service.

2.4 Immunohistochemistry
The presence of PAR-2 was assayed utilizing the rat PAR-2-B5 primary
antibody

that

is

a polyclonal

3OGPNSKGR..LSLIGRLDT46P,

rabbit

anti-PAR-2

(amino

acid

sequence:

the arrow indicates the trypsin cleavage site) and

conjugated to keyhole limpet hemocyanin.

DAB (3, 3'-diaminobenzidine) was

used as the substrate to visualize positive staining. The antibody was generously
supplied by Dr. M.D. Hollenberg.

The procedure was developed by Suranga
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Wijesuriya for rat kidney tissue and was modified for the guinea pig mesenteric
lymphatic tissue (briefly described here). Thin enough cryostat sections were not
possible

on

these

tissues

with

the

maintenance

of

tissue

integrity.

Immunohistochemistry was instead performed on paraffin sectioned lymphatic
vessels cut 4gm thick. Slides stained in the absence of aprimary antibody were
performed as a negative control, and a positive control was made with small
intestinal tissue.
2.4.1 Tissue and Slide Preparation
Both small intestine, and a combined tissue of lymphatics, arteries and
veins were dissected from freshly euthanized animals and fixed in a 10% PBS
buffered formalin solution for aminimum 48-hr period. The tissue was paraffin
embedded, cut into 4 J.tm sections on a microtome and mounted onto VWR
SuperFrost slides that were heated at 37°C overnight.
2.4.2 Staining Procedure
Slides were deparaffinized and hydrated with acycle of 5-n-dn immersions
in the sequence: 2times xylene, ethanol at 100%, 90%, 70% and 50% and followed
by d.d. 1
120.

Sections were circumscribed with a hydrophobic marker to

minimize the volume of solutions used.

All washes were performed in PBS

(pH=7.4) 2times for 3-min each.
Slides were incubated in solutions of the following order (at room
temperature unless otherwise indicated):
I. 3% hydrogen peroxide (1-1202) for 10-mm. Wash with d.d. 1-120.
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II. Pepsin (Digest-All 3, Zymed) for 10-mm
III. Avidin for 15-mm

at 37°C. Wash.

(Avidin-Biotin Blocking Kit, Zymed (Markham, ON).

Wash.
IV. Biotin for 15-mm

(Avidin-Biotin Blocking Kit, Zymed (Markham, ON)).

Wash.
V. 10% non-immune goat serum for 10-mm.
VI. The B-5 primary antibody was added at a dilution of 1:500; the antibody
maintained in 50% glycerol was diluted with antibody diluting solution.
Slides were incubated overnight in ahumidity chamber at 4°C. Wash.
VII.

A 1:50 dilution of biotinylated goat anti-rabbit antibody (ExtrAvidin®
Peroxidase Staining Kit (anti-goat), Sigma-Aldrich (Oakville, ON)) for 40mm. Wash.

VIII. A

1:50

dilution

of

streptravidin-conjugated

peroxidase

enzyme

(ExtrAvidin® Peroxidase Staining Kit (anti-goat), Sigma-Aldrich (Oakville,
ON)) for 40-mm. Wash.
IX.

DAB solution (500 pL stock DAB (2.5 mg/mL) combined with 100 jtL of
30% H202 and 500 mL of PBS) for 5to 10-mm. Wash.

Slides were dehydrated with acycle of 5-n-dn immersions in the sequence: ethanol
at 50%, 70%, 90% and 100% and followed by 2times xylene. Mounting medium
was added to the sections and coverslips were applied. Photos were taken with a
Sony Cybershot DSC-S75 Digital Still Camera.
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2.5 In Vitro Studies On Lymphatic Contractility
2.5.1 Chemicals and Drugs
I.

5-HT Studies
The following drugs were used: 5-hydroxytryptamine maleate (5-HT) from

RBI; 5-carboxamidotryptamine (5-CT), L-NOARG, indomethacin, tetrodotoxin
(TTX),

glibenclamide

from

Sigma-Aldrich

(Oakville,

ON);

H89

(N-[2-(p-

bromociannamylamino)-ethylj-5-isoquinolinesulfonamide-dichloride)

and

5B203186 ((1-piperidinyl)ethyl 1H-indole 3-carboxylate hydrochloride)) from
Alexis Corp. (San Diego, CA); GR113808 (1-methyl-1H-indole-3-carboxilic acid [12- [(methyl sulfonyl) amino] ethyl] -4-pip eridinyl methyl ester), methysergide,
RS67506 (1

-

(4-amino-5-chloro-2-methoxy-phenyl) -3- [1

-

(2- methylsulphonyl-

amino) ethyl-4-piperidinyl] -1- propanone hydrochloride) and SB269970 (2R)-1[(3-hydroxyphenyl)sulfonyl] -2- [2-(4-methyl-1-piperidinyl)

ethyl] pyrrolidine

hydrochloride from Tocris Cookson (Ellisvile, MO), and a-methyl 5-HT from
Biomol (Plymouth Meeting, PA). Drugs were dissolved in distilled water, except
H89

and

glibenclamide

(dimethylsulfoxide), L-NOARG

(0.1

M

HC1)

and

indomethacin (ethanol) to give 10 mM stock solutions, which were then diluted in
PSS to achieve the appropriate concentration.

The final concentration of each

vehicle was always ≤ 0.1%, a concentration that had no effects on lymphatic
contractile and electrical functions.
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II.

PAR-2 Studies
The following

drugs

were used:

SLIGRL-NH2 peptide

(generously

supplied by Dr. Morley Hollenberg), trypsin, L-NOARG, indomethacin,

and

tetrodotoxin (TTX) from Sigma/Aldrich. Drugs were dissolved in distilled water,
except SLIGRL-NH2 AP and trypsin (25 mM HEPES), L-NOARG (0.1 M
hydrochloric acid) and indomethacin (ethanol) to give 10 mM stock solutions,
which were then diluted in PSS to achieve the appropriate concentration.

The

final concentration of each vehicle was always ≤0.1%, aconcentration that had no
effect on lymphatic contractile and electrical functions.
2.5.2 Vessel constriction measurements
Using adissecting microscope, alymphatic vessel (diameter <250

m) was

chosen, dissected together with its associated blood vessels, and left intact within
the surrounding mesentery. This tissue was pinned onto aSylgard-coated base of
a small organ bath and mounted on an inverted microscope (Olympus).

The

preparation was superfused with heated (36°C) PSS and intraluminally perfused
through afine glass micropipette acting as acannula, inserted to correspond with
the direction of the valves, at arate of 2.5 p.L/min, with alow (0.3 mM) calcium
solution to prevent precipitation and obstruction to flow.

The cannula was

connected to an infusion pump (Gilson Minipuls 3) by Teflon tubing. The flow
rate was selected from preliminary experiments as the most reliable in inducing a
regular rhythmical contractile activity in lymphatic vessels in the range of
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diameter used and for the duration of the experiment, typically 3-4 hours (see Fox
and von der Weid, 2002).

Lymphatic vessel chambers were observed on a

television monitor connected to a video camera attached to the microscope.
Changes in vessel diameter were analyzed in real time using avideo-dimension
analyzer (Model V94, Living Systems Instrumentation, Burlington, VT, USA), and
recorded on a computer via an analog to digital converter (PowerLab/4SP, AD
Instruments, Mountain View, CA, USA). Thus, vessel contractility, and changes
in amplitude were continuously monitored for the duration of the experiment.
2.5.3 Experimental Procedure
Drug treatments were only performed on vessels with a consistent
pumping frequency of at least 4-5 contractions/n-dn during the minimal 30-mm
equilibrium period. A 5-min control period of contractile activity was recorded
prior to the addition of a test solution containing an agonist, antagonist or
inhibitor at various concentrations. Agonists are added for either a 1 or 4-mm
treatment consistently, depending on the potency and type of response. The first
treatment for all vessels was 5jiM acetylcholine (Ach) used as acontrol and to test
the responsiveness of the vessel to the NOS activator (von der Weid et al., 1996).
In experiments in which the effects of inhibitors were investigated, agonists were
tested after the inhibitor was present for at least 15-min in the superfusion
solution and following an initial control treatment.

The inhibitor was then

continuously superfused for the remainder of the experiment. A washout period
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of at least 20-n-dn was allowed between successive applications of the same
agonist.
2.5.4 Parameters of Assessment
The number of contractions for each minute was counted for the 5-mm
control, 1 or 5-min treatment and 10-min wash out period for each drug
application.

The minute constriction frequency data were expressed as a

percentage of the mean of the 5-min control value providing minute histogram
comparisons between concentrations and with addition of inhibitors.

In

concordance with the variation present in duration and onset of responses
between vessels, minute histograms may not be the most accurate representations
of the effects.

Thus, vessel constriction frequencies and their potential changes

were also assessed by examining both the mean of the consecutive 3-ndn period
showing the greatest response (mean), and the minute with maximal response
(minimum) that is compared to the lowest minute within the 5 min control
period. The mean value is more representative of both the extent and duration of
the effect and the minimum depicts the greatest change.
2.5.5 Destruction of the endothelium
The lymphatic endothelium was destroyed in vitro by repeatedly passing
brief streams of air through the lumen of the vessel (5-6 times for 5-10 seach) as
previously described (Fox and von der Weid, 2002).

