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Summary

The diaphragmatic lymphatic system drains fluidsl @olutes from diaphragmatic
interstitium and from the pleural and peritonealitias. Initial lymphatics, devoid of
smooth muscle cells (SMCs) in their walls, joinoirfbng linear vessels or complex
loops, formed at the confluence of linear vesdgtth linear vessels and loops, visible
below the pleural and peritoneal mesothelia over draphragmatic dome, may be
segmented in functional units, called lymphangiseparated by intraluminal valves,
which ensure unidirectional lymph flow. Lymph pregsion within the diaphragmatic
lymphatic vessels is due to an hydraulic pressuiadignt of between adjacent
lymphatic segments whose generation and maintendapends upon a system of
extrinsic and intrinsic pumps. Extrinsic pumpingnsainly due to the movement of the
surrounding tissues which causes the contractipafesion of the vessel, while the
intrinsic pumping mechanism is due to the rhythgoatraction of the smooth muscle
cells surrounding the wall of the lymphangions. riesdic pumping prevails in
lymphatics of the medial diaphragm, while lymphabops located at the extreme
diaphragmatic periphery do require an intrinsic purg mechanism to propel lymph
centripetally. Lymph propulsion within the most ip&eral diaphragmatic lymphatics
depends upon tissue displacements and contradtemamnth muscle cells that surround
the collecting lymphatics. The aim of the preseontkwvas to investigate, in actively
contracting sites of peripheral diaphragmatic lyatph vessels, the contribution of
single strokes and valves opening/closing dynamaidgmph propulsion, and to analyze
how this phenomenon is modulated by epinephrine.

Anaesthetized rats received an intraperitoneatimge of a mixture of FITC-conjugated

dextrans and TRITC-labeled microspheres (Outrldiameter). After passive lymphatic



vessels loading, microspheres movement were videardedex-vivoin excised pieces
of diaphragm, kept superfused with warmed oxygehdigrode’s solution in a flow
chamber on the stage of an upright microscopeamtaheous and mean microsphere
velocities were derived from microsphere trajee®rialong with vessel diameter
changes due to spontaneous active strokes.

Data obtained show that active strokes exert aamtgt-dependent effect on
microspheres progression from the contracting slteeir velocity profile results
parabolic with a peak velocity of about 96 pum/skecthe presence of intraluminal
valves, microspheres show an oscillatory trajectoryhe proximal side and monotonic
outward directed flow on the distal side of thevealEpinephrine administration has
opposite effects in linear vessels and lymphatiop$o in particular, epinephrine
determines an increase in contraction frequenggbolt 3 bpm and a greater distance
traveled by microspheres inopsand an impairment of spontaneous activityimear

vessels.
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1. Introduction

1.1 The Lymphatic System

The anatomy of the lymphatic system was charaetrizy the early 10 century but
already in 460-360 BC, Hippocrates described “whitgod in nodes” in one of his
medical texts,On the Glandsand Aristotle noted fibers containing colorlessidl
located between blood vessels and nerves. Variepects of lymph, lymphatic
drainage and lymphatic anatomy have received ateim the 17" and 18 centuries.
The lymphatic system was rediscovered in 1627 bigadian anatomist, Gaspare Aselli
as the Venae albae et lactegenilk veins)”, from the dog diaphragm (Aselliu27),
and Swammerdam in the mid-1600s revealed valvéseircollecting lymphatic vessels
using wax injections. The nature and function &f tpmphatic system were correctly
described by William Hunter who proposed that traghatics are not continuations
from arteries but are “a particular system of vissbg themselves” and that the lymph
is formed by the absorption of fluid from the tissunto peripheral lymphatics (Hunter,
1762).

The lymphatic system develops in parallel, but sdeoly to, the blood vascular
system through thiymphangiogenesidn the 23" century, researchers proposed two
theories on the histogenetic origin of the lymphaistem: the “centrifugal model” and
the “centripetal model”. The first theory suggestieat the lymphatic system is derived
from the blood vascular system, in contrast, theeotheory argued that the lymphatic
endothelial cells are independently differentiatexn lymphangioblasts derived from
mesenchymal cells and that the primitive lymphaties formed by these lymphatic
stem cells first and later they connect to the exmic vein. In 1902, has been
demonstrated that the lymphatic system is derivednfthe early embryonic vein

(Sabin, 1902, 1904). In birds and most mammal, lyamgiogenesis begins with the
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formation of primitive lymph sacs as the resultlué fusion of lymphatic capillaries. In
humans, the first lymph sacs have been found neamdymonth after the development
of the first blood vessels (Van der Putte, 1976)miice, the lymphangiogenesis starts
after the cardiovascular system is functional (&iand Detmar, 2002).

For a long time the lymphatic system has been demsdl secondary to the other
circulatory system, the blood vascular system efoee modern molecular, cellular and
genetic approaches have allowed to discover tHevadize of the lymphatic system. The
lymphatic system operates in conjunction with theeuatory system. The blood
vascular system is a circular system in which bl@Vves the heart and returns to the
same organ. In contrast, the lymphatic systemhhkiat-ended linear system. As blood
travels through the capillaries, fluid, proteinsdacells enter the interstitial space
according to a combined hydrostatic and osmotisque gradient. Most of this fluid is
reabsorbed into the post-capillary venules, theesxcenters the initial lymphatic
capillary vessels, permeable to macromoleculeschwhdriginate in the interstitial
spaces of tissue and organs. The fluid is therspiared to thicker and larger collecting
lymphatics and it eventually returns to the bloagdwation through the thoracic duct

that joins to the subclavian veins (Figure 1.1, @ay&001, Choi et al., 2012).
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Figure 1.1 Macroscopic view of the blood versus lyphatic system.The blood vascular system is a
circular and closed system in which the blood leaivem and returns to the heart; in comparison, the
lymphatic system is a linear system in which thepyatic capillaries drain the lymph and transport i

back to the blood vascular system (Choi et al. 2201
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1.2 Anatomy of the Lymphatic System

The lymphatic system is present in most organs \heh exception of the central
nervous system, meninges, retina, internal eaer liwbule, spleen pulp, kidney
parenchyma, bone and avascular tissues, such alsgsrnails and cuticle (Grey,
1918). It carries a transparent fluid callgthph the vasculature is blind ending, small
capillaries funnel first into pre-collecting anddar collecting vessels and then into the
thoracic duct or the right lymphatic trunk, whictashs lymph into the subclavian veins
(Figure 1.2). The structure of the compartmentiecés the dual role in lymph transport

and in fluid absorption (Schulte-Merker et al, 2p11
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Figure 1.2. Structure of the lymphatic vesselsThe lymphatic capillaries lack vascular mural €elhd

Extracellular matrix

have no or only an incomplete basement membrane.€hiothelial cells lack tight junctions, partly
overlap, forming valve-like openings. Anchoringafitents connect lymphatic capillary endothelialscell

to the extracellular matrix. The lymph is drainedtlae capillaries level and then propelled to pre-
collecting and collecting lymphatic vessels thagéha basement membrane, are surrounded by vascular
smooth muscle cells with intrinsic contractilitydanontain valves. Finally, the lymph is filtereddbgh
lymph nodes. In contrast, the endothelial cellblobd vessels form tight and adherence junctioase la

basement membrane, and are surrounded by pergoiesth muscle cell§Karpanen and Alitalo, 2008).
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1.2.1Initial lymphatics

Initial lymphatics (also called terminal lymphatics lymphatic capillaries) have a
diameter of about 10-6@m and their wall has a thickness less than fropmmb The
endothelial cells of lymphatic capillaries haveraque junctional organization (Baluk
et al., 2007; Dejana et al.,, 2009) and are condebtg discontinuous buttonlike
junctions (Figure 1.3). Lymphatic capillaries ameetl with a single layer of partly
overlapping lymphatic endothelial cells (LECs) fomgn valve-like openings, called
“flap valves”, which allow easy access for fluidaonomolecules and cells into the
vessel lumen (Trzewik et al., 2001; Galie and SijlR009). Thesprimary valvesonly
permit unidirectional lymph entry into the lymplatiessel lumen. The capillaries lack
vascular mural cells and they have an incompletabsent basement membrane, with
the exception of lymphatic capillaries in the batsngs (Hogan-Unthank]1986).
Anchoring filaments made of collagen VIl (Leak aBdrke, 1968), connect lymphatic
capillary endothelial cells to the surrounding ex#llular matrix (ECM) (Burgeson et
al., 1990; Chen et al., 1997; Rousselle et al:,71%hd keep them from completely
collapsing when interstitial fluid pressure increasThese features make the initial

lymphatics highly permeable to large macromolecutagrating cells, and pathogens.

1.2.2 Pre-collecting lymphatics

The pre-collecting lymphatics connect the cap#ario the collecting vessels, they have
indeed both lymphatic capillary (LECs) and collegtilymphatic vessel (valves)
characteristics. They have a basement membranesuar@unded by vascular smooth
muscle cells (SMCs) in their walls, and are capabileperforming spontaneous

contractions. The pre-collecting vessels contacudpid one-way valves, irregularly
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distributed that may comprise a single leaflepievent the lymph backflow. The valve

regions are devoid of SMCs (Sacchi et al., 1997).

1.2.3 Collecting lymphatics

The collecting lymphatics can be classified aferent or efferent (prenodal or
postnodal depending on whether they carry lymph to or frdm nodes. They are
approximately 50-20Qum in diameter. The larger collecting lymphatics amwered
with a continuous basement membrane and smoothlenastls. Lymphatic muscle
cells are found at the level of collecting vesselsnost tissues and animals (Gnepp,
1984, Casley-Smith, 1968) with the exception oftthéwing (Webb, 1944) where they
are found in the initial lymphatics. Endotheliallseare elongated and connected by
continuous zipperlike junctions (Figure 1.3) whictggether with the basement
membrane, prevent lymph leakage during the transpgtey contain thesecondary
valve systenthat allows lymph propulsion and prevents retrdgriiow (Takada, 1971).
Segments of collecting lymphatics between valves aalled lymphangions: a
contractile compartment that propels lymph into tlegt compartment (Granger et al.,

1984).
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Buttonlike
junctions

Zipperlike
junctions

Figura 1.3. Junctional organization of lymphatic ewothelial cells in lymphatic capillaries and
collecting vesselsBoth button and zipperlike junctions present adherand tight juntions-associated
proteins (e.g., VE-cadherin, zonula occludens-klumtin, and claudin-5, with different organization
(Shulte-Merker et al., 2011).

