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SUMMARY

The protein balance of the blood-tissue-lymph

system t+as investigated under normal conditions and during

various forms of oedema, in an attempt to obtain a clearer
picture of the changes which occur during inflammation.

The ability of the system to resolve the oedema and to
return to normaL rvas studied, togethe:: with the effects of

the benzopy rone , coumari n.

Various, injuries increase vascular permeability and

result in locaL oedema in the tissues. The íncreased

transport of macromolecules from the blood to the tissues

has been widely Ínvestigated, particularLy as the result
of moderate histamirie injury . However, the possibility of

backfLux from the tissues to the blood has not previously

been considered. A compartmental model of alt avaiiable
pathways for protein wÍthin a blood-tissue-lymph system

(using Guytonrs capsules ) wes developed to allow all the

rates of flux to be calculated. ïfre effect of histamine

injury, and hence acute inflammation ( locaL oedema ) , ''las

aLso studied. Protein flux against its concentration
gradíent was detected under normal conditions and the rate

was increased by histamine injury. Much of this flux was

across cl-ose and open junct ions, although it seems J_ikely

that vesicles also contributed. More prote.ì.n returned to

the blood direct ly flrom the ti ssues than passed to the



2

lymphatics under both normal and histamine-injured

conditions. As expected hÍstamine also caused significant
increases Ín the rates of protein flux from the blood to
the tissues and from the tÍssues to the lymphatics. rn

both normal and histamine-injured conditions the net

protein flux between the b-lood and the tissues was

directed from the blood.

Local oedema was produced by injecting various
substances into the subcutaneous tissues. The rates at

which these oedemas were resolved were caLculated and

compared. The resolution of high-protein oedema was

biphasic. The f irst phase was more rapid and probab_ly

dependent on optimal lymphatic function. The second phase

was slower and continued until- the tissues returngd to
normal. It was probabl-y dependent on proteoì.ysis and

began when the more central tymphatic correctors became

filled, causing Local lymph flow to be progressiveJ.y

reduced . The benzopyrone, coumarin, increases the

proteolysis of accumulated abnormar protein. rt arso

significantly reduces high-protein oedemas. One purpose

of this study was to Iínk these effects ol ihe drug

directly by showing that the products of proteorysis, such

as amino acids, are removed from the sÍte of oedema more

rapidry than the proteins themselves. This was proven by

the fact that oedema caused by the injectÍon of amino

acÍds yras resolved more rapidly than that caused by
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plasma. The effect of coumarÍn on the resolution of these
oedemas rryas investigated. It had no effect in the

non-protein oedemas, nor did it affect the resorution of
protein-induced oecJema in the first four hours. It did
increase the rate of resolution in the second ( or
proteolysis ) phase of plasma removal. This further
confirms that coumarin enhances proteorysis and reduces

hì.gh-protein oedema.

During, the course of this study, it became necessary

to obtain more "deta.i ted inf ormation regarding an

often-used experimental procedure for producing

lymphostasis. 0f particular interest was the time course

of the development of lymphoedema. This informatÍon had

not been obtained previousry. Therefore, a complete study

of this experimental- procedure tvas undertaken.

Lymphostasis led to four separate, quite distinct phases in
the development of lymphoedema. An initial rap.id rate of
increase in limb voÌume ( approximately 1.5 percent/hour)
followed by a plateau and a sright reduction in the

swelling. Then lollowed a Longer perÍod at a slower rate
of swel,ling (o.lz-0.i8 percent/hour) until a maximum of a

46-48 percent increase in limb volume was reached. The

limb voLume then returned to normal ( O.34_O.h5

percent/hour). The lengths ofl the various stages appear

to be dependent on the tightness of the ligatures.
Lymphostasis reduced the rate of resorution of
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high-protein oedema by approxÍmatel-y 40 percent (in the

first four hours) indicating that the lymphatics do play a

very vital part in those initial stages of oedema

resolution. The macrophages are very important in the

resolut ion of high-protein oedema onJ-y after four hours

but their destruction did not reduce the effectiveness of

coumarin. It appears that Çoumarin is ab.Le to enhance

proteolysis by other cells.

|^lilloughby and Di Rosa (fgZO) hypothesÍzed that

altered proteins in the tissues were a cause of chronic

inflammation. It has also been suggested that lymphoedema

is a form of inflammation. Therefore, it is possÍb1e that

the accumul.ation of plasma proteins in the tissues as a

result of lymphostasÍs. could be responsible for aI.1 the

pathol-ogical changes found. Repeated doses of plasma rvere

injected into the subcutaneous tissues of

immunologically-tolerant rats fgr up to 64 days and,

e Ffectively, "fymphoedema was produced without

lymphostasÍs". Changes typical of chronic inflammation

were found in the skin, and to a much greater extent, in

the fascia. Coumarin signÍficantly reduced the extent of

this inflammatory reaction in the skin but not -in the

fascia. The accumul-ation of excess proteins in the

tissues did cause chronic infLammation. Thus chronic

lymphoedema can be regarded as a form o f' chronic

infLammation. EvÍdence also j-ndicates that, in the
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presence of excess plasma proteins,

coumarin, is capable of stimuJ_atÍng

macrophages in the skin.

the

celLs

benzopyrone,

other than
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SECTION 1

GENERAL INTRODUCTION

The normal_ functioning of the blood-tissue-lymph

system is compJ-ex and dependent on a fine balance in the

relationshi p between - the various components of the

system. A disturbance or injury to any one of these

components wirl result in imbalance and in local oedema of

the t-issues. , The ability of the system to rectify the

problem depencJs on the response ofl each component to the

aceumuLation of protein and fLuid in the tissues and, of

course, oñ the extent of the injury. An integrated

response to miÌd ÍmbaLance can allow the tissues to return
to normal. If these homeostatic mechanisms are not

suffic ient, other forms of intervention, such as therâpy,

are reguired. One very effective drug therapy is provided

by the benzopyrones, wh-ich are capable of enhancing the

removar of oerjema by a combination of their many varied

actions.

t.1 Structure. Function and Permeabitity of the

Bl-ood-T-i ssue -Lymph Syst em :

El-ectron microscopic

structure of blood capillaries
have shown the

between different
studies

to di ffer
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organs and even between di fferent areas of the same

organ. These capil l-aries can be classified into three

broad types (¡,tajno, Ig65); contÍnuous capitl-aries with

continuous endotheLium and basement membranes, fenestratecJ

capi llaries with discontinuous endothel.lum anci continuous

basement membranes, and sinusoid capilLaries with open

endothe Ii aI junct íons and a di scont i nuous or absent

basement membrane. The exact structuraL cjetail-s vary even

wÍthin the same group.

1.1.1 Continuous Capi.ltaries:

The intercellular junctions of continuous

capíl-laries are of varying complexity and occur between

the lateral aspects of adjacent endothelial cel-ls. There

can be more than one foci of narrovri.ng within a junction

(Cotran, 1967). "Close" junctions narrow to about 6 nm

for approximately 30 nm from the l-umen ( Casley-Smith et

â1., I975) whÍ1st "tight" junctÍons narrovv to about I nm

and are impermeable to a1l. molecules, except perhaps the

very smallest.

Extens ive physiological and electron microscopic

studies of the permeability of normal capillary
endothelium indicate that urater ancl Low molecuLar weight

solutes pass throurgh "c10se" junctions by diffusion and

ul trafiltration (Landj s and Pappenheimer , 1963i Karnovsky
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and Cotran, 1966; Karnovsky, 1967) . The net force

controJ.ling water flow is the resu.lt of internal tissue

hydrostatic pressures and colloicJal osmot-ic pressures

(StarIing, I896, l-9O9 Landis and Pappenheimer, 1967;

Yoffey and Court.ice, I97Oi Tweifach, 197O). 0ther smatl

molecules are moved mainly by di-ffusion with convection

and molecular sieving becomÍ.ng more important as molecu-lar

diameter increases (Landis ancl Pappenheimer, ).961; Curry,

re74).

An endotheliaL cell possesses an extensive system

of intracytopLasmi.c vesicLes. In normal- endothel-ium they

are uniform in size and are more nuflìerous towarcis the ceIl
surfaces. They have frequently been shown to transport

material , quite slowly, across bloocj endothel-ium (Carter,

Joyner and Renkin, I974; Perry and GarJ-ick, I975) ,

apparently by a random process powered by Brownian motion

(Casley-Smith, 1967; Shea ancl Karnovsky, 1966;

Casley-Smith et â1. , I975) . Vesicular transport coulcl

account for the slovr leakage of proteins out of the

continuous capillaries but not for the much more rapid

passage of smaller molecules (Casley-Smith et â1., 1975;

Casley-Smith, I976c).

Large vacuoLes are occasionally seen wj thin the

endothe-lial cel-l-s of normal capillaries (Favrcett, L962;

MohamecJ, I975) and they transport material acrcss the



ceLls (casley-smith and carter, 1979). calculations have

shown that the basement membrane has a negligible effect
on the passage of small molecures (casJ-ey-smith et â1. ,

L975). The passage of morecules the size of albumin Ís
impeded, temporarly dependent on the rate of fruid flow
(casrey-smith, L976a), which Ís row for contÍnuous

capillaries.

L.L.2 Fenestrated CapiIIarÍes:

These, differ structurally from contlnuous

capil-laries by possessing holes (fenestrae), approximately

50 nm in diameter, through thin areas of the endothetium.

Fenestrae are more numerous on the ttvenous" limbs than on

the "arterial'r limbs, and whilst many are sealed with a

diaphragm, variabre proportíons are not (casrey-smith,

I97I, I976c; Casley-Smith, 0'Donoghue and Crocker, I97Ð.
Fenestrae are very permeable to proteins (CasJ.ey-Smith,

r97o, ï976c). It appears that the extravascular tissues,
not the endotheLiurn ( f enestrae ) , control the permeabÍJ.ity

of fenestrated capillaries to smaLl molecules, including
water. The other structural components of the fenestrated

capil-laries probabry have permeabiLities as described for
continuous capil.laries.

Large

fenestrae orì

I2

molecules have been

the arterial limbs

shown to pass out of

and in at those on

the

the
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venous limbs ( Casley-Smith, f970) . As the fenestrae on

the arterial limbs are flreeJ.y permeable to proteins and

fluid, a much greater outfl-ow will occur into the

perivascular space, than is possible for continuous

capillaries. This wÍlI result in the banking up of the

Iarger molecules against the basement membrane, increasing

their concentratÍon in the periu"rculu, space to above

that of the plasma. A J.arge eflfective coÌIoidat osmotic

pressure can be maintained across pores the size of

fenestrae (Casley-SmÍth and BoLton, 1973a) and this woul,d

further increase fluid outflow. It has been hypothesized

(Casley-Smith, I97I, I97t, L975) that this rapid outflow

drags proteins with it, against their concentration

gradient and in greater concentrations than can diffuse
back into the lumen against the fLuid flow ( protein

diffuses relatively slowLy). One aim of this project was

to investigate the validity of this hypothesized

mechanism. The bank up of proteins against the lumenal

side of the basement membrane impl ies a sharp fall in
protein concentration across it. Tissue channels have

been shown to end at fenestrae (Casley-Smith et â1., L975;

Casley-Smith and Vincent, I978), and it has been suggested

that protein concentration gradually rises aJ.ong them,

from the arterÍaL to the venous limbs (CasJ.ey-Smith,

I976a), to be just below that in the perivascular space of

the venous limbs. It is thought the mechanism

hypothesized above also operates here but in the opposite
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direction.
fluid infl-ow

The protein concentration gradient causes

whÍch drags proteins with ít.

1.1.5 Interstiti.al- Tissue:

Extensive investigations indicate that the

interstitial tissue consists of a random network of

channels and that their numbers and dimensions probably

vary with the type of tissue and the prevaiì.ing conditions
(CasIey-Srnith and Vincent, I978). These channeLs have

been observed' to clffer easy routes for proteins and they

probably also offer the easiest routes for the filtration
and diffusion of smaII molecul_es (Casley-Smith, I976c).

Tissue proteolysÍs, due to ceLluLar activity,
infLuences the protein transport between the blood and the

lymphatics. Macrophages are found throughout the

interstitial tissue and are capabJ.e of phagocytosing

almost any kind of foreign particLe. Their numbers

increase dramatically during lymphoedema and other forms

of inflammation (Kalima, I97O, l97t; Casley-Smith et â1. ,

1977a, I978; Clodius and Altorfert 1977; 0lszewski, 1977;

Casley-Smith, Fötdi-Börcsök and Földi, 1978). It is weII

known that they migrate into oedematous areas and it i s

general ly accepteC that tissue catabol ism of prote ins

takes pl.ace in macrophages ( reviewed by Fö1di and

Casley-Smith, 1978). In addition, other celLs produce
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proteolytic enzymes ( Houck and

probably assist in lowering

concentration.

Sharma, Ì969) which

the tissue protein

4I

The maÍn flunctions of the lymphatÍc system are the

uptake of large molecul-es, pãrtÍcles and excess fluid by

the smaII peripheral initial lymphatics, and their
transportation by the collecting lymphatics from the

periphery to the central lymphatics, and eventually to the

venous system.

I Irritial Lymphatics:

The initíal Iymphatics are very simiLar in

structure to the venous capillaries but their endothelial

cells are connected to the ÍnterstÍtial tissue by many

fine, probably ñoo:contractile, fibrils ( revÍewed by

Casley-Smith, 1971, 1977a). These pull the initial
lymphatics open during oedema. The initial lymphatics in

quÍescent regions have similar permeabilities to venous

capilLaries but, in addÍtion, the j-nterendotheLial junctions

have a number of open regions, the extent of which depends

on the activity of the region. The functioning of the

initiaL lymphatics can be divided into three main phases;

a l'illing phase; an intermediate restí.ng phase and an

emptying phase.
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The fitling phase commences when the total tissue
pressure falls, during tissue relaxation ( e. g. when an

adjacent muscle contracts). During oedema or motion,
pulling on the fibrils tends to dilate the vessels, to

cause the cells to come apart from each other and to force
the junctions open. If there is no oedema or movement,

the junctions are opened by the fluid infrow which i s
caused by a net inwards pressure ( see bel-ow) . This is
possible because the junctÍons have very few of the

adhesion devices seen in the junctions of blood

capilraries a,nd the cells have a very tenuous basement

membrane. Thus the " very easÍly opened junctions act as

inlet flap valves, opening during the firling phase and

alrowing water and proteins to enter the initiat
lymphatic.

The forces causing the fruid Ínflow are in dispute
(casley-smith, tgllù. several suggestions have been made

(reviewed by FöldÍ and casrey-smith, r97B) and refuted.
Normally, the hydrostatic pressure di fference in most

interstitiaL tissue is directed away from the initial
lymphatlc. This would most likely cause fluid to leave

the vessels, rrot to enter them. Active pumping of fruid
across the endothelial cel.ls in bhe vesicles Ís extremely

unlikeLy r âs these are passÍ vely moved by Brownian

motion. Direct pressure measurements show that the

collecting lymphatics do not exert a suction oD, and
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through, the initial lymphatics. It has been suggested

that the fruÍd infLow is caused by the effective corroidal
osmotic pressure of the ).ymph (casley-smith, 1977a) and

that it drags proteins with it. This hypothesis depends

on a simlrar mechanism to that suggested for fenestrae
(page 1l). There is consicjerabLe evidence that.the lymph

in the initial lymphatics has a mr.rch higher protein
concentration than the fluid in the tissue channels

(Casley-Smith and Sims, 1 976; CasIey-Smith, L977c, d ;

Fördi and casJ.ey-smith, l97B) . This probabry causes

fluid, and hence p¡oteins, to er¡ter the initiar rymphatics

via the open junctions and to ditute the 1ymph. Muscular

contractÍons or respi ratory movements will periodically
increase the totar tissue pressure and conìpress the

tissues. Then the open regions ol the junctions wilr
close, becoming permeable to small molecules only"

When the net pressure across the junctions is zera

the intermediate phase occurs; the vessers remain filledn
with cLosed junctions waiting for the next tissue
compression to begin the emptying phase. The compression

of the vesseLs wilL force fluid back into the tissues,
concentrating the lymph and simurtaneously forcing some of
the J.ymph into the col.lecting lymphatics ( casrey-smith,

I977a, c).
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l. I.5 Collectinq Lymphatics:

The number of open junctions decreases towards the

more central collecting lymphatics, until the Junctions
are arl close or tight. The thickness of the vessel wal1s

fncreases. Hence permeability is reduced. The smooth

muscre in the walls of the coLlecting lymphatics contracts

intermittently " conbined with varying external tissue
pressures and wíth the aid of the intra-lymphatic valves,

the lymph is ptopelled towards the blood, with each

segment contracting according to its load (casley-smÍth,

I977a) . In the remote collectors, the smalLer

intralymphatic forces cause water to be reabsorbecl through

the vessel wal1s, hence rediluting the lymph

(Casley-Smith, L977c) .

L.2 0edema:

The inflammatory response to a wide variety of
stimuLi and injuries is similar. The different aspects ol
this response may occur together or quite separately, and

their relative prominence depends on the type and extent

of the injurious stimurus. An initial short-lived
arteriolar constríctÍon is usually fotrowed by a sustained

dilatation of all small blood vessels in the injured
area. rnitiaLJ.y blood flow through these vessels is rapid
(Aschheim and zvteifach, L962). The permeability, usuarry

of the post-capillary venules, may be increased.
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0edema is an important part of this inflammatory

reaction. Its clinicaÌ effects include stvelling , pain,

loss of function, increased risk of infectÍon and

susceptibility to minor traumas due to the poor blood

supply, and in some cases, to the high tissue protein

concentration. Physiological effects include:'increased

numbers and dimensions of tissue channels ( CasIey-Smith,

Fötdi-Börcsök and Fö1di, I979; CasJ.ey-Smith and Vincent,

I980), increased permeability of the interstitial tissue

to alI types of molecules (revÍewed by CasIey-Smith'

1982c), and ,various effects on the blood vessel-s.

MetaboLism and gaseous exchange Ín the tissues are also

affected. The initial lymphatics become diJ.ated ' and do

not collapse. The fibres act as guy-ropes and many more

endothelÍaÌ junctions are opened (Casley-Smith, I982b,

d). Usually ).ymph flow increases. If oedema becomes

severe the initÍal lymphatic fibres may separate from the

interstitial. tissue (Virígh, Papp and Rusznyáx, I97I; Leak

and Kato, I972), the initial lymphatics will collapse and

lymphostasis wiLL complicate the situation.

ResoLution of acute ínfLammation ( i. e. the

complete restoration to normal of both structure and

function of the damaged area) depends on the nature of the

injurious stimul-us, the type of tissue injured, and the

degree of destruction causecl by the damagi.ng agent. This

usually occurs after mild infection, PhYsical oI chemical
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injury of limited duration, and requires the removal of all
abnormal material from the tissues ol the inflamed area.

some of the fluid and small molecules wirr pass back into
the blood. The possibilty ofl removar of some protein via
this pathway will be investigated in this project. The

bulk of the fruid and some of the small molecures and

proteins will be removed by the tymphatics. It is hoped

that this project wirl enable the relative effectiveness
of these pathways to be quantiflied. Macrophage numbers

increase in inflamed areas after 4 hours (gaz and spector,
L962; reviewed by Hurley, L97z) and they activery
phagocytose red cells, fibrin, cel.lular debris and foreign
particles, ,including bacteria. They are assisted by

fibrinolytic and autolytic enzymes

I.2. I Low-Protein 0edema:

Low-protein high-flow oedema is caused by a

disturbance in the starling equiribrium ( Föld i , 1969;

Rusz nyáx, Fä1dÍ and szab6 , 1967; yoffey and courtice,
r97o). Raised blood hydrostatic pressure, lowered plasma

colloidal osmotic pressure r oD lowered tissue pressure

(often caused by increased tissue compliance) can cause

excess fluid to leave the capillaries. since vascuLar

wall permeability is normal, this fluid will. have a very

low protein concentration. The ftuid accumulates in the

tissues and oedema develops. The ti ssue hydrostatic
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pressure rises, tissue proteins are diluted, and Lymph

flovr increases (TayLor et â1., L973). These tend to remove

the excess. If lymphatic capacity is overwhelmed r âny

further fluicJ accumulation could initiate clinicar
oedema. Raised central venous pressure can cause Iymph

drainage to be Ímpaired and low-proteÍn Low-fIow oedema

may result.