The success of the

endothelial destruction was confirmed by applying Ach (10 jiM) followed by
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sodium nitroprusside (SNP; 100 p.M) in the superfusion solution, while the vessel
lumen was perfused. An absence of aresponse to Ach and an inhibitory effect in
response to SNP were used as confirmation of the success of the procedure.
Endothelial destruction based on this testing procedure proved successful in
about 50% of treated vessels. The use of SNP was necessary, as it has been shown
that 40%

of guinea pig mesenteric lymphatic vessels that had an intact

endothelium did not respond in any way to either Ach or SNP; the main reason
shown to be due to ahigh basal production of NO (von der Weld et al., 1996).
2.5.6 Statistics
Data are expressed as means ± one standard error of the mean (s.e.m.).
Statistical significance was assessed on all studies using a two-tailed paired
Student's t-test with an equal variance (unless specified differently in the text),
with P<0.05 being considered significant.
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CHAPTER 3: 5-HT INDUCED INHIBITORY EFFECTS UPON LYMPHATIC
CONTRACTILITY

3.1 Introduction
Lymphatic pumping activity adapts to changes in fluid load. This function
is particularly important during inflammation when the lymphatic vessels need to
increase

their

pumping

activity

to

offset

edema.

In

addition,

specific

inflammatory mediators have been shown to directly affect lymphatic contractile
mechanisms (Johnston, 1987; Reviewed in von der Weid (2001)). Amongst these
mediators, 5-hydroxytryptamine (5-HT) is thought to play an important role. 5HT is a highly prevalent and important mediator that possesses an imperative
role in modulation of the vasculature especially during tissue injury and blood
coagulation.

This background provides for a potential responsibility in

regulating the lymphatic vessels since similarity exists in function and structure,
and because of the close proximity of the lymphatics to the vasculature and its
components.

As well, in our model mesenteric lymphatic vessels are closely

juxtaposed near large stores of 5-HT in the enteroendocrine cells of the intestinal
wall.
Therefore, the aim of the present study was to examine the effects of 5-HT
on spontaneous contractile activity of lymphatic vessels in the guinea-pig
mesentery and to investigate the intracellular mechanisms underlying the
mechanical responses. The data show that 5-HT induced aslowing in contractile
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activity and adecrease in electrical activity. These effects are mainly mediated by
stimulation of a5-HT receptor, which is proposed to be of the 5-HT7 subtype.

3.2 Methods
See Sections 2.1-2.2, 2.5
3.2.1 Contraction Frequency Studies
Serotonin and other agonists were added for 1-n-dn treatments.

3.3 Results
3.3.1 Effect Of 5-HT On The Constriction Rate Of Perfused Lymphatic Vessels
During

intraluminal

perfusion,

mesenteric

lymphatic

vessels

spontaneously and rhythmically constricted at frequencies ranging from 3to 20
mm -'(mean 8±0.4 mm -', n=83). As shown in Figure 3.1, application of 5-HT for
1-n-dn decreased the constriction frequency in aconcentration-dependent manner
(Range 0.005-1 i.xM; EC50=52.2 ± 0.8 nM, n=5.
from

individual

interpolation).

concentration

-

response

The EC50 value was determined
relations

by

manual

graph

5-HT resulted in an abrupt and characteristic cessation of the

constrictions, for aperiod of 3to 4-mins at concentrations of 0.5-1 j.tM followed by
aquick re-establishment of the basal rate (Figure 3.2A).

Constriction frequency

(% of basal rate)
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Figure 3.1
Concentration Dependence of the Effect of 5-HT Upon the Constriction Frequency o
Guinea Pig Mesenteric Lymphatic Vessels. The mean values of the greatest consecutive
minutes of the response for each concentration are compared.
0.005 jiM: n=5; 0.01 jiM: n=5; 0.05 jiM: n=5; 0.1 jiM: n=28; 0.25 jiM: n6; 0.5 jiM: n=27; 1.
jiM: n5.
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Figure 3.2
Effect of 0.5 jtM 5-HT on the Frequency of Guinea Pig Mesenteric Lymphatic Vesse
Constrictions.
A. Vessel Diameter Reading with a0.5, pM 5-HT Treatment. Recording of aconstrictin
lymphatic chamber was measured during an experiment with a1-mm 5-HT treatmen
(horizontal bar). Each downward deflection is equivalent to a lymphatic vesse
contraction and the corresponding upward deflection the relaxation phase.
B. Time-Course Histogram of 0.5 pM 5-HI Treatment. Individual minute values o
contriction frequency including 5-min control, 1-min treatment and 10-min wash ou
period. Values represent the mean response of 111 experiments depicted as
percentage of the 5-ndn control period. *P<0.0005 .
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3.3.2 Role Of The Endothelium In The Lymphatic Vessel Responses To 5-HT
Lymphatic vessel responses to Ach, substance P and ATP have been
demonstrated to be mediated by endothelium-derived factors (von der Weld et al.,
1996; Rayner and van Helden, 1997; Gao et al., 1999). The endothelium plays an
important role in modulating lymphatic vessel pumping.

The role of the

endothelium in the response to 5-HT was examined after the endothelium was
made non-functional (see Experimental Procedures section 2.5.4).

The results,

illustrated in Figure 3.3A, show that the response to 5-HT tended to be reduced by
endothelium destruction for 0.1 j,M (mean: 63.4% ± 4.3 vs. 77.8% ±4.8; n6-9) and
0.5 ptM (17.5% ± 7.1 vs.. 43.8% ± 9.9; n=6-9). However, this effect did not attain
statistical significance (P=0.075, unpaired Student's ttest).

Data was unpaired as

3experiments had an absence of an internal control.
We then investigated the response to 5-HT in the presence of the NOS
inhibitor L-NOARG. The decrease in constriction frequency caused by 5-HT was
partially inhibited by 100 pM L-NOARG (0.1 jiM mean: 55.3 ± 7.3% vs. 67.9% ±
8.8; n=4 and 0.5 j.tM mean: 18.5% ±6.6 vs. 47.2% ±6.7; n=6), with significant values
only for the 0.5 .tM concentration (P=0.004, n=6; Figure 3.3B).
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Figure 3.3
Effect Of Endothelial Lysis And NOS Inhibition On The Contractile Responses To 5-HT
In Guinea Pig Mesenteric Lymphatic Vessels.
Columns represent the mean
constrictions per min in control conditions (white bars) and during treatment (black
bars).
A. Effect of endothelial lysis on the 5-HT induced decrease of vessel constriction
frequency. 0.1 pM: n=6-9; 0.5 pM: n=6-9. (unpaired Student's t-test).
B. Effet of NOS inhibition by 100 pM L-NOARG on the 5-HT induced decrease of
vessel constriction frequency. 0.1 pM:
Student's t-test).

i=4; 0.5 pM: n6. (*P<0.05, paired
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3.3.3 Role Of Cyclooxygenase In The Lymphatic Vessel Responses To 5-HT
The response to 5-HT was also assessed in the presence of 10

LM

indomethacin to test apossible involvement of cyclooxygenase products (Figure
3.4A). No significant difference between the responses to 5-HT in the absence or
presence of indomethacin could be demonstrated (P>0.05) at 0.1 jiM (71.5% ±14.0
vs. 82.6% ±19.6, n=5) or 0.5 jiM (32.7% ±9.1 vs. 31.3% ±10.2, n=5).
3.3.4 Role Of Nerve Stimulation In The Lymphatic Vessel Responses To 5-HT
In Figure 3.4B, the possibility of 5-HT mediating its effects by stimulating
nerves to release inhibitory neurotransmitters was examined by comparing the
response to 5-HT prior to and during treatment with tetrodotoxin (TTX, 1 jiM).
As TTX was only a Na channel blocker, preventing the transduction of nerve
action potentials, this blocker did not preclude the potential for 5-HT binding to
receptors on the nerve terminals to inhibit or cause neurotransmitter release to
effect the lymphatic pumping activity.
In the 6 vessels tested, 5-HT caused similar decreases in constriction
frequency before and during application of TTX, at 0.1 jiM (73.6% ±2.4 vs. 76.1%
± 4.4, n=4) and 0.5 jiM (50.8% ± 5.2 vs. 43.8% ± 7.6 in TTX, n=5).
indicates that nerves were not involved in the response to 5-HT.