1.2.4 Lymphoid organs

Lymphoid organs are classified in primary and sdeoy. The primary (thymus and
bone marrow) are responsible for the production mwaduration of lymphocytes; the
secondary organs (spleen, Peyer’s patches, appe¢oadsils and nodes) are responsible
also for initiation of an immune response. Theaxilhg vessels pass through capsular
lymph nodes that are organized in clusters througlive lymphatic system. Lymph
nodes are interspaced in the collecting vesselsaands filters for the lymph as it
passes through. Lymph nodes are 1-10 mm in diaraatethere are hundreds of lymph
nodes in the adult human body. The exterior waklsavered with lymphatic smooth
muscle which causes contraction even if at a logguency. The outer surface is
covered by sinus-lining cells that create an impihe membrane (Roozendaal R. et
al., 2008), thus large molecules cannot penethaselayer and this prevents pathogens

from reaching the bloodstream.
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1.2.5 The secondary valve system

The system of intraluminal or secondary valves,ciwhis present in the collecting
lymphatics, prevents reflow along the lymphaticseds. The segment delimited by two
consecutive intraluminal valves, the lymphangios,the “functional unit” of the
lymphatic vascular system (Granger, 1984). Eaclphangion consists of a contractile
compartment with an inlet and an outlet valve. @baf lymphangions, as seen along
the collecting lymphatics, serve as entry-valved axit-valves from one compartment
to the next (Schmid-Schonbein, 2003). The valvedaio two semilunar leaflets, which
are covered on both sides by a specialized endatheinchored to the extracellular
matrix core (Lauweryns and Boussauw, 1973). Theevidaflets, long about twice the
length of the lymph cross-sectional dimension, fanfunnel inside the lymphatic
channels (Mazzoni et al., 1987). Each leaflet tmched at opposite sides, to the
lymphatic wall, and toward their downstream end/these together to form a buttress.
The buttress is attached to the wall so that & &nds form the opening for the passage

of lymph fluid. The two buttresses prevent invensod the leaflets (Figure 1.4).
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Figura 1.4. Funnel arrangement of lymphatic valvesFunnel ) consists of a thin connective tissue
sheet covered by lymphatic endothelium. Inversibriuanel is prevented by attachment to lymphatic
wall via two buttresses. Arrow indicates flow ditiea. a, b, andc drawings of cross sections taken at
the indicated level in the left panel drawing (Swa2001).

The mechanism of leaflet opening and closure canepeesented by considering the
fluid pressure at different points around the letafl R in front of the valve, P
downstream andsFn the sinuses (Figure 1.5). In the funnel rediba lymph fluid
motion is accompanied by viscous dissipation, sb dluring a downstream motion P
P,. When the sinuses are closed=PP; little or no motion occurs. Subsequently, the
pressure drop across the leaflets,—PPR; is positive, and thus the valve leaflets are

pushed open. The flow stops whenPP, = P; or when B > P, > P, and the trans

leaflet pressure vanishes.
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e

=0

Figure 1.5. Lymphatic pressure in vicinity of valve P;, upstream pressure;, Rlownstream pressure,
Ps, abluminal pressure in outer pocket of valve kafy — P, is trans leaflet pressure drop.PP, > P;

in condition of flow; during closure ;P P, so that P— P; < 0.

Most lymphatic secondary valves are of the bicuspp (Albertine et al., 1987) but

some have been found tricuspid, and occasionalgn exalves with a single leaflet

(Gashev and Zawieja, 2001). Data about the size,gtometry and the number of
valves are scarce, such as on the structure anchtmpe of the secondary valves
(Gashev and Zawieja, 2001), although valve sizeesawith the vessel calibre. Studies
of the rat spinotrapezius muscle have shown thaommuscle cells are absent from
the valve leaflets (Mazzoni et al., 1987); the eabperation is determined by the
pressure and viscous forces associated with the dlothe lymph. The vessel muscle
tone influences the pressure gradient. A two-valsgstem is required to prevent
backflow and to guarantee the unidirectional transip lymphatics. Two neighbouring

valves are never open at the same time (OhhasB0)16ne is open, while the other
one is closed, so unidirectional transport is gmesiThe presence of the valves is
essential for contraction because they allow a lyamgion to distend before emptying
into the next segment: this results in a net presdwop along the entire length of the
vessel, and the flow of the lymph ceases when rhigtficontractions stops (Ohhashi,

1980). The opening and the closing of valves depamderiodic changes in fluid

10
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pressure within collecting vessels. High lymph pues upstream of a valve opens the

valve and enables lymph flow, reverse flow puslnesi¢aflets against each other and

closes the valve (Figure 1.6, Shulte-Merker et24108).

Cloged | ymphangion Op

<l 2 il

Figura 1.6. Lymphangion and lymphatic valve.High lymph pressure upstream of a valve opens the

downstream valve and enables lymph flow, whereasrse flow pushes the leaflets against each other
and closes the upstream valve (Schulte-Merker.e2@11).

11
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1.3 Functions of the Lymphatic System

Lymphatic vessels are essential for transportirsgue fluid, extravasated plasma
proteins and cells back to the blood circulatidnyst contribute to the maintenance of
fluid homeostasis. The lymphatic system not onlgtaus the tissue fluid homeostasis,
but also maintains plasma volume constant, coritiguo the regulation of arterial

pressure and cardiovascular function, it contribiteimmune response through lymph
nodes promoting the return of leukocytes and cigltduding tumoral cells, to the blood

stream and it serves as a reservoir for extraeglfilid (Negrini, 2011). The lymphatic

system also serves as a conduit for traffickindyofphocytes and antigen-presenting
cells from the interstitium to be displayed for BdaT cells in the lymph nodes. The
activated immune response cells proliferate inlghgh nodes and produce antibodies.
Cells and antibodies are delivered into the cirboitavia the lymphatics (Jeltsch et al.,

2003).

12
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1.4 Lymph formation

The net flow rate in the lymphatic vessels is doelyimph formation and lymph
propulsion that are determined by multiple factopgssive and active. The first
describes the fluid transport from the interstititmto the initial lymphatics, while the
second refers to the forces that drive lymph frdme tapillaries into the larger
collecting vessels and eventually back to the hiddee lymph formation depends by
local forces such as interstitial fluid pressurel @axtracellular matrix strain (Swartz,
2001); on the other hand, lymph propulsion is aiseen by extrinsic forces exerted by
respiratory activity and/or blood pressure swingsd it can be modulated by the
influence of neurotransmitters and hormones. Lyrepters through the openings in
endothelial cells of the capillaries. These primeaasives open when interstitial pressure
increases above intraluminal pressure and thisvallthe fluid flow to enter initial
lymphatics. When the pressure inside the vesssts mbove interstitial pressure, the
valves close (Figure 1.7). Lymph formation is orgpendent because of the different
mechanical stresses that each tissue exerts upghatic vessels in the various organs

(Margaris and Black, 2012).

13
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Figura 1.7. Mechanism of lymph formation in lymphaic capillaries. Interstitial components penetrate
initial lymphatics via openings between endotheat&lls. Anchoring filaments attach the endothedills

to the extracellular matrix and prevent vesselmfomllapsing (Shulte-Merker et al., 2011).

1.4.1 Starling’s Law

Lymph formation is driven by the combined hydrastand colloidosmotic pressure
gradient and modulated by the permeability of th@oghelial wall or conductance. The

Starling’s equation describes this kind of phenoomen

= Lp CAm L(Pin — R) -0 (Tia- )] (EqQ. 1.1)

14
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where J (nl/sec) is the lymph drainage ratg,id the hydraulic permeability to water of
the endothelial barrier of initial lymphatics (c@¢slIcmHO), A, is the endothelial
exchange surface area @mPA is the intraluminal lymphatic hydrostatic pressure
(cmH0), R, is the interstitial hydrostatic pressure (csgh, 17 is the lymph oncotic
pressure (cmpD) andTs, is the interstitial oncotic pressufemH,0), o is the capillary
oncotic reflection coefficienta= 0 means completely permeable without protein
reflection:o = 1 means completely impermeable with 100% pratefiection).

The Starling’ Law can be summarized as:

J =L, DA, (AP -0 AT (Eq. 1.2)

where AP andAmare the local hydrostatic and oncotic pressuresfices across the
lymphatic capillary wall. For the lymphatics, theogucto UATtis typically considered
negligible with respect tAP because their reflection coefficient approacheslae of
zero, that is, significantly lower than that obddl capillaries (Schmid, 1990; Leak et
al.,1966; Hammersen F. and Hammersen E, 1985; i@adi® 1984). Lis not constant

for lymphatic capillaries and depends on the stésdress of the tissue (Figure 1.8).

15
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anchoring filaments

Anchoring filaments
unstressed
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Figura 1.8. The “tissue pump” for lymph formation. The stress within the interstitium creates radial
tension on anchoring filaments. The luminal voluofidymphatic capillaries increases and this creates

transitory pressure gradient favouring the fluxndérstitial fuid into the lymphatics (Swartz, 2001

Thus, in initial lymphaticey = 0 andrg, = T¢:

J = Lp DA Pymph = Lp CAm (P — R) (Eq. 1.4)

If Pin is higher than P the APympn, gradient is positive and the fluid flux goes from
interstitial space into the initial lymphatic lumenpening the primary valves. A
negativeAPymph gradient due to Fhigher than R might allow the lymph backflow in

the interstitial space but this event is prevetgdap-valve closure.

16
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1.5 Pathologies of the Lymphatic System

Defects of the lymphatic vasculature are implicated variety of human pathologies.
The lymphatic vessels have an important role incdumetastasis and inflammation
(Sleeman et al., 2009; Tammela and Alitalo, 20I0e lymphatics serve as a primary
route for the dissemination of many solid tumorghsas breast, colon, lung, and
prostate tumors, to the regional lymph nodes arssipty via the thoracic duct and the
blood circulation, to distant organs. Tumor cellsreneasily penetrate lymphatic vessels
than blood vessels, because of the looser junctietsveen ECs and basement
membrane (Alitalo and Carmeliet, 2002). On the othend, tumor cell metastasis to
lymph nodes represent an optimum criterion for eathg the prognosis of patients and
for choosing a suitable therapy.

Lymphedema is due to accumulation of interstitialds caused by lymphatic dysplasia,
malformation, misconnection, and obstruction an@lbsence of functional lymphatic
valves. Complications of lymphedema include progkes dermal fibrosis,
accumulation of adipose and connective tissue,edsed immune defense (Rockson,
2001). Lymphedema is classified as primary (geheticsecondary (acquired) (Figure

1.9). This last pathology is consequence of a dsegaauma, surgery, or radiotherapy.

