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Shockisavastanicaxplexsubjec‘:t ai\dremainsa\
principal ptreocaxpation of both the clinician arxi basic
scientist Inbothhennnhagicarﬁseptic shock itis
'ﬁnﬁmrerxtalttmttheeffectsmﬂuiddynamimbe zed
for diagnosis  anig Traditidnally,
‘slmckhasbeenconsidered solelyfranacaxdiovascular~

_viewpoint such that our current concepts have, completely . '
ignoredﬂzelynphaticsystenarﬂits ‘role in shock. The
'\ "return of'gotein and fluid tothe bloodstreamby the
lynu:aticsystemisanecessaxyandinportantcmponentfor‘
T ’t.hemaintenanceofhm\eostasis. In‘addition, ithasnotbeen f'
‘appreciated that the - lymphatics sporrtaneously contract to ‘5
'return signifimnt volumes of 1ymph to the circulation éaily
_ies. a dynamic role for the lymghatic vessel,
\ however i85 |
| thelYmphaticptmpduriﬂ;shockusi:gwrrentmethods Since -
xhemeasmementoflymaﬂwmpresentsonlyﬂieendresult
| | , of complex hrteractions betveen lymph fomation and | lymph
propulsion, t.ne major dzallenge has been dn dq:reloping a .
techniqxe which would discésninate between these two
| ‘-—, We believe that the intrinsic contractile activity of :
the 1ymphvesse1iqay playanimportantrole intheregulation

i
ot been possible to. assess the activities of




| Voflymphremmmn-ingstpcksyadoptirgthismw.,_

(l)dafinedtlmchangesinlynmflwthatocmmin
mes:errt:eric lyn@mticsd.lringhemormagicarde:ﬁctoxin
shockinanaesthetizedsneep T
fe asveloped an’ in vivo model systemwhich permitted
. 'thesb.xiyofintr:lnsiclymaprbpulsim,
) | (3)detemjnedtheeffects\ofhanom1ageandendctmd.n‘
o ‘.":-mtlEIMptmp(lymxaticcontractileactivity)
o With the removal of 25% ofﬂ)esheepsbloodvoltme,van
:lncreaseinlyn};hflwoverthenextshmmswasobserved
makﬂmappmdwdws%ofbasalcorﬁcl}mteatmard
' four hours after heforrhage. Meanartarialpressuredrcppedg
.. C.I’n{tiallytobelowso%ofcmmlbutwasrestoredbythev
;.‘“? tlﬁ.rdposthamrrhagehmm Inarn&erseria,lerxioto:dnwas.