This result

A
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Figure 3.4
Effect Of Cyclooxygenase Inhibition And TTX On The Contractile Responses To 5HT In Guinea Pig Mesenteric Lymphatic Vessels. Columns represent the mean
constrictions per min in control conditions (white bars) and during treatment (black
bars).
A. Effect of 10 jtM indomethacin,

acyclooxygenase blocker, on the 5- HT induced

decrease upon vessel constriction frequency. 0.1 jiM: n=5; 0.5 jiM: n=5.
B. Effect of inhibition of nerve stimulation by the Na nerve channel blocker TTX
on the 5-HT induced decrease of vessel constriction frequency. 0.1 jiM: n=4;
0.5 jiM: n=5.
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3.3.5 Effect Of 5-HT Receptor Agonists On Lymphatic Pumping
The response to the 5-HT2 receptor agonist, a-met-5-HT (Martin, 1994) was
evaluated, but no change in lymphatic constriction frequency was observed up to
concentrations as high as 50 jiM (data not shown). The constriction rate during
application of 5and 10 jiM a-met-5-HT, depicted in Figure 3.5A, reached 91.1% ±
6.4 and 88.7% ± 6.4 of control, respectively (n=11 and 3).
The 5-HT4 receptor agonist RS67506 (Eglen et al., 1995) caused adecrease
in the rate of lymphatic constrictions to 71.0% ±3.0 at 50 jiM (Figure 3.5B; n38).
This action was prolonged, with the contractile activity depressed for more than
10-mins, but was only significantly observed at the high concentration of 50 jiM
(P<0.05).
Lymphatic vessel constriction frequency was assessed during treatment
with 5-CT, avery potent agonist for both the 5-I-ITi and 5-HT7 receptors (Craig
and Clarke, 1990; Ruat et al., 1993).

5-CT was observed to cause a potent and

concentration-dependent decrease of lymphatic constriction frequency.

The

response to 5-CT had similar characteristics to 5-HT, but 5-CT was 50-100-fold
more potent than 5-HT (Figure 3.5C).
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Figure 3.5
Effect Of Different 5-HT Receptor Subtype Agonists on Guinea Pig Mesenteric
Lymphatic Vessels. Columns represent the mean constrictions per min in control
conditions (white bars) and in C) additional bars represent 5-HT (black bars).
A. Effect of the 5-HT2 receptor agonist a-methyl 5-HT upon vessel constriction
frequency. 5 tM: n11; 10 pM: n—=3.
B. Effect of the 5-HT4 receptor agonist R567506 upon vessel constriction
frequency. 10 jtM: n=3; 50 j.iM: n=38.
C. Effect of the 5-HT7 receptor agonist 5-CT upon vessel constriction frequency.
Values are compared to 100-fold higher concentrations of 5-HT administered
to the same vessels. With respect to 5-CT concentrations: 0.001 jiM: n=33;
0.005 pM: n=44; 0.01 pM: n22.
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3.3.6 Effect Of 5-HT Receptor Antagonists On The 5-HT-Induced Decrease In
Lymphatic Pumping
A summary of the results is depicted in Table 3.1.
I. 5-HT2 Receptor Antagonist
No significant difference between responses to 5-HT in control conditions
and in the presence of the 5-HT2 receptor antagonist, ketanserin (500 nM) was
observed (n=4; Figure 3.6). The effect of ketanserin on 5-HT was similar to its
inhibition of the 5-HT117 agonist 5-CT which it is not aselective antagonist against
(data not shown).
II. 5-HT4 Receptor Antagonists
The effect of 5-HT in decreasing smooth muscle contractile activity has
been shown to involve 5-HT4 receptor activation in vascular (Cocks and Arnold,
1992), intestinal (Tam et al., 1994; Tuladhar et al., 1996; Prins et al., 1999a), and
lymphatic smooth muscles (Miyahara et al., 1994; McHale et al., 2000). In order to
investigate whether the 5-HT4 receptor subtype was involved in the slowing of
pumping in mesenteric lymphatic vessels of the guinea-pig we utilized the 5-HT4
agonist RS67506 as described in section 3.3.5, and tested the response to 5-HT in
the presence of the 5-HT4 receptor antagonist SB203186 (Parker et al., 1995).
Results, summarized in Figure 3.7A, show that SB203186 (1 jiM) did not
significantly inhibit the decrease in constriction rate induced by 5-HT (0.1 jiM
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mean: 80.6% ± 5.5 vs. 81.3% ±3.4, 0.5 tM mean: 54.6% ±7.2 vs. 61.5% ± 5.7, and 1
p.M mean: 46.8% ±6.2 vs. 60.2% ±7.8; n= 12,15, 13, respectively; P>0.05).
Consistently, another specific 5-Hf4 receptor antagonist GR113808 (1 p.M,
Gale et al., 1994) did not significantly alter the 5-HT-induced response (Figure
3.7B; P>0.05). Attenuated values of lymphatic pumping obtained in response to
5-CT (1, 5 and 10 nM) were similarly unaffected by both antagonists
Table 3.1).

(P>0.05;

Importantly, the 5-HT4 agonist RS67506 induced decrease in rate of

constrictions was not blocked by either SB203186, or GR113808 (n=4 and 6,
respectively, data not shown).
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Figure 3.6
Effect Of The 5-HT2 Receptor Antagonist Ketanserin (500 nM) On The 5-HT Induced
Decrease of Vessel Constriction Frequency In Guinea Pig Mesenteric Lymphatic
Vessels. Columns represent the mean constrictions per min in control conditions
(white bars) and during treatment (black bars). 0.1 j.tM: n=4; 0.5 .tM: n7.
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Figure 3.7
Effect of 5-HT4 Receptor Antagonists On The Contractile Responses To 5-HT I
Guinea Pig Mesenteric Lymphatic Vessels.
Columns represent the mea
constrictions per min in control conditions (white bars) and during treatmen
(black bars).
A. Effect of 1[LM SB203186 on the 5-HT induced decrease of vessel constrictio
frequency. 0.1 jiM: n=12; 0.5 jiM: n=15; 1.0 jiM: n13.
B. Effect of 1 jiM GR113808 on the 5-HT induced decrease of vesse
constriction frequency. 0.1 jiM: n=4; 0.5 jiM: n=5; 1.0 jiM: n3.
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III. 5-HT7 Receptor Antagonists
Recent investigations have reported 5-HT-induced relaxations mediated
by 5-HT7 receptors in smooth muscles (Prins et al., 1999; TerrOn and FalcOn-Neri,
1999; Ishine et al., 2000).

We addressed the possible involvement of 5-HT7

receptors in the action of 5-HT by using SB269970, aspecific antagonist of the 5HT7 receptor (Lovell et al., 2000), and methysergide, a 5-HT11
21
51
7 receptor
antagonist that has no effect on 5-FIT4-induced responses, but was shown to
antagonize 5-l-IT7-induced responses in smooth muscle preparations (Prins et al.,
1999). As shown in Figure 3.8A, in lymphatic vessels treated with methysergide
(0.5 tM) the response to 5-HT was significantly inhibited (n3-7). Similarly, the
decrease in constriction frequency caused by 5-HT was markedly attenuated in
the presence of 5B269970 (0.5 .tM; n=4). Consistently, SB269970 and methysergide
also inhibited the response to the 5-HT117 agonist 5-CT (Figure 3.9).
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Figure 3.8
Effect of 5-HT7 Receptor Antagonists On The Contractile Responses To 5-HT In Guinea
Pig Mesenteric Lymphatic Vessels. Columns represent the mean constrictions per mm
in control conditions (white bars) and during treatment (black bars).
A. Effect of the 5-HT1121517 receptor antagonist methysergide (500 nM) on the 5-HT
induced inhibitory effect upon vessel constriction frequency. (*P<0.05). 0.1 LM:
n=7; 0.5 jIM: n=7; 1[LM: n3.
B. Effect of the specific 5-HT7 receptor antagonist SB269970 (500 nM) on the 5-HT
induced inhibitory effect upon vessel constriction frequency. (*P<0.05). 0.1 j.tM:
n=4; 0.5 jiM: n=4.
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Figure 3.9
Effect of 5-HT7 Receptor Antagonists On The Contractile Responses To 5-CT In
Guinea Pig Mesenteric Lymphatic Vessels.
Columns represent the mean
constrictions per min in control conditions (white bars) and during treatment
(black bars).
A. Effect of the 5-HT1121517 receptor antagonist methysergide (500 nM) on the
5-CT induced inhibitory effect upon vessel constriction frequency.
(*P<005) 1nM: n6; 5nM: n-6; 10 nM: n4.
B. Effect of the specific 5-HT7 receptor antagonist SB269970 (500 nM) on the 5CT induced inhibitory effect upon vessel constriction frequency. (*p<o.os).
1nM: n3; 5nM: n3.
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Table 3.1 Effects of 5-HT-receptor antagonists on 5-HT- and 5-CT-induced
decrease in rate of lymphatic vessel constriction.
Constriction rate (% of control before agonist
application)
A.

5-HT

alone
+ SB203186 (1 jiM)
alone
+

GR113808 (1 jiM)

alone
+

SB269970 (0.5 jiM)

alone
Methysergide (0.5

+

0.1

M

0.5 jiM

1jiM

81±5 (12)
81±3 (12)

55±7 (15)
62±5 (15)

47±6 (13)

87±4 (4)
80±8 (4)

61 ± 9 (5)
52±8 (5)

50±5 (3)
27±6 (3)

71±11 (4)

55±5

4)

90±6

95 +3

(4)

(4)

60 ±7 (13)

n.d.
n.d.