1.5.1 Primary Lymphedema

Primary lymphedema can be divided into three gralgiending on the age of onset:
congenitallymphedema (at birth), lymphedemeaecox(early onset), and lymphedema
tarda (late onset) (Allen, 1934). Congenital lymphedemanifests more often in

females than males, in lower extremities, and isirggle rather than both legs. A

subgroup of congenital lymphedema, thBlroy disease (Milroy, 1892, 1928) is

17
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characterized by absence of the lymphatic vesselsf dhey are present, they are
extremely hypoplastic in the affected areas, batiméhe unaffected ones (Brice et al.,
2005). Lymphedema praecox, often callgtige’s diseasejs commonly detected
around the puberty. Females are affected four tima® often than males. The patients
display dysplastic, smaller, and fewer lymphaticsseds compared to healthy
individuals (Finegold et al., 2001).

Lymphedema-distichiasis syndrgnaesubset of lymphedema praecox, is characterized
by edema of the limbs and it is associated wittaety of congenital abnormalities.
The third type of primary lymphedema is callgeginphedema tardain effect, the
symptoms manifest only at a late stage of life allglafter age 35. This form displays a
tortuous, hyperplastic pattern of lymphatic vesseiaracterized by an increase in
diameter and number and their patients often lacktfonal lymph valves (Choi et al.,

2012).

1.5.2 Secondary Lymphedema

Postsurgical edema, especially after mastectomgresents the primary form of
lymphedema in industrialized countries. It may depeén upper or lower extremities or
in external genitals because of invasive surgeaynha, radiation. The most common
causes of secondary lymphedema, especially in &faied Asia, idilariasis, a direct
infection of lymphatic vessels by mosquito-borneagdic nematodes liké/uchereria
bancrofti Brugia malayj or Brugia timori These parasites cause a dilatation of
lymphatic vessels and eventually a complete andchaeent disruption of lymphatic
transport, which leads to a predisposition to lterga recurrent bacterial infections and

a condition known as elephantiasis (Dreyer e28i00).

18
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Lymphedema presents severe social, economic, arahgisgical burdens to patients

and their families, and, no cures are availableHr disease.

Normal lymphatic vasculature

J

Primary lymphedema

Lymphatic vascular Lymphedema distichiasis:
hypoplasia or aplasia - Abnormal wall structure
Sy - Lack of valves

%

/

T,

T

Secondary lymphedema

éj Injury or surgery Infection

Figura 1.9. LymphedemaHereditary lymphedema can be caused by total absemsevere reduction of

ki

lymphatic vessels or by abnormal morphology. Seaontymphedema is due to disruption or trauma of
lymphatic vesselsby injury, surgery or infectiorafdianen and Alitalo, 2008).
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1.6 The Diaphragm

The diaphragm is a dome-shaped fibro-muscular lantivat separates the thoracic
cavity from the abdominal cavity. The diaphragm dsntrolled by somatic and
autonomous nerve fibers, and it is exclusively maged by the phrenic nerve. The
central portion of the diaphragm is tendineous, iargisurrounded by a ring of radially
oriented striated muscle fibers (Figure 1.10). Timsscle fibers are inserted on the
sternum, on the ribs and on the lumbar vertebrhe.diaphragm plays a very important
role in the ventilation process, it is responsitaie most of the work of breathing of a
normal person. The phrenic nerve controls the mevesnof the diaphragm that
regulate the breathing. The lungs are enclosedkindhof cage in which the ribs form
the sides and the diaphragm forms the floor. Duimsgiration, the diaphragm is moved
down (Boriek et al., 2005) and becomes flat, thestltavity becomes larger and the
intercostal muscles expand the ribs. The diaphragntovered by one layer of
peritoneum and by the inferior surface of the gartipleura, thus when it contracts it
pulls the pleura with it. The pleural pressure dases and causes the alveolar pressure
to drop. This generates a pressure gradient whkishalir to flows into the lungs. During

expiration, the diaphragm passively relaxes angrmstto its equilibrium position.

20
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Figure 1.10.Schematic front of the diaphragm.The shaded areas correspond to the medial tendineou
tissue (light shading) and the peripheral musc(dark shading) portiondRegion 1 ventrolateral area
corresponding to ventral peripheral muscular partiegion 2 medial ventral portion corresponding to
ventral tendineous areeggion 3 dorsolateral muscular regioregion 4 dorsomedial tendineous region

(Grimaldi et al., 2006).

1.7 The diaphragmatic Lymphatic System

The diaphragmatic lymphatic system has been arcobjedifferent research for many
years. Recklinghausen in 1863 suggested the pres#nemall openings, or stomata,
that connect the lymphatic lumen and the peritooasity. In 1903, MacCallum found

that tracers injected into the peritoneal cavitgmated into the diaphragmatic peritoneal
vessels via lacunae, ample lymphatic spaces. Stoffigtire 1.11) and lacunae (figure
1.12) are, in fact, representative structures @f pheural and peritoneal lymphatic

system of the diaphragm.

21
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Figura 1.11. Lymphatic stoma on the tendinous plewa surface of the rat diaphragm.The stoma (S)
opens at the confluence between adiacent mesdthella (MC) characterized by a mesh of microvilli

protruding from the cell surface (Negrini et ab91).
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Figura 1.12. Diaphragmatic lymphatic network. Lymphatic submesothelial lacunae located within the
interstitial space under the mesothelial layeriareontinuity with the lymphatic vessels (arrow) ian
run perpendicular to the lacunae and through tetetk muscle fibers (Negrini et al, 1992).

The submesothelial lacunae show a discontinuoustkeelilim (different components in

figure 1.13) and are characterized, on their mediaihside, by several discontinuities,
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the stomata (Negrini et al.,, 1991; Ohtani et a@93, Wang, 1975). The lymphatic
lacunae receive the fluid drained from pleural @edtoneal cavities by the stomata,
present between the mesothelial cells. Stomatapea to the pleural and peritoneal
cavites on the roof of lacunae, formed at the cmmfte between mesothelial cells, that
allow non-specific passage of fluid and particuladatter; the openings might act as a
lymphatic sieve (Shinohara, 1997). In rabbits, sttamare abundant on the central
tendineous part and sparse on the muscular reglten( 1967; Negrini et al., 1991); in
mice (Tsilibary and Wissig, 1977; Leak and Rah8l7/&) and in rat (Abu-Hijleh et al.,
1994) they occur only in the diaphragmatic musciplartion; in the golden hamster
they are present in both parts of the diaphragnmky&uet al., 1990). There is a
correlation between the distribution of mesothelgibmata and submesothelial
lymphatic lacunae (Negrini et al., 1991). In thbhid, the density of lymphatic lacunae
and consequently the mesothelial stomata densityhigther on the peritoneal than on

the pleural side (Negrini et al., 1991).

Stomata

Squamous inter-lacunar

—~ Cuboidal lacunar mesothelial cells mesothelial cells

= Fenestrated elastic Lymphatic lacuna

membrane

Roof of lymphatic lacuna

Meshwork of
collagenous layer

- Lymphatic endothelium
Skeletal muscle fibre

Blood capillaries

Intermuscular collecting lymphatic and blood vessel

Figure 1.13.Three-dimensional diagram of the rat diaphragm Different component of the lymphatic

lacunar roof. The peritoneal surface is uppermabufHijleh et al., 1994).
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Thus, the diaphragmatic lymphatic network, by dragnthe pleural liquid, helps to
maintain the volume of the pleural cavity to thenmmum value (Negrini et al., 1985).
The initial lymphatic vessels are organized in plasubmesothelial pleural and
peritoneal lacunae and transverse lymphatic caj@diawhich depart perpendicularly
from the lacunae and empty in larger collecting pyratics (Grimaldi et al., 2006;
Negrini et al. 1992; Ohtani et al., 1992; Wang79P The stomata diameter range is
from less than um to 20-30um (Wang, 1975; Negrini et al., 1991) and thus teslas
large as cells can enter the deeper submesothghahatic structures (Negrini et al.,
1992, Grimaldi et al., 2006). On the contrary, adj@ mesothelial cells are connected
through intercellular tight junctions and desmossr(idariassy and Wheeldon, 1983;
Wang, 1998) that limit paracellular transport ofgk solutes to the submesothelial
interstitium. Collagen bundles connect the outefase of the vascular and lymphatic
endothelium to the tissue and skeletal musclegi@rimaldi et al., 2006).
Diaphragmatic lymphatic vessels, on the pleurak,s@re anatomically different for
arrangement and for distribution from peritoneamphatics. The diaphragmatic
peritoneal lymphatic vessels have extremely flatiha, they are usually from several
to 100um in width. The lymphatic vessels appear serrased @sult of the extension of
numerous short branches to adjacent vessels (FigbAl insert). Peritoneal
submesothelial vessels are organized in distiredsarthey extend radially and parallel
to one another from the central tendon border tottioracic wall. In contrast, the
pleural lymphatic vessels are tubular and they hevdameter range from a few to
several hundred micrometers (Fig. 1.15B). Pleui@blttagmatic limphatic vessels are
organized into planar submesothelial linear veseelsomplex loops, formed at the
confluence of long linear vessels (Figure 1.14)difwe and Del Fabbro, 1999; Negrini

et al., 2004).
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Figure 1.14. White-light epi-illuminated stereomicroscope imagesof the medial pleural
diaphragmatic surface (A) a linear lymphatic vessel (Scale bar:108); (B) a lymphatic loop (Scale
bar: 200um) (Moriondo et al., 2008).

Diameters of the two populations of lymphatic véssee greater in linear (103.4 + 8.5
um) than in loop (54.6 + 3.3 um) (Moriondo et 2008). The loops are mainly located
in the peripheral ventrolateral region of the diggm, whereas the linear vessels are
located in the medial area of the diaphragm. Theyaaranged in radial and reticular
patterns. The radial arrangement was seen frontetidon—muscle border to the mid-
muscle portion. These lymphatics connect with ssdvehort, transmuscular branches
from the lymphatic vessels on the peritoneal siBiy.(1.15B, asterisk and white
arrows). As they approach the thoracic wall, lyntgharessels extend transverse
branches which traverse muscle fibers and intemcinwith the adjacent lymphatics.
The continuation of these traversing branches sderfam a lymphatic pathway that
extends around the diaphragm along the thoracit aval empty into the retrosternal

lymphatic vessels (Fig. 1.15B, black arrows).
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Figure 1.15. Diaphragmatic lymphatic systemDifferent diaphragmatic lymphatic vessels arranget

on both peritoneal)) and pleuralB) side. Peritoneal vessels extend radially andllghfeom the central
tendon to the thoracic wall. The lymphatic vessaipear serrated as a result of the extension of
numerous short branches to adjacent vessels (ingdeural lymphatics were arranged in radial and
reticular patterns and they made contacts withra¢wahort, transmuscular branches from the lymphati

vessels on the peritoneal side (Scale bar: Imrh)n¢8Bara, 1997).