I.2.2 HÍqh-Protein Hiqh-Flow 0edema:

Some traumas or d-ì.seases Íncrease the permeability

of the vascul-ar endothelium, either directly or indirectl-y
via mediators, a11owí.ng excessive amounts of protein ancj

lLuid to enter the tissues. The lymphatics wiLL function

at their maximum and macrophage accumul-atjon anrj

proteolysis will increase to remove th-is excess. If these

combined actions are not suffic-ient the osmotic action of

the accumulated protein wÍI1 cause even more fluid to

enter the tissues and the chronic phase wil_L develop.

The effects of histamine injury are of particular

interest because it is often released from damaged tissues

and mediates the inflammatory response. Mild doses

increase the permeabilty of smaIl veins and venufes to
protein and fJ.uid, although larger doses may also affect

the capil laries ( reviewed by: Hurley , I972; Casley-SmÍth

and l{ j ncjow , I976; RenkÍn, I977; Gabbian j. and Majno , I97B
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Casley-Smith, 1980, 1982b, c). The structuraJ. changes in
the vascular endothelial cells incl-ude: a recjuction in the

numbers and mean diameter of the vesicJ.es, a reduction in
mean cerl wÍdth, ancJ an increased proportÍon of open

junctions. These open to a maximum of about 50 fiffi, I0
minutes after injury and return to normar. by lo *inrt"s
after mird injury and 90 minutes after moderate injury.
Their width is approximately equal to that ol the

fenestrae indicating that the same hypothesized protein
flow mechanism may operate. protein may pass back Ínto
the blood vessel-s against Íts concentration gractient.

lherefore, moderate histamine Ínjury wil-t be used here to
investigate this mechanism. Histamine injury also

increases the number of free and attached vacuol.es which

persist after the junctions have closed again
(casley-smith and window, r976). These vacuoles transport
material across capillary wall-s (Alksne, r959;

casley-smith and carter, 1979) and may contribute to the

increased permeabiJ.ity to macromolecules.

I.2.3 Chronic Inflammat ion:

chronic inflammation is generally considered to be

any inflammatory reaction of long duration. rt may be the

result of an acute response which fairs to subside or may

develop slowly and progressive 1y over days ancj weeks

wi thout an inj tial acute phase. The macroscopic and
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histological features vary widely with diflerent stimul i
but there are certain common features which distinguish it
from the acute phase. The most characteristic of these is
the accumulation of a variety of cells in the

extravascular tissues. Polymorphs, êosinophils,

macrophages and their derivatives, function actively to

dispose of dead tissue and destroy invading organisms.

They may also cause celLular damage themselves.

Lymphocytes and plasma cells are active in the immune

response and antibody manufacture. Fibroblasts

manufacture collagen and are responsible for the

ÍncreasÍng fibrosis'observed in chronic inflammation. In
addition, increased numbers and morphological alterations
of the capillaries and initial lymphatics are usually

observed. In many types of chronic inflammation the

heal ing and inflammatory processes are intermingled to
form a mass composed of inflammatory cells, areas of dead

tissue and newly formed scar tissue (Hurley, L972).

V'lilloughby and Di Rosa ( f970) have hypothes ized

that the accumulation of plasma proteins in the tissues

couÌd mediate the chronÍc inflammatory response. This

seems lÍkeIy as high-protein oedemas are usually more

damaging than low-protein oedemas and they usually persist

for a longer period after the Ínitial causative stÍmulus

has subsÍded. The rates of resolution of low and

high-protein oeclemas w j.lI be compared in this project.



24

The proteins would attract the accumulation of cel1s,
provide a base for increased fibrosis and create a

stagnant environment. The supply of oxygen and nutrients
to the tissue cel1s would be depleted, causing more

cellular damage and death. Eventually an ideal
environment for infection wourd result. This hypothesis

will also be investigated thoroughly as part of this
project.

L.2.4 Hiqh-Protein Low-Flow 0edema; Lymohoedema:

Deficiencies in the lymphatic system itsetf allow

protein and fluÍd to accumulate in the tissues. The

col-lecting lymphatics may be blocked by fibrosis caused by

infection or irradÍat ion, the lymph nodes may have been

excised and the vessels interrupted; the pumping

mechanisms may malfunction; or there may be a congenital

lack of lymphatics. The smaLler molecures can escape back

Ínto the blood, but most of the larger molecules will
remain in the tissues and retain the oedema fluid by their
osmotic action. The pathogenesÍs of rymphoedema vaiies
sl,ight Iy with cf i f f erent causes and regions .

The Acute Phase:

Di staL to an obstruct ion

rises. t'.lith

the vesse ls
time, these

di late and

become sothe ì.ymph pressure
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extreme that the intralymphatic valves become incompetent

and the dilatation and increased pressure spread

peripherally. Eventually the initial lymphatics also

dilate and their interendothelial junctions also become

incompetent. Lymph escapes back into the tissues and the

tissue fluid and lymph equil ibrate. Possibly tissue

proteolysis prevents the protein concentration in the

interstitial tissue from increasing until it equals the

plasma protein concentration. Some protein may return to
the blood vessels via random vesicular transport across

the endothel.ium. If there are any open biood vascular

junctions, the osmotic action of the plasma proteins may

cause some fluid flow into the blood vessels, clragging

proteins with it as hypothesized above (page 13).

The Latent Period:

In both clinical and experimental Iymphoedema the

acute phase is almost always followed by a Iatent perÍod

of variable J.ength. DurÍng this period the previously

affected area appears to be normal, although the initial
cause has not been removed. There is some evÍdence to

suggest that the tissues have not actually returned to

normal. SmaIl amounts of oedema fluid are probably still
present and f ibrosis may be occurr:'.ng ( pi lIe:: and CJ.odius,

I976; 0lszewski, 1977; Clodius and Píller, 1978). The

cause of this latent period is unknown. PossibJ.y
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increased proteoJ-ysis by the macrophag€s, whÍch migrate

into the area, r€duces the efflects of the lymphostasis for
this variable period. ALternatively, coLlateral,

lymphatics may arise. tfhen this. capacity is also

overhelmed (sometimes by a very mild trauma such as a

scratch) or when increasing fibrosis causes further
complications, the chronic phase begins.

The Chronic Phase:

In addit ion to the changes described for acute

Iymphoederna, the ti ssues now contain large numbers ofl

macrophages, fibroblasts, and much excess fibrous tissue.
This latter continues to increase with time and the

tissues become very hard (PiIler and CLodius, 1976). The

blood capiLlaries may also be affected (Castey-Smith et

â1. , I977a; Clodius and Altorfer, tg77) ; possibLy

Íncreasing macromolecular permeability (Földi and

Casley-Smith, I978). Recently it has been suggested

(Wifloughby and Di Rosa, I97O) that stagnant proteins in
the tissues may act as the primary stimulus for chronic

inflammation. This may explain why chronic lymphoedema is
so similar to chronj.c inflammation. This hypothesis and

its implicat ions wi ll be investigated here. It has also

been suggested that debris from disintegrating macrophages

may cause some of the excess fibrosis seen in lymphoedema

(Föfdi and Casley-Smith, I978).
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I.t Therapy :

1.3.1 Low-Protein 0edema:

There are certain general forms of therapy for all
types of oedema which are designed to improve rymph flow.
These ÍncLude gentle massage and el-evation of the affected

area (Fö1di, L969; Casley-Smith, I977b; Clodius, Ig77) .

In addition, pressure bandages to reduce vascular outflow

and increase lymphatic draÍnage; and col_d to cause

vascular constrict ion are used. Diuretics are very

vaLuable in low-protein oedernas.

I.3.2 l{igh-ProteÍn 0edema:

All of the above forms of therapy, except

diuretics, can be used to treat high-protein oedema with
variable success. rn addition r Vârious drîugs such as

anti-bÍot.ics, and cortisone are used in specific types of
high-protein oedema.

I.t.3 The Benzopyrones:

This group of drugs is effective in alI types of
high-protein oerJema as they alone are capable of removing

the excess proteins. They are very effective in both

animals and man (Gabór, Lg72; pil-l.er, I975a, b, I976c, d,
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f, I977a r c i Casley-Smith, I97 6a; Pi ller and Clodius ,

I976; Dunn et â1. , L977; Clodius ancJ piller, I97B) . By

reducing the amount of protein in the tissues they arso

enhance the removal of fluid (Casley-Smith and BoJ.ton,

I977b; CasJ-ey-Smith, Fötdi-Börcsök and Földi, I974, I97B;

Piller and Casley-Smith, I975; Pill_er, I976a, cr L977ai

casley-smith et â1. , r977a, l97g). There is considerable

evÍdence to suggest that these drugs do not reduce the

amount of protein escaping from the capiliaries, rather
the reverse Ís true. They actually increase vascuLar

permeabitity by releasing histamine. AÌthough they are

capable of increasing lymph transport under normal

conditions; this does not happen during oedema when

lymphatic function is already at its maxÍmum, or Ín

lymphoedema when lymphatic function is impaired.

Therefore, their effectiveness in high-protein oedema is
not due to any direct increase i n l-ymphatic transport.
simple phagocytosis of the excess proteins does not appear

to be the major step in the drugs' action. It does appear

that the benzopyrones reduce the pathogenesis of

high-proteín oedemas by increasing cellular proteorysis.

The cells involved appear to be the macrophages, although

other cells have not positiveLy been excLuded from

cons.ideration. The drugs stimulate macrophages directJ.y,

and may increase macrophage accumutation in t.he oedematous

a reas .
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Can oedema be reduced by merely splitting a few

Iarge molecules into many small ones, which must increase

the local osmotic pressure? The macromolecules can riot

leave the tissues except via the lymphatics or tissue

proteolysis, because their concentration grad.ients are

directed from the blood to the tíssues. When they are

split into many tiny fragnrents their concentration
gradient is directed towards the blood. These fragments

are abl-e to Leave the tissues by diffusion, SUffering very

little molecular sieving and passing very easily through

close junctions. This much more rapid removal of the

results of proteoJ.ysis has not been tested directly and

will be investigated here. This removal of proteins from

the tissues releases the oedema fluid and allows it to

re-enter the blood vessels. The reduction ofl the oedema

wilL also alloy¡ the lymphatic system to return to normal

functioning if this is possible. In addition, tissue

oxygenation wÍIl. improve, susceptÍbility to infect.ion will
be reduced and, if V'liLloughby and Di Rosa are correct, the

stÍmulus for chronic ínflammation will be removed and its
results incLuding fibrosis will aLso be reduced. This

latter will also be investigated in this project together

with the effects of the benzopyrone, coumarin. The

benzopyrones have been found to reduce the fibrosis of

chronic lymphoedema ín the long term ( CtoOius, Deak and

PiJ.).er, I976; Piller and Clodius, I976; Clcdíus and

PiJ-Ier, 1978).
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SECTION 2

PROTEIN FLUX IN A BLOOD.TISSUE-LYMPH SYSTEM

2.I Introduction:

The passage of water and soÌutes from small bl_ood

vessels has been widely Ínvestigated under normal and

injured conditions. Normally, water and l-ow molecular

weight soLutes pass through the close endothelial
junctions by 'diffusÍon and urtrafirtration (Renkin, 1977;

crone and christensen, r979) . Macromolecules are

transported by smal.l vesi-cLes (Renkin, r977) apparentry by

a random process powered by Brownian mot.Ìon ( casley-smith,
196J; shea and Karnovsky, 1966; casJ.ey-smith, 0'Donoghue

and Crocker, I975). Renkin, Carter and Joyner, (Ig7U)

ascrÍbed about half the normal macromolecular transport to
the vesicles but they indicated that results from other
workers implied contributions varying between 0 - 100

percent, dependíng on the site and conditions. The

balance of macromol.ecular transport is probably via close

endothelial junctions as very few vacuoles are present in
normal vascular endothelium (casley-smith and window,

te76J.

Vascular permeabiJ. ity increases duríng
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inflammation, leading to the formation of a protein-rich
exudate and to local oedema in the tissues (HurIey,

r972). The increased transport from the bLood to 'the

tissues has been widely investigated. rn part icular,
moderate histamj-ne and burn injuries cause signÍficant
increases in the proport ion of open junctions in the

venules, veins and capillaries (t"tajno and paLade, r96l;
Cot ran , 1967 ; Hurley , I972; Dunn , 1973; Casley-Smith and

I'lindow, r976), and these are freely permeable to large
macromc¡lecules. The number and sizes of small vesicles is
little changed by histamine and burn injuries
(casley-smith and window, rg76), imprying that they do not

contribute to the increased permeabitity. However, great
numbers of large vacuoles appear in the vascular
endothel-ium (CasJ.ey-Smith and I'Úindow, I97O, and these

have been shown to transport lluid and macromolecules
(Casley-Smith and Carter, LgTg).

Previous studies took no account of backwards

passage rrom the tissues to the blood and are therefore
incomplet,e. rt is possibre that effective colloidal
osmotÍc pressures can be maintained across open

endothelial junctions (CasJ"ey-Smith and Bolton, I973a),

forcing fLuid to fLow from the tissues to the bLood (i.e.
into the more concentrated sor.ution). It has been

proposed Lhat this lLuid carries proteins with it against
their concentration gradient (Casley-Smith, I97O, I97I,
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1973, 1975, 1982a) . If
randomly, it seems likeJ.y

material from the tissues

Berendsen, 1979) .

vesicles and vacuoles move

that they will also transport

back into the blood (DeFouw and

This experiment was designed to investigate
protein fl-ux in a blood-tissue-lymph system, under normal

and histamine-injured conditions, Ín order to provide

clearer and more compLete ínformation orì the changes that
occur during inflammation. rn order to do this it was

necessary to , inject into, and sample from, the

interstitial fl-uid. usually the fluid spaces are so small
(CasLey-Smith and Vincent, I97B) that this would be

impossible in pract ice. Guyton' s (1963 , 1965a, 1965b )

capsures were used to provide a workable volume of
interstitiaL fluid. rntracapsular pressure measurements

were made to indicate when infLammation from surgery

subsided and hence., when the protein llux experiment could

commence.

2.2 Materials and Methods:

The experimentaL procedures and a very simplistic
anaJ-ysis of the results were carried out as part of the

requirements for the Degree of Bachelor of science with

Honours. The materials ancl methods are only summarized

here but are included in fulI as Appendix Z.I.
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RISA (I25f) was injected into the'blood by heart

puncture. RadioactÍve chromic chloride (5tCr) bound to

albumin was injected into the fluÍd of the Guytonrs

capsules with either physiological saline or a histamine

acid phosphate solution. Samples of both blood and the

capsule fluid were taken at 5, 20, 45, 80, 72O and I44O

minutes and thei. 51c, and I25I activities vvere

counted on a Packard Tri Carb Scintillation Counter for
one minute.

2.3 Compartmental Analysis:

A compartmental model was developed to describe

the physiological system as illustrated in Figure Z.L.

The aim of the anal-ysis was to calculate aIl the rates of
protein f l-ux shown in Figure 2.I. This model is a

modÍfication of similar systems described by Jacquez

(nlZ) and Rubinow (I976), and was designed to suit the

particuÌar system applicable here. The fundamental

compartmental equatÍons which describe the system are:

dxc
vc -vg ( Rac + RIC) xC + Ve RCe xB (t)

dt

dxB
-Vs ( RreVg

dt
+ Rca) xB + vc Rac xc e)
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t4

BC

Figure 2.I

A compartmental- representat ion of the

physioJ.ogical system investigated. Rij Ír the rate of
materiaÌ flux from compartment j to compartment i per unit
volume in compartment j.

The subscripts Índicate:

B - Blood;

C Capsule;

L - Lymphatics + Proteolysis;

E - Exterior Tissue Compartments.

REB
Bc

R

R R
BE LC

CAPSULEBLOOD
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where VC and VB are the volumes of the capsule and

blood plasma compartments respectiveì.y; xi is the

concentration of a particular tracer in compârtment i; and

*ij is the rate of flux of material from compartment J

to compartment i per unit volume in compartment j. The

other subscripts are explained in Figure Z.I.

The general sol-ution for these equations is:

krt kzt
e

in this
and A

(l)

(4)

2.2)

one

the

The

the

case for

From

xs(t)

xs(t)

A semilog

becomes a

exponential

largest nj

constants of

exp er i me nt al

pJ.ot of

(x1 (t) ) for the Iarge

80 - 1440 minutes.

equations 3) anrJ (¿):

vaLues of time;

This yields kl

Act e + Acz

krt kzt
Agt e + AB2 e

x1(t) against time (Figuïe

straight line for large t, as only

term survives. This is the one with

and is usuaJ.ly designated kl.
the general solut ion are obtained flrom

data by the method ofl exponential peeling.

ktt
The exponential Ait is fitted to the count datae

i1'

kzt klt
Aiz e xi( t ) Aire (5)



to
G

to
 C

oU
rN

1.
s/

M
lN

/M
L

o
õ

õ
õ,

o
(¡

Þ
a

a
oÞ

,

I I I I I I I I I I I I I

I

I I I I Þ

llr
Þ

>
rlô

n@
:lo

o
tlã

i 
3

6ø
J-

z-
cc

ù
9Y

oo
r

ot
N 3 

ã 
õ 

3J
t(

Jì
ô

ç¡
H

I c o o-

o N à o. o ^) è o.

= 3 llt o Þ =z

-|
-l P
. o c 4 o f\) î\)

o-
4

o= =
o

ro fD
()

E
O

r+
l

3c
)

oo f) ct
 

af
IJ

' 
H 0)

-r
, 

(-
|'

O
P

.
öo

f
o fo (D

 
-r

,

P
.H fa
)

o-
 

o_
P

. 
P

.

P
' 

lÌl
o_

o
C

cl
0)

P
.

P
<

o
0) f,r

r
rJ

. 
4

30
)

oc
)

-o
H

xP
.

P
.) -l-

 
d'

vJ .o

o\
ì

--
r

I I

u¡ O
r

I

I I I
Þ

I I I I t

\ \ \ \ t
Þ

I



37

The lunctÍon:

ktt
x* i( t ) xi( t ) - A1r e

of time.

fitted to

(6)

The data poÍnts

the exponentiaL

(7)

Ís formed for the smaller values

obtained lrom this function are

Rgc + Rtc

kzr
AiZ e yietding kZ and AiZ. In a steady state system

similar to that in Figure 2.I, aIl the rates of flux can

be cal"culated, even if only one compartment receives

rad-ioactive tracer and even if only that compartment is

sampled. In , this case the system was solved for the

capsule. The following equations to calculate the rates

are adapted directì.y from Jacquez (I972) and Rubinow

(I97 6) z

(Acr k1 Acz kz)+

Act Acz

Rrg * RcB (Rec + R¡g)

+

(kr + k2).

kt k2

(8)

+
(e)

Rcs

In a steady state system conservat.ion of matter in the

capsule Ímplies:

V R VC (RgC + R¡g) (10)
B CB

( Rsc + Ruc) (Rea Rcs )
Rac

RCg can be calculated using equation (7). VB is the
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volume of the blood plasma

of this weight, according to

volume of the capsule in
according to:

pc
Vg

where pg is
the capsule

(approximately 6 m1s for rats

Donaldson, f915). Vc is the

mls and can be cal-culated

(rt)
xs (0)

the absolute amount of tracer injected into

initially and:

c Act * Acz

from equation 3).

Substituting for RCe in (8) yÍeldt REg and in

e) yields RgC. Substituting for ReC in (f0) or Q)

yieldu RtC. The conservation equation for the blood

plasma:

Rge + vc Rec VB (REe + RCA)

x (0)

allov¡s the calculation
( l0) yields;

R BE VB REe * VC RtC

of Rge. Subtracting (13) from

(r2)

(lr)

(r4)

These rates

of albumin/minute by

of flux (Rij) can be converted to

mul-tiplying by the absolute amount

mg

of
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albumin in compartment j. Concentrations of O.O\OZ4 gm

albumin./mL for plasma and 0.014698 gm,/ml for capsular

fluÍd have been calculated from percent protein data for
rats (t-i¡ermann et âf., L972) and albumin/gÍoburin ratios
for rats (Szabó, Magyer and Posch, Ig7O. The volume (V)

of compartment j can be obtained as described above.

For the control animals, we can assume a steady

state exÍsts and can use all the above reLationships on

the capsule 51c, counts to get the rates of protein fLux

illustrated i'n Figure 2.I. Table 2.I iltustrates the

stepwise calculationS for the normal condition from 0

1440 minutes.