74±3 (7)

50±11 (7)

88±4* (7)

82±3* (7)

30±12 (3)
74±12* (3)

70±8 (4)
98±7 (4)

48±14 (7)
80±8 (7)

49±18 (3)
83±9 (3)

1nM

5nM

10 nM
54±8 (9)
65 ±7 (9)

jiM)
alone
+ Ketanserin (1 jiM)
B.

5-CT

alone
+ SB203186 (1 jiM)

73±4 (9)

72±5 (12)

83±5 (9)

74±5 (12)

alone
+ GR113808 (1 jiM)

n.d.
n.d.

71±12 (4)
52±8 (4)

55±23 (3)

alone

n.d.
n.d.

56±8 (3)

30±2 (3)

86±6 (3)

87±6* (3)

76 ±7 (6)
84± 6 (6)

53 ±7 (6)
77±6* (6)

34±5 (4)
65±10 (4)

n.d.

64±6 (4)

73±8 (4)

n.d.

86±2 (4)

78±4 (4)

+

SB269970 (0.5 jiM)

alone
+ Methysergide (0.5

27±6

(3)

jiM)
alone
+

Ketanserin (1 jiM)

Data are expressed as mean values ± s.e.m. The number of experiments is indicated
in brackets.
*:

P<0.05 vs 5-HT or 5-CT alone (paired Student's t-test),

n.d.; not determined.
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3.3.7 Effect Of Glibenclamide On The 5-HT-Induced Decrease In Lymphatic
Pumping
Previous
predominant

studies

role

for

have

demonstrated,

KATP

channels

in

in the

same

lymphatic

preparation,
smooth

a

muscle

hyperpolarization caused by NO, isoprenaline and forskolin (von der Weid, 1998).
Smooth muscle hyperpolarization was also observed in response to 5-HT
treatment (see Discussion) and interpreted, in part, to underlie the inhibitory
effect

on

lymphatic

conductance(s)

contraction

activated

frequency.

To

determine

during this hyperpolarization,

coni±actile responses to 5-HT in the presence of the

we

KATP

the

type

of

examined the
channel blocker

glibenclamide (10 p.M) and found it significantly (P<0.05) altered the decrease in
constriction frequency induced by 0.1 (mean: 50.4% ± 13.6 vs. 87.4% ± 14.0; n-5)
and 0.5 jiM (mean: 17.9% ±6.7 vs. 61.5% ±19.7; n=5) 5-PIT (Figure 3.10).
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0.1

0.5

[5-HT] (jiM)
Figure 3.10
Effect Of The KATP Blocker Glibenclamide On The Induced Decrease of Vesse
Constriction Frequency By 5-HT In Guinea Pig Mesenteric Lymphatic Vessels
Columns represent the mean constrictions per min in control conditions (whit
bars) and during treatment (black bars) *
P<0. 05; 0.1 j.M: n5; 0.5 tM: n5.
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3.4 Discussion
Experiments have been conducted to investigate the effect of 5-HT on the
contractile activity of guinea-pig mesenteric lymphatic vessels and to characterize
the intracellular mechanisms underlying the mechanical responses.

The main

finding was that 5-HT decreased, in aconcentration-dependent manner, the rate
of constrictions induced by intraluminal perfusion of lymphatic vessels.

From

the electrophysiological studies of Dr. Pierre-Yves von der Weid, the inhibition of
contractility is associated with a hyperpolarization of the smooth muscle
membrane potential and adecrease in the frequency and amplitude of STDs, the
electrical events proposed to be involved in pacemaking of lymphatic contractile
activity (van Helden, 1993).
The 5-HT-induced decrease in lymphatic pumping shown in our study is
in agreement with areport by McHale et al. (2000) showing that 5-HT primarily
caused an inhibition of the spontaneous constrictions in sheep mesenteric
lymphatic vessels.
quiescent

In contrast, 5-HT was shown to elicit tonic contraction in

lymphatic

vessels

from

isolated

bovine

mesenteric

segments

(Williamson, 1969; Ohhashi et al., 1978), canine thoracic ducts (Takahashi et al.,
1990) and forelimbs (Dobbins, 1998), porcine tracheobronchial (Ferguson et al.,
1993) and hepatic lymphatic vessels (Hashimoto et al., 1994). It was also observed
to increase rhythmical constrictions in spontaneously contracting lymphatic
vessels of the human lower leg and superficial groin (Sjoberg and Steen, 1991) and
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of bovine mesenteric vessels (Johnston et al., 1983).

Interestingly, in the latter

preparation, 5-HT caused a relaxation when the vessels were preconstricted
(Johnston et al., 1983; Miyahara et al., 1994).
The 5-HT-induced relaxation and decrease in constriction frequency have
been shown to be mediated by stimulation of 5-NT4 receptors stimulation located
on the smooth muscle of sheep and bovine mesenteric lymphatic vessels
(Miyahara et al., 1994; McHale et al., 2000). Although the insensitivity of the 5-NTinduced decrease in lymphatic pumping to T.['X is indicative of asmooth muscle
relaxant 5-NT receptor, the present results suggest that 5-I-IT4 receptors, if
involved, play a negligible role.
observations:

This postulate is supported by the following

1. The 5-HT4-receptor antagonists SB203186 and GR113808 (at a

concentration 100-fold higher than that effective in inhibiting 5-HT4-receptors in
canine isolated rectum circular smooth muscle, Prins et al., 1999b) did not affect
the 5-HT-induced decrease in constriction rate. 2. Although RS67506 mimicked
the 5-NT-induced decrease in constriction rate, this effect was observed at high
concentrations (50-100 jiM) only making it an agonist, 100-500 fold less potent
than 5-NT.

This observation is incompatible with the potent effect (pD2 8.6) of

RS67506 at stimulating 5-HT4 receptors in the guinea-pig esophagus (Eglen et al.,
1994).

Besides, the RS67506 effect was not blocked by either SB203186 or

GR113808 and did not mimic 5-NT-induced hyperpolarization.
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In addition to the above, the following results further suggest that a
different 5-HT receptor sub-type is involved. 1. Responses to 5-HT were strongly
inhibited by SB269970, aspecific 5-HT7 receptor antagonist (Lovel et al., 2000) and
by methysergide, a 5-HT1121517 receptor antagonist, which is ineffective at
blocking 5-HT4 receptors (Prins et al., 1999a).

2. 5-HT-induced responses were

mimicked by the 5-HT117 receptor agonist, 5-CT, which is not known to stimulate
5-HT4 receptors (Craig and Clarke, 1990; Prins et al., 1999a).

Inhibition of

lymphatic vessel contraction by 5-CT has been demonstrated in the bovine
mesentery (Miyahara et al., 1994). The authors used these data to support arole of
5-I-IT4 receptors in their preparation as neither 5-HT- nor 5-CT-induced relaxant
responses were blocked by methysergide. In our hands, 5-CT induced adecrease
in constriction rate similar to that of 'a 50-100-fold higher concentration of 5-HT
and this effect was abolished by SB269970 and methysergide. 5-CT, SB269970 and
methysergide are reliable tools to investigate the contribution of 5-HT7receptors
in 5-HT-induced relaxation in smooth muscles (see Prins et al., 1999; TerrOn and
FalcOn-Neri, 1999; Isl-iine et al., 2000; Janssen et al., 2002).

However, the

pharmacology of 5-HT7 receptors is still difficult to assess.

Despite these

limitations, the pharmacological profile of the inhibitory 5-HT receptor in the
lymphatic smooth muscle is consistent with that of the 5-HT7receptor.
Previous pharmacological investigations have revealed that lymphatic
vessel contraction or increase in rhythmical constrictions are mediated by 5-HT2receptors (Miyahara et al., 1994; McHale et al., 2000). Such an excitatory action
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was never observed in response to 5-HT in the course of the present study. The
involvement of excitatory 5-HT-receptors in lymphatic vessels of the guinea-pig
mesentery is thus unlikely.

In addition, no response to a-met-5-HT and no

significant effect of ketanserin could be revealed in our experimental conditions.
5-HT

is

located

in

enteroci-iromaffin/enteroendocrine

cells

in

the

gastrointestinal tract of most mammals (Sjolund et al., 1983) and stored in platelets
(Meyers et al., 1982).

It was suggested to be released and exported to the

interstitial space during brief mesenteric ischemia-reperfusion in the cat, as its
concentration increased in the mesenteric lymph (Fu et al., 1997). It is also known
to be present in rodent mast cells (Lehtosalo et al., 1984; Gershon and Tamir, 1985)
making it apotent mediator of inflammation in these animals. In that context, the
present finding that 5-HT directly alters lymphatic vessel pumping function, and
thus lymph flow, is of considerable importance, as this action might counteract
the edema-induced increase in lymph flow (Benoit et al., 1989).

Whether the

action of 5-HT on lymphatic pumping plays asignificant role in the resolution of
edema during inflammation is difficult to assess, as many other inflammatory
mediators have been shown to directly affect lymphatic contractile and electrical
activities (Reviewed in von der Weld (2001)), but this aspect certainly needs to be
considered.
In conclusion, 5-HT modulates the rate of lymphatic vessel pumping by
causing a decrease in the constriction frequency.