The pleural submesothelial interstitial tissueiggmsicantly thicker ¢35 um) respect to
the peritoneal region-20 um). Also, the lacunae density is higher over thet@aeum

compared to the pleural one (Grimaldi et al., 200®)all numbers of lymphatic

stomata on the pleural surface of the diaphragretbay with morphological differences
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might be related to different functional roles, éffect, although the mechanisms
supporting lymph formation and propulsion from tiavities are the same, the amount
of fluid removed from the peritoneal cavity is mueinger than from the pleural side
(Negrini et al., 1991,1992,1993,1994).

Fluid and solute flux between the pleural and pestl cavities might play an
important role in pathological conditions assodatgth the development of ascites and

in the processes of tumor dissemination (Grimaidil.e 2006).
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1.8 Lymphatic pumping and lymph propulsion

Lymph propulsion is generated by extrinsic andimsic mechanisms. The lymphatic
system requires phasic and tonic lymphatic contastto generate and regulate the
flow of the lymph. Thepassiveor extrinsiclymph pump is due to the influences of other
forces and is predominant in the lymphatics oftteart, skeletal muscle, thorax, and the
gut wall, while the intrinsic pumps are essentallymph flow in most other lymphatic
beds. Extrinsic forces include the influence ofd@e and arterial pulsation on
neighbouring lymphatic vessels, the contractionskéletal muscles adjacent to the
vessels, central venous pressure fluctuationsyagatgstinal peristalsis and respiratory
movements. These forces generate hydrostatic peegsadients that allow the lymph
propulsion. Extrinsic pumping prevails in lymphatiaf the medial part of the muscular
and tendineous diaphragm (Moriondo et al., 2005yrideet al., 2004), while lymphatic
loops, located at the extreme diaphragmatic pernjphequire an intrinsic pumping
mechanism to propel lymph centripetally (Moriondo &k al., 2013). A dense smooth
muscle mesh surrounds actively pumping sites, velserenot contracting tracts smooth
muscle fibers were more sparsely organized.

The active or intrinsic pumping describes the lymph driving force generdig the
active, rhythmical, and spontaneous contractiofywiphangions (Mislin, 1976). The
contraction of smooth muscle cells present in vadlicollecting vessels leads to a
reduction of the lymphatic diameter, an increasthelocal lymph pressure, closure of
the upstream lymph valve, opening the downstreanplyvalve, and ejection of some
fraction of the lymph within that vessel. The cawtion propagates along the
lymphatic, producing a pulse in lymph flow. Thistiee primary mechanism by which

lymph is propelled centrally. This activity persish the presence of nerve inhibitors

28



Introduction

(tetrodotoxin) and in absence of an intact endaihel(McHale and Roddie, 1980;
Hanley et al., 1992). The contractions are thelregypacemaker cells located within
the lymphatic wall, that depolarize and induce atioa potential or group of action
potentials. The depolarization produces an increaséntracellular calcium (Van
Helden, 2000; Zawieja et al., 1999) which enteesdéll through L-type Ga channels,
(McHale and Allen, 1983, Atchison et al.,, 1998) dieg to contraction of the
actin/myosin filaments within the muscle cells (@kawa and Benoit, 2003; McHale
and Allen, 1983). The action potentials rapidlygagate through all the smooth muscle
cells in a lymphangion to allow a synchronized caction. The smooth muscle cells
are, in fact, electrically coupled and act as afiamal syncytium. The action potentials
propagate through gap junctions which connect adfatymphatic smooth muscle
cells; they have beetletected in bovine mesenteric lymphatics (McHalé ®teharg,
1992). The identity of pacemaker cells is not ¢ldart they are located within the
muscle layer of the lymphatic wall.

The lymphatics act similar to the heart in generatf flow. The contractile cycle of
these vessels can be divided into systole andalkaéGranger, 1979; Granger et al.,
1977). The intrinsic lymph pump can be modulated wiotropic (changes in the
contraction strength) and/or chronotropic (charigghe contraction frequency) fashion
by physical factors and chemical agents (Von derdvded Zawieja, 2004). Chemical
mediators can modulate the lymphatic pumping adtrdjfferent ways. The circulating
and interstitial modulators are factors presenthm lymph or released from the blood
stream and cells in the interstitial fluid. In effelarge lymphatic vessels are supplied
with blood through small vessels similarwasa vasorunfor vasa lymphorumwhich
can carry mediators that act on lymphatic ves3éils.lymphatic vessels release various

chemical mediators that can act in an autocrinpamacrine manner (e.g. nitric oxide
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released by the lymphatic endothelium) (von der dMet al.,1996). There are also
modulators released upon stimulation from nerveingsdthat surround the vessels

(McHale et al., 1980; Allen et al.,1983; McHaleaét 1991) (Figure 1.16).

Neuromodulators
Circulating and interstitial Activators
T | SORE  ACh->EDNO
-

2 SHT SP ->TXA, NE(B)
Hsamioe  NO ATS
5-HT Pnghgmﬂm

2

Figure 1.16. Different ways of modulation of spontaeous lymphatic constriction by chemical

mediators (von der Weid, 2011).

The physical factors such as transmural pressureinbl flow and shear stress, can
modulate lymphatic tone and function (Zawieja, 20@8reasing in vessel wall stretch
induces enhancements both in lymphatic contractrequency and in contraction
strength. Humoral factors such ag-adrenergic and (-adrenergic agonists,
prostaglandins, bradykinin, substance P and otlears modulate both lymphatic

vessels’ tone as well as alter the active pumpatigity.
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1.9 Effect of inflammatory mediator on electrical mcemaker potential

The inflammatory mediators affect the pacemakeemal mechanism that initiates
intrinsic contractions. The pacemaker activity Hssen described as spontaneous
transient depolarizations. In the regulation of sthomuscle tone is involved the
endothelium of lymphatic vessel. In effect, it mtades the frequency of spontaneous
constrictions which occur in the smooth muscle esuse lymph propulsion. Studies on
vascular endothelium have confirmed that thereréaigheterogeneity in the agonist-
induced electrical responses of endothelial c8sontaneous transient depolarization
activity was decreased with indomethacin (von deridAét al., 1996). The decrease in
spontaneous depolarization activity was not obgeafeer lysis of the endothelium. The
endothelium releases the prostanoids that activassels pumping. In guinea-pig
lymphatic vessels, the primary factor releasedhgy éndothelium after application of
acetylcholine (Ach) is theendothelium-derived nitric oxiddEDNO) that inhibits
lymphatic pumping by activation of cGMP-dependentéciranisms in the smooth
muscle, leading to a decrease in the size of tleempaker currents, an increase in
membrane conductance and a smooth muscle hypegatian (von der Weid et al.,
1996). Histamine increased the frequency and angditof spontaneous transient
depolarization; serotonin hyperpolarized the smoathscle, causing a decrease in
spontaneous transient depolarization activity.flact, the serotonin on perfused lymph

vessels inhibits constrictions in sheep mesentdojiywood et al., 1993).

Demonstration of the presence of gap junctionbetdvel of myoendothelial bridges in
blood vessels (Spagnoli et al., 1982) suggests tthasmission may also occur by

electrical coupling. Functional evidence for thisnes from electrophysiological
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studies. In pig coronary arteries, action potesiik@ depolarizations and an
isoprenaline-induced hyperpolarization generated tie smooth muscle, were
simultaneously recorded in the endothelium, witl atter response abolished in the
presence of the gap junction uncoupler halothaoa (er Weid and Beny, 1993; Beny
and Pacicca, 1994). Patch clamp recordings frometitothelium of intact rat aortae
revealed membrane potential oscillations relatedht® response of the underlying
smooth muscle to phenylephrine (Marchenko and SE@@4). In isolated arterioles of
the hamster cheek pouch, both endothelial and $nmascle cells were depolarized by
phenylephrine, althougho-adrenoceptors were present only on smooth muscle.
Experiments of dye coupling between the smooth feuand endothelium and vice
versa, while not demonstrating heterocellular cimgpin arteries and arterioles in situ
when the anionic dye Lucifer Yellow was injectedeg@l and Beny, 1992), did
demonstrate endothelium to smooth muscle (butmobsh muscle to endothelium) dye
coupling in arterioles when other low-molecular-gfei dyes were used (Little et al.,
1995). The extent of functional electrical couplibgtween smooth muscle and the
endothelium in lymphatic vessels is still not clebr previous studies, in open segment
of guinea-pig mesenteric lymphatic vessels, théngsnembrane potential (RMP) of
the lymphatic endothelium resulted particularly awege (-71.5 = 0.5mV) and
significantly different from the value of -60.8 £11mV recorded in smooth muscle. A
more negative membrane potential would enhancedthiéng force for C4" entry
through any C& permeable channel. However, the functional eleaitricoupling
between the endothelium and the smooth muscle dtageh been found (von der Weid

and Van Helden, 1997).

32



Introduction

1.9.1 Chemical modulation of the lymphatic function

Lymph flow increases during inflammatory reactidnflammatory mediators are
involved in the modulation of lymphatics contraityil It is difficult, especiallyin vivo,

to determine whether a lymphatic response is dueatdalirect stimulation by
inflammatory mediators or it is a consequence eineal and vessel filling. Probably the
effect is combined. The role of the lymphatic ehetitm as a barrier between the
lymph and interstitial compartments is little urgtend. The inflammatory signals may
induce permeability increases. Different inflammmatocytokines and signalling
molecules (Tumor necrosis factor alpha, interlestérnand -1 betanterferon gamma,
lipopolysaccharides) induce, in effect, endotheiatrier dysfunction (Cromer et al.,
2013). During inflammation, the pathological leveis nitric oxide (NO) production
may alter the barrier function. NO production ismajor regulator of pumping activity
of lymphatic vessels and its production may mamthe barrier integrity.