However, for histamine injury a steady state can

not be assumed. Therefore, equations (l - 9) can be used,

but not those requiring conservation. In equation (9)

RCg is needed before RgC can be calculated. An

estimate of RCe vias obtained by directly calculating an

average rate of arrival of I25I Ín the capsutes from the

blood over the I44O minutes, for each rat. From equations
(5) and (6) Rlc and REB, respectively, can be

calculated. Without the conservatÍon equations, RBE can

not be obtained, but it seems likeIy that a steady state

would still be maÍntained in the exterior part of the

system implying that equation ( I4 ) would be applicable.
The stepwise cal-cul,ations are shown Ín Tabl e 2.2.



Tabl e 2.I z Stepwige Protein Flux Ca Iculations Normal Condition (O - IA 40 minutes)

Act

IIt392
330392
182234
209985
I522BO
20001 0
227 668
19 487 I
).54305
208705
I9t273

k1

-.00055
-.oarzt
-.oal72
-.oo29
-.0019
-. 001
-.oo24
- . 00112
-.00181
-"00197
-.40267

REg+Rgg

.04228

.oo227

.oo5lzt

. oo863

.00602

. oo7 67

.oo7 4

.00208

.00609

. 00501 8

.005002

429 48
L7257A

57 640
50287
5/+464
99989
43464

237 9 €,7
47 468

1011 9 7
389 45

-.oo294
-.oo282
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Stepwise Protein Flux Calculations - Histamine-In.iury (O - 1440 minutes)

Rg6+R¡g REg+Rgg RCSRAC RCe Acl k1 Acz k2

Tabl e 2.2:

.oo635

.005711

. 001 654

.oo64J6

.oa7996

.oo8469

.o05266

.00521I

.002426

2667II
29297I
172927
248368
22L62I
23217 8
20I565
LB693L
I628T6

.o2725

.011519

.oo397

. 038052

.009605

.016415

.00996t

.o255I4

.oo543

.oooLt67

.0000544

.00000288

.ooo20533

.ooaozl.72

.000L2I29

.0000188

. 000091 48

.00000029

.00677I

.oo6672

.006293

.oo7919

.oo8265

.0085

.00761

.00755I

.00804

2468I9
200684
I42993
192067
177 857
212644

89073
I4 0108
12229L

-.oo2772
-.00086
-.00085
-.00165
-.00115
-. 0008
-.001
-.00149
- . 0009 l1

Rlc

19892
92247
299i4
56tOr
437 64
19534

II2492
4682t
40525

-.020964
- . oI2I5
-.0105
-.0165
-.oI425
-. 0140
-.01878
-.ol5t5
-. 0l 2142

.07907

.oL225

.oL6869

. o3I67 2

.o21.8i7

. 02459 6

.oo9862

.026665

.011506

P

Ag1+Aç2 Vg Rgç+R¡g Rgg+Rgg RCeRgC Rac REe Rag

2.66
2.42
4.10
2.85

.51

.79

.35

.004 I29I

.oo44151

.oo25204

.00501_61

.o43t369

. oo29 8l 9

.olo9229

. 004 9 617

.oo372Iû.

.oI9607

.008595

.0c8829

.oI3134

.oII663

.0tl_818

.008857

.0I1878
,.oo935',2

.oo337t

.oo4L22

.002118

.004882

.oa329I

.042828

.oLoz45

.oo477 6

.oo2936

.0007558

.oog29t7

.0004023

. 000 LJ47

.o4o4465

. 0001 537

.0006778

.000855

.0007858

.oI2836

.ool923

.oo2r766

.0052147

.001198I

.00lll8L

.00I24VL

.oo4t27

. 00L l4B

.2

.05
J
3
t
7
4

.ooao2284

.0000275

. 00001 l3l

.00001866

.oaoa27196

.00002404

.oooo7797

.000016065

.oaoo235



42

As the open jul.tions caused by histami.ne injury
return to normal- after approximatety jo minutes, further
calculatÍons were performed on the raw data in two stages;

o - 45 mins and 45 - r44o mins. singie exponential curves

gave good fits (correlation coefficients >
count data Ín these time intervars. Rcg was calcutated
from the arrival of I25I in the capsuLe. (Rac+R¡g)

rvas calculated from the rate of removal of 51c, from the

capsule. After an initial rapid increase to the maximum,

R.C would not change at 45 minutes and would probabJ.y

remain constant over the period of the experiment.

Therefore, the Ruc calcul-ated over o - r440 minutes was

subtracted lrom (ReC * RLC) to yield RAC. Table 2.3

shows the results of these ca-LcuLations for each

individuaL animal.

These rates of flux (nij ) ror each animal were

then converted to mg aLbumin/ninute. It was not possibre

to do thÍ s for Ree without knovrledge of the voÌume of
the exterior ti ssue compartments or their albumin

concentratÍon. The mean for each rate of flux was then

calculated and the normal and histamine-injured rates were

compared using the student's t-test (Table z.A). The mean

for RAe is included in Tabl.e 2.4 but the units are

mLs/minute.
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Tabl. e 2.3: Stepwise Protej-n Flux Calculations

HistamÍne- In.jury

(o 45 minutes) (qs -1440 minutes)
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CB BC CB BC
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Table 2.4

NORMAL

(o - l44o minutes)

HISTAMINE

(o - l44o minutes)

(O - 45 minutes)

(¿+s - I4¿to minutes)

Mean Rates ofl AlbumÍn FLux (mq/minute): except E-+ B (mls/minute)

Ba+ c C+B c-> L B-I E

(

o.2816
( 0. 0285 )

loo

I.3607
o.o463)

9
.r **

c

7 .8606
(r. øse

9
Itlt*

o .3177
( 0. 046e )

9
n.s.

0.1086'
(0.0r.64)

It

0. 2081
( 0. 0428 )

9
*

0. 18r5
(o.o'e3)

I
*

0. 051 6
( 0. 0074 )

9***

0. 0094
(o.oo2o)

'11

0.02I5
( 0. 0050 )

9
JT

o.65t2(o.rrfi)
11.

o.7278
(o.2152)

9
n.s.

E-+ B

o.0255
(o.oo47

tl

o.0260
( 0.007r )

9
n. s.

a. The headings for the col-umns are B, blood; Cn capsule; L,
exterior. The arrow indicates the direction of the flux.

lymphati cs + proteolysis ; E,

b. The figures for each column are mean, (standard error) and

c. The significance of the difference from normal using
signiiicant; * = 0.05 > p > 0.01' *** = p < 0.001.

the number of observations.

Student's t-test : n. s. = not
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It was decided that the capsules of the

non-infected animals had reached an equilibrium with the

surrounding tissue after approximately 57 days (AppendÍx

7.I). It seems reasonable to conclude that they enclosed

a true, normal tissue space filleci with interstitial
fluid; aJ.though it may differ in some constituents and be

relatively isolated (Casley-Smith, I9B2a). Therefore, the

capsule compartment is referred to as a tissue compartment

in the foLlowing di.scussion.

2.4 The Calculated Rates of Protein FIux:

The results for normal and histamine injury are

surnmari zed in Tabl e 2.4. Histamine caused very

significant increases in the rates of protein flux to and

from the capsule. The rate of flux from the blood to the

tissues from 0 - l44O minutes was increased approximateJ.y

five times and the backflow from the capsuì.e to the blood

was doubLed. The rate of flux from the capsule to the

lymphatics and proteolysis was increased 2.7 times.

NormalIy, the rate of flux from the capsule to the bloocj

was Il.6 times that from the capsuJ_e to the lymphatics and

proteoJ.ysis. }lith histamine injury this ratio was 9.7.

Histamine injury increased the rate of protein fLux from

the blood to the tissues in the first 45 minuies

approximat,ely 28 times, but had no significant effect from

45 - 1440 minutes. It doubled the backflow from the
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capsule to the blood j.n the first 45 minutes but halved Ít
from 45 - r44o minutes. The rates of exchange between the

blood and the exterior were unchanged by histamine injury.

2.5 Protein Flux in the Blood-Tissue-Lymph System :

Histamine injury caused a significant increase in
the rate of protein flux from the blood to the tissues,

wh.ich is consistent with repeated observations ( carter,
Joyner and Renkin, I974; Joyner et âf. , I974; Renkin,

Carter and Jciyner, I974; Renkin , Ig77) . ThÍs increased

permeabitity rvould b'e due to the increased proportion of
open junctions, and to the greatly increased numbers of

large vacuol-es in the endothelium of the capillaries,
venules and smaIl veins (Casley-Smith and I'lindow, I976;

Casl"ey-Smith and Carter, 1979) .

Histamine injury also caused a signíficant
increase in the rate of protein flux from the tissues to

the Lymphatics and proteolysis, which agrees with many

studies on inflammation (e.g. Taylor et â1., I97t; Joyner

et âI. , I974) ,

This experiment has aLso shown the existence of
protein flux from the tissues back into the blood against

the concenLration gradient, under both normal and

histamine injured conditions. The former has often been
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reported ( reviewed Casley-Smith, I982a); the latter has

never been investÍgated. Histamine signifÍcantly
increased this rate of flux, and in both normal and

histamine injured conditÍons approximateLy ten times as

much protein passed to the blood as passed to the

lymphatics and proteolysis. It is possible that the

proportion of open junctions in capsular capillaries is
higher than normal. Newly formed blood vessel-s in
granulation tissue are more permeable than mature

vessels. This is particularly true at the tips where

abncrmally loose junctions are found (SchoefI, 1963 and

ClifF, 1967 as reviewed by Hurley, 1972).

2.6 Protein Flux Across the Vascular Endothelium:

The rates of proteÍn flux between the blood and

the tissues were dÍvided into the reLevant pathways

according to the available information (Table 2.5). Under

normal conditions vacuoles play a negligible part in the

proteÍn transport across the vascular endothelium, whilst

vesicLes and clcse junctions may each transport anywhere

between 0 and 100 percent (Renkin, Carter and Joyner,

I974; Renkin , 1977). These extremes and a 50 percent

contribution by each v/ere calculated to give a compl-ete

range of aIl the possible values.

If their movement is random, Vgsicl"es would
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probably transport albumj.n between

in proport ion to the concentration

two compartments;

the blood

di fference

and tissues

between the

Rate(alood to Tissues) Blood albumin conc .o3oz4

Rate(rissues to tllood) rissue albumin conc .r4698

Thus an estimate ofl vesicular transport from the

to the bl.ood was obtainecJ . The remainder of the

that direction must have been through junctions.

2

L

t i ssues

flux in

The temporalJ-y open junctions return tc normal
(closed again) approximately jo minutes after moderate

histamine injury . Vesicl-e transport probably cont inues

throughout histamine injury at the same rate as under

normal conditions (casley-Smith and I,tinclow, l97Ð.
However, vesicul.ar transport could be reduced in the first
90 minutes, as the mean diameter and number of vesicLes

are reduced by histamine injury ( Casley-Smith and tVindow,

r976). Reduced ceLL width coulcl compensate for this in
the firsL 70 minutes. Therefore, the rates ofl flux
calculated for vesicles could be slight overestimates,

implying that those carculated for junctions would be

slight underestimates. Having calculatecl the normal

varues for both these pathways (table 2.5), the remainder
of the flux in both directions afte r 45 minutes must be

due to vacuoles. The mean rate of flux from the blood to



Table 2.5t Mean Rates

Via Di ffer

of Albumin Flux (mo/mi nute)

ent paths; when the Contrib

100 % Vesicl-es

No siqni ficant contribut ion bv

Eetween Blood (B)

ution to Norm

and Tissues (T)

al B-r T Flux is:

100 % Junctions50%
50r

Vesicles
Junc t i ons

N ORMAL CONDITIONS:

B+T
Vesicl-es

Junctions

Vesicl-es

Junct i on s

o.282 ( 0. 028 ) t0
a

0.r0e (0.054)Ll.

- 45 minutes):

7.52e (0.820) e
*rÊ*,

D

o.o75 ( 0. 006 ) I
*.n *

(0.014)10

(0.0r4)r0

vacuoL e s

0.141

0. 141 o.282 (0.028)10

T+B

HISTAMINE-INJURED CONDITIONS

Junct ions
B->T

T+B

0.070 (0.007)10

0. 0t8 ( 0. 006 ) 10 0.109 (0.054)11

Contribution b vesicles as normal and
vacubl ES AS S am ne n UT m NU ES

7.670 (0. ZgA) 9 7.811 (0.75e) 9
x** .rÊ**

0.rrl (0.002) I 0.184 (0.024) I
{.*lt tÉ

s
\o

(o

a

b

Numbers are mean, (standard error), number of observations.

Ih" siglificance of the difference from noimal using Student's t-test:* = .05) p> 0.01 . lr** = p< 0.001.
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the tissues via vacuoles was calculated to be 0.050 mg

albumin/ninute (with a stanrJard error of o.oo4 on nine

observations). The transport from the tÍssues back into
the blood by vaeuol"es can also be calculated as described

f or ves-icLes above ( assuming the random motion of

vacuoles). No backflux due to vacuoles was detected.

After 45 minutes the t.otal_ flux from the blood to
the t issues relurned to normaL . Any increased vacuolar

transport was not ).arge enough to significantly increase

thÍs total above normal. The flux from the tissues back

to the blood was reduced to hal-f normal af ter 45 mj.nutes,

indicating that vesicurar andlor junctional transport must

have been reduced. rf, as explained above, vesicul.ar

transport is actuaJ.ly reduced by histamine in.jury, then

this further reduct ion could be attributed to the
junctions. There is evidence to suggest that junctions

may close tighter after histamine injury than they were

normalty. The junctions are unresponsive to a second dose

of histamine f or some hours ( casLey-smith and f.lindovr,

te76).

An increased number of vacuoLes is evident as

early as one minute after histamine injury. This number

is still approximately constant at ninety minutes
(casrey-smith and winclow , r97 6) and probabry remains so

for many hours (Uurley, I972). Therefore, the fLux via
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the vacuoles from 0 - 45 minutes would be approximately

the same as that calculated for 45 - 1440 mi_nutes.

vesicLe transport would be normal (or less than normal),

implying that the remainder of the flux in both directions
vras through junctions, particul.arly the now-opened ones

( Table 2.5) .

Histamine injury caused very significant increases

in the rates of protein flux through the open junctions,

in both directions, in the first 4s minutes regardless of

what proportíon of the totat flux passed through junctions

under normal conditions.

2.7 Protein Flux Aqainst íts Concentration Gradient:

0f special interest is the fact that j.n a1I the

possible situations covered in TabLe 2.5, increased

protein flux through open junctions against the

concentration gradient was detected. It is very unlikely
that vesicies coul.d be responsible for 100 percent ol the

proteÍn flux from the blood across normal endothelium.

similarry, it is very unlikeJ.y that open junctions courd

transport 100 percent . It is probable that the 50: 50

contributions ale the best indications of what is actuarly
occurring; as suggested by Renkin, Carter and Joyner

(I974). The extremes were included here to give a

complete range of the possibLe values. In aIt cases,



52

histamine significantly increased

from the tissues back to the

junct ions .

the rate of protein fLux

blood through the open

The existence of thi s backflux and its increase

v¿hen there are many mole open junctions, Seems to val-idate

an hypothesis proposed by Casley-Smi.th (tglO, I97I, I977,

I975, I9B2a) . This v¿as suggested to explain the passage

of proteins from the tissues into the blood capillaries

via the fenestrae in the venous limbs, and also into the

initial lymphatics via the open endothelial junctÍons. In

these cases, the proteins appear to move against a

hydrostatic pressure gradient as well as agaÍ.nst their

concentration gradient. BrieflIy the hypothesÍs states

(Casley-Smith, I975) tnat "when two protein solutions of

different concentrations are separated by a membrane which

is quite permeabl-e to the proteins, there is still a

relatively Iarge eflfective osmotic pressure forcing fluid

into the rIìoIe concentrated of the solutions". Ef fective

colloidal osmot ic pIesSUIes have been shown to be

maintai-ned across pores even up to ten Fm wide

(Casley-Smith and Boì.ton, I973a). It is proposed that

this fluid flow carrj.es proteins with it from the dilute

to the more concentrated solution. Casley-Smith (1981 )

has proved that the maclomolecules and fluid can move into

the more concentrated solution.
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2.8 The Dírection of Net Protein Flux:

The direction of the net protein flux wiLl depend

on the particular conditions, especially the net

hydrostatic pressure and the width of the pores

(Casley-Smith, I976a). The proposal that the net fLux is

ín the direction of the more concentrated solution at

venous fenestrae and open lymphatic junctions has been the

cause of controversy: with some in favour (Perl, L975;

Casley-Srnith, 
, 
l982a) and others opposed (¡'tiche1, L974) .

In this experiment the net protein flux between the blood

and the tissues vras directed from the blood, in both

normaL and histamine injured conditions. The net flux
across the junctions was also directed towards the tissues

under both normal and histamine-injured conditions. This

could be due to the increased hydrostatÍc pressure in the

microvascular system ( especiaJ. ly on its venous side )

during inflammatÍon and the greater number of open

junctions. It is also possible that the some of the

capsular capillaries v{ere still developing and that this
type of tissue has greater permeability ( increased

proportion of open junctions ) to protein than normal.
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SECTION 
'

OEDEMA AND BENZOPYRONE THERAPY

t.I With Normal Lymphat.i.cs anrJ Proteol ysis:

,.1.1 Introduction:

A group of drugs, the benzopyrones, is very

effective in reducing most forms of hígh-protei n oedema

(Cas1ey-Smì.th, Ig76b; Dunn et â1., Ig77; Clodius and

Piller, I978; Földi ancl Casley-Smith, I97B; Pj.ller, 19BO),

including lymphoedema and therma-l oedemas. They increase

the proteolysis of the accumu'!-ated abnormal protein
(Casley-Smith, I976b; Piller, I977a, b, c), apparently by

stimuìating the macrophages (Dunn et â1., I977; piIIer,
I977c, I978). 0ther cells such as f iL¡rohl-asts (Houck and

Sharma, 1969 ) and neutrophils may also be involved,

aJ.though this has not been proven for the benzopyrones. A

very strong positive crrrelation has been shown to exist
between benzopyrone induceci proteolysis and the

oedema-reducing effect of the C::ug (pifler, tglec). A

direct rel-ationship between these two factors has not been

proven. It i-s necessary to show that the products of

proteolysis are removed from the site of oedema more

rapi.dly than the proteins; that the splitting of proteins
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Íncreases the rate at which the oedema is reduced. rn

this study, the rate of disappearance ( resolut.ion) of
oedema caused by the inject.ion of plasma proteins was

compared with that of an equivalent concentration ofl amÍno

acids.

rn oedema the excess prasma proteins can be

removed from the ti ssues by the lymphatics, or by

proteolysis, because their concentration gradient is
directed from the bLood to the tissues. Once proteolysis
sprit s them 'into f ragments , mainly am-ino acids and

di-peptides (EhrenreÍch and cohn, 1967; Lospaì.luto, Fehr

and ziff, 197r), their concentration gradients are

directed from the tissues to the bl.ood. Their small sizes
arLow them to di ffuse rapidry, they suffer little
moLecular sieving in the tissues, and they shouLd be abl,e

to pass easily through the narror,,, close junctÍons
(Karnovsky, l97O; Renkin, Carter and Joyner, L974;

casley-smith et â1. , 1975 ) of the bLood endotheLium.

Hence they should be abre to pass Ínto the brood very
quickly, reduc-i ng the tissue osmotic pressure and enabJ.ing

the oedema fluid to flow. This study was desÍgned to see

if this was so.

Non-metabolizable

and concentration to the

a control to determíne

PVP, of similar molecular weight

was injected asplasma proteins,

the effect of prcteolysis in the



56

resolution of oedema. since the amino acid and pvp

solutÍons were made wíth physiologicar sal-ine it was used

as an additional controL. The effects of a benzopyrone,

coumarin, on the resolution of the oedemas produced by the

injection of plasma, amino acids, pvp and sarine were

investigated to obtain more information about the action
of the drug.

7.I.2 0edema Production and Coumarin Treatment:

For the experiment, maLe hoocled rats of average

weight 360+40 gm were randomly divíded into four groups.

These received artif.icial oedemas from the :i.njection of
prasma or amino acids. pvp and physiotogical saline were

used as controls. Each of these groups was divided into
two subgroups, one of which was treated with coumarin.