This inhibitory effect is
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glibenclamide-sensitive and based on hyperpolarization of the smooth muscle
and adecrease in STD activity. These actions appear to be mediated by activation
of 5-HT7 receptors that are known to be coupled to cAMP production.
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CHAPTER 4: THE PRESENCE AND EFFECT OF PAR-2 ACTIVATION

4.1 Introduction
PARs have been shown to be novel and very important components of
inflammation, nociception and tissue remodeling (Dery et al., 1998; Reviewed in
Vergnolle et al., (2001)). Enzymatic cleavage of the extracellular amino terminus
by aserine protease creates atethered ligand that binds to the receptor and causes
its activation (Vu et al., 1991). PAR-2 is highly expressed in well-perfused organs
and

tissues,

and

has

been

shown to

markedly

vasoconstriction in many systems (Cicala, 2002).
between

blood

and

lymphatic

vessels,

affect vasodilation and

The similarity in architecture

combined

with

the

lymphatic's

responsibility in excess interstitial fluid uptake created by the leakiness of blood
capillaries, prompts our inquiry. The potential of PAR expression on lymphatic
vessels was investigated in addition to the effect of PAR agoriists on lymphatic
contractility.
Expression

of the

PAR-2

receptor

was

detected

by

RT-PCR

and

preliminarily with immunohistochemical studies. The serine protease trypsin and
activating peptide SLIGRL-NH2 both caused an inhibitory effect on lymphatic
contraction frequency by activation of PAR-2 receptors. This was observed to be
primarily cycloxygenase dependent and likely endothelial based. The effect was
not nitric oxide dependent, nor was nerve stimulation involved.
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4.2 Methods
See Sections 2.1- 2.5 (Chapter 2: Experimental Procedures).
4.2.1 Contraction Frequency Studies
PAR-AP's were added to the superfusion media for 4-min treatments and
trypsin was added for 1-n-dn treatments.

4.3 Results
4.3.1 Reverse Transcriptase-Polymerase Chain Reaction
Expression of PAR-2 mRNA was present in all tissues examined including
the tissues of primary interest, the lymphatic vessels (n=7 of 8) and small
intestinal tissue (n=12 of 13). As seen in Figure 4.1, mRNA for PAR-2 is seen as a
472 base pair (bp) band.
those published

These products were sequenced and compared with

on the National Institutes

of Health Genbank database

(http://www.iicbi.nlm.rdh.gov:80/blast/Blast.cgi).

The PCR product from the

lymphatic vessels and small intestine showed 80 and 78% homology, respectively
to the published Rattus norvegicus (Norway rat) PAR-2 sequence, since the guinea
pig's sequence has yet to be documented (reference: NM_053897).

No bands

were present in the negative control in which the PCR reaction was run without
addition of the synthesized cDNA obtained from the RT reaction.

The internal

positive control with ahousekeeping gene GAPDH was also found at aband size
of 306 bp.
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Figure 4.1
Gel Electrophoresis From RT-PCR for PAR-2. The expression of PAR-2 was examined by
RT-PCR. The 472 bp band was found in both guinea pig mesenteric lymphatic vessels (3)
and small intestine from the jejunal region (1) (n=7 and 12, respectively). Expression of
PAR-2 was also found in the lymph node (2) and small intestine (4). GAPDH was used as
acontrol and found to be expressed, as a306 bp band.
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4.3.2 Immunohistochemistry
The histology performed was successful with well maintained tissue
integrity;

(Figure

4.2)

however

the

results

obtained

from

the

immunohistochemistry are only preliminary to date as a repeatable, functional
protocol was not established. After paraffin embedding, sections were made with
effective maintenance of tissue integrity and visualized with hematoxylin
staining.

Positive staining with 3, 3'-diaminobenzidine (DAB) to the PAR-2 B5

antibody was apparent, seen as the brown staining in Figures 4.3A and 4.4A),
however there was also alight background staining found in the control in the
absence of primary antibody. The endothelial and smooth muscle layers, within
these sections, cannot be deciphered thus, with abetter staining protocol we will
still likely be unable to identify which cell type the receptors are localized to. We
suspect the receptors are present on both cell types as found with most blood
vessels investigated (Cicala, 2002).
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A

B

Lymphatics

Artery

Vein
Vein
Figure 4.2
Organization of Lymphatic and Blood
Vessels
A. Diagram of Vessel Organization In
Situ. A photo of guinea-pig mesenteric
lymphatic vessels in association with
blood vessels, both artery and vein
(from von der Weid, 2001). Note the
valves
of the
lymphatic vessel
producing
chambers
or
lymphangions. The vessel is full of
milky chyle.
B. Histological Section of Combined
Whole Tissue Including Lymphatics,
Arteries and Veins Attached by
Associated Mesentery.
Tissue as
depicted in B was fixed, paraffin
embedded, sectioned and stained with
hematoxylin.
As observed in this
section lymphatics may be numerous
and/or branched.
Valves are also
seen in this section (arrowheads).

Lymphatics

4

-

20 pm
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Figure 4.3
Immunohistochemistry Performed on Combined Whole Tissue Sections-Whole
Section. Combined sections contain lymphatics, arteries and veins attached by the
associated mesentery. Staining for the PAR-2 receptor was made with the B5 primary
antibody. Detection is made by DAB staining. Luminal numbers indicate the vessel
type. 1:lymphatics, 2:arteries, 3:veins.
A. Positive staining with the B5 primary antibody. Brown staining indicates
positive staining for the PAR-2 receptor, which appears to be diffuse in all
tissues. Distinction between the endothelial and smooth muscle layer of the
lymphatic is not possible.
B. Negative control.
Staining is performed with the exception of primary
antibody addition, light background staining is only observed.
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Figure 4.4
Immunohistochemistry Performed on Combined Whole Tissue Sections- 400X
Magnification. Combined sections contain lymphatics, arteries and veins attached by
associated mesentery. Staining for the PAR-2 receptor was made with the B5
primary antibody. Detection is made by DAB staining. Luminal numbers indicate
the vessel type. 1:lymphatics, 2:arteries, 3:veins.
A. Positive staining with the B5 primary antibody. Brown staining indicates
positive staining for the PAR-2 receptor, which appears to be diffuse in all
tissues. Distinction between the endothelial and smooth muscle layer of the
lymphatic is not possible.
B. Negative control. Staining is performed with the exception of primary
antibody addition, light background staining is only observed.
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4.3.3 Effect Of SLIGRL-NH2 AP On The Constriction Rate Of Internally
Perfused Lymphatic Vessels
With intraluminal perfusion, mesenteric lymphatic vessels spontaneously
and rhythmically constricted at afrequency from 4 to 19 mm

-1

(mean 8.6 ± 0.2

min-1 ). The reverse peptide LRGILS-NH2 (50 [IM) caused asmall inhibition in the
control lymphatic constriction frequency (mean: 73.7% ± 5.4 of basal rate,
minimum: 66.4% ± 6.3; n=8).

Addition of SLIGRL-NH2 induced an overall

decrease in lymphatic contraction frequency (Figure 4.5 and 4.6). No observable
response occurred at peptide concentrations lower than 500 nM (mean: 85.1% ±
3.1) and at this concentration no significant inhibition at any minute of the timecourse histogram was seen.

This response was near maximal at approximately 5

jiM as the values between 5jiM and 10 jiM were similar (means: 62.6% ±3.6, n-64
and 65.9% ± 4.9, n=29, respectively).

At 50 jiM SLIGRL-NH2, the contraction

frequency was 47.1% ±13.4 of the control rate and not remarkably different from
the above values. Thus, there is asmall concentration dependence of the peptide
but it is over alimited range (Figure 4.7). At the minute of highest inhibition for
all of the 64 vessels at 5 jiM, the pumping rate was 50.4% ± 3.6 of control.
Typically, this minimum value was approximately 10% less than the mean value
and all were significantly different from values in the control except 500 nM (1
10 jiM, P<0.0005).
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Figure 4.5
Effect of 10 jM SLIGRL-NH2 on the Frequency of Guinea Pig Mesenteric Lymphatic Vesse
Constrictions.
A. Vessel Diameter Reading with a 10 pM SLIGRL-NH2 Treatment. Recording of
constricting lymphatic chamber was measured during an experiment with a4-mi
peptide treatment (horizontal bar). Each downward deflection is equivalent to
lymphatic vessel contraction and the corresponding upward deflection the relaxatio
phase.
B. Time-Course Histogram of 10 jiM SLIGRL-NH2 Treatment. Individual minute value
of constriction frequency including 5-min control, 4-min treatment and 10-min was
out period. Values represent the mean response of 29 experiments depicted as
percentage of the mean of the 5-min control period. *p<0.05; ***p<o.0005.
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Figure 4.6
Time-Course Histogram of 1(A) and 5(B) jtM SLIGRL-NH2 Treatment Upon Guine
Pig Mesenteric Lymphatic Vessels. Individual minute values of constriction frequenc
including 5-min control, 4-min treatment and 10-min wash out period. Value
represent the mean from all treatments, depicted as apercentage of the 5-min contro
period. *p.<o.05; **p<o.005; ***p<o.0005. 1jiM: n=60, 5jiM: n=66.
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Figure 4.7
Concentration Dependence of the SLIGRL-NH2 Effect Upon the Constrictio
Frequency of Guinea Pig Mesenteric Lymphatic Vessels. The mean is the mea
value of the greatest consecutive 3 minutes of the response. The minimum is th
minute with the greatest inhibitory response, that is compared to the lowest minut
within the control (*P<O.05; ***P<0.0005). 500 nM: n=3; 1 pM: n60; 5 pM: n64; 1
pM: n=29; 50 pM: n6.
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The strongest inhibition began on average 2 minutes after treatment and was
more asubtle response but prolonged, at times lasting the entire 10-mm