Systemically administeredistamine produced increases in lymph flow (Lewis and
Winsey, 1970; McNamee 1983) due to increased masowar permeability (Haddy et
al.,, 1972; Svensjo et al., 1982). Pre-treatmenh wik-antagonist suppressed the
increase in lymph flow and protein concentratiarggesting that the increase in lymph
flow caused by stimulation of j+eceptors was affected by the increase in lymph
formation (Dobbins et al.,, 1981). On contrary, &msine produced a lymph flow
decrease when delivered to the thoracic duct of tdogughvasa lymphorumOn rat
mesenteric lymphatic vessels, histamine causedeases in vessel diameter and
contractility, but not in contraction frequency (geson et al., 1988). Because
histamine is also present in the interstitium dgyrihe inflammation, it could directly

stimulate lymphatic vessels function (Edery and ised963).
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Serotonin or 5-hydroxytryptamine (5-HT) is involved in chasgin blood flow,
vascular permeability and microcirculation (Plakwen der Weid, 2006). In isolated
bovine mesenteric lymphatics it stimulates toniotcactions (Ohhashi et al., 1978;
Williamson, 1969). Contractions due to serotonirevgtudied in canine thoracic ducts
and in porcine tracheobronchial and hepatic veg3ealsahashi et al., 1990; Ferguson et
al., 1993; Hashimoto et al., 1994). When the vessaire pre-constricted, serotonin
causes relaxation (Miyahara et al., 1994). Therections were mediated by 5-KHT
receptors, on the other hand, the relaxations werdiated by 5-Thireceptors, located
on the smooth muscle of the lymphatics wall (Dob[#i898; Miyahara et al., 1994).
Acetylcholine causes relaxation of the pre-constricted dog thoratucts and
tracheobronchial lymphatics and induces a slowihgsgntaneous constrictions in
bovine, porcine and guinea- pig mesenteric lympbsels and in afferent lymph
microvessels from rat iliac lymph nodes (von deridVet al., 1996; Ohahashi and
Takahashi, 1991; Mizuno et al., 1998). These eSfasre mediated by the endothelial
release of nitric oxide that abolishes spontanemunstriction cycles through arresting
intracellular calcium release associated with spogbus transient depolarizations and
contractions. Nitric oxide-synthase (NOS) inhibstancrease the vessel contraction
(von der Weid, 1996).

Inhibitors of cyclo-oxygenasgOX) and other arachidonate metabolism pathways o
lymphatics, suppress their spontaneous contraattigity (Johnston and Gordon, 1981,
Johnston and Feuer, 1983) suggesting that lymphaggsels may be capable of
generating arachidonate products in order to meelutheir spontaneous activity.
Application of leukotrienes, as well as a P@KRromboxane A (TXA;) mimetics,

induces rhythmic constriction in non-contractingsels. These effects were blocked by
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indomethacin. When PGH XA , receptors were blocked by antagonist, the coristnic
were converted to dilations (Mizuno et al., 1998).

The presence of cholinergic, adrenergic nerve ditzard peptidergic innervation have
been demonstrated in guinea-pig and bovine mesehterphatic vessels (Alessandrini
et al., 1981; Ohhashi et al., 1982 (Guarna etl@91; Ohhashi et al., 1983 vitro,
VIP inhibits mesenteric lymphatic pumping (Ohhastal., 1983); CGRP also caused a
decrease in lymphatic contraction frequency in goénea pig mesentery. In the rat
mesentery, CGRP enhanced phasic contractions diytighatic vessels (Akopian et
al., 1998). The neuropeptide could cause an inergahe pacemaker activity in guinea
pig mesentery; substance P increased spontaneouwaamn rate (Foy et al., 1989).
There are studies on the effectsafjpha 1 and alpha 2-adrenergicstimuli on rat
mesenteric collecting lymphatiéa vivo, monitoring mesenteric collecting lymphatic
diameter by using a computerized video trackingesys and indexes of lymphatic
pumping (e.g., contraction frequency, stroke voluragction fraction, and muscle
shortening velocity). Contractile activity was mimned before and during the
administration of various adrenergic agonists amdgonists. In particular, the receptor
antagonists prazosin (alpha 1) and yohimbine (alphalid not significantly alter
lymphatic vessels tone or contractile activity, ehsuggests that lymphatics possess no
basal adrenergic tone. Norepinephrine and phengteplproduced dose-dependent
increases in frequency and in lymphatic pump fltive (stroke volume did not change),
and decreases in diameter. The changes in lymphatimping produced by
norepinephrine were blocked by prazosin or phentwia and only partially blocked by
yohimbine. All these data suggest the existencal@fa-adrenoceptors on lymphatic

smooth muscle (Benoit, 1997).
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1.9.2 Epinephrine modulation

There is a great variability in the responses aiphatic vessels to drugs, in particular
to catecholamines. Injection of epinephrine intd mesentery was followed by a
contractile spasm of the lacteals in some vesaat$an increased rate of contraction in
others, while other vessels did not respond (Flod327). Epinephrine injected in
testicle of rat and guinea pig caused an evidentraction of the trunks, due to the
presence of smooth muscle-fibers, but this effeas wot observed in cat and rabbit
(Pullinger and Florey, 1935). The capillaries oe #urface of the testis of cat were
inactive to any stimuli. Epinephrine in a first ejpnent and epinephrine mixed with
hydrokollag in the other, were injected in peritaheavity of rabbits. The hydrokollag
injected into the peritoneal cavity filled the dépies and trunks, on the diaphragm
pleural surface (Florey, 1927). This procedure md reveal significant contractions.
Epinephrine and pituitrin caused either lymphapassn and an increased contractile

rate, or only a change in rate (Figure 1.17, Sniigi4.,9).
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Figure 1.17. Effect of topical application of epinphrine on lymphatic contractile rate (Smith, 1949).

Epinephrine increases skeletal muscle blood flod this may be accompanied by an
increase in lymph production and flow (Allen et, d946). Intravenous infusions of
epinephrine and norepinephrine increase thoracat uph flow in many animals

(Shim et al., 1961; Doemling and Steggerda, 198&ji and Wernze, 1966; Schad and
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Brechtelsbauer, 1977) due to an increased lymptugtmn rather than a direct effect
on lymphatic contractility. Hall, Morris and Wooyl€1965) found that the epinephrine
had no effect on thoracic duct pressure or lymmwflin sheep. Norepinephrine
depressed thoracic duct flow in the dog while epimme enhanced it (Foldi and
Zoltan, 1966). In contrast, De Micheli and Glasged 975 have demonstrated that both
epinephrine and norepinephrine increased thoragit fiow in dogs (De Micheli and
Glasser, 1975), accompanied by a fall in blood flawd venous pressure and lymph
formation. Norepinephrine and epinephrine haveractliaction on lymphatic smooth
muscle, increasing the fluid propulsion, in certdoses and in certain conditions. It is
possible that the effect of this drugs also depemdsansmural pressures (McHale and
Roddie, 1976). Norepineprhine increases the speotan contraction frequency of
isolated bovine lymphatic vessels, but reduces raotibn force by disruption of
spontaneous pacemaking rather than by any dirstitefn vessel contractility (Allen et
al., 1983). Norepinephrine had effect of increasthg frequency of longitudinal
contraction of isolated segments of bovine mesentgmphatic. Epinephrine and
norepinephrine infusion has been shown to increhge frequency and force of
lymphatic pumping in sheep (McHale and Roddie, 1988using a significant increase
in lymph flow but this caused no change in lymphecsubset distribution, leukocyte
concentration, or pool of lymphocytes; the increases followed by a post-injection
decrease in flow and cellular output (Seabrooklet2901). Lymph flow was also
measured in popliteal, prefemoral and mesentemphatic vessels in conscious sheep.
Intravenous epinephrine infusion increased frequeoic lymphatic contraction and
lymph flow in all three vessels. In particular ghiefemoral vessels flow remained high
after the infusion had stopped, on the other harll morepinephrine prefemoral flow

was depressed but also the contraction frequendyttem lymph flow were increased
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(McHale and Roddie, 1983). Epinephrine may causenarease in lymph flow by
either acting directly on the lymphatic vesseld|esavely triggering the autonomic
nervous system, or increasing blood flow to thearglrained by the lymphatic vessels

(McHale and Roddie,1983).
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2. State of art and Aim

In a recent study, performed in our laboratoryyas found that in the same loops the
flow direction not always followed intraluminal aege pressure gradients but it was
able to revert multiple times with an average festpy of circa 4 times per minute. In
these vessels lymph progression is oscillatoryh Bothultaneously or in sequence in the
same and/or different tracts of the same loop,dependent on cardiac or respiratory
frequency. Intraluminal gradients between adjatgnphatic segments revert multiple
times in adjacent vessel tracts, thus suggestm@tibsence within the loop of numerous
intraluminal valves able to control lymph flow diteon. We have been able to describe
the lymphatic intraluminal valves in both linearsgels and loops, and lymph flow has
been estimated by measuring the motion of micragshguspended in the lymph. The
aim of our study was to investigate, in activelynitacting sites of peripheral
diaphragmatic lymphatic vessels, the contributibrsingle strokes on the local lymph
flow witnessed by microsphere progression and val¥ening/closing dynamics upon

lymph propulsion, and the modulation of flow follmg epinephrine administration.
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3. Materials and Methods

3.1 In vivo and ex vivo experiments

The experiments were performed on adult Wistar (@a&san body weight: 414 + 1469
n=9) following the procedures and experimental geols approved by ethical research
committee of the Insubria University, Varese. Anignavere anaesthetised with a
cocktail composed of 75 mg/Kg ketamine (Imalgene@Q@, Merial, Italy) and 0.5
mg/Kg medetomidine (Domitor©, Pfizer); ketamine fHabluses were administered
every hour. Rats were euthanized via an anaestle®edose, at the end of the
experiments. The disappearance of the cornealxreflewed to control, during the
experiment, the maintenance of a deep surgicalstimega level. After that, the rats
were turned supine on a warmed (37°C) blanket asr@ when tracheotomised with a T-
shaped cannula inserted into the trachea. The digptatic lymphatic vessels were
vivo stained by an intraperitoneal injection of 2% Hdé&xtran (FD250S-Sigma
Aldrich, Italy) in saline plus 10% microspheres 8E8-FluoSpheres Carboxylate-
Modified Microspheres, 0.1 —m, Yellow-Green Fluorescent (505/515), Invitrogen).
After 1 hour of staining in the prone position, #x@mals were paralysed with a bolus
of 0.3 ml pancuronium bromide (Sigma Aldrich, Mijaltaly) solution (2 mg/ml in
saline) administered in the exposed jugular vemmediately after paralysis, the
tracheal cannula was connected to a mechanicallatent(model Inspira SV DCI-
7058, Harvard Apparatus, USA), and rats were vaetl in room air with a tidal
volume and frequency automatically set by the V&toti on the basis of rat weight.
Then, the chest wall was opened, the caudal fotivéoribs were removed, the pleural
diaphragmatic surface was exposed and the staynephktic network was visualized.