Homologous rat plasma was used after the

complement system had been Ínactivated by treatment with
o.o25 M ammonium hydroxide at 37 oc for 60 minutes. The

ph tvas then brought back to 7 .4 by dialysis against at

least a r000 times voLume of physiological saline (0. g5

percent ) at 4 oC. Sil-iconized equipment was used to
ensure that the Hageman Factor was not activated. since
this prasma has a concentration of six percent protein
(Donaldson, l915), the amino acids and pvp solutions were

made to that concentratÍon with physiorogical saLÍne. pvp
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( pfrarmacia) of average molecular weight 40,000 was used.

Subcutaneous injectj.ons of 2.O mIs, of orìe of these

solutions rvere made into the anterio-Lateral aspect of the

right hind leg, over a period of one minute.

l,lhen required, coumar j.n ( Schaper & Brümmer, l{est

Germany) was injected intra-peritoneally at 25 mglkg in a

2 percent so.l-utÍon of A. R. ethyl alcohol ín physiological

sal j ne. The other groups recieved equ.ival-ent injections
of the al-cohol. in physÍologicaI saline. It was

administered dai1y, commencing three days before the

actual experiment. .A dose was also given immediately

prior to the leg injections.

3. I.3 Measurement and Analysi s :

The right hind Iegs were closely shaved at least

24 hours before being injected. The limb volumes were

measured by plethysmography immeCiately before the

injection, then at L, 2.75, 4,6.5, 12,24 and tO.5

hours. At each time, the average of three measurements

v,as recorded.

An exponential

fitted to the vol-ume

initiaL voLume plus the

coefficient >

decay curve Vt = Vo u-kt was

data for each rat. VO is the

2.O mls. in jected. A corre.lation

cons idered to indicate a good fit
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of the data to the theoretical curve. This yielded the

rate (k) at which the leg vol.ume returned to its initial
value (termed here, the rate of resoLution of the

oedema). The mean rates of resoLution for each group were

compared using the Students t-test.

3.I.4 The Rates of Resolution of Oedema:

shown

The mean volume changes for each treatment are

in Figure 3.I.

The exponential decay curve gave a good fit to the

data f or all- groups, except those which received plasrna

with or without coumarin (correlation coefficients rangÍng

from O.36 to O.75; with only three being greater than

0.75). 0n cLoser examination of the raw data (Figure 3.L)

these treatments seemed to yield a biphasic response: an

initial rapid rate of resolution from zero to four hours

followed by a slower phase untÍl the return to normal'. In

these cases a separate curve was fitted to each phase.

The mean rates of resol-ution appear i-n Table i.I.

Coumarin had no signifícant effect on the rates of

removaL of saì-ine, PVP, amino acids or on the first four

hours of plasma removal. Therefore, the mean rate of

resoLution for each treatment without coumarin has been

combined with the mean rate for that treatment with
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volume of lnJectant

by plethysmography

and proteolysis.

remaining fn the

for animals wfth

The cutves

responses to oedema

the coumarin treated

in part A ltlustrate the normal

whi lst those in part B Íllustrate
responses.

The symbols indicate the type of inJectant:

- PIasma;

- Amino Acids;

PVP;

- Saline.
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The

volumes were
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Table 3. l: The Rates of Resolu

With Normal

tion (k) of Oedema

Lymphatics and Proteo

ln Rat Leos

lysis.

TREATME NT

P1 asma
PL asma

Amino
Ami no

PLasma (+ hrs -+ )
Plasma + Coumarin (tt hrs + )

(o - 4 hrs)
+ Coumarin (O - 4 hrs)

+ Coumarin

MEAN RATE
(hours-1.)

o.0295
o.o324

0.0050
0. 0081

o.0232
o.0225

o.0320
o.0258

o.0563
o . 0378

o.0303

o.o23

0. 0t05

0. 0500

STANDARD
ERROR

. 001 l_

.oo32

.0001

.0008

.oot4

.oo36

.oo37

.0046

.0040

. 0054

.0011

.oo24

.oo27

.oo32

NUMBER

18
9

18
9

19
10

T7
10

I9
9

TIME TO
NORMA L

( hours )

20. 88
T6.6L

9 .60
9.90

7.O
8.65

3.96
5.9I

9.3

7.3I

4.46

SIG OF
t -sTA Ta

n.s.

*tt*

n.s.

n.s.

n.s

Acids
Acids

PVP
PVP + Coumarin

SaLine
Saline + Coumarin

COMBTNED MEANS WITH AND W ITHOUT COUMARIN

o\
N

PLasma + Coumarin (O - 4 hrs)

Amino Acids + Coumarin

PVP + Coumari-n

Saline + Coumarin

27

29

27

29

a The t-STAT (t-statistic) is the result of the Student's
between the means. The significance of this t-statisticsignificant; *** = p < 0.001

t-test on the difference
is denoted by n.s. = not
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coumarín (Tabre t.r and Figure t.2). For exampLe, slnce

coumarln had no effect on the rate of resoLution of saline
oedema, the sal ine and saline+coumarin groups have been

combined and regarded as one group, termed

salÍne+coumarin. The statlsticaL signÍficance of the

di frerences between the combined means 1s il tustrated Ín
Figure 1.2. coumarin did significantly increase the rate
of removal of pl,asma after four hours (p < 0.001).

Saline was removed more rapidty (p < O.0Ol) than

alL other injectants; approximater-y g5 percent being

removed in the first four hours.

After four, hours plasma with or without coumarin

was removed at a much slower rate (p < o.oor) than arl the

other injectants, including the amino acids.

l.1..5 Discussion:

Low-Protein 0edema:

There was no significant difference between

rates of removar of PVP, amino acids and plasma (0

hours.).

Low-protein oedemas can be caused by raised
pressure, lowered - plasma concentration or Iowered

hydrostatic pressure. The permeability of the

the

4

VE NOUS

t i ssue

blood



Figure 7.2:

The mean resolution of oedema (for anlmals with

normal lymphatlcs and proteolysis ) obtained by fittlng:
lnVt=lnV0-kt

to the volume data for each rat. The means for

coumarln and non-coumarÍn treated groups have been

combined for saline ( a ), PVP ( o ), Amino Acids ( o )

and Plasma 0 4 hours ( O ).

64

hours the resolution ofAlter 4

il.lustrated by

plasma+coumarin is

plasma

that

is

for, whi Ist
illustrated by - - O- -.

The mean rates of resol-ution for each

were compared using the Student's t-test.
significances of the t-statistic are indicated by:

rì. s. = not signif icant,
***=p<0.001.

g roup

The
,
I
t

The graphical representation

comparison of the rates of resolution

oedemas.

aL lows a vi suaL

of the di fferent
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vascul.ar walls to macromolecules is essentiaJ.J.y unaltered,
but the increased net pressure forces excess fluid of very

low proteÍn content into the tissues. As the fluid
accumulates in the tissues the tissue hydrostatic pressure

rises causing the lymph flow to increase ( Taylor et â1. ,

1973). Oedema occurs when the rate of fluid accumulation

exceeds the rate of removal by the blood vessels and

lymphatics. Regardless of the net outfrow there wilL

still be a greater inflow of smalr molecules into the

blood vessels than into the Iymphatics (CasLey-Smíth and

Piller, I974).' In this type of oedema the lymphatics play

onì-y a smaJ.ì., though vital, part. If the oedema-reducing

abirity of the benzopyrones is solety dependent on

increased proteolysis they will have no effect in
l.ow-protein oedemas.

The sarÍne and amino acid injections were used to
simul.ate low-protein oedemas where the initiar cause, the

venous plessure or plasma concentration, has returned to
normal. coumarin had no significant effect on their rates

of resolution. coumarin does cause injury to the vascuLar

endotherÍum and increases the outflow of fluid and protein
( CasJ.ey-Smith, I976b) . The fact that this does not

signÍficantl y reduce the rate of resolution when

proteolysis is not involved, implies that the injury has

no real effect on the drug's oedema-reducing ability.
saline cân be removed into the blood rrrore rapÍd1y than
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amino acids because of the relatj-veLy smarler size of the

constituents.

Hiqh-Protein HÍqh-Flow 0edema:

High-protein hÍgh-flow oedemas are caused by

traumas or diseases which cause breaks or the appearance

of large vacuoles (CasIey-Smith and Window, I976) in the

blood capillary endothelium. These cause excessive

amounts or protein and fluid to enter the tissues. As in
low-protein oedemas, the lymph fì¡¡w wÍll increase in an

attempt to remove the addit ionaL fluid and restore the

barance betv{een -i nf l-ow and outf I ow. Because of the

concentration gradient, there can be no net removal of
extravascul-ar plasma proteins by the bLood. They must be

removed by the lymphatics and tissue proteolysis. There

Ís evidence suggesting that normalì_y the lymphatics play

the most important part (CasLey-Smith, I9BZa, b).

The plasma inject ions were used to simul_ate

high-protein high-flow oedemas where the vascurar
permeability has returned to normaL. Initially the

lymphatics would be functioning at their maximum in
response to the increased p::otein and fluÍd. In 1962, paz

ancj spector showed that the migration of monocytes into
in-iured regions is biphasic, reaching maxÍrna at j - 5

hours and again at I - 24 hours. This probably expJ.ains
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the biphasic nature of pJ-asma removal- seen in this
experiment. until the number of monocytes was greatest,
tissue proteolysis may not have increased sulficiently to
play a significant part Ín the rernovaL of the excess
protein and fluid. under these conditions even the
increased J.ymph flow wourd not be able to remove the
excess (Fö1di and casLey-smith, L97B) . Lymph flow wouLd

increase to maximum almost immediateJ_y due to the
increased tissue and osmotic pressures ( FöLdi and

casley-5mith, L97a) and the ÍnitÍa1 tymphatics wourd

discharge much rymph into the relat ively empty colLecting
J-ymphatics. These coll-ecting vessels would become full.
Although they would pump more and remove some of this
excess, there would still be a greater impedance to frow,
especially, at the nodes (casley-snrith, r9}2a) . Hence

lymph flow would reduce after a time. By four hours the
macrophages would have reached maximum numbers and

proteolysis would be increasing. This method of removaL

is more graduaf (Casley-Smith, 19g2a) and would not
compensate for the reduced lymph flow. Hence after fot¡r
hours the rate of resolut ion woul"d be sl_ower.

coumarin had no effect on plasma removal untÍl
after four hours. AJ.though coumarin can increase
lymphatic flow in normar. tissue it has no effect when the

lymphatics are functioning optirnaJ_Iy ( Cas.ley_Smith,

r976b) - Proteolysis rvll-l remove some of the accumuLatecl
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protein and allow some of the fluid to be removed into the

blood vessers. This will reduce the J.ymphatic load and

the lymph flow may begin to increase again. It seems

unlikely that coumarin courd cause any further increase at

this time. coumarín may have caused an íncrease ín the

rate of migration of monocytes but its effect would have

been masked by the rapid rate of lymphatic removaL. It
may have caused an j-ncrease in the number of monocytes

arriving in the inflamed area aJ.though there is evidence

to suggest that the accumulation of monocytes is due to
their selectiúe retention (l.tarris, 1954) . Benzopyrones

would be abre to increase this retention by reducinq

connectÍve tissue permeability (Fabianek and l-terp, rg65).

coumarin aLso stimulates macrophage proteolysis
(Casley-Smith, I976b; Dunn et â1. , I977; pilLer , I977c,
r978). The linding that these effects of coumarin are not

sÍgnÍficant unt il after four hours is consistent with the

biphasic nature of plasma removal hypothesized above. rt
also implÍes that the drug's oedema-reducing abit-i.ty is
dependent on stimul,ated proteolysÍs.

There Ís, however, evidence to suggest that the

benzopyrones may al-so stimulate proteolysÍs by fj broblasts
and neutrophils (Piller, I976e, l_977tù. 0ther
antÍ-inflammatory drugs stimulate neutral proteolytic
activity in fibrobrasts (uouck and sharma, rg69),
begÍnning at tv¡o hours after administration and reaching a
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maximum at four hours. Ir they are simil-arty stimulated

by coumarin, the time of maxÍmum activity would arso agree

very well with the biphasic pJ.asma removal. Since

coumarÍ n causes injury to the vascular endothel-ium and

increases the outfLow of fLuid and proteins it is possible

that in the first four hours this outfrow was significant
and it was balanced by increasecj proteolysÍs. coumarin

would only appear to have no effect during that time. At

four hours when proteolysis woul.d be high and the vascurar
permeability returned to normat (Pi1J.er, I977d), the

effect of coumarin would becorne obvious. These changes

could have occurred i but the fact that the increased

outflow caused by the drug had no signÍficant effect on

the removal of amino acids, PVp or saline indicates that

the outflow woul-d not have been significant in pJ-asma

treated groups either. This further implies that any

increased proteolysis caused by coumarin in the first four
hours Ís also insignificant.

The significantl y faster removal of amino acids

compared with plasma (with or without coumarin) implies
that the splitting of proteÍns does increase the rate of

resolution of oedema. Amíno acid removal does not equal

the proteoLysis phase of coumarin-stj.mulated plasma

removal because of the 'uime delays required to digest and

spLit the proteins into smaller fragments.
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The removal of PVP uras expected to parallel that
of pì.asma proteins, without coumarin. The rate shoul,d

have been even srower because it is not metabol-izable.

Some PVP molecules would be taken up by macrophag€S,

f ibroblasts or neutrophils; inactivat:'.ng them as f ar es

further digestion is concerned. The oedema would be

reduced appropriatel-y by this uptake. The rate of removal

into the blood vessels should be very slow due to the

large molecular size. The Iymphat ic load should be at

least as great as that caused by the plasma injections and

the same loss' of function should occur. There was no

slowing of the rate of removal, indicating that the

lymphatics were not overwhelmed. It seems that the pvp

molecules must have been removed into the blood more

rapidly than expected. As the mol_ecules are Iong and

narrotv they may readiLy pass through the inter-endothelial
junctions and tissue channel-s; and certainly their
concentration gradient was directed into the blood

vesseLs. This PVP molecule and any of smaller molecular

weight do not behave as non-metabolizable plasma proteins,

indicating that they are not suitable as control molecules

for proteolysis experiments. The fÍnding that coumarin

had no significant effect on the removal of PVp is further
evidence whÍch indicates that the drugts oedema-reducing

ability is directly related to its ability to increase

proteolysis.
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,.I.6 Concl-usÍons :

The resolution of high-protein oedema (plasma) was

bÍphasic. The first phase vlas more rapid and was probably

dependent on maximum lymphatic function. The second phase

was slower and continued unt i r the tissues returned to
normal. It was probably dependent on proteoJ.ysis and

began when the more centrar lymphatic cotlectors became

firJ.ecl, causing locaL lymph ftow to be progressivety

reduced. The oedema caused by the injection of amino

acids was resolved more rapidly than that caused by

prasma, shorving that the products of proteoLysis are

removed from the site of oedema more rapÍdJ.y than the

proteins themselves.

The non-metabol izable pvp was not removed more

slowly than the plasma but at the same rate as the amino

acids; indicating that it was not a suÍtabre control
molecule for plasma proteíns. The physiolog ical saLine

was removed more rapidly than alr the other injectants.

Coumarin had no effect in the non-protein oedemas,

nor Ín the first four hours after plasma injection. It
did increase the rate of resotution in the second (or

proteolysis ) phase of plasma removal. This further
confirms that coumarin enhances proteoJ-ysis and reduces

high-protein oedema "



73

3.2 Further Investiqations of an ExoerimentaL Model of

Acute L m hoedema:

3 .2.I Int roduct ion :

The conclusions drawn from the previous experiment

indicated the necessity to investigate more cJ.osery the

roLe of lymphatÍc function in the resolution of
high-protein oedemas. The conclusion that the fÍrst, more

rapid, phase of removal vlas probabty clue to max imum

lymphatic function was investigated. In order to do this
the resolution rates of the oedemas needed to be studied

during lymphostasis. Lymphostasis has often been induced

using an experimental procedure described by casley-smith

and Piller (1974). However this proceclure for
lymphostasis causes lymphoedema and has often been used as

a model for acute lymphoedema of the rat hind-limb (pilLer
and Casley-Smith, I975; Piller, I976d; Casley-Smith and

Piller, 1977; Piller, 1977a, e). Therefore, it is
possible that any effect of lymphostasis in stowing down

the rate of removal of oedema wouLd be compLÍcated by an

increased swell.Í ng due to lymphoedema. A review of the

literature, where this model was used, yielded no

information on the rate at which lymphoedema deveroped or

its extent. It vlas mereLy left LZ hours, acute

lymphoedema assumed, and other studies performed. There

was aLso no information regarding the rate of sweJtÍng
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and/or resol-ution after that time. Therefore, before

continuing with the artifieÍal oedema experirnents it was

necessary to run a complete study of the time course of
the effects of this experimentar procedure for
lymphostasis.

7.2.2 Creation of Lymphostasis:

Twenty-one mal-e hooded rats of average weight

400t50 gm were randomly assigned to two experimental

groups.

Both hind lÍmbs of each rat were closely shaved

approximately 24 hours bef ore conìrnenc j.ng the experiment.
The animals were anaesthetized with intraperitoneal
inject.ions of o.75 mLs/t0o gm of a r0 percent solution of
sagataL (uay and Baker, Aust. ) in l0 percent A. R. ethyt
alcohol. The f irst group of e-ì.even animals were given

lymphostasis ín the right hind ri-mb, under sterire
conditions, according to the folìowing method as described
by Casley-Smith and Pil_l.er (L974).

An incision was made forrowÍ-ng the Line of the
groin, on the upper inside region of the hind ìimb. The

gì-andular and subcutaneous tissues were carefulry
separated to expose the femoral vein, artery and nerve. A

smal.J- superf icial cutaneous ve j-n was ligated. The f emoraÌ
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vessels were then completely isolated from the surrounding

fascia by careful disection for about L5 mm. Extreme care

was taken to ensure that all fascia was removed to
eliminate perivascular . lymph vessels. Two overlapping

tigatures were then pl-aced around the remaining tissues.
The first was passed under the femoral vei.n and artery,
through the skin to come out in the back of the thÍgh. It
was then tied very firmly in the groin completely

encircling the muscles. The second Iigature overlapped

the first, passing under the vein and artery in the

opposite direction. It was then passed through the muscle

and out through the skin on the back of the Ieg. This

ligature was tied very firmly on the upper outer side of

the leg, as close to the abdominal- wall as possible. When

tying the lÍgatures, care was taken to ensure that the

lemoral vessels were not constricted in any way. 0nly the

femoral vein, artery and nerve were left uncompressed.

The wound was closed with continuous sutures and the

external surface was liberally sprinkled with Cicatrin
AmÍno Acid AntÌbiotic Powder (Burroughs l¡dellcome, Aust. ) .

The second group of ten animals rvas gi ven

lymphostasis of the right hind limb but the ligatures tvere

tied less tightty, around a pencil of eight mm diameter.

This was done to determine what dj fferences might arise

due to any arbitrariness in the tightness of the

ligatures. Sham operations were perîormed on the left
hind limbs of al.l- animals.
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7.2.3 Plethysmooraphy:

The ì.egs were marked around the upper thigh. The

limb volumes, to this mark, were measured by

plethysmography immediate-ly aflter the operation, at hourly
intervals for six hours and then at the times specified in
Table 3.2. At each time the average of three measurements

was recorded. After each measurement the leg and wound

area were carefulLy wiped dry and sprinkLed with cicatrin
to minimize the chances of infection. Measurements ceased

when the leg üotume returnecj to normar., the wound became

infected, the rigatures began to vreâr through the skin, or
until other comp tications arose.

3.2.4 Percentaqe Increase in Li mb Volume:

The percentage Íncrease from the normal rÌght hÍnd

limb vorume was calculated for each rat at each time

intervaL. The mean percentage -tncrease ancJ its standard

error were then calcul-ated at these times for each group.

Measurements outside the range of the (mean+tvrice the

standard error) tvere rejected and the means and standard

errors recalculated. The resurts are shown Ín Table 3.2

and graphed in Figure 3.3. The sham operated legs showed

no changes ín volume.
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Table 3.2: Mean Percentaqe Increase from Norma I
Limb Volume of Rats with Lymphostasi S:

(fne t-STAT (NORMAL) is the result cf the

student's t-test comparison wÍth the noimal limb volume.

The t-sTAT (LESS V TIGHT) is the result of the student's
t-test comparison between the types of J.igatures. The

significance of the di fferences between the means is
Í ndicated by :

n. s. = rìot signif icant;
* = 0.05Þ p) 0.0J.;

tÊ** = p(0.00I.