wash-out

period. There was ahigh degree of variability in the responses to SLIGRL-NH2,
making it adifficult and unpredictable system. Some vessels had minute periods
with no lymphatic pumping whereas others had no observable response under
the same conditions; the majority had an intermediate effect. This variability was
aconcern for experiments in which arepeat of the agonist was needed with only
the additional variable of an antagonist or inhibitor. Thus, arepeat of the peptide
treatment was made in these experiments, aminimum of 30 minutes following
the initial SLIGRL-NH2treatment, to ensure asimilar response occurred and was
not found to be significantly different (Figure 4.8; mean: 63.7% ± 9.0 vs. 75.9% ±
9.3; minimum: 52.1% ± 9.4 vs. 63.2% ± 9.1, n=10). Nevertheless, the number of
drug applications was kept to aminimum during these studies.
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Figure 4.8
Effect of Two Successive Applications of 5 tM SLIGRL-NH 2 on the Inhibitory Effect
Upon Guinea Pig Mesenteric Lymphatic Vessel Contraction Frequency. White and
grey columns represent the mean and minimum inhibitory responses, respectively,
to the peptide SLIGRL-NH2 represented as apercentage of the 5-min control period.
The black columns represent the inhibitory effect elicited by aduplicate application
of the peptide more than 30 minutes following the initial treatment. n5.
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4.3.4 Effect Of Trypsin On The Constriction Rate Of Internally Perfused
Lymphatic Vessels
Addition of trypsin for a 1-n-dn treatment was optimal as a longer
treatment could cause adverse effects on lymphatic pumping such as adecreased
or irregular frequency.

Similar to SLIGRL-NH2,trypsin addition induced a

decrease in the rate of lymphatic contraction frequency.

Trypsin addition at 5

U/mL decreased the contraction frequency to 73.1% ± 4.9 (mean, n=36) of the
control and 10 U/mL to 67.4% ±6.5, (n=4). Compared to a1-min treatment of 10
jiM SLIGRL-NH2 (mean: 58.8% ± 20.3, minimum: 52.3% ± 17.9; n4), the trypsin
response was shorter in duration (Figure 4.9), hence the minimum inhibition
value of 58.6% ±4.9 may be more representative of the effect. Again the strongest
response began about 2to 3-min after the addition of the agonist and the response
was variable in extent amongst different vessels.
As well as the more prominent inhibitory response observed with the PAR2 activation by SLIGRL-NH2 and trypsin, both agonists would inconsistently
caused an increase in contraction frequency in addition to the inhibition. Based
on the irregularity in the trypsin excitatory effect, the resultant cumulative value
for all vessels was not significant. This excitation appeared more prominently at
higher concentrations; at 10 p.M SLIGRL-NH2 there was a maximal minute of
excitation with acontraction frequency of 139.1% ± 7.6 of control (n29). These
increases

were

observed

mainly

in

the

initial

minutes

of

treatment.
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Figure 4.9
Effect of Trypsin on the Frequency of Guinea Pig Mesenteric Lymphatic Vesse
Constrictions.
A. Time-Course Histogram of the Response to 5U/mL Trypsin Treatment Upo
Guinea Pig Mesenteric Lymphatic Vessels.

Individual minute values o

contriction frequency including 5-min control, 1-min treatment and 10-mi
wash out period. Values represent the mean response of 36 experiment
depicted as apercentage of the 5-min control period. *p<0.05; **p<o.0o5.
B. Inhibitory Effect of Two Concentrations of Trypsin Upon Guinea Pi
Mesenteric Lymphatic Contractility. Bars represent the mean and minimu
values with either 5 or 10 U/mL trypsmn addition. ***p<0.0005; #P0.27.
U/mL: n=35; 10 U/mL: n=4.
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4.3.5 Role Of The Endothelium In The Lymphatic Vessel Responses To
SLIGRL-NH2
The function of the endothelium in modulating lymphatic pumping has
been shown to be important in many models and with different chemical
mediators (Swartz, 2001; Reviewed in von der Weid, (2001)).

The activation of

PAR-2 receptors present upon the endothelium to modulate lymphatic pumping
was tested by the addition of SLIGRL-NH2 to vessels that had undergone
endothelial lysis (see Experimental Procedures 2.5.4). Due to the difficulty in the
endothelial lysis procedure, only a small number of experiments were possible
and the values from 1 experiment of 5 jM SLIGRL-NH2 were combined with 2
experiments of 10

i.tM

SLIGRL-NH2. In these vessels, the inhibitory response was

greatly attenuated upon addition of the peptide (5-10 j.tM) to the lysed vessel
decreasing from amean: 53.6% ± 11.6, minimum: 22.4% ± 15.2 in the control vs.
98.2% ±2.0 and 79.9% ±7.9 (Figure 4.10; n-3). The small number of experiments,
does not allow statistical analysis.
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Figure 4.10
Effect Of Endothelial Lysis On The Contractile Responses To SLIGRL-NH2 I
Guinea Pig Mesenteric Lymphatic Vessels. White and grey columns represent th
mean and minimum inhibitory responses, respectively to the peptide SLIGRL-NH
represented as a percentage of the 5-min control period. The black column
represent the SLIGRL-NH2 effect during treatment of avessel with anon-functiona
endothelium. 5-10 jiM: n=3.
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The involvement of nitric oxide in the response was also examined by the
use of L-NOARG, an inhibitor of NOS. From Figure 4.11, no significant difference
was observed at either 5(mean: 57.0% ±17 vs. 77.4% ±11.7, n=4) or 10 j2M (mean:
62.4% ± 5.4 vs. 77.7% ± 6.1, n=5) between the control and with the inhibitor,
although ahigh level of standard error is indicated for 5jM SLIGRL-NH2. There
may be involvement of NO in the PAR-2-AP's inhibitory effect especially at
higher concentrations. However, these differences in values between the control
and treatment with L-NOARG are comparable to those obtained during second
application (Figure 4.11). Thus, the synthesis of NO does not seem to play amajor
role in the response to PAR-2-AP.

Constriction frequency

(% of basal rate
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Figure 4.11
Effect Of 100 pM L-NOARG On The Contractile Responses To 2Concentrations o
SLIGRL-NH2 In Guinea Pig Mesenteric Lymphatic Vessels.

White and gre

columns represent the mean and minimum inhibitory responses, respectively to th
peptide SLIGRL-NH2 represented as apercentage of the 5-min control period. Th
black columns represent the SLIGRL-NH2 during treatment with L-NOARG. 5 pM
n=4; 10 pM: n=5. *p0.26 ;**p0.26;#P0.22; ##P0.13.
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4.3.6 Role Of Nerve Stimulation In The Lymphatic Vessel Responses To
SLIGRL-NH2
The

potential

for

PAR-2

activation

upon

nerves

to

stimulate

neurotransmitter release by induction of action potentials, and thereby contribute
to the inhibitory response upon lymphatic pumping, was precluded by the use of
tetrodotoxin. The effect of PAR-2-AP addition in the control was compared to
that with 1jtM TTX and was not observed to be significantly different. As seen in
Figure 4.12, SLIGRL-NH2 caused a decrease to means: 74.5% ± 8.6 and 56.5% ±
10.3 of the control at concentrations of 1and 5 pM, respectively. In combination
with TTX, the values of peptide inhibition were similarily 67.2% ± 7.7 of control
for the mean value of 1 tM and 46.8% ±16.8 with 5jtM SLIGRL-NH2.