Warm saline solution was flushed on the diaphragmsdrface in order to avoid
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dehydration. Specimens of diaphragm were excised saiperfused with oxygenated
Tyrode’s solution, of the following composition (MML19 NaCl; 5 KCI; 25 HEPES
free acid; 2 MgCJ; 2 CaC}; pH: 7.4, kept in a flow chamber on the stagerotipright
microscope (BX51, Olympuskquipped with a black-and-white Watek camera
connected to a personal computer running VirtualBoftware. Images were collected
at 10 Hz to optimize the spatial and temporal rgsmh of the contracting vessels
kinetic and lymph flow. Microspheres movements wegrdeo recordedex-vivo in
control conditions and during administration ofregphrine 20 uM prepared from a 20
mM stock solution (E-4375, Sigma Aldrich, Italy) Tryrode’s solution, and perfused,
through a pipette connected to a manipulator, erdthphragm specimen located inside

the flow chamber.

3.2 Time dependent changes of lymphatic vessel diater

Diameter analyses can be performed manually, siaghproach is time-consuming and
allows only a small number of images to be proakgSemons et al., 1987). Initially,
light microscopy with graded eyepieces was used,than video microscopy allowed
taping and analysis along scan lines (Intaglietitd @ompkins, 1972; Halpern and
Kelley, 1991). Later analysis of multiple sites ioterest was performed on digital
images online and offline (Yip et al., 1991; Lee at, 2009). For automatic
measurement commercial solutions are available,thitproprietary algorithms and
their shortcomings are not known to the user. Aatiierdiameter analysis was reported
for coronary angiography, b-mode ultrasound, CT MRl data (Vas et al., 1985;
Hoogeveen et al., 1999; Beux et al.,, 2001; Andriet al., 2008). AVI video format

was converted into TIFF stacks with ImageJ softwiiél), and stabilized with built-in
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ImageJ plug-in. The diameter of the observed lyrtiphzessels was measured over
time using “Diameter” plug-in of ImageJ softwarehig plug-in uses an algorithm to
estimate the inner vessel diameter based on the€-Hilibrescent dye filling the vessel.
The diameter of the selected vessel is measuredtiimes for the loaded image or
image stack. In order to measure the vessel diandeting the entire time stack, in
spite of residual lateral movements of the vedbel,maximum intensity projection of
the time stack was used as a template to corrposiition the diameter-measuring line
perpendicularly to the vessel major axis. In effédoe algorithm requires a line selection
by the operator. This should cross the vessel andegl the maximum vessel diameter
during the investigated period on both sides. Thiwhy ROIs were plotted on the z-
stack maximum projection image. The “Dynamic Pesfilfunction of ImageJ showed
the pixel intensities profile in real time. The Inolary estimates (al and a2 in Figure
3.1) are the two positions with the maximum diffeze between the mean intensity of
the three adjacent points to both sides. This sépmrthe profile in three parts.
Reference intensities (b1, b2 and b3) are the degks outside the lymphatic vessel,
separately for both sides, and the darkest arelainvibe vessel, determined by the
average of three consecutive points. The intemisigshold (c1 and c2) is the average of
the adjacent reference intensities, calculatedraggg for both sides to account for
different surroundings of the vessel. The inteasitf the two positions left and right of
the boundary estimates are fitted with a lineandrel'he point of intersection (d1, d2)
of the fit with the intensity threshold gives theeg@ise vessel boundary. A pipe has half
of its maximal thickness at sqrt (3/4) of the raglitherefore the diameter of the vessels
is [d1,d2] * sqrt (4/3). The diameter and both eatlthe full width at half-maximum of
the vessel (in pixels) of the five adjacent meanamts and for every loaded image are

copied to the system clipboard (Fisher et al., 2010
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The mean value of diameter measurements was tramsfioto the corresponding
microns value and then plotted vs time using Origid Software. Results were then
analysed through a Clampfit 10.2 Software free sheetting the correct sampling

frequency (10 Hz).

1. Load image (stack)
2. Line selection across vessel
3. Start DIAMETER plugin:

for every image
at line selection (and four parallel shifts)

— boundary estimates (a): maximum intensity changes
— reference intensities (b) in the three resulting areas

— threshold (¢): mean of adjacent reference intensities

— vessel boundary (d): where the linear trend around
the boundary estimates crosses the threshold

copy results to system clipboard

4. Paste results into a spreadsheet program

d d,

<ab:

>
>

image intensity

distance

Figure 3.1.Steps 1-4 are the work of the human observerfldtvehart lists the intermediate results (a—

d) calculated by the algorithm for every imagehaf loaded stack. (Fisher et al., 2010).
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3.3 Microsphere progression in lymphatic vessel

In order to follow the microsphere progressionjrth@ovement was followed over time
using “Manual Tracking” plug-in of ImageJ softwamefore trackingxy calibration
value as well as the time interval value have bs#nn the appropriate option boxes.
The results table shows recordeg coordinates, the distance travelled by the
microsphere during the time interval between twocsssive images, and velocity of
movement. The sign of the distance value travelgdth® microsphere has been
assigned considering the lymph flow direction agedh over several minutes. After
choosing the microsphere to follow, we have assigaepositive sign when it was
pushed, within the lymphatic vessel, along the lgatph flow direction, instead a
negative sign when the microsphere was pushed sighi@ mean bulk flow direction.
The value of distance and velocity were analyzeth Wicrosoft Excel Software to

create the distance vs time and velocity vs tinogspl

3.4 Velocity profile of microspheres

By using of the Manual Tracking plugin of Imagedtware, we measured the velocity
profile of the microspheres along the transverse ak lymphatic vessels in order to
obtain data regarding the type of flow that lympspthys. Indeed, should the flow be
laminar, we expect to find a parabolic velocityfieo(Figure 3.2). The values of lymph
flow velocity and the microsphere position were lgped with Microsoft Excel

Software to create the lymph flow velocity vs xsagbpsition plots.
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Figure 3.2. Parabolic velocity profile.The velocity is maximum at the center and graduddigreases in

the vicinity of the walls of the vessel.

3.5 Cross sectional area measurement of lymphatialwves

By using the Manual Tracking plugin of ImageJ saitey the velocity of microspheres
flowing inside the lymphatic vessel and throughthéve has been measured. Based on
the continuity principle J, = A4; - v;), assuming a stationary flow rate, from the
comparison of the velocity of the microsphere witeflows through the valve with
respect to its velocity in the valve flanking remgoof the vessel, we were able to
estimate the cross section of the lymphatic vakgressed as percentage of the cross
sectional area of the flanking regions of the viegSmgure 3.3). The cross sectional
areas of the valve flanking regions fAand A, in figure 3.3) have been averaged
together (and also the respective microsphere Wigseneasured in the same positions)
to give a mean cross sectional area in order toveldlow rate from the averaged

microsphere velocity.
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A A A

u \Y D

Figure 3.3. Representation of the valve, upstreanna downstream tracts to estimate the valve cross
sectional area (NA). A,: valve area; & upstream area; Adownstream area. The arrow represents the

lymph flow direction.

3.6 Micro-injection

In order to verify the presence of valves open losaed in diaphragmatic lymphatic
vessels and to understand the lymph flow directioe, prepared, using a P-97
Flaming/Bown type Micropipette Puller (Sutter Instrent, Novato, USA), glass

pipettes for microinjection from borosilicate glasapillaries (1B100-4, 1.0 mm outer
diameter, 0.78 mm inner diameter, WPI Europe, Befierman) with tip diameters of

25 um and then they were beveled in order to reduceddmaaging impact when

piercing the vessel wall. Pipettes were back-filath mineral oil and mounted onto a
mechanical microinjector (WPI Europe) set to delw®.2 nl/injection, at an injecting

rate of 10 nl/sec. Pipette were front filled withl bf TRITC-dextran 2%. With the use
of a mechanical coarse/fine micromanipulator (Nage), the pipette was placed next
to the vessel to be injected and advanced thrdugpleural diaphragmatic surface until
it was inside the lymphatic vessel lumen where tniggered a single injection of 9.2 nl
of TRITC- dextran 2%. The phases of pipette pasitig, fluorescent dye injection, and
distribution of the dye into the lymphatic vesseinken were recorded by the upright

microscope (BX51) which was equipped with a codsatk-and-white charge-couple
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device camera (Watek) connected with a personalpaten running VirtualDub

software.

3.7 Statistical analysis

The statistical analysis was performed using Origlh Software. Data are presented as
mean * SE. Differences between means were condidggnificant at p< 0.05.
Statistical significance of the differences betwewean values was computed using

pairedt-test.
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4. Results and Discussion

4.1 Diaphragmatic lymphatic vessels visualization

Not stained lymphatic vessels are characterized lwarker-than-surrounding lumen
lined by white borders. The diaphragmatic lymphattwork can be visualized both in
white epi-illumination and fluorescence after pamital dye injection (Figure 4.1). This
last method allows to visualize a larger numberedsels, to measure the lymphatic

vessel diameter length and to study the lymph flow.

Figure 4.1. Stereomicroscope image of diaphragmatigmphatic loops. The lymphatidoops, situated
on the pleural surface of the diaphragm, were aedufter FITC-dextran intraperitoneal injectiocat®
bar: 500um.