LESS T IGHT L]GAÌURES TIGHT LIGATURES SIG OF

TIME
( HOURS )

MEAN SIAND
ERR OR

sIG OF
t-5TAT
NonuaL )

I-.IEAN S I AND.
ERROR

NO NO SIG OF
t-SIAT
NORMAL

t -STAT
(LES5 v

GHTI T

52
54
60
67
70
73
76
95

100
120
t25
144
165
190
215

B6t,

l0
l0

9
I
9
9
9
9
I
I
I
9
9
9

9
9
9
9

9
I

I
I
9
9
9
9
I
6

2
,
4
5
6
I

l0
l2

f .41
4.65
5.3t
6-59
8. 64
8 -97
8. 6l
7 .64
7.3t
7-1t
8. l8

12.67
ll.8l
l4-)2
lt!.52

I
rla

att

a+f

.TI
+tt

ìrt
la+
+I]
ütr
aat
++t
ttl
+*t
ala
atf

;;;
t+t
tlr
l¡+

+rt
art

ara
aat

atl
Irt
+rÍ
t It
art

n. s.
n.s.

2.TÁ
6.¿l
5.82
6.68
7.75

15. 05
l8.tt
2a.2t
22. t7
28.69
29 .54
29-âI
29.19
29 -8t
29.t8
27.Oâ
27 .5J
3I -25
t2.35
3t -7t
34.66
t5.26

n-s.
t

tat
I ra
r¡t
¡tr
tlt
lrt
atI
r aì
ttt
IIt
t+ì
a tt
+lt
+lt
++l
t+I
Ilt
tlr
att
Irt
i+Ì

+++
Irt
l at
r+t
+t+
+ir

trt
tt a

n.5.
n.s.
n. s.
n.s.
n. s.
n. s,
n. s.
n. s.

t

I

iat
ftr

I

19. 90
22.69
2t. ttz
2).61

.59

.69
-96
.02

l0
l0
l0
l0
lo
Il
l0
tL

ll
lt
It
tl
ll
tl
ll
Iìlr

t6.6t
39 -29
I¿I - 59
47 .20
t¿2 -3t
a2 -i8

It
tl
tì
l0
I
I
6
5
t
2

l8
2
l7
lo
l6
72
26
70
70
?6
2T
l6
25
It
t6

o.
I.
t.
ì.
t.
2.
t.
2.
l.
t.
2.
2.
I

t.
3.
J.

9
lt

ll
tÌ
tt

o. 86
1.66
1.80
l. 9l
2.t5
3.77
ó_60
5 .72
5-0l
6-04
5.95
5- 9l
6.06
5.77
5 -75
5.55
5-65
5-45
5.81
5. B5
6.22
6. 04

.09

.2I

.86

.?8
.49
.04
-95
.28
.96
.08

20
22
2A
26
28

)2
JA
t6
A6

to

50

26.52
29.At

27.o8
37.18
ú1.74
46.20
45.02
t7.8J
19. 81
14.78
5.92

n-s.
t
a

.,1, .
n. s.
n. s.
n. s.

4
A

4

5

Á

6 .s,

.s-

.s.

.s.

.s.

.s

.s.

.s.
-s.

5
5
5
6
6
7

n

5
7
7
9
B

I
5
7
t

.72
o4

48

s
o9
87

á4.f5
27.78
l0-7ô

8. l¿

6. ta
l. 65
6. a2
8.f¿

n.
n.
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The limbs given lymphostasis were observecJ to swell qu.ite

considerably very quickty. As time progressed

comprications arose in some animal-s and readings were

stopped in those cases. For example, in most cases

complications arose after approximately 165 hours (about

seven days). At this time the ì.igatures began to wear

through the skin even if the swell.ing was disappearing.
Also around thi s time severaL animars chewed their
rigatures loose. No animals with the less tight rigalures
did thjs, whiLst four of the tight did. More of the less

tight ligatures rvore through the skin ( foul ) . The

tightness of the ligatures made no di fference to the

numbels of animals which returned to nor.maL w_ithout

compLication ( four of each). The tiglrt ligat.ures did

lead to two cases of infection at about lo0 hours whirst
the Less tight had no such compl-ications. These inf'ected

J-egs were swoLl-en so l-arge that. the tigatures were cut,
for humane reasons. This may have been premature as some

cases vlhÍch rvere swollen to about twice their normal

voiume, dic return to normal- l-ater ( f or both ti.ght and

less tight ligatures).

student's t-test comparisons were made between the

means for the two groups and also between each group and

the normal (Tabre 1.2). The degree of tightness of the

ligatures had no significant effect on the percentage

increase in limb voLume until t2 hours. The t ioht
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ligatures caused signilicantLy greater j.ncreases from 12

hours untiL about 34 hours. The tight tigatures caused

significant increases from normal limb voJ.umes, from as

earLy as two hours until they returned back to normal by

190 hours. The less tight tigatures caused the percentage

increase in limb vol-ume to be greater than zero from one

hour and it also returned to normal by l9O hours.

For the ti.ght ligatures the mean percentage

increase rose rapidJ-y untit approximatery 22 hours,

folLowed by a,plateau from about 22 - j2 hours. This was

followed by a slight. reduction from i2 - t4 hours. It
then rose less rapiclly but at a constant rate, to the

maximum before returning to normal. The Less tight
ligatures caused the same init ial rapid increase but

reached a plateau earrier at about six hours. The limb

vol-umes appeared to remain stable for approximately four
hours followecJ by a reduction from rz - 22 hours. They

then appeared to increase more rapidJ.y than the tight
ligatures to peak shortì-y after. They returned to normal

at a simil-ar rate.

3.2.5 Reqress ion Anal-ysis:

Ihe mean percentage increase from normal limb

volume (as illustrated in Figure i.3) seem to approximate

a series of straight 1ines, for both tight and less tight
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ligatures. Therel'ore, straight line regression analyses

tvere perflormed on these resuLts for the t ime intervals
suggested above and the results are shown in Tabl e j.J.
It rvas not possible to fit straight rines to the

pLateaux. The data variables show a hÍgh degree of l_inear

association. This is indicated by the correration
coefficients which are aLl. much greater than o.75 and

almost the perfect +1. The analysis rvitt make it possible

to predict the relationship betvreen the percentage

increase in Limb vol-ume and time. The lines were then

plotted to find the points of intersection for continuity
and this is irlustrated i n Figure i.4. student's t-test
comparisons between the sJ.opes were performed and the

results are shown in Table 7 .3 and FJ-gure 3.4.

The observations described above were confirmed by

the regression analyses. For tight lÍgatures the rate of
change from 0 - 22 hours was sÍgnificantly faster than

that from t4 - 95 hours. The actual rate of change from

95 - 2r5 hours was not signifícantry different from that
of 34 - 95 hours but it was in the opposite direction
( i. e. from 95 - 2r5 hours the swelling decreased at the

same rate as Ít increased from 34 - 95 hours). This

pattern was identical- to that found for the Iess tight
j.igatures.



Table t 3: Linear ReqressÍon Analvsis

between Percentaoe Chanoe

of the Relationshio

ín Llmb VoLume and TÍme.

TIGHT LIGATURES

LESS TIGHT

L IGATURES

cl .

TIME INTERVAL

( hours )

0-22
t4-95
95 - 2I5

0-6
22 - I20

I20 2I5

RATE OF CHANGE

( X per hour )

L.46

o.72

- o.tA

1. 48

0. t8

o.45

CORRELATION

COEFF IC I ENT

o.9 6

o .99

o.93

o.99

o.99

0. 98

SIG OF

t -STAT a

**.*

**.*

are ln

Co
Nb

b

b

If" signifícance of the dífference between the slopes of the Lines using theStudent's t-test: *** = p ( 0.001

The actual numerical rates of change are not significantly different but theyopposite directions.
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Fioure 3.4

. The rates of change Ín percentage increase

normal lÍmb volume (of animals with lymphostasis)
graphed against time. These rates tvere obtained

straight line regression analysis of the percentage

as shown in Table 3.2 and Figure 7.3.

The symboLs indicate:

A - tight ligatures;

a - less tight ligatures.

from

are

by

dat a

The rates of change for the different lÍgatures
were compared using the Studentrs t-test. The

significance of the t-statistic j.s indicated by:

n. s . - not signi ficant .
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In addition, there were no significant dÍfferences

between tlre rates of change caused by the tighL and less

tight ì,igatures for the comparabl-e ti.me intervars (i.e. 0

- 22 compared with 0 - 6; 74 - 95 compared wÍ+,h 22 - I2O

and 95 - 2r5 compared vrith r2o - zrÐ. The prateau and

slight reduct ion Lasted for L2 hours with tight ligatures
and for 16 hours with the less tight Iigatures.

This appears to indicate that this lymphostasis

reads to four separate, quite dÍstinct phases in the

development of acute lymphoedema; independentry of the

degree ol tightness 'of the ligatures. The tightness of
the ì.ígatures only influences the duration or the first
two phases.

3.2.6 Lymphoedema :

This experimental procedure for ì-ymphostasis

produces a useful model of acute lymphoedema. It can not,
however, be used to study chronic lymprroeclema f or a number

of reasons. Firstly, there is a tendency for the oedema

to be resol-ved. This could occur as the resurt of
lymphatic regeneration (Gray, r9l+0), the development of a

collateral- lymphatic circulation (corfrini and Bobbio,

1964) , the f ormation of tymphat.ico-venous shunts (Marek,

r972) or Íncreased proteolysis. It is possible that
chronic lymphoedema coul-d deveì_op later due to
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insufficiencÍes in the natural- repair mechanisms but, as

mentioned below, the nature of this experimental procedure

implies that the condition can not be continued for much

longer than a week. The tying of the lÍgatures on the

outside of the skin causes compticatÍons, such as rubbing

the skin ra¡v which in turn leads to Ínfect ion, or the

animar becomes so agitated that it chews the ligatures (or

its ou,n legs) to the point of causing the experiment to be

termÍnated.

The tí,ghtness of the ligatures is un_important to

the. rates of deveropment of lymphoedema. However, the

less tight ligatures al l-ow the intermediate latent phase

to occur earlier after a much smaller initial increase in
leg volume. They also aLrow this Latent phase to last.

slightly longer.

3.2.7 The Four Phases of Acute Lvm phoedema:

During the first phase the protein and fluid would

accumulate in the tissues at a constant rate. The tight
ligatures cause this phase to last for 22 hours. At this
time macrophage numbers are probably at a maximum and

proteol.ysis could stabilize the situation temporarily ( for
L2 hours). This is the second phase. For a short time,
proteoJ-ysis flray aLlow the oedema to be resolved, ât the

same rate as nev/ material accumulates in the tíssues.
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During the third phase proteolys.is would still be

occurring but .its ef f ect j veness would graclually be

recluced. The macrophages u/ouLd no longer be able to

compensate for the increasíng oedema. Eventual 1y a point

is reached when the system is abLe to resolve the oedema

and return the tissues to normal- ( or apparentì_y normal ) .

Lymphatic ¡:emoval could be increased, for the reasons

described above r or macrophage numbers couLd be further
increased hence increasing proteol"ysis. However, it seems

mos'u likery that some combination of these effects allours

the return to normal. t.lith the less tight ligatures it is
probable that lymphatic function was not completely

stopped, initi.ally. Combined with prot-eo1ysí_s, the rate

of f ormat-i-on of I ymphoedema can be temporarily hal,ted at a

much earl i er stage. However, this residual J.ymphatic

removaL is rapiCly overwhel med and the third and fourth

stages of acute lymphoedema are irJent ical with tl-rose

caused by the tight ligatures

It i s interesti-ng to note, that both types of

I Ígature caused the peak to be reached after the same

period o I time (gS - 98 hours ) and that the maximum

increases were approximateJ y equal (46 - 4B percent).

Possibly this -is the period ofl tirne reqLr-i.red for the

formation of the nev/ lymphatic circulation. It -i.s

possible that stretching of the tissues grarJuaì.ly

increases the total tissue pressure. The tÍssue
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hydrostatic pressure would also increase ancJ oedema

formation wourd be gradually reduced. At the point where

proteo).ysÍs again becomes efflective the rate of formation

of J"ymphoedema would be reduced . It Í s most likeJ"y that a

combination of these effects arl-ows the return to normal.

3.3 The Effect of Lynrphostasis on 0edema ResoLution:

3.3 .I Introduct ion :

As concLuded from Section j,I, the resolution ofl

high-protein oecjema vlas biphasic; with the first more

rapid phase probably depenclent on maximum ì_ymphatÍc

function and unaffected by the benzopyrone, coumarin. To

confirm this role of the ]ymphatics, the resolution rates

of the artificiarry induced protej-n and amino acid oecjemas

rvere studied during J.ymphostasis. The experimental

procedure for Lymphostasis described Ín Section t.2.2
caused statistj.cally significant i ncreases in leg volumes

from as earl,y as one hour after surgery. Therefore, when

using thÍs mocJer in these resolution studies it was

necessary to compensate fo¡ the increase in leg volume due

to the development of lymphoedema.

3.7.2 In.jection and Measurement Procedures:

Male hooded rats of average vveight 360+40 gm were
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used for this experiment. AlL animaLs rrere qiven

ì.ymphostasis of the right hind limb as described in
Section 3.2.2. The ligatures were tied tightly. These

animals were divÍded into four groups and received

artificial oedemas by the injection of homologous rat
plasma, six percent amino acids, six percent pVp in
physiological saline or physiological saline aLone. Each

of these groups y/as divided into two subgroups, one of

which was treated with coumarin. The inject-1on solutions
and procedures were identical with those described in
SectÍon 3.I.2. LÍmb volumes were measured by

plethy smography immediately after the surgery for
lymphost.asis ( i. e. immediateJ-y bef ore the in jections ), then

half hourly for four hours with plasma, and for four to six

hours with the amino acids, PVP and sal.ine. Agai n, at

each time the average of three measurements vlas recorded.

Every volume ( V ) measurement for each rat utas

corrected to compensate for the increased swel_Iing due to
the development of Iymphoedema, using the percentage

increase in Iimb volume for that particular time (t )

obtaíned in section 3.2.4. The correction vvas calcuLated

as follows; corrected Vt = rn€âsured vt - (percentage

increase in V at t due to Iymphoedema) x (initial V + 2.O

mls injected i.e. VO ).

voeExponential decay curver Vt -kt lve re



fitted to the corrected data

resolution were calculated

compared using the StuCent's

each rat. Mean rates of

each group and were

89

for

for

t-test.

7.1.t The Rates 0 f Resol-ution of Oedema :

The

treatment are

corrected

Ín Figure 3

mea n

shown

voLume changes for each

5.

The exponentÍa1 decay curve gave a good fit
(correlation coeflÍcÍents >
data for al1 groups and the mean rates of resolution
appear in TabIe 7.4.

CoumarÍr¡ had no significant effect on the rates of

removal of saline, PVP, amino acÍds or on the first four
hours of plasma removaL (Table 3.4). Therefore, the mean

rate of resolution for each treatment without coumarin has

been combined with the mean rate for that treatment with

coumarin (Table i.4 and Figure i.Ð as described in
section 3.r.t+ (e.9. salinelcoumarin). The statistical
significance of the difference between each pair of
treatment means is al-so illustrated in FÍgure i.6.

Again, saLine

other injectants and

between the rates of

removed more rapidlywas

there was

of

no signi ficant
pJ-asma (O - 4

than al.L

di fference

hours) andremo val-
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I lqUre 5. >

The mean volume of lnJectant

as measured b.y plethysmography

lymphostasis and pro'teolysis;'

The curves in part A

responses to oedema whiLst those

coumarin treated responses.

remainlng 1n the

for anÍmals

legs

with

i I lustrate
fn part B

the untreated

fllustrate the

The symbols indicate the type of injectant:

Plasma;

AmÍno Acids;

PVP;

Saline.

o

D

o

^

+

The grand standard

0.1680 mls for the

coumarin treatment.

errors of

unt reat ed

me an

and +

vo Lumes

0. l48ll'Jere

mIs for

These are indicated by: T

I
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Table 7.42

TREATME NT

Plasma(O-4hrs)
Plasma + Coumarin (O - 4 hrs)

+ Coumarin

PVP
PVP + Coumarin

Plasma + Coumarin (O - 4 hrs)

AmÍno Acids + Coumarin

PVP + Coumarin

Saline + Coumarin

a

The Rates of Resolution (k) of 0edema in Rat Leos

l{ith Lymphostasis and Normal Proteolvsis.

MEAN RATE
( hours-1 )

ST AND ARD
ERR OR

.0021

. oo25

.oo29

.0026

.oo42

.0045

.0070

.0069

.0015

. 001_ 9

.oo29

.0049

NUMBER

IO
9

l0
10

9
IO

I7

I9

I9

19

TIME TO
NORMAL

( hours

9.95
10.65

7.06
7 .52

4.59
5 .6t

I0.29

7.27

5.1

SIG OF
t -S TAT ĉl

0. 01
0.01

89
85

o . 0224
0.0210

0.0116
o .0297

0. 0486
o. o796

0. 01 89

o . o2I7

0. 0J09

o.o4t9

9
I

Acids
Acids

Ami'no
Amino

Saline
Saline

n,s

n.s

n.s

n.s+ Coumarin

COMB NED MEANS I./ ITH AN I{ITHOUT COUMARIN

\o
\¡¡

The significance of the difference between the means using the Student's t-test:
n. s. = r'ìot signi f icant .
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Fiqure ),6

The mean resolution of oedema ( for animals with

Iymphostasis and proteolysis ) obtained by fitting:

lnVt=InV0-kt

to the volume data for each rat. The means for coumarin

and non-coumarin treated groups have been combined for

sal-ine ( ¡ ), PVP ( O ), Amino Acids (.u ) and Plasma 0

4 hours ( o ).

The mean rates of resolution for

compared using the Studentrs t-test. The

the t-statistic are indicated bY:

n. s. = not significant,
* = 0.05>p>0.01,

*** = p<0.001.

The graphical rePresentation

comparison of the rates of resolution

oedemas.

each group were

significances of

al l-ows

of the

a visual

different
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amino acids. PVP+coumarin vJas removed signÌ ficantly
faster than amino acids and plasma, but slower than

saline. ( tne uncombined rates were not significantJ.y
di f f erent f rom the amino acicJs. ff ithout coumari n, pvp was

removed more rapidly than the plasma whitst with coumarin

there rvas no significant difference. )

7.3.4. Discuss ion :

The Eflect of CoumarÍn:

Again, coumarin had no effect cn t.he rates of
resoLution of these row-protein oedemas. This was

expected as the oederna-reducing effect of the benzopyrones

Í s berÍeved to be due to their abirÍ Ey to increase
proteolysis and not to some other effect such as enhancing

fluid remcval.

coumarin again had no effect on those first four
hours of pJ.asrna removal incJicating that significantLy
increased proteolysis hacJ not commenced. The

ineffectÍveness of coumarin indicates that its
oedema-reducing abirity is not due to increased fl.uid or

large molecul-e removal via the blood vessels.
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The Effect of Lymphostas j-s:

student's t-test comparisons wele performed

between each paÍr of treatments with lymphostasis and

wÍthout. The results for the uncombined means were

identical with those for the combined means and therefore

only the latter are tabted here (Table t-5).

Lymphostasis had no effect on the rates of

resoLution of the low-protein oeclemas, simulated by the

saline and amÍno acid in jections, re j-nf orci.ng the previous

concLusion that the route îor removal of these smaLl

nnolecules is via the bl-ood vessels rather than the

lymphatics.

Lymphostasj_s caused a sígnificant reduction in the

rate of Iesol-ution of high-piotein oedema simulated by the

injection of plasma. The rate was reduced by 40 percent'.

Hence the lymphatics do play a very vital part in those

init j-aL stages of oedema resol-ut-ion. The f act that the

oedema is stitl resolved at a faster rate than that seen

from four hours onwards, and ascribed to proteoJ.ysiS,

suggests that some fluid was removed by the blood

vessels. Some protein may have been removed by

macrophages or other ce Ils ( such as fibroblasts or

neutroph j-Is ) alreacty in the tissues. This would alLow

some of the fluicJ to be removed by the blood vessels. The



Table 3.52 The Effect of Lymohostasi on 0edema Resolution.S

MEAN RATES 0F RESOLUTI0N (hourr-l

NORMAL lllITH LYMPHSTASIS

) SIG OF

t-STAT

a

Plasma + Coumarin (O L hrs) O.ol0l 0. 01 89 *-tÊ +

Amino Acids + Coumarin o.o23 o.o2I7 n. s.