Constriction frequency

(% of basal rate)
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mean

minimum

[SLIGRL-NH2] (jiM)
Figure 4.12
Effect Of 1 jiM Tetrodotoxin (TTX) On The Contractile Responses To
Concentrations of SLIGRL-NH2 In Guinea Pig Mesenteric Lymphatic Vessels
White and grey columns represent the mean and minimum inhibitory responses
respectively to the peptide SLIGRL-NH2 represented as a percentage of the 5-mi
control period. The black columns represent the SLIGRL-NH2 during treatmen
with TTX. 1jiM: n5; 5jiM: n=5.
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4.3.7 Role Of Cyclooxygenase In The Lymphatic Vessel Responses To SLIGRLNH2

Cyclooxygenase products are prominent mediators both constitutively and
during inflammatory conditions. The possibility of its involvement in the PAR-2
response

was

examined

indomethacin (10 pM).

by

the

use

of

the

non-specific

COX

inhibitor

The inhibitory responses elicited by SLIGRL-NH2 were

significantly prevented by this blocker as demonstrated in Figure 4.13. The values
of inhibition were largely reduced for 1 tM with amean constriction frequency
value of 50.2% ± 16.8 in the control to 87.7% ± 9.8 of control with indomethacin
(P=0.14 and n=4) and significantly different for 5jxM SLIGRL-NH2 (mean: 48.7% ±
13.5 vs. 87.7% ±8.3 of control, P=0.01 and n=4). From the time-course histograms
in Figure 4.14, there was almost complete blockage of the SLIGRL-NH2 induced
decrease in contraction frequency in the presence of indomethacin.
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A

mean

minimum
1ftM SLIGRL-NH 2

Constriction Frequency

(% of basa

B

mean

minimum
5 tM SLIGRL-NH 2

Figure 4.13
Effect of 10 .tM Indomethacin On The Contractile Responses To SLIGRL-NH2 I
Guinea Pig Mesenteric Lymphatic Vessels.

White and grey columns represent th

mean and minimum inhibitory responses, respectively to I p.M (A) and 5 p.M (B
SLIGRL-NH2 represented as a percentage of the 5-min control period. The blac
columns represent the SLIGRL-NH2 effects during treatment with indomethacin
(*P<005; **P<0.005). 1i.tM: n=4; 5p.M: j4•

Constriction frequency (% of basal

A

rate

94
140
SLIGRL-NH2in bath

120 100
8060
40
20

-

-

-

0 -7
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (mm)

B

T140
120

SLIGRL-NH2in bath
-

I
1
E
0

U

1

2 3 4

5

6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (mm)

Figure 4.14
Time-Course Histograms of the Effect of 10 iM Indomethacin On The Contractile
Responses To 5 j.tM SLIGRL-NH2 In Guinea Pig Mesenteric Lymphatic Vessels.
Individual minute values of constriction frequency including 5-min control, 4-mm
treatment and 10-n-dn wash out period.
A. Control treatment of 5gM SLIGRL-NH2. Values represent amean from 4
experiments, depicted as a percentage of the 5-min control period.
*p<005
B. Effect of 10

M indomethacin on the lymphatic constriction frequency

responses to 5 iM SLIGRL-NH2. Values represent the mean of 4
experiments, depicted as apercentage of the 5-ndn control period.
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4.4 Discussion
The objective of this study was to investigate the effect of PAR-2 activators
upon guinea-pig mesenteric lymphatic vessel constriction frequency and to
identify the primary cellular mechanisms involved in these responses. The main
finding was that PAR-2 activation by both the PAR-2 activating peptide SLIGRLNH2 and trypsin caused an inhibitory effect or decrease in lymphatic constriction
frequency. This response was gradual and prolonged, contrasting notably with
the abrupt and quick response observed with serotonin. In general, peptides are
seen to have alower potency of PAR activation than the tethered ligand exposed
by protease cleavage due in part to more inappropriate exposure and binding of
the peptides (Al-Ani et al., 2002).

Interestingly, in our model it appeared the

peptide had equivalent or greater effect, similar to the maximal responses seen
with both 5and 10 U/mL trypsin enzyme addition.
The PAR-2 response was endothelium dependent, but not dependent on
the synthesis of NO from NOS and not related to nerve stimulation. The response
was shown to be primarily due to aproduct or combination of products from the
cyclooxygenase pathway as the inhibitory effect was abolished by indomethacin.
These PAR-2 receptors may be expressed on both the endothelium and smooth
muscle but only appear to be functional on the endothelium to cause modulation
of contraction frequency. Conversely, the smooth muscle receptors are activated
but responses involve slower processes such as those involving transcription
factors.

In the lung activation of PAR-2 induced bronchial contraction,
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potentiation of contractions to histamine and smooth muscle proliferation (Berger
et al., 2001; Chambers et al., 2001).
4.4.1 The Reverse Peptide Effect
A small response was elicited with the PAR-2 reverse peptide LRGILS-NH2
which is contrary to it acting as anegative control with no response. This peptide
matches the tethered ligand sequence in the opposite direction and acts as a
control since it is unable to activate PAR-2. Vergnolle et cii. (1999) and Stenton et
cii. (2002) have also documented responses to acontrol peptide. In these systems,
non PAR-2 induced mast cell degranulation by the peptides was implicated in the
effect that was eliminated with pre-incubation with Compound 48/80, a
degranulation agent.

These small effects may also be reasoned by the arginine

group alone acting to create non-specific effects upon cells and their receptors.
4.4.2 The PAR-2 Excitatory Response
It is speculated in our model that there may also be a small excitatory
component of the PAR-2 effect upon lymphatic contractility, active at higher
concentrations such as 10 iiM. Caused by the variation of the PAR-2 activation
response amongst vessels, and possible overshadowed by the inhibitory element,
this excitation was not significant and not accentuated with blockage of the
inhibitory response. Supportive evidence was gained from electrophysiological
studies performed by Dr. Pierre-Yves von der Weid, indicating a depolarizing
effect. Unpublished data showed an increase in STDs and asmall depolarization
prior to the more pronounced hyperpolarization and decrease in both amplitude
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and number of STD events (results not shown). The excitation primarily observed
early in the response may be indicative of aquicker activation of these particular
mechanisms or distinctly located receptors, for example, activation of receptors on
the smooth muscle to cause contraction.

These possible reasons were not

conclusively determined in this study.
4.4.3 The Inconsistencies in the PAR-2 Response
An important question that arose from this study was the variability in the
responses to the PAR-2 agonists SLIGRL-NH2 and trypsin between different
vessels and with repeated application. This may be caused by different receptor
distributions amongst the mesenteric lymphatic vessels; PAR-2 was found
inconsistently in human intestinal veins and venules (Molino et al., 1998).
Alternatively, PAR-2 receptor subtypes may exist although none have been
identified to date (Roy et al., 1998; Cicala, 2002).

Pharmacological evidence as

found in rat jejunum by Vergnolle et al. (1998), suggests other PARs exist but have
yet to be cloned. Potentially, an unidentified mechanism could have been causing
either an up regulation of cell surface receptors for amore substantial response or
opposingly a desensitization or down regulation of receptors was occurring to
diminish the effect.

In human coronary arteries PAR-2 peptides caused

vasodilation only after exposure to IL-la and, TNF-ct and asimilar scenario may
be occurring occasionally in our system (Hamilton et al., 2001). In vivo studies and
an inflammatory model will shed more insight into the physiological role of the
receptor.
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Desensitization of the receptor by repeated trypsin administration within a
10-min period was not noted consistently and responses to peptide treatment
were not always repeatable.

Nonetheless, experiments with antagonists or

inhibitors were not performed using trypsin since theoretically, utilization of the
'single use receptor' should occur.

Irregularity in the trypsin response may be

explained by incomplete receptor activation upon the first trypsin treatment,
although astrong response was observed or conversely, stores of receptors were
quickly signaled to the cell surface (Dery et al., 1998).

With the peptides,

dissociation from the receptor to allow reactivation may not have occurred or a
different cytosolic mechanism of desensitization was acting such as receptor
endocytosis or uncoupling between the receptor and G-protein by receptor
phosphorylation caused either by the G protein receptor kinases (GRKs) and their
arrestin cofactors or a second messenger dependent kinase (Dery et al., 1998).
Unfortunately, studies of the signal transduction pathways of the PAR-2 receptor
are limited especially in the vasculature (Dery et al., 1998; Cicala, 2002) and a
better understanding may be obtained with further studies.
Despite the variations in the degree of the responses to PAR-2 activation,
the existence of the receptor and its response upon activation is acknowledged
and warrants further examination.
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4.4.4 Comparison of the PAR-2 Effects Between Lymphatic and Blood Vessels.
This is the first study examining the role of proteinase activated receptors
in alymphatic vessel model. We have shown that these receptors are present and
when activated modulate lymphatic pumping frequency. The uniqueness of our
investigation prevented comparison of our findings to those on other lymphatic
vessel models but could be related to studies of blood vessels, which are similar in
morphology and aconduit for fluid movement as well.
Similar to

the results found in this

examination,

a relaxation or

vasodilation has been observed in the majority of the blood vessel models (Cicala,
2002), which can be interpreted as analogous to our inhibition or decrease in
lymphatic contraction frequency. In vitro models of rat femoral arteries and veins,
aorta, coronary vessels, pulmonary arteries and afferent arterioles, murine
mesenteric, femoral, and renal arteries, human coronary arteries and porcine
coronary

artery

have

all

shown endothelium

dependent smooth muscle

relaxation, in response to PAR-2 activation (Al-Ani et al., 1995; Saifeddine et al.,
1996; Emilsson et al., 1997; Roy et al., 1998; Bhattacharya and Cohen, 2000 ;
Hamilton and Cocks, 2000; Hamilton et al., 2001; McGuire et al., 2002; McLean et
al., 2002; Nakayama et al., 2001; Trottier et al., 2002). In agreement, in vivo studies
on rat basilar arteries and human forearm and hand blood vessels all also
presented vasorelaxation (Sobey and Cocks, 1998; Robin et al., 2003).