The FITC-dextran freely moves within the vessel @sdsmaller collaterals without
going out of the wall. In our experimentiaphragmatic lymphatic vessels were found
not to be permeable to extravasation of FITC-dextrans (~11 nm in hydrodinamic radius,
Armstrong et al, 2004, Lee et al.,, 2010) and migheses mix. After 1 hour of
incubation and during the video recording, no fesment dyesxtravasated from the

vessels lumen. Conversely, mesenteric lymphatics, vessels extensively studied, were

found to be leaky to FITC- albumin (~4nm in hydrodinamic radius) (Unterberg et al.,
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1984), acting as exchange vessels which are abdattavasate solute and filter fluid
(Scallan and Huxley, 2010). We have chosen thapetitoneal injection of dyes to
vivo staining the lymphatic vessels since already 3@utes after the peritoneal
injection, ~90% of the dye can be found filling even pleusahphatics when imaged
from the pleural side. Moreover, a smaller voluphehe FITC dye can be injected in
the pleural space, because it may compromise tmragory function. The dextrans
have properties such as density and viscosity,laind the lymph, and the initial
lymphatics allow solutes larger than 70 KDa, asdbgtrans fluorescent, to cross the
vessels wall. They are mixed with the intralumirialid and the primary valves
confined the dextrans in the vessel lumen prevgrdiye backflow through the vessel
wall. The TRITC labeled microspheres used to sty follow the lymph flow have a
diameter useful to have less friction with the etssvall and to allow the crossing of
any valves. This staining allowed us to observe veell thelymphatic lacunadFigure
4.2 A) and we also recognized presenceaxa lymphorun{Figure 4.2 B) within the
well-developed media of the same lymphatics. Theurlae, located within the
interstitial space under the mesothelial layer, i@arecontinuity with the lymphatic
vessels which run perpendicular to the lacunaetharaligh the skeletal muscle fibers.
The vasa lymphorum may be essential for maintainihg vigorous rhythmic
contractions of the lymphatic smooth muscles whaat as driving force for the
propulsion of lymph and may contribute to the matioh of intrinsic contractility due
to epinephrine and other modulatory molecules cpedeto the lymphatic smooth

muscle cells.

52



Results and Discussion

Figure 4.2. Images after a FITC-dextran with TRITC-microsphere injection. A TRITC-emission

lymphatic lacunad. FITC-emissionvasa lymphorunwhite arrowheay Scale bar: 15Qm.

Analyzing the microspheres progression that mirheslymph flow, a great variability
has been found among all lymphatic vessels. In sdraets, the lymph goes
unidirectionally (figure 4.3, green trace), in atlitegoes forward and backward (yellow,
purple and white traces). This confirms that thepy flow reverts multiple times its
direction in the same vessel.

In the same loop, the flow trend was very variablegggesting the presence, within the
vessel lumen, of numerous lymphatic valves and wdaulature involved in the lymph

flow direction changes.
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Figure 4.3. TRITC - emission in a lymphatic loop. A. The different microspheres trajectory along the
same lymphatic diaphragmatic loop (represente® imsert) obtained with Manual Tracking plugin.
Scale bar: 25@m.

4.2 Localization of intraluminal lymphatic secondar valve

It was possible to distinguish within the loop dméar vessels the intraluminal valves,
to study their dynamic properties in relation tostle contraction and their role in
shaping lymph propulsion. The presence of interected linear vessels and loops
creates a very complex network whose physiologicaperties are difficult to study.

The network in figure 4.4 was obtained with an iemgollage, through the Abobe
Photoshop software, acquired by a fluorescenceostope.Different regions of the

same network showed different behaviors, in pddicuwe investigated the active

pumping tracts with an intraluminal valve, as tbed indicated by red arrowhead.
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Figure 4.4. Lymphatic diaphragmatic network. The red arrowhead shows an active pumping loop with
an intraluminal valve. Insera represents the contracted state of the lymphatip;lb site in a not

contracted state. Scale bar: 250

The complex loop depicted in figure 4.5 is the egkamfrom which data plotted in
figure 4.7 have been derived. The state of the evadvindicated by the coloured
triangles (red for closed valve, green for openvegl dotted white lines are
superimposed on the two sites from which the diamplots of figure 4.7 have been
measured, while the blue asterisk indicates théipo<f the microsphere whose track
has been plotted in figure 4.7. Asterisks in figdt® indicate when that site is in a
contracted state. We observed that the contraafothe lymphatic tract above the
valve, indicated by the white dotted line in figu4ebA, induces the valve closure
whereas the contraction of the right inferior bilanalso indicated by the white dotted

line on the right branch in figure 4.5A, forces tfave to open.
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Figure 4.5. Intraluminal valve. Closed (red arrowheads in pan&landD-F) or open (green arrowheads
in panelsB-C) state. Blue dotted circles underline a singlerasiphere crossing the lymphatic valve.
Asterisks indicate when that site is in a contrdctate. Contraction of the lymphatic tract doweesin
the valve induced the valve closure, whereas tmgraction of the right branch may have induced an
increase in upstream intraluminal pressure, causiieglymphatic valve to open. Lymphatic vessels’

diameters were measured at sites indicated by wbited lines. Scale bar: 250 um.

From the path followed by the microspheres wheg theve through the valve (figure
4.7C and D), like the one indicated by the bluerst in figure 4.5, we have been able
to estimate the bulk flow direction from the medope of both trace. The result is

indicated with the yellow arrow in figure 4.6.
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Figure 4.6. Diaphragmatic lymphatic loop analyzedn figure 4.5. Yellow arrow: net direction of

lymph flow. Scale bar: 25am.

4.3. Cross sectional area of lymphatic valves

Since it was not possible to directly measure tivetional cross sectional area of the
valve when it was open, we derived this value hyl@ing the continuity principle (see
methods for details). We measured an average esmxgon of the lymphatic vessels
flanking the valve of 4674.46 + 159.35 fiim=3) and an average flow velocity in the
same tracts of 81.53 + 5.5#n/sec (n=3). We thus calculated an average flux ot
0.46 £ 0.06 nl/sec (n=3). From this value and tleasared mean microsphere velocity
when traversing the open valve (188,26 + 16.8#sec n=3), we derived a functional
cross sectional area of the valve of 2440.5 + 1308 (n=3), that is 52.2% of the

vessel cross sectional area.
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4.4 Intrinsing pumping and microspheres progression

Figure 4.7 shows changes over time of the diantétpmphatic vessels simultaneously
measured at two different sites of the loop defidte figure 4.5. Panels A and B
represent the plots of the diameter over time aasomed in the two sites indicated by
the dotted lines in figure 4.5A. Panels C and Dresent the plots of microspheres
progression over time. Zero distance representsdhe position. In C we considered
the path traversed by microsphere of the diaphréigriyanphatic vessel from the tract
downstream the valve. During the diastolic phaserospheres proceed along the net
direction of flow (cfr figure 4.6). Contraction dhe lymphatic tract downstream the
valve induced not only the valve closure but alsshgs the microsphere against the
bulk flow direction towards the closed valve; imi2 have considered the microsphere
progression in the tract upstream the valve of di@hragmatic lymphatic vessel.
Contraction of the lymphatic tract downstream thb/& pushes the microsphere against
the bulk flow direction, whereas contraction of thght branch causes the valve
opening and the microsphere is forced along thefloet direction. Once crossed the
valve, the microsphere unidirectionally flows aweym the valve.

This observation confirms that the valve is modedalby the active contractions of the
smooth muscle cells of the vessels wall. The paiadntractions of the lymphatic
vessels permit the opening or closing of valves prmimote and modulate lymph

progression.
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Figure 4.7. Diaphragmatic lymphatics diameter changs and microsphere progressiorA. Changes
over time of the diameter of the diaphragmatic Iatic vessel of the downstream valve brarigh.
Changes over time of the diameter of the diaphragnhanphatic vessel right branck. Progression of
microsphere of the diaphragmatic lymphatic vessmihfthe tract downstream the vah#ero distance
represents the valve positiob. Progression of microsphere in the tract upstreaenviddve of the
diaphragmatic lymphatic vess&. Open/closed statef the lymphatic valve as derived from the video

recording.
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Microspheres, progressively more distant from thentmacting site, undergo

a displacement inversely correlated to their ihdiatance from contracting site (Figure
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Figure 4.8. Diaphragmatic lymphatics diameter changes and micrsphere progression in a
lymphatic vessel without valve. A.Active stroke in a lymphatic diaphragmatic vessethaut an
intraluminal valve (grey dotted line). Microspheatiestance from contracting site (represented by zero
distance) vs time. Traces b andc refer to microspheres progressively more distaothfthe contracting
site.B. Microsphere progression vs distance from the eatitrg site. The single point has been fitted by
a linear trend

In the example depicted in figure 4.8, the micr@sphclosest to the contracting site
undergoes a thrust greater than microspheres dhadoare distant. In particular, the
microspherea, the nearest particleindergoes a thrust of 101.[i8; the microspherb

of 77.35um and the microspherg the farthest particle, of 44.86 (Fig 4.8 B).
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4.5 Parabolic profile of microspheres velocity

In order to investigate the flow regimen of lympte measured the velocity profile of
different microspheres flowing inside lymphatic sels that were lying along the
transverse axis of lymphatic vessels. As shownigaré 4.9, data show that their
velocity profile can indeed be fitted by a parabdine, thus proving that, lymph in the
vessels investigated flows in a laminar fashione Vklocity of central microsphere is
95.99 * 11.49um/sec instead the velocity of microsphere neamswdll vessels is

43.27 £ 7.15um/sec (n=4). The profile of the longitudinal vekycin the laminar flow

assumes a parabolic profile (Figure 4.9).
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Figure 4.9. Lymph flow velocity and the microsphereposition within the vessel lumen (represented
by cylinder). The points can be fitted by a parabolic line whegeation is reported on the plot. The

dotted arrow indicates the lymph flow direction.
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4.6 The Lymphangion

We have also been able to investigate the tempoxaidination between two adjacent
lymphangions in a short linear segment connectivigj lymphatic loops (figure 4.10).
When the segment on the left contracts the segoretihe right relaxes and then the
opposite occurs (Figure 4.10 A, B. c and r lettefsr to the contracted or relaxed state
of the vessel segment close to the letters). THesmoultaneous contraction of two
lymphangions is evident in the figure 4.11. Thetplepresents the simultaneous
recording of diameter changes (as measured atateddine positions in figure 4.10)
in time in both lymphangions and the right mosttreontaining the valve (figure 4.11
trace c). During the systolic phase (charactertaed smaller diameter) on the left tract
and the diastolic phase (characterized by a ladigmeter) on the right tract, the
microspheres are pushed forward along the lymplv floection, that can be derived
from the average slope of the dotted trace in &gud2. A valve is clearly visible only
in the right portion of the vessel (panels E andvhkich is not contracting (trace c). The
valve when the microsphere is pushed forward isexloand the microspheres in this
area do not move, as demonstrated also by the Ta&kBan 2% micro-injection
(Figure 4.13). The fluorescent dye remains confinedthe right side of the valve,

proximal to the injection site, and does not flewwough it.
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10.6 sec

Figure 4.10. Lymphangions image sequence acquiredfter the fluorescent injection. The
lymphangions contract) and releaser] in different momentsA andC. The diameter on the left, before

the contraction, is ~108um and, after the contractioB @ndD) is ~ 91 um. Conversely, the diameter on
the right @ andC) is ~78 um because the lymphangion is contracts, where&sandD the lymphatic
vessel is relaxed and its diameter~i$20 um. Lymphatic vessels’ diameters were measured at sites
indicated by white lines. In the bottom left corner shown the elapsed time recording from the
beginning.E. Closed state of the valve (white arrowhead) omofwehite arrowhead in panél) state.