PVP + Coumarin 0. 0105 0. 0t09 n. s.

Saline + Coumarin 0. 0500 o.o4t9 n.s

The significance of the difference between the means using the Student's t-test:
n.s. = not significant; *'r* = p< 0.001.

\o
@

cl

ili
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rate of removal of pvp was not altered by lymphostasi s.

This implies that the pvp moLecules tvere indeecl removed

into the btood as suggested in section j.L.5 and that its
behaviou¡ does not perallel that of the pì.asma proteins.

3.4 The Effect ol the Macropha qes on Oedema ResoLution:

3.4.1 Introduct ion :

In section i.1.6 it was concludec that the second,

slower, rate of removal of high-protein oedema was due to
proteolysis (perhaps by macroptrages) and that the earlÍer
faster removal was due primarily to the lymphatics. This

second conclusion $/as justified to a certain extent by the

results of Section 3.i.

However, for further crarification of both

concl.usions the experÍment was repeated again but with the
macrophages destroyed. This arlowed their effectiveness
in oedema resolution to be ascertaj.ned. The macrophages

were destroyed by using the tridymite form of silica which

is knovrn to have selective toxicity for them, rBsultÍng in
a rsubstantial depJ.etion of the total popuration' (Kesseì.,

Monaco and Marchisio, 1967; Allison, Harington and

Birbeck, i966; Nadler and Goldfischer, r97o; pearsall and

Weiser, 1970).
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7,4.2 Destruction of Macrophaqes:

Male hooded rats of average weight 36O!4O gm were

randomJ.y divided into f our groups.

The macrophages vrere destroyed by the

intraperitoneal injection of a solution of the tridymite
form of silica ( average particle size 5 r{m) in
physiological- saline ( Pi11er, I976e) . The silica was

suspended in the saline to give 10 mg/ml and then I ml of

this soìution was injected per 100 gm body weight, daily,
for eight days prior to the simulation of oedema.

3.4.7 Inìection and Measurement Procecjures:

Each group was divided into two subgroups, one of

which ulas treated with coumarin for three days prior to

the oedema injections (Section 3.I.2). 1'he experimenta-l

groups then receivecl artificial oedemas by the injection
of pJ-asma, amino acids, PVP and saline as described in
Sect ion 3 .I.2.

Limb volumes were measured by plethysmography

immediately before the injections, then at 1, 2, 3, 4, 6l

12.5, 24 and 30 hours. Again, the average of three

measurements was recorded and the exponential decay curve

Vt = Vfl "-kt 
was fitted to the ,¡olume data for each
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rat. This yielded the rate (k) of resolution of the

oedema, i.e. the rate at which the leg volume returned to
the initiaL vaLue. The mean rates were caLcutated for
each group ancj were compared using the SLudent's t-test.

3 .4.4 The Rates of Resolut ion of Oedema :

The rnean

shown in Figure 3

vo-lume changes for each treatment are

7.

The exponenti al decay curve gave a good fít
(correlation coefficients, >
groups. As in Section 7.I.4 separate curves Ìvere fitted
to the data for the pJ-asma injected animals; from zeto to
four hours and from four hours onwards The mean rates of

resolution appear in Table 3.6.

Coumarin had no sÍgnificant effect on the rates of

removal of saIi.ne, PVP, amino acids or on the fÍrst four

hours of plasma removaJ. (Table 3.6). Therefore, the mean

rate of resclution for each treatment w-ithout coumarin has

been combined with the mean rate for that treatment with

coumarin (TabLe 3.6 and Figure 3.8), âs descrÍbed in
Section J.I.4 (e.9. saline+coumarin). The statisticaL
signÍficance of the difference between each pair of

combined treatment means is illustrated in Figure 3.8.

Coumarin did significantly increase the rate of removaL of
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Fíqure 3.7

The mean volume of injectant

as measured by plethysmography for

lymphatics and without proteolysÍs.

remaining 1n the legs

animals with normal

the untreated

ilLustrate the

aIl the mean vo Iumes

o. 1279

The curves in part A lLlustrate
responses to oedema whÍ1st those.in part B

coumarin treated responses.

The symbols indicate the type of injectant:

Pl asma ;

Amino Acids;

PVP;

SaIine.

o

o

o

^

The grand standard

O.0936 mls for the

coumarin treatment.

groups and +

errors of

u nt reat edwele +

mls . for

These a,re indicated by:
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TabI e 3.6

TREATME NT

Plasma (O - 4 hrs)
Plasma + Coumarin (O - 4 hrs)

Plasma (+ hrs -+ )
Plasma + Coumarin (A hrs + )

Ami no
Ami no + Coumarin

+ Coumarin

PlasmalCoumarin (o - 4 hrs)

Amino Acids + Coumarin

PVP + Coumarin

Sal i ne + Couma rin

The Rates of ResoLution (k) of 0edema in Rat Leqs

l,'lith Normal Lymphatics and t{ithout Macroohaqes.

MEAN RA
(hours-

STA ND ARD
ERROR

.0010

.oo42

.0005

.00r4

.0048

.oo25

.0044

. 0063

.oo66

.oo75

.oo25

.oo27

. oo37

.0051

NUMBER

10
t0

L0
9

L0
1.0

20

20

I9

I8

TIME TO
NORMA L

( hours )

34.05
15.04

8.61
1I.61

7 .45
8.66

t.96
5.07

9 .89

7.87

4.45

SIG OF
t,STAT ô

n.s

***

n.s

n.s

n.s

T
L

E

)

Acids
Acids

o.0272
o.0702

0. 0014
0. 0091

o.0259
o . oI92

0. 0100
o.0258

o . o56t
0.0441

o . 0287

o.0226

o.0285

0. 0502

-o\¡
t0

9

9
9+ Coumarin

VP
VP

Saline
SaIine

P
P

COMBINED MEANS I,IITH AND WITHOUT COUMARIN

a The s
n. s.

1g nificance of the difference between the means
not significant; *** = p< 0.001.

using the Student's t-test:
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FÍ ure 1.8

The mean resolution of

lymphatÍcs and without

oedema ( for
proteolysls)

anlmals

obtained

with
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f itting:

to the voLume data

and non-coumarin

saline ( ¡ ), PVP

4 hours ( o ).

InVt=lnVO-kt
for each rat. The

treated groups have

( o ), Amino Ac-ids (

means for coumarin

been combined for

tr ) and Plasma 0

Aflter 4 hours the resolution

illustrated by 

- 
, whilst that for

is illustrated by --o

compared using the Studentrs t-test. The

the t-statistic are indicated by:

Ft. s. = not significant ,

*+-* ;. p < 0. 001 .

The graphical representation

comparison of the rates of resolution

oedemas.
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pl-asma after flour hours (p( 0.00f) as it did under normal

conditions (Section 3.I.A) .

As seen in Sections i.I and i.3 saLÍne was again

removed more rapidly than all the other injectants.
Similarl-y to the normaL condÍtion there were no

sÍgnificant cli fferences between the rates of removal of
PVP, amino acids and plasma (O - 4 hours).

After four hours plasma with or without coumari n

was removed at'a much slower rate (p < 0.001) than arr the

other injectants, including the amino acids.

7.4.5 Discussion:

The Effect of Coumarin:

Again, coumarin hacl no effect on the rates of
resolution ol the row-protein oedemas as was expected. rt
also had no effect on the the fÍrst four hours of plasma

removaL as predicted. coumarin did however, still
Íncrease the rate of removaL of plasma after four hours

everì thouoh the macrophaqes wete destroyed. It has been

repeatedry shown that the drug's oedema-reducing effect is
due to its abirity to increase proteolysis, rather than

sÍ mpì.y enhancing the the removal of f Luid or small_ or

large mol-ecules. That this ef f ect t,las sti ll present vrhen
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the macrophages were destroyed indicates that the drug is
capable of stimuJ-ating proteolysis by other celì.s, perhaps

neutrophils or fitrrobLasts as suggested in Section 3. I . 5.

The Effect of Macrophaqes:

To determine the efflect of macrophages on oedema

resolution the rates under normal conditions were compared

with those obtained after silica treatment ( i. e. after
destruction of macrophages). Student's t-test compar:isons

were performed on each paÍr of treatment means With

macrophages and wj thout. The results for the uncombined

means were ident ical with those for their respect ive

combined means. The latter are listecJ in Tabl- e 3.7 .

From this Table Ít can be seen that macrophages

had no effect on the rates of resolution ofl 1ow-protein

oedemas, on the first four hours of plasnra removal or r

surprisingly, ofl the coumarin treated removaL of pLasma

after four hours. However the destruction of the

macrophages did cause a significant reduct,ion in the rate

of resolution ofl the high-protein oedema after four hours,

without coumarÍn treatment.

It appears that the macrophages normaL ly play a

very vital part in the resolution of high-protein oedema

after f our hours, but that their destrr-lction does not

reduce the effectiveness of coumarin. Perhaps coumarin

r:nhances proteolysi s by other cel1s.



TabI e 3.7 z The Effect of Macrooha qes on Oedema ResoLution.

Pl.asma + Coumarin (O - 4 hrs) 0.0r0l

Plasma (t+ hrs -* ) 0. 0050

PLasma + Coumarin (t+ hrs -+) O.O0gl

Amino Acids + Coumarin o.ozt

PVP + Coumarin 0. 0105

Saline + Coumarin 0.0500

MEAN RATES OF RESOLUTION (hourr-l)

NORMAL WITHOUT MACROPHAGES

o.0287

0. 0034

0.0091

o.0226

o.0285

o.0502

SIG OF

t -STA T
cl

n. s.

*.r*

n.s

n. s.

n. s.

n.s

P
P
C]

a. The sÍgnificance of the dÍfference between the means using the Student's t-test:
n. s. = ñot signi f icant. r+** = p < O.001.
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SECTION 4

EXCESS PLASMA PROTEINS AS A CAUSE OF CHRONIC

INFLAMMATION AND LYMPHOEDEI'1A

4.1 Introduct ion :

lfilloughby and Di Rosa ( lgZO) hypothesizerJ that
the accumuLation of altered proteins in the tissues could

cause both acute and chronic inflammation. They

suggested, espäcially in the case of chronic inflammation,

that these aLtered proteins could fix complement and lead

to the release of many mediators, partly via the

coagulation system. Therefore, the plasma proteins were

impJ.icated as well. This concept had not been tested
experimentally.

Lymphoedema Ís caused by the functional incapacity

of the Iymphatic system, and the tissue proteoJ.ytic

systems (FöLdi, I975, I977; Casley-Smith, 1976b, LgBZb;

Fö1di and Casley-Smith, 1978) , to remove the pLasma

proteins which normal Iy pass to the tissues . The

colloidar osmotic pressure of these excess proteins causes

oedema t.o occur. Many of the changes seen in infLammatÍon

have been observed in latent and chronic Iymphoedema;

nameLy, al-terations in tlre lymphatics themselves (KaJ.ima,

I97I; Casley-Smith, Fö1cJi-Btjrcsök and Fö1di, I974i
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Casley-Smith, 1977a, l-982b; Altorler, Hedinger and

CLodius, 1977; Casì.ey-Smith et â1., 1977a, 1978;

0lszewski, I977; Casley-Smith, Clodius and PiJ-1er, 1980),

in the adventia of the large lymphatics, in the

surrounding tissue and in the blood vessels. Increased

fibrosis and collections of the cells typical ol

inflammatíon (pfleg€r, 1964; Veress et âf. , 1966;

Rusznyák, FöLdi and Szab6,19e7; Kalima, L97Li Huth, I97'¿,

19B2a and b; Cremer, Müller and Louven, I973; Asano, I974;

CasLey-Smith, FöIdi-Börcsök and Fö1di, I974; Casì.ey-Smith

et al., 1977a, I978; Casley-Smith, CLodius and Piller,
I9B0; Cremer, Müll-er" and Bechtelsheimer , I974; Altorfer,
Hedinger and Clodius, 1977; CasIey-Smith, L977a, I982b;

0J.szewski, I977 ) and acute inf Iammatory episodes, usuaì-1y

without bacterial invoLvement (Cf odius, LgBl ) have a.l-so

been observed. Therefore, it has been suggested that

J.ymphoedema is a form of inflammation (Casley-Smith,

I976b, I979b, 1982b; Földi and Casley-Smith, 1978). It is
possible that the accumulated 'normalr plasma proteins in
the tissues, as a result of ì-ymphostasis, could become

altered, or cause alterations in the tissue proteins

(perhaps via induced cel-1ul-ar activities) and could then

be responsibl.e for aLl the pathological changes found in

lymphoedema, âs hypothesized for inflammation.

WilLoughby and Di Rosars hypothesis and its

possibLe Í mplications in lymphoeclema were tested by

injecting repeated doses of plasma into the subcutaneous
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tissues of immunologically-tolerant rats for up to 64

days. In effect , lymphoedema was produced "without
lymphostasis".

The effects of the benzopyrone, coumarin, were

invest.igated. As described in Section 3, this drug

greatly reduces high protein oedemas in animals

(Casley-Smith, I976b, 1977a, 1982b; Dunn et â1., 1977;

Fölcli and Casley-Smith, I978; Koh, Pârente and lVilloughby,

I978a and b; PiLler, L976a, b, c, d, and e, I977b) ancj in

humans ( Casley-Smith, Ig76b; Piller and Clodius, I976;

Cl.odius and PilIer, 1978). Its eflfectiveness as a

treatment for chronÍc inflammation, in general, is of

great inte res'u .

BiochemicaL estimations of various components of

the ti ssues t^tere performed in order to examine the

macroscopic changes that occurred. In addition,

quant itative electron microscopy tvas performed by J. R.

Casley-Smith (Casley-Smith and Gaffney, I98.1).

4.2 Materials and Methods:

Forty-nine female Wistar rats (ZSO a 50 gm) from

an inbred colony were allocated to each of six

experÍ mental groups. These groups were divíded into
palrs. One group f rom each pair received intraperitonea.L
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Ínjections of coumarin (Z.S mg,/mi, in physiological- saline

per 100 gm body weight ) Cai ty, commencing three days

before beginning the experimental injections described

below.

To test for immuno-tol-erance, I8 rats, similar to

the experÍmental ones, were given three skin-grafts from

each other, plus one from themselves, usÍ ng the technique

described by Biltingham and Silvers (1961). After 2I

days, âlI the self-grafts had taken, while 43 out of the

54 norr-self onds had. Thís Iatter was an 80 percent take,

with a Standard Error (5. E. ) of 5.4 percent. No extra

rejection occured over the next 50 days. Additional proof

that the changes observed were caused just by the excess

protein, and not by immunol-ogical mechanisms, was the

minimal tymphocyte response, with the absence of

lymphoblasts ( Casl-ey-Smith and Gaffney, 1981 ) .

It was decided to inject the solutions into the

subcutaneous tissue at the nape of the neck to avoid the

animaLs being able to bite the injection site.
Immediately prior to each injectjon the necl< circumference

lvas measurecJ usi ng a tape measure. 0ne pair was injectecl

with I ml of phys.iological saline (0.e5 percent). The

seconrl pai r receivecJ I ml- of 6 gm/100 ml PVP (m. wt.

40, CJO0 Daìtons ) in physiological sa.line. The remaining

pair received I ml of homologous plasma.
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This plasma was obtained under sterÍ1e conditions,
by cardiac puncture using hepa::inized syringes.

SíL iconized equipment was used throughout to avoid

activating the Hageman Factor. The bl-ood was centrifuged

at 3,000 rpm for ten minutes and the plasma was syringed

oll'. To inactivate the complement system, the pJ.asma vras

treated in an enclosed tube with lM ammonÍum hydroxide in
the ratio 40:1, ât 37 oC lor 60 minutes. It vras then

dial yzed overnight against at least 1000x volume of
physiological saline at 4 oC.

Injections were repeated every four days until the

animals were kitLed. Seven rats from each group rl/ere

kitled by break-ing their necks af ter 60 minutes, i. e. ,,0",

and also after l, 4, 8, 16, 32 and 64 days. In addition,
ten other 'rats were killed and processed as normaL

controls as weII as ten which had received three days of

coumarin treatment (coumarin controls).

For the biochemical estimat ions , the area of sk_in

covering the swolLen area and all the undertying fascia

were'removed, weÍghed and processed separately. Where no

swelling was evident a constant area equal_ to that taken

at 60 mjnutes (15 mm square) was removed. All water, fat
and el-astin were removed f rom accuratel_y weighed port ions,

of approximately 50 mg, from each tissue sampJ.e ( Jackson

and Cleary, 1967; Cleary, personal communication, I97B).
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The quantities of each were

estimation of collagen was

purified portions according to

recorded. The biochemica I

then carried out on these

woessner ( l96l, I97 6) .

Smalt portions of skin anrJ fascia from the

inject-ion sites were fixed by i.mmersion in Agn/100m1

g.lutara.l,delryde in MiLLoni.g's ( 1961. ) buf f er f or one hour at

4oC. The skin was examinerj deep to the germinal l-ayer.

After a brief wash, the blocks were post-fixed in

Zgn/ l00ml 0sOO in the buffer, dehydrated in acetone and

embedciecl in aíalCite. Sections were stained with lead (pH

l0) ancl Uranyl acetate. They were examined by J. R.

Casley-Smith (Casley-Smith and Gaflfney, i981 ) .

4.3 Method of Analysi s:

The difference in

initial val-ue h,as converted

the injection site using the

Tt=

neck círcumference from

to the increased thickness

approximation:

ct-co

at time t;

the

of

Ct is

initial

and

be

TT

where T* i s the increasecl thickness
L

the neck ci.rcumference at time t and

neck circumference.

Because of tl^re large

amount o fl

is the

vo.lume of data obtained

information wtrich could

co

the even larger



ll.7

derived from it, a Fortran program was written to perform

all the required calculations and to print the tabLes and

the graphs ol the results for the skin, fascia and for the
skin+fascia.

Firstly using the 50 mg specimens the f ol.lovring
caLcuLations were made for skin, fascia and skin+lascía
for each rat. As is usuarJ-y done, the collagen content
vJas originarly expressed as a percentage of the wet

weight, dry weight, dry fat free weight and the dry fat
free-residue weight of the specimens. Also, the ratíos:

mg of water/ng of wet tissue,
mg water/ng dry tissue,
mg water/ng dry fat free tissue,
mg dry tissue,/mg wet tissue,
mg dry fat lree tissue/ng wet tissue,
mg dry tissue/mg dryfat free tissue

and mg dry fat free tissue/nq dry tissue
were cal-culated. The means and standard errors were

calcul-ated for each group at each time i ntervar. Any

values outside the range of the mean+twice the standard
error vrere discarded and the means and standard errors
recalcuLated. Graphs of the means for each group were

plotted against the tÍme at which the sampre ìÀ,as taken.
student's t-test comparisons lvere made between all pairs
of groups and arso with the normal and coumarÍn controls
at each time interval.. þihere necessary comparisons were
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also made between time intervals for the same group

The Ineffectiveness of AnalVsis by Biopsy Alone:

It became obvious that ne.i.ther the percentages nor

the ratios were an effective way of expressing the

constituents of an inflamed or swollen area. The ratios
appeared very erratic and almost inrpossible to Ínterpret.
The percentage collagen content decreased with time (an

example of this is illustrated in Figure 4.1) to well

beLow normal- vatues at 64 days when, especiatly with
plasma injection, it was quite obvious to the naked eye

that the net amount of fibrous tissue had increased. In

inf lammation, in jury or oeclema r êñ¡r given vol"ume of normaL

tissue (say 50 mg) is swollen with fluid to many times

this weight. The other constituents of this tissue are

dispersed in a larger voLume. Therefore, if only 50 mg ofl

this swo I Len tissue is anal yzed í.t is probable 
, that the

amounts of these other constituents wilL be less than

normal. The percentage content in a 50 mg specimen wouLd

probably appear to be Less than normal.. Any increase in
the amounts of other constituents would be masked by this
much Iarger increase in the water content.

Therefore, when analyzing constituents from a

swollen area the resul-ts must be relateC back to the total-

affected area; i. e. to the totaL weight or volume of the
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COLLAGEN IN FASCIA ,A S A PERCENTAGE OF WET WEIGHT
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Fiqure 4. L

The normal-, normal pìus coumarin, sal ine and

saline plus coumarin did not di ffer from each other and

are represented by the normaL line. All the standard

errors are i llustrated.