Some

variation exists in what agent from the endothelium elicits the dilatory responses
to PAR-2 agonists.
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The majority of PAR-2 vascular responses have held NO accountable as the
endothelium derived vasodilatory agent in many systems including rat femoral
arteries and veins, rat pulmonary arteries, rat afferent arterioles, rat aorta, rat
cerebral basilar artery, murine renal artery and porcine coronary artery (Al Ani et
al., 1995; Emilsson et al., 1997; Moffatt and Cocks, 1998; Roy et al., 1998;
Nakayama et al., 2001; Sobey and Cocks, 1998; Trottier et al., 2002).
Mclean et al., (2002) similarly observed coronary vasodilation that was
endothelium-dependent but not seen to be reduced with L-NAME, indomethacin,
or oxyhemoglobin.

The effect was instead identified to be caused by an

endothelium derived hyperpolarization factor (EDHF) that was also described by
McGuire et al., (2002) in murine mesenteric arterioles in addition to NO.

Uniquely in our study, we found cyclooxygenase products likely derived
from the endothelium to be the primary mediators for the PAR-2 effect, which has
also been identified in other systems. The linkage between the phospholipase A2
(PLA2)enzyme and PAR-2 may have been by activation of the mitogen activatedprotein kinase (MAPK) to cause subsequent phosphorylation and activation of
PLA2. PLA2 cleaves membrane phospholipids to form arachidonic acids that are
converted to different prostaglandin (PG) products by the COX enzymes and PG
synthases.

Robin et al. (2003) studied PAR-2 mediated vasodilation in the vessels of
the hands and forearms of human patients and observed the effects to be reduced
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by both inhibition of NO and prostanoid synthesis, the latter by aspirin treatment.
An important interest of their study was the potential of PARs and the elicited
vasodilation as alinkage between protease activation and systemic hypotension.
PAR-2 stimulation of human urothelial cells resulted in PLA2 activation and PGE2
release that may act as an inflammatory or cytoprotective phospholipid
metabolite (Rickard and McHowat, 2002).

Comparatively, PAR-2 induced

contraction of rat urinary bladder (Kubota et al., 2003) and gastric longitudinal
muscle (Al-Ani et al., 1995) were significantly inhibited by 10 pM indomethacin
suggesting that PAR-2, at least partially by inducible PLA2, stimulated PG release
and smooth muscle contraction. Results from Cocks et al. (1999) and Chow et al.
(2000) indicated protective roles of epithelial PAR-2 activation by trypsin in
mouse, rat, guinea pig, and human airway preparations by prostanoid dependent
relaxation.

With speculation of apossible smooth muscle component in our study, a
smooth muscle dependent response to PAR-2 activation has also been observed in
some blood vessels and its receptor expression identified by RT-PCR (Cicala,
2002). Smooth muscle dependent contractions have been observed in mouse renal
arteries (Moffatt and Cocks, 1998) and mouse mesenteric arterioles (McGuire et al.,
2002), the latter at high concentrations of PAR-AP (30-100 jiM). Conversely, Roy
et al. (1998) had found endothelium dependent contractions in rat pulmonary
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arteries, although this was postulated not to occur via the PAR-2 receptor (Cicala,
2002). A smooth muscle dependent relaxation has yet to be found.

In conclusion, we have identified PAR-2 activation by trypsin and SLIGRLNH2 peptide on guinea pig mesenteric lymphatic vessels that induces an
inhibition resulting in a decrease in lymphatic contraction frequency.

This

response is believed to be endothelium dependent but unlike the typical NO
based effect found in most systems, we have found acyclooxygenase dependence.
Thus, in addition to being the first study of PARs upon lymphatic vessels, we
have aunique mechanism of action identified as well. The inhibition of lymphatic
contractility and uptake of interstitial fluid could initiate or exacerbate adiseased
state such as hypotension, and in an inflammatory condition could prolong or
intensify the resultant edema. Thus, we have examined areceptor with possible
physiological and pathophysiological significance.

103
CHAPTER 5: GENERAL DISCUSSION
5.1 Summary of 5-HT Effects
I.

Constriction measurements were performed in vitro on lymphatic vessels
isolated from the guinea-pig mesentery to investigate whether 5-HT affected
lymphatic pumping.

II.

5-HT decreased in a concentration-dependent manner the frequency of
constrictions induced by intraluminal vessel perfusion.

III.

The actions of 5-HT were significantly reversed by the 5-HT7 receptor
antagonist SB269970, 0.5 pM and by the 5-HT1121517 receptor antagonist
methysergide (0.5 jiM), and were mimicked by the 5-HT1/7-receptor agonist, 5CT.

IV.

The 5-HT4-receptor antagonists GR113808, 1jiM and SB203186, 1jiM did not
significantly affect the 5-HT-induced responses. The 5-HT4-receptor agonist
RS67506 decreased the constriction frequency, albeit only at 50 jiM and
withOut affecting the smooth muscle membrane potential.

V.

Responses to 5-HT were attenuated by the NOS inhibitor L-NOARG (100 jiM),
whereas indomethacin (10 jiM) and tetrodotoxin (ljiM) were without effect.

VI.

5-HT-induced responses were inhibited by the ATP-sensitive K+ channel
blocker, glibenclamide (10 jiM).

VII.

These results suggest that 5-HT modulates the rate of lymphatic vessel
pumping

by

eliciting

KATP

channel-mediated

smooth

muscle
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hyperpolarizations, which appear to be mediated by activation of 5-HT7
receptors.

5.2 Summary of the Effects of PAR-2 Activation
I.

Constriction measurements were performed in vitro on lymphatic vessels
isolated from the guinea-pig mesentery to investigate whether PAR-2 agonists
affected lymphatic pumping.

II.

Addition of the serine protease trypsin and the PAR-2 activating peptide
SLIGRL-Nl-I2 caused adecrease in lymphatic constriction frequency stimulated
by intraluminal vessel perfusion.

III.

The PAR-2 induced response was not significantly changed with addition of the
NOS blocker L-NOARG (100 jIM) or 1jM tetrodotoxin.

IV.

Unlike studies of PAR-2 on blood vessels, the inhibitory PAR-2 response
observed in the lymphatic vessels was caused primarily by cyclooxygertase
products that were blocked by 10

M indomethacin and is likely endothelium

dependent.
V.

The inhibitory effect was elicited by formation of cyclooxygenase products from
the endothelium or conversely from an agent in the endothelium stimulating the
COX enzyme.
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5.3 Conclusions
In conclusion, both 5-HT and agonists of PAR-2 activate receptors upon
guinea pig mesenteric lymphatic vessels to elicit an inhibitory response upon
lymphatic constriction frequency. These chemical mediators are active participants
in inflammation and thus likely play, modulating roles in the uptake of increased
interstial fluid in these conditions. The lymphatic system's function in controlling
edema during inflammation, in addition to normal tissue fluid homeostasis, is
fundamental for proper tissue function. From our findings, we suggest that 5-HT
and PAR-2 act to decrease the amount of fluid uptake and act to prolong an
edematous state. This remains unclear as these mediators likely act simultaneous to
many others with common or antagonistic effects.

There may also be many

cascades initiated; 5-HT causes the release of many proteases, some of which may in
turn activate PAR-2 receptors and an inhibitory effect upon lymphatic pumping
could be amplified or prolonged. The converse may be true as well; PAR-2 was
found on porcine enteroendocrine cells (Green et al., 2000) and their activation may
cause greater than normal releases of 5-HT. Thus, both systems should be taken
into consideration in development of anti-inflammatory therapeutic agents.
An understanding of lympatic system physiology is essential for intervention
in any

disease state

involving an unnecessary immune response

such as

autoimmune diseases or in aprolonged inflammatory response. The examination of
PAR-2 activation and serotonin, to potentially exacerbate or eliminate edema, is an
important component of this understanding.
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5.4 Future Directions
Further experiments are necessary for a clarification of the endothelial
dependence of the PAR-2 response since at present we are unable to be conclusive
with our findings. These additional data would decipher if our system is,. as we
speculate, in agreement with an endothelium-dependent relaxation found in all
blood vessel studies to date, or if we have a novel smooth muscle dependent
relaxation. As further support of our findings the trans-cinnamoyl -LIGRLO-NH2
peptide should also be administered to the lymphatic vessels as it has been
observed to be amore potent PAR-2 agonist in many systems; we can then see if a
greater inhibitory response is possible or if we have indeed reached the maximal
response. The protease tryptase should also be utilized, known in many cell types
to cleave and activate PAR-2, tryptase is amore likely endogenous activator of the
receptor found in mast cells and released into the tissue upon activation.
Studies should be conducted of the possible interaction between the two
mediators applied together. To be more physiologically relevant, the effects of the
chemical mediators should be examined in an in vivo model using, for example,
intravital microscopy upon the guinea pig mesenteric lymphatic vessels.
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