Scale bar: 25Qm.
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Figure 4.11. Simultaneous recording of diameter cheges vs time profiles, in the lymphangions.
Tracea refers to contractions of the lymphangion represgtion the left in figure 4.10. Traberefers to
contractions of the lymphangion on the right. Tracénvariant not contracting tract, corresponding to

region downstream the visible valve. It is evidér not simultaneous contraction of two lymphangion
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Figure 4.12. Diaphragmatic lymphatics diameter changes and micrgphere progression.Active
stroke in the lymphangion represented by whiteedblines in figure 4.10aj. Simultaneously measured
of the diameter changes on the other side reprddnt white dashed lined)( Microsphere distance
from contracting site (represented by zero distance time (black dotted line). The microsphere

undergoes a thrust due to contraction of lymphangiothe left.
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11.2'see

Figure 4.13. Image sequence acquired during the TRC-dextran 2% micro-injection. In the bottom
left corner is shown the time elapsed from the mdiog beginning. The TRITC-dextran was injected in
the right side of the image indicated by white afréhe dye progressed toward left but because the

intraluminal valve (white arrowhead) is closed, therescent dye remains confined in the area en th

right. Scale bar: 150m.

4.7 Intraluminal valves in passive vessels

The secondary valves were found both between twiseasegments and between an
active and a passive segment of lymphatic vessgli@& 4.14). The passive vessels are
characterized by enlargement due to contracticdhe@hearby lymphatic tract; in figure
4.15 upward deflection from the baseline value esponds to passive vessel
enlargement. The valve has two evident leafleth @ad right). Contraction of the
lymphatic tract upstream the valve may have induesd increase in upstream

intraluminal pressure, causing the valve openmdjtae lymph flow progression.
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Figure 4.14. Intraluminal valve in a linear FITC-stained lymphatic vessel.The top left tract with
respect to the valve is an active vessel, insthadbbttom right tract is a passive segment. Theeved
represented in closed (red arrowheads in pakdélsandF-G-I) or open (green arrowheads in par@p

and E-H) state. In the bottom left corner is shown theetiatapsed from the recording beginning. Scale

bar: 100um.

Moreover, we have also been able to follow the &alynamics during its movements,

measuring a mean time from fully open to fully ddof 1.42 + 0.19 sec (n=8).
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Figure 4.15. Different lymphatics behavior based onthe simultaneously measured diameter
changes vs time profilesa. Pumping site in which active spontaneous contrastioerefound. b.

Passive compliant site.

Through the TRITC-dextran 2% micro-injection insitie lymphatic vessel, it has been
possible to demonstrate the effective presencédefvalves and the net direction of
lymph flow. The progression of the injected fluareist dye bolus into a vessel was
sometimes impeded by a closed valve which obsuud¢te lumen causing the
accumulation of TRITC-dextran. When the valve wagsered, it allowed fluid

progression into the downstream vessel segmefigure 4.16 it is clear that the lymph

moves versus the downstream side, in effect thegdgs only in this direction.
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Figure 4.16. Image sequence acquired after the flumscence injection in a lymphatic vesseln the
bottom left corner is shown the time elapsed frbm tecording beginning. TRITC-dextran was injected
in the central side of the vessel, indicated bgrésk. The dye is progressed in the downstreanonegi
confirming the lymph flow direction (white arrowpye passage was obstructed by a closed valve (white

arrowhead). Scale bak50um.

4.8 Epinephrine modulation

We next wanted to investigate the possible mocdchiagxerted by epinephrine in

diaphragmatic lymphatics. It is worth noting thate tlymphatic collectors possess
smooth muscle elements in their vessel walls. Tik&iloution of the smooth muscle

fibers surrounding lymphatic vessels are not homogs. In contracting sites, smooth
muscle elements are organized in dense meshesgrsehy, in not pumping sites,

smooth muscle elements are also present but tleegparsely organized (Moriondo et
al., 2013).

In the first analysis, exploring in great detai tbontractions of the lymphatic vessels,
we have noticed different mode of contraction. Fegd.17 proves, in a lymphatic

vessel with an intraluminal valve, a particularHapic behavior (black arrowhead and
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grey arrow) obtained after epinephrine gh administration, probably due to the
sudden increase of contraction frequency. In th@robtrace (upper panel), recorded

just before epinephrine administration, the biphasode of contraction is not present.
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Figure 4.17. Diameter vs time profile obtained afte epinephrine perfusion. B. The white arrow
represents the moment of epinephrine administrat®phasic contractions are evident (indicated by
black arrowhead and grey arrow), both in the tkaattom right (traceb) than in the tract top left with

respect to the valve (tracg They aren’t present in the monophasic contrakéa, panelA).

In effect, we were able to demonstrate that epineghn the diaphragmatic lymphatic
loops increases the frequency of lymphatic contvactWe wanted to examine the
epinephrine effect on spontaneous contractility amcrosphere displacement in loop

and in linear diaphragmatic lymphatics.
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The results show a different behavior between laong linear lymphatic vessels. The
diameter changes of peripheral diaphragmatic laogfigure 4.18 (A) correspond

exactly to microsphere progression: it is pushedvéod because of the vessel
contraction (C). Administration of epinephrine @@, that normally acts on the smooth
muscle of the vessel wall, in reality caused amease in the contraction frequency and
a decrease in stroke amplitude defined as differdmetween diastolic and systolic
diameters (B) resulting in a greater distance tea/by the microspheres along the loop
for each contraction. The mean contraction frequelue to epinephrine is higher (6.56
+ 1.62 bpm, n=4) than the loop control (3.17 = 1088, n=4, p<0.01 paired t-test) thus
it is extremely significant (Figure 4.19). We irgstingly found that the contraction

frequency, regardless of the initial value, is alsvancreased by epinephrine by about 3

bpm.
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Fig. 4.18. Effect of epinephrine on spontaneous cwactility and microsphere displacement in
lymphatic loops. A. Changes over time of the diameter of lymphaticseks in a peripheral
diaphragmaticloop, showing active contractionsB. Epinephrine determined an increase in the
contraction frequency and a decrease in strokeiamdpl C. Microsphere displacements are in phase
with spontaneous vessel contractiobs The greater distance traveled by the microsphsuggests a
simultaneous contraction of the downstream vessgingnts. Therefore, in adjacent vessel segments,

epinephrine might exert either a phasic and/oniteffect. Zero is the distance from the contragsite.
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Fig. 4.19. Epinephrine effect on lymphatic loopsMean change in contraction frequency due to

epinephrine 2QM administration in lymphatic loops. (** p<0.01)

Also, when the lymphatic loop did not present aoynttaction in control conditions,

after epinephrine perfusion (Figure 4.20 - blaeke) it displays active contractions.
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Fig. 4.20. Epinephrine effect on an invariant lympatic loop. Changes over time of the diameter of
lymphatic vessels in a peripheral diaphragmiatap, that showed no active contractions (grey lindle T

contractions (black line) have been due to epirnap0uM administration.
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The figure 4.21 confirms not only that epinephrinereases the contraction frequency
but also shows the effect, on the microspherestaltiee distance from contracting site
even with epinephrine perfusion. When the lymphegissel contracts, the microsphere
a, more distant from the contracting site (zero disé&g, has undergone a shorter thrust,

instead the microsphel® nearest to site of contraction, has undergonejarthrust.
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Fig. 4.21. Diaphragmatic lymphatics diameter changeand microsphere progressionChanges over
time of the diameter of the diaphragmatic lympha#esel after epinephrine perfusion (black dotites)
Progression of closest microsphere to the contrgcsite (tracea). Progression of more distant

microsphere from the contracting site (tré&}eZero distance represents the site of contraction

The linear lymphatic vessels present however, faréifit behavior: considering a vessel
that is spontaneously contracting (figure 4.22 #g microsphere is displaced away

from its initial site at every contraction (C); thedition of epinephrine 20m would
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seem to block the active contraction (B) and therospheres oscillates in a not

coordinated manner (D).
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Figure 4.22. Effect of epinephrine on spontaneousontractility and microsphere displacement in
linear lymphatics A. Changes over time of the diameter of a periphémabl diaphragmatic lymphatic
vessel displaying active contractioBs.Following 20um epinephrine administration lymphatic pumping
activity was blocked, as indicated by the comptisappearance of vessel constricti@nDisplacement
of a microsphere in close proximity from the coatirag site. The microsphere is displaced away fitsm
initial site at every active contraction, thereleyurning towards its starting si2 With epinephrine, the

microsphere slightly oscillates in a not coordidateanner.
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The different behavior is probably due to differemof receptors in the various tracts of
the vessel. The determination of the charactesisifdhe contractile propagation along
the lymphatic network provides important information the role of the pacemaker in
the coordination of the pumping activity. The loaibphragmatic skeletal muscle
contraction may modulate linear lymphatic functiop compressing and expanding
segmental vessel diameter and/or length. Furthedysis will be conducted to

demonstrate such hypothesis.
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5. Conclusions

In diaphragmatic lymphatic vessels, spontaneousseaditrokes exert a distance-
dependent effect on microspheres progression flentontracting site. The velocity of
microspheres, that mimes the lymph progressionywshe parabolic profile within the
diaphragmatic lymphatic vessels lumen.
In the presence of intraluminal valves, both inv@csegments and between an active
and a passive tract, the microspheres show anatscyl trajectory upstream the valve
and monotonic outward directed trajectory downstrea
The Epinephrine determines:

e increase in contraction frequency and propulsifeceinloops

* impairment of spontaneous activitylinear vessels.

Understanding the regulatory mechanisms that meéslutee lymphatic functions and
the lymph flow and studying molecules that regulBtmphatic muscle contraction
could provide the basis for a better knowledgehef physiopathology of the lymphatic
system and for the developing of innovative theuéipestrategies in order to increment

the lymphatic function in pathologies due to impditymphatic drainage.
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