Any signi ficant di fferences between the means at

64 days are shown;

* - 0.05>p>0.0J.;
+** = p<0.001.

Plasma showed a decrease below normal throughout.
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swollen area, before any meaningful_ conclusions can be

drawn. The biopsy method ofl analysis ol oedematous areas

is inconcl-usive. An exampJ.e can be seen in pilLer
(I976d). The extent of the error depends on the extent of
the swelling.

In this experiment the amounts of cotLagen, water

and fat in the specimens of skin, fascia and skin+lascia

were corrected by the total sample wet weight, taken

superficial to the l5 mm square of rjeep fascia, to yield
the total sample content for each rat. rrr addition the

total dry weight, the total dry f at f ree we-ight and the

total collagen+vlater of the inflamed skin, fascia and

skin+f ascia tvere cal"culated f'or each rat.

As described above, ( f or sk_in, f ascia and

skin+fascia) means and standard errors were calcul,ated for
each group at each time interval, Graphs of the means

were plotted and Student's t-test eomparisons were made.

4.4 Result s :

In all the measu::ements made in this experiment;

the resul ts for normal. animaLs and normal, but coumarin

treatecl, animals díd not cjif fler signif icant ty. The:relore,

they have been combined j.nto one "normal" group.

Similarì.y, the results for saline-injected animals (v¡ith
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and wÍthout coumarin) did not differ significantly from

normaL at any time. They aLso have been incIuded in the
I'normalf' group. In most cases the individual results for
60 minutes, one and four days varied wideJ-y and yíel-ded

ì-arge standard errors. Therefore, they have been omitted
from the graphs and the discussions to improve clarity.
The student's t-test resuLts for 64 days are i llustrated
in the graphs and discussed in the text, âs by this time

the predominant trends were obvious. Any differences of
particular significance at earl_ier times wÍl_l be

mentioned. fne resuJts for ihu skin and fascia are

discussed separately as the::e were marked di fferences in
their responses to the injections.

Visual 0bservations and In.iection Site Thickness:

It was quite obvious, by êyê, that the necks were

great ly increased ín the animals given pì.asma, compated

wÍth those Ínjectecl with PVP and those injected with

saline. At one cJay the plasrna-injected necks were stil_l
swollen with fluid whilst those which received pvp and

sal ine appeared normal . The plasma-injected necks seemed

to have returned to normal by four days but swellings
became obvious at eight days and increased in size with

time. Coumarin gave no visible effect.

The

(Figure 4.2)

ÍncreaserJ thicknesses of the injection sites

these observations.agree very we 1l w j.th
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INCREASED THICKNESS OF INJECTION SITE (r'rn)
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Fiqure 4.2:

The normal, normal plus coumarin, saline and

saline plus coumarin, dÍd not differ from each other and

are represented by the normal line. AlL the standard

errors are illustrated.
Any signi ficant differences between the means at

64 days are shown;

o

c au sed

only.

Pl asma

by PVP.



I23

In addition, the measurernents indÍcated that the

thicknesses of the PVP-injected sites (w.ith and rvithout

coumarin) were increased signilicantly above normal at 72

days. These were further increased at 64 days. This

effect was significantl-y lessened in the coumarin treated

group at both times.

These observations and measurements were flurther

cÌarified when the ti ssue samples were excised. The skin

from plasma-injected groups Cid not seem to increase in
thickness wÍth' time. Mosb of the increased thic[<ness of

the injection site appeared to be due to swoLlen fascia.

At one ,and four days, the fascia contained sacs of red

fluid and at ei-ght days these were surrounded by red

stained fibrous tissue. The size of the pools of blood

decreased whilst the vol-ume of fíbrous ti ssue i ncreased

with time. At 64 days dark brown granules were found

within the pooJ-s. From one day the sacs or lumps could be

compl-etely excised without causi.ng any leakage of their
contents and the remaining tissue had a yel-lowish tÍ nge.

There was no visibl-e di fference in the coumarín treated

animal-s.

The skin and fascia of the PVP-

salj ne-injected groups did not appear Ci fferent

normaì., with the foLlowing exception. At 64 deys the

from PVP-injected groups seemed thicker ancj tougher

and

f rom

sk-i n

than
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normal. The voLume of fascia seemed

white compared with clea r earli er.

were consistent with the measured

thicknesses of the injection sÍtes.

greater and it was

These observations

increases in the

Wet We.i. ht:

The wet weights of the excised tissue sampJ.es

confirmed and further clarified the observations and

measurements described atrove. The skin samples (Figure

4.1) from pla'sma-injected groups weÍghed significantty
more than norma-l from eight days and increased slightJ_y

with time. Coumarin significantly reduced the skin weight

at 64 days cnly. The weighl- of f ascia ( Figure 4.4) was

very signi ficantly greater than that from PVP and normal

groups from as early as one day. These differences vJere

much J.arger than those in the skin. The skin weight was

approximately twice normal throughout, whilst the fascia

rose from aboul 12 times normal at one day to about i2
times normal at 64 days. Coumarin had no significant
elfect on the fascia weight of these plasma-injected sites.

The skin from PVP-injected groups did not weigh

significant Iy more than normaL untí I 32 days and this
increased by 64 days to about 1.5 times normal. This vras

consistent with the observed increasecf toughness and the

measured i ncreased thickness of these skin sampJ.es at 64



125

WEIG OF lN SAMPLE (uc)
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The normal, normal plus coLrmarin, saline and

saline plus coumarin, did not di lfer from each other and

are represented by the normal line. All the standard

errors are illustrated.
Any significant differences between the means at

64 days are shown; * = 0.05 Þ p) 0.01;

rÉ'n = 0.01 >p)0.001;
**n = p(0.001.

PVP and plasma caused moderate increases. That

caused by plasma was more immediate. Coumarin caused a

reduction with plasma but causecJ a further increase with

PVP.
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I
I
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The normal r lormal pLus coumarÍn, saline and

saline plus coumarin, did not differ from each other and

are represented by the normal line. All the standard

errors are iLlustrated.
Any signi ficant di fferences between the means at

64 days are shown;

*** = p < 0.00L.

With PVP this was greater than normal from 32

days, whilst plasma caused a more immediate and much

greater Íncrease. C.oumarin had no effect.

I

I
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days. Coumarin further increased the skin weight of these

PVP-ínjected sites to about twice normal. The fascia flrom

PVP-injected groups did not weigh significantl.y more than

normal untiL S2 days and increasecl to about lI tjmes

normal at 64 days. Th-ì.s was consistent with the increased

volume of flascia observed at 64 days. Coumarin had no

signifÍcant effect on the fascia wei.ght of PVP-injected

sites.

The relative contributions of the skin and the

fascia to the in.r.ased thickness of the injection site at

64 days is illustratecJ in Figure 4.5. It can be seen that

the f ascia contrÍbuted approximately 2.5 times the sk:ln to

the total ureight of the injection site in plasma-injected

groups. The skin and fascia contributed equalJ-y to the

total weight of the untreated PVP-injected sites whi.lst

the skin weighed about twice the fascia in the

coumarÍn-treated PVP sites.

Water Content:

The graphs of the mean weight.s of water in these

tissue samples followed exactly the same shape as those cf

the total tissue sample weights. The significant
di flerences were identical . Therefore, these graphs are

not included here as it appears that the total weight of

the tissue samples approximately refLects their water
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3000 Con¡poslnoN oF Non¡¡at AND
64 Dnv SUE Es (mg)

RESIDUAL

2250
,',-"$-t

t==: WATER
-=

1500

750

The contributions

the total- wet weight of

íllustrated.

of coll-agen, f at, and water to

the excised tissue samples are

FAT

! co.r-ocrru

SKIN FASCIA SKIN FASCIA SKIN FASCIA SKIN FASCIA SKIN FASCIA

Figure 4.5 z

¡

q$

The massive increases in the water content of the

fascia compared with smaller increases in the skin can be

seen, especi.ally with plasma injection.
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content. This is conf irmed by examinÍ,ng Fi.gure 4.5. It
can be seen that the main component of al1 the tj ssue

samples was water and that the changes in that water

content were mainly responsible for the observecJ and

measu::ed di f f erences betr.¡een the groups described above.

The water content of the skin of plasma-injectecJ animals

(withor-rt coumarjn) lvas about twice normal at 64 days

whilst that of the fascia rose steadiìy to aboul 45 times

normal. coumarj n significantry reduced the water content

of the .skin at 64 days only but- hacJ no effect in the

fascÍa. The r"gr,itucje and direct.ion of changes j-n ilre

u¡ater content of the skin and f asci a of pvP--injected sites
was exactly as described above for the total tissue
weights.

Fat Content:

The weight of fat in the skin (Figure 4.6) and the

fascia (Figure 4.7) from plasma-injected sites (without

coumarin) was significantLy greater than normal untÍ r 64

days. coumarin reduced the amount in the skj.n to normal

at 16 and 32 cays; havíng no effect at 64 clays. coumarin

also signif¡-cantly reduced the amount in the fascia at r6

and 32 days but the Level. vras stiìl sìgnificantly greater

than nornral . At 64 days coumar j.n very sÍgni f i cant ly

-í.ncreaseci the ureight of fat i-n the fascia of the

plasma-in-iected samples approximateÌy five t_imes. The
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lN SKIN SAMPLE ( r'rc)

160
4.....-.'..4 PLASMA + COUMARTN

O-O PVp + ç99¡¡¡¡¡
O_-_O PLASMA

o----o pvp

140

't20

100

Nonrvr¡r- (oo) o
o816 32 DAYS

Fiqure 4 .6

The normal, normal plus coumarin, saline and

sal:l-ne plus coumari-n, dÍd not di f f er f rom each other and

are represented by the normal l-ine. All the standard

errors are illustrated.
There are no signi ficant di fferences between the

means at 64 days.

PVP did not cause any change from normaL whilst
plasma caused a large increase which returned to normaL by

64 days. Coumarin had no effect at 64 days.

I
I

I

I

T
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I

I

o

64
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FAT IN FASCIA SAMPLE (T¡C )

o......'...o PLÂSMÀ + COUlvlARll,¡

O-. PVP + COUMAßIN

O_._O PLASMA

o----o PvP

ï

I

J

220

14

60

,l
!-

ï
.o

I

**x

I
100 T

I

/i
/ ï

I
I

Non¡u¡.r (e) 'f

0 I 16 D¡Ys 64

Fiqure 4.7:

The normal, norrnal plus coumarin, saline and

saline plus coumarin, did not díffer from each other and

are represented by the noImaI l-ine. All the standard

ertors aIe j.l-Lustrated. Any signif icant di f f elences

between the means at 64 days are shown' *** = p< 0'00I'

PVP causecl a Sl-ight increase which returned to

normal by 32 days and coumari.n had no ef f ec'u. As wi th the

skin, plasma caused a Iarge increase vrhich returned to

normal by 64 days. Coumarirl causerl a Very large inclease

above normal at 6t+ Cays.

c

32
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increased fat content of the skin and fascia from

plasma-injected sites (without eoumarin) contributed to

their increased weights and hence to the increased

thickness of the injection site prior to 64 days. In the

coumarin treated group the fat content did not contribute
to the Íncreased weight of the skj n samples. It clid

contribute to the jncreased weight ofl the fascia and hence

al-so to the increased thickness of the inject ion site,
especially at 64 rJays.

The weight of fat in the skin sampJ-es from

PVP-injected sites (w-ithout coumarin) was normal from 16

days whilst that of the fascia rvas normal from i2 days.

At earlier times the mean weiqhts were greater than normal_

but still signiflicantly less than with plasma. Coumari_n

had no effect on the amount of fat in either tissue sample

at any tÍme. Therefore, fat content did not contribute to

the increased tissue weights or to the increased th-ickness

of the injection sites mentioned above for these

PVP-Ínjected groups. At 64 days, the f"at content of the

skin from ail the experj.mental groups was normaÌ whilst in

the fascia only the grcup wh.i-ch received pì.asma and

coumarin differed from normal-.

Coll agen Content:

The we.ight of collagen in Lhe skin (Figure 4.8)
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AGEN IN SK]N SAMPLE (ve)

o.....'....o PLASMÂ + COUMAÍìIN /
a-. PVP + COUMARTN
O_._O PLÂSMA

o----o PvP

140

/
,/

/

Nonr¿nr- (eo)
o B 16 32 DRvs

Figure 4. B

The normal, normal plus coumarilr, salirre and

saline plus coLrmarin, did not djffer from each other and

are represented by the normaL line. All the standard

errors are illustrated.

Any signjficant differences between the means at

64 days are shown; * = 0.Q5.Þ p Þ 0.01;
***=p(0.001.

With PVP this v/as greater than norrnal at 64 Cays.

Coumarin had no effect. At 64 days plasma causerJ a much

greater increase which \{as recJuced to normal. by counìarin.
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from plasma-injected sites (without coumarin ) was

significantly greater than normal-, except at iZ days. At

64 days the amount was tw.Í.ce the noimal value. coumarin

had no signifj.cant effect untir 6t+ days when it reduced

the amount to normal. The weight of collagen in the

f ascia (Figure 4.9) flrom plasma-Ín-'iected sit.es (with and

without coumarin) was significantly ç¡reater than normal at

all times, especially at 64 days when in both groups the

level was about L7 times rìormal_. Coumarin had no

significant effect at any time. These resurts v/ere

consistent with the weights of the excised tissue sampl.es

discussed above and also witlr the increased thicknesses ol
the Ínjection sites measured for these groups. The

observed increase in the fibrous nature of the fascia in

both the plasma-injected groups was confj rmed by the

measured increase -i.n their collagen content.

The weight of collagen in the skj.n from

PVP-injecteC groups fluctuated considerably, as did the

results for the t-test comparisons between them and wÍth

normal and plasma-injected groups. At 64 days the skin
from both PVP-injected groups containecl significantly more

col-Lagen tharn normal and significantly less than that from

the plasma (without coumarin ) group. Coumarin had no

signiflicant ef f ect at th j.s time. lhe weight of col.lagen

in the fascia from the PvP-injectecl groups r¡/as

signilicantly greater than normal from i2 days. At 64
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COLLAGEN IN FASCIA SAMPLE (T,Io)
70

¡-.--.'-..e PLÂSMA + COUMARIN

O-O PVP + COUMANIN
O_.-O PLASMA

o----o PvP

l

40

T

I

20

T
o
L

¡,lonu¡r- (¿)

o8 16 32 Davs 64

F-igu::e 4.9:

The normal- r ñormal, plus coumarin, saLine and

saline plus coumarin, dÍd not di ffer from each other and

are represented by the norma.l- line. All the standarcj

errors are iLlustrated.
Any significant differences betv¡een the means at

64 days are shown; ** = 0.01- Þ p Þ 0.001-;

*** = p1A.001.

Plasma caused an immediate increase whi.ch rose to
aboul L7 times normal at 64 days. Al.though PVP did not

cause any increase until- after L6 days thÍs rose sharpJ-y

to be approximately the same as that caused by pJ.asma.

Cournarin had no ef f ect w-ith either in jection.
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days this reached about 16 t imes normal in the PVP-onIy

group and about eighl times normaL in the

PVP-plus-coumarÍn group. Coumarin had no statisticalJ.y
sígnificant effect at this or any other time. It appears

that the col-lagen content contributed to the increased

weights of the tissue samples and to the increased

thickness of the i-njection sites found in these PVP

gloups. It also appears that differences between the

plasma- and PVP-injected groups can not be accounted for

by differences in the coll-agen content (Figure 4.5).

4.5 Ch::onic Inflammation:

The repeatecl injection of plasma caused changes

simil,ar to those seen in chronic inflammation, in both the

skin and the fascÍ a. The thickness of the injection site

vvas quite remarkably increased rising to about sÍx times

normal- by 64 days. Large swellings appeared as early as

eight days. The weights of the totaL tissue samp.ì.es, and

thej r water and collagen contents were greatJ-y increased.

The magnitudes ol these changes were much greater in the

fascia than in the skin. In the skin al-1 these

const ituents increased to twice normal hry 64 clays. The

extent of the increases varied in the fascia, with the

increase in the water content being approximateJ.y twice

that of the collagen content. In additi on haemorrhage,

presumabl y caused by bloorJ vesseL damoge, and j ncreased
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fibrosis u¡ere observed. The fat content of both the skin

and fascia were normal at 64 days, âlthough ilr was greater

at earlier times. None of these changes occurred in the

saline controls. In these the tissues remained as normal

throughout the repeated injections.

From 72 days, the PVP injections caused smaller

increases in the thickness of the ínjection site, the

weight of the tissue samples, their water content, and the

coLlagen content of the skin. The differences between the

plasma- and FVP-in.jected groups were greater for the

f asc-ia. The collagen. content of the f ascia also increased

from 32 days to be the same as that found in

plasma-injected samÞles at 64 days. The fat content of

both the fascia and the skin remaÍned normaL throughout.

It appears that PVP is also capable of causing some of the

changes typical of chronlc inflammation, although there

rvas no evidence of haemorrhage ( i. e. of blood vessel

damage) in either of the PVP-injected groups. PVP takes

approximately 32 days longer than plasma to initiate these

changes, which explains the smal Ier magnitude of these

found lrere. These resul-ts seem to imply that PVP is not a

very good contlol mol-ecul-e .in this type of experiment.

4.6 Excess PLasma Proteins as t he Cause :

The al.terat ions

immunological reaction

could not have been caused by

to the repeated inject ions

an

of
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foreign proteins or PVP. In the case of the plasma, care

was taken not to activate the Hageman Factor and to

inactivate the complement system. The straÍn of rats was

tested and found to be immurro-tolerant. No lymphoblasts

or other evidence of an ímmunolog ical response were found

in either the plasma- or the PVP-injected tissue samples

(Casley-Smith and Gaffney, I98l). Therefore, it is

concl-uded that the accumUlation of exceSS plasma proteins

in the tissues can cause chronic inflammation, as

hypothesized by Willoughby and Di Rosa ( 1970 ) . This may

occur by the ,å1""ru of mediators, possibìy cjue to direct

celL damage. Although PVP i s apploximateJ-y the same

molecular vleight as plasma proteins it appears that it can

be removed from the tissues more rapicJly (Caffney, 1981

and Section l.L). Therefore, it will take much longer for

it to accumulate j.n the tissues to the extent necessary to

cause cell damage, the rel,ease of mediators or the

initiation of an inflammatory reaction.

4.7 Chronic Lymphoedema:

The changes described above and the morpholog ical

changes described by Casl-ey-Smith and Gaffney ( 198I ) are

identical with those found in acute and chronic

lymphoedema (nus zny6k, Földi and Szabd, 1967; Kalima,

I97I; l-luth, I972, I982a and b; Asano, I974; Cremer' Müller

and Bechtelsheimer, I974; Altorfer, Hedinger and Clodius,
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1977; CasIey-Smith, I977 , I9B2b; Casley-Smith et â1. ,

I977a; Clodius, Köhnlein and Piller, 1977; Földi, I977;

0Lszewski, I977; PilLer and ClodÍus, l97B; Casley-Smith,

Cloclius and Piller, 1980); even to the haemorrhage and fat

accumulation (Fö1di, I977) . Theref ore, .tt appears that

the accumulation of plasma proteins, âS the result of

lymphostasis, is the stimulus wh.ich is responsible f or all
the other aLteratíons which occLrr in lymphoedema. This

has implications which may explain the latent phase of as

many as 20 years between acute and chronic lymphoedema

(Gregl et âI.,' 1967; 0lszewski, I977; Clodius and Pil-1er,

L978). Even though an acute attack may appear to have

been resolved, small amounts of excess proteins may not

have been removed from the tissues. The lymphat ics may

not have returned to normal; perhaps functioning just

below normal during this I atent phase, causing a very slow

accumulation of protein and f 1u-i d in the tissues,

especially those adjacent to the collecting lymphatics. A

relatively minor injuly, causing onl-y a smal.l extra amount

of proteirr to enter the tissues could be sufficient to

cause the changes seen j-n this experiment, i. e. to

initiate chronic infi ammation. The already poorly

functioning J.ymphatics wouLd be overwhelmed ( Fö1di and

Casley-Smith, I978) , ì-eading to chronic lymphoedema.

Similarly, after the passage of enough time, the piotein

and f luid accumulati on around the vesse.Ls would be

suf f icient to ini tiate f i brosis anrl l-ead to the clrronic

phas e .
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4. B The Effect of Coumarin:

V'lith plasma injection, coumarin had no visible
effect on the size or composition of the swellings on the

necks or on the extent of fibrosis or blood vessel

damage. It also had no effect on the measured increased

thickness of the injection site. It had no effect on the

fascia weight or on lts water and collagen content. It
reduced the fat con Lent at earlier times but very

significantLy increased this at 64 days. Coumarj.n did

reduce the st in weight and both its water and coll-agen

content at 64 days. It also rerJuced the fat content to
normal at earlier times, havÍng rìo eflfect on the alreaCy

normal level at 64 days. Therefore, in the presence of

excess proteins, coumarin significantly reduces the extent

of the inflammatory react ion in the skin but not ( by the

tests reported here) in the fascia.

This may have been due to the fact that the

inflammatory changes in the fascia were more extensive

than those found j-n the skin. A significant eflect may be

more difficult to obtain under these circurnstances.

Perhaps if the experimerrt had been continued for a Ionger

periocl of tíme the Crug may have been more effective in

the l'ascia. It has been shown clinically and

experi mentaJ.J.y that long term treatment , of A - 6 months,

was necessary to reduce the fibrosis of chronic



14r

lymphoedema (pil.ter and Clodius, 1976; Clodius and Pi11er,

I97B; Fö1di and Casley-Smith, I978). It is possible that

less collagen was actually fo¡med as coumarin decreased

the number of fibroblasts and increased the number of

fibrocytes in the skin of these plasma-injected animals

(Casley-Smith and Gaflfney, I 98I) . Alternatively, the same

amount of collagen may have been formed in botlr cases, but

j.t may not have been converted to mature collagen in the

coumarin-treated animals. It was found electron

microscopically (Casley-Smith ancJ Gaffney, l98L ) that

f ixable colLaEen v.,as great 1y reduced by coumarin.

Presui'nably non-fixable col-lagen molecules are equally

detectabl-e biochemicalJ.y as mature col-l-agen, but have not

formed fibrous t i ssue. Thus , ño doubt , they are more

reaclily l),sed by the proteo j.ytic cel-ls.

Coumarin very signi.ficantly increasecJ the numbers

of macrophages in both the skin and fascia ( Casley-Smith

and Gaffney, 19Bl) which is consistent with cther findings
(Dunn et â1., 1977; Piller, L97B; Piller and Clodius,

I979; Matisons, 1982). Their coumarin-stimulated

proteoJ.ytic activity (CasIey-Smith, L976b, I977, I9B2b¡

Fötdi and Casley-Sm.1th, I978; Koh, Pârente anrJ Willoughby,

1978a, b; Piller, l-976c, e , 1977b, 1978 ) would have

removecJ some of the excess proteins and fÍbrous tissue in
both the skin ancJ the fascia. The fragments readily leave

via the bLood (Cal"f ney, 1981. and Section 7.I) in place of
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the proteins having to be, slowIy, removecJ via the

lymphatj.cs. 0ther anti-inflammatory drugs are known to

stimulate neutral proteolytic activity in fibroblasts and

possibly skin epithelial cells (Houck and Sharma, 1969) or

neutrophiJ.s. No neutrophiJ.s were found in the skin or

fascia of any of the experímental groups studieC here and

coumarin decreased fibrob Iast numbers ( Casley-Smith anci

Gaf f ney, :1,981) .

Coumarín has been shown to increase the Levels of

neutral proteases in the skj.n and serum (eil-ler, I976e,

1977b). There is some evidence that neutral proteases are

secreted by stimulated macrophages (Unkeless, Gordon ancl

Reich, I97 4; Davies , I97 6) , but when the maclrophages \¡/ere

destroyed by sil ica, coumarin still" el-evated neutral

protease levels (PilLer, I976e). This stimulated activity
utas sufficient to slow the rate of swelling and decrease

the maximal sweLì.ing volume of the macrophage-free

thermalJ.y ínjurecl rats. The conclusion that

coumarin-stimulated lysis of abnormaL protein ceased when

the macrophages were destroyecl cloes not seem to reflect
aIl the evidence.

Thi-s work' seems to indicate that coumarin was

capable ol stjmulating cells (other than macrîophages,

neutrophils or fibroblasts) to cause a significant
decrease Ín the amount of collagen deposited jn the sk1n.
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The decreased blood capil-J"ary vascularity and less

vascular clamage found in the skin (Casley-Smith and

Gaffney, 1981- ) after coumarin treatment, would have

contri.buted to the reduced oedema and fibrosis by aJ.lowing

l-ess leakage of proteins ancl f Iuid into the tissues.

This, êod the reducecJ lymphat ic vascuLari ty, also

indicates that there was less chronic inflammat.ion.

The great Iy j ncreased amount o f fa.t found in the

fascia at 64 days, with coumarin treatrnent, ffiây have been

due to g.lucón"ogenesis folLowed by Iipid formation

(Guyton, 1971). In the presence of excess protein, some

ami no acids wot-¡1d have been converted by deamination to

glucose and, in turn, converted to fat. Coumarin,

prcsumably, enhanced this effect by caus tng more

proteolysi s.

4.9 Conclusions:

The repeated injection of pJ,asma proteins caused

changes typical of chronic inflammation in the skin and to

a nuch greater extent i n 'uhe f ascia. Coumarin

significantly reduced the extent of this inflammatory

reaction in the skín but not in the fascia. It increased

the numbers of f ibrocytes i n the sl<in and may have

stimul-ated them to lyse the excess protein. After i2
days, PVP injection caused sonìe of the changes seen in
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chronic inftammation, but to a much Lesser extent than

those founcJ with pLasma. The only effect of coumarÍn vlas

to reduce the water content of the skin (and hence the

skin weight ) .

It is concluded that the accumulation of excess

proteins in the tissues can cause chronic inflammation as

hypothesized 'Oy l^/illoughby and Di Rosa ( 1970 ) . In

particuLar, chronic lymphoedema is a form of chronic

inflammation and the slow accumulation of fluid and

protein in the'tissues may explain the latent phase often

seen before the onset of chrcnic lymphoedema. It is also

concluded that in the presence of excess protein the

benzopyrone, coumarin, is capable of stimulating cells,
other than macrophages, fibrobl"asts and neutrophils , in

the skin.
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SECTION 5

GENERAL DISCUSSION

5.I The Plotein Balance of Normal Tissues:

The protein t¡alance of normal tissue is maintai.ned

by a complex relationship between vascuLar endothelial

permeability, tissue proteolysis and lymphatìc removaL.

Net protein flux occurs (Section 2), from the blood to ihe

tissues, by vêsicular transport and also across close and

open junctions (and fenestrae, if present) . This

continuous leakage of protein provides the tissues with

the new materj al necessary for their normaL functiorr.

Protein must also be continuaJ ly removed from the tissues

to prevent accumulation to the extent where oederna

arises. Some, or most (Section 2), of this protein is

removecl back into the blood, âgainst íts conrientration

gradient, by the same avenues mentioned above for the net

outflow. The remainder is removed by tl"re lymphat.ics anrJ

tissue proteoLysí s.

Coumarin treatment has no significant effect on

the protein balance or normal functioning of the

blood-tissue-lymph system ( Sections 3 and 4) . It is

Ímportant to note t.hat long term administration of the
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drug has no detrimental effects on normal tj.ssues. In

partícuì-ar, there vras no evidence of signj-ficantly

increased vascular permeabiJ.ity in the short (Sections

7.I, t.3 and 3.4) or long (Section 4) term.

5.2 The Tissues in Low-Protei-n 0edema:

Low-protein oedema in the tissues 1s resolved

quite rapidly (5ect.ion l. 1) . The accumul-ated f luid and

small molecules pass back into the blood across the

vascular en¿othel ium, ffiâ.inJ-y across endothel ial
junctions. The rate of resolution is clirectl-y related to
the size of the molecuLes i-n the fIuid. The fLuid itself
passes back into the blood very quickly. Neither the

).ymphatics (Section 3.3), oor tissue proteoJ"ysis by

macrophages (Section 7.4) play a significant part in the

the resolution of l-ow-protein oedema.

Long term maintenance of Iow-protein oedema in the

tissues does not lead to chronic inf-lammation in

experimental animals ( Section 4) or humans. There is no

evidence of increased blood vessel damage, increased

vascular permeability or fibrosis; no alterations to the

lymphatÍcs and no abnormal- accumulations of cells (Section

4). The blood vessels cope very well with moderate

Ieakage of fluicJ and small molecuLes i nto the tissues;
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preventing any disruption to the protein baLance.

The resolutÍon of low-protein oedema is unafflected

by coumarin therapy. The short (Section 3) ot Iong

(Section 4) term administration of the drug. is neither

advantageous nor detrimental to the protein balance or

function of a blood-tissue-lymph system with low'.protein

oedema.

5.3 The Protein Balance of In jured Tissues:

Protein often accumulates in i.njured tissues,

leading to hÍ-gh-protein high-flow oedema. Tissue

proteoJ.ysi s and lymphat ic remova I .i ncrease and combine

wÍth the vascuLar permeability (Section 2) in an

integrated attempt to restore the proteí.n balance of the

tÍssues to normal. These all function throughout the

return to normal. Impairment of one, alone (Section 7) ,

wiLL not prevent the resolut ion ofl the high-protein

oedema, only retard it. Even J.ymphoedematous tissues can

be retcrrned to rrnormalr' (Section 7.2). Each method of

removal- is cJominant at a different stage in the process

and each is vital to the normal protein balance of the

tissues. During the initial. stage in high-protein

high-f low oedema, when vascular permeabil-ity is -increased,

most of the protein removal from the tissueS occUrS aeloss
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the vascular enciothelium (Section 2) back into the blood.

This takes pLace aga-ì nst its concentration gradient by

vesicular transport and also across the opened junctions

(Section 2). The smaller proportjon of protein (Section

2) is removed by tissue proteolysis and the lymphatics.

After approximateJ-y 30 minutes, when vascuLar permeability

returns to no::mal-, Iymphatic removal dominates the

resolution of the high-protein oeclema (Section 3.t). This

situatíon persists for approxinrately four hours, when

macrophage accumuìation :ln the affected tissues teaches

maximum numbers. Tissue proteolysis then plays the

dominant role (Section 3.4), breaking the proteins into

their const ituent amino aci-ds. These can be removed molre

rapidly (Secti on l. L ) , back í nto the blood, âcross the

vascular endothe l,-'lum.

In high-protein oedema, coumarin therapy cioes not

affect lymphatic or blood vessel removal of protein, amino

acids or fluid ( Sections 3 .I, t.3 and t.4). It enhances

tissue proteolysis, but only when macrophage accLtmulation

Ín the tissues reaches a maximum (Sections 3.I anC 3.!+) .

lrhen the macrophages are destroyed (Section 3.4), coumarin

therapy stiLl significantJ-y j.ncreases this third phase in

the resol.ution of high-prote:'.n oedema. Pcssibly the drug

is capable of stimulat-i-ng proteol ysi s by cel ls other than

macrophages.
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The maintenance of large non-metabolizable fore-ign

particles in the tíssues increases vascul ar permeability,

after a significantLy I onger period of time than pr.otei n

accumulation (Section 4). Even then, blcod vessel damage

does not occur to the same extent . High-prote:f.n oedema i s

initiated and fíbrosis increases. Therefore, coumarin

should also be able to reduce the extent of this
inflammatory reaction after an appropriate period of

treatment.

5.4 The Tíssues in Chroni c Inf lammat.ion:

If abnormally high amounts of protein are

maintained in the tissues, vascular permeability is

increased (Section 4). Even though more protein may be

temoved back into the blood vessels under these

conditions, net fLux is still directed towards the tissues
(Section 2). Hence the protein balance of the tissues is
further disrupted and oeclema formation continues. The

excess protein aI lows i ncreased fibrosi s and att racts

abnormal accumulations of celJ,s, eventually causi ng more

vascular damage (Section 4). Blood vessel damage occurs

to the extent where erythrocytes escape into the tissues,

die and are broken down there. After a time, alterations
to the lymphatics occur, lymphatic removaL is i.mpai red ancJ

protein accumuLation in the tissues is increased everì

further. Increased tissue proteolysis can not compensate
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for the ineffectiveness of blood vessel- amd lymptratic

removal. This chronic i nflammalory state will persist and

t.rorsen unless protein removal- can be increased to a

greater rate than protein accumul ation.

By stimuLating tissue proteolysis, coumarin

therapy is capable of restoring this protein balance in

favour of removal. Hence it j.s capable of reducing the

extent of chronic inflammation (SectÍon 4).

5.5 The Protein Balance of Lvmphoedematous Tissues:

The main functÍon (Sectíon 3.7) of the Jymphatics

is protein removal. As described above, the Iymphat ics

are not the only, ñor (quant.itatively) the most important

aVenUe of pr'otein removal- f rom the tissues. However, they

are of vital importance to the maintenance of the protein

balance of the tissues. Lymphostasis causes high-protein

oedema by al-lowing protein t-o accumulate in the tissues.

Therefore, the changes seen in high-protein high-flow

oederna would al"so occur in lymphoedema.

The chronic inflammatory react.ion commences after

betwen four and eight days of high-protein oedema (Section

A). Lymphoeclema volume is at a maximum after four days of

lymphostasis and returns to nolmal by nine days (Section

7.2). It seems probable that any addit.ional stress on the
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protein balance of the tÍssues within that period woulcl

initiate chronic lymphoedema.

Coumarin stimulated proteolysis is known to be

extremely successfut in reducing the effects of chronic

lymphoedema. As expected, it has now been shown to

produce a similar result in chronic inflammatÍon (SectÍon

4). However, a longer period of coumarin therapy may be

required for optimum efficiency in chronie inflammation,

as rrlas found to be the case in the lymphoedema trials.
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SECTION 7

APPEN D I CES

7.I Experimental Procedures for Section 2

Ca sule Im lantat ion:

The open encls of plasttlc, perf orated cylindricaL

hair curl-ers were drawn together with strong cotton

threacJ. Theråf or", the capsule shape was ellipsoicla-1 with

dimensions 2.5 cms high, 1.5 cms wide and 5 cms long. The

perforations were approximately ?. mm square and were

separated by larger areas of plastic. Prior to

imptantation the capsuLes v+ere sterilized in 80 percent A.

R. grade alcohol. Twenty-six female hooded rats ol

average weight 2OO + 25 gm were anaesthetized with aether

and the capsules were impl arrted rvith appropr-i.ate sterile

technique. The capsules were impLatrted subcutaneously,

dorsally, from the midline of the right side and paralLel

to the spíne. After the skin was sown back in pìace the

wound was Liberally sprinkled wÍth Cicatrj-n Antíbiotic

Powder (Burroughs Wellcome, Australia) . To prevent

infection O. t gm of streptomyci.n sulphate in 0.5 mls of

injectÍ.on water was injected intradermaì-1y, ad jacent to

the capsul e, da i ì"y f or a v/eek af ter implantat ion.
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Intracapsular Þressule:

IntracapsuLar pressure measurements were commenced

after one week and were made at intervals of ten days to

minimize the possibÍ.fity of imbalance and infection due to

the measurement technique itself. These pressules v/eIe

determined by a di rect manometric rnethod usi ng a needl-e

inserted through one of the capsular perlorat ions. The

animals were not anaesthetized during the measurements but

were pì.aced w j. re isolat ion cages which plevented

movement. After removing the needle from the capsule the

site of penetration rrras sprinkled witlr Cicatrin.

þleasurements were stopped when the pIeSSUre remained

constant or when the capsUle became too bacf ly i- nf ectecl , oI

chewed open. Infection rlvas recognized by the appealance

of pink-brown coLoured fluid in the manometric tubing

during measurements.

During the period ol measurement eight anj mals

died or chevred their wounds open and theil capsules were

immediateJ.y excí sed and exami ned vi suaIly. Tissue had

gro¡rn through the perforations to line the inside of the

capsules. Blood vessels had al-so 9lown to the Ínside. In

a capsule exami ned after Seven weeks the Íntracapsuì.ar

cavity was approximately 1.5 cms high, 7 mm wide and 4 cnrs

Iong.
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The mean intracapsular pressures were cal-culated

and are iLlustiated in Figure 7.I. The final value for

the ten uninfected animals was -3.82 cms HZO with a

standard error of O.I6t. Seven of these animals reached

their constant value by 47 days and the remaincler by 57

days. These ten animals were chosen for the protein fLux

experiment.

The intracapsular pressure results are in accord

with those of Guyton. AlL pressures rtlere positive after
seven days wnen some j nflammation due to the surgery was

probably still present. Although the mean pressure was

negative after 17 days the very wj de range of values, both

negative and positive, âgrees with the "erraticil pressures

measured by Guyton (ig# ) af ter this period of time.

Infection caused the intracapsular pressures to become

positi ve in every case , in agreement with Guyton's work.

These pressures were relatíveIy constant (between +2.O ancJ

r.].0 cms H20) which may be some indication of the degree

of infect-i-on. From 27 days all the non-i.nfected capsules

had negative pressures. The non-infected intracapsular

pressures tvere aIl constant after 57 days but the mean vlas

quite different to that for dogs (Guyton, 1963) and that

for vrhite rats (Strömme, Maggert and Scholanc!er, 1969).

This was expected as in this exper.iment a different
species and different rneasurÍng techniques were used.

Also the ani.maLs were not anaesthetized.
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In.iection and Samplinq of Radioactive Tracers:

The rad-ioactive tracers used i n this experiment

were RISA ( 125 I ) and chromic chloride ( 51c" ) uotn

obtaj ned from the RadiochemicaL Centre, Amersham, U.K. .

The 5lCr was bound to albumi n by mix ing with homologous

rat pl asma in the vol"ume rat j-o I :1 so that 0.5 mls of the
5lcr-labelled plasma had an activity of 25 Hc-i. The

5lC, has been shown to have a high af f i nity f or albumrln;

95 - 98 percent bi-ndi.ng with j n the f irst f ive minutes of

mixing ( Beierwalters, 1965). Therefore, the sol,utions

t.tere mixecl at room ternperature f or ten minutes. To remove

any free 5lc, ancJ adjust tonicity the mixture was

dialysed against 5A percent whole bl-ood in isotonic saline

f or two days at 6 - I oC. The dial-ysate was changecl

after one day. 0n both days a santple of dial-ysate was

counted on a Packarcl Tri Carb Scintillation Counter for

free 5lc, but in each case there was no sJ gni ficant

eLevation above background count levels ( < ¡ percent ).
Evanrs Blue was tlren added to the mixture to a

concentration of 0.5 percent.

Five of the rats v/ere anaesthet ized with aether

anrJ 0.1 ml of RISA with an activity of 5 FcÍ was Í.njected

into the blood by heart punctur:e. Before the 5lC, was

Í.njected into the capsule, 0.6 ml of capsular fluj-d was

removed to ensure that the capsule vol ume remainecl
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constant. The 0.5 ml dose of 51c. ltas injected into one

end of the capsular cavity , together with 0. l" ml of

physiological saline. Simultaneously, f J.uid was w.ithdrawn

from the opposite end of the capsule. To ensure complete

mixing this f luid h,as re-injected, simultaneousJ.y

withcjralvn from the other end ancf re-injected agai n until
t he dye rvas homog enou s at bot h end s .

Samples of 0. l- ml were taken from the blood and

the capsuJ.e at 5, 2O, 45, 80, 32O and I44O minutes. Each

capsule sample was rep.Iaced with 0. L ml of the previously

removed capsular fluicl and its activity was corrected for

this dilutiorr woth unlatlel"led material. The chronlium ancJ

iocjine activities of each sample rvere counted

simuLtaneously for one minute.

Moderate histamine injury v/as induced in the

capsular capillaries ol the other five rats by adding

three ugrn of histamine acid phosphate (Casley-Smith and

i'linclow, I976) to the 0.1 ml of physiological- saline in the

capsuì,e injectant. The rest of the experimental procedure

was the same as that described abc-rve f or the controls.

Af ter ten clays, t.he treatments f or these two

groups were reversed. Additional samples of blood and

capsular fluid were taken prí.or to Lhe inject ion of

tracers and these counts were regarded as the background
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for atL subsequent samples. Technical diflfÍculties caused

a few animals to be discarded but essentially they served

as their own controls. No significant di fferences r.lere

found between the groups given histamine first and those

gíven it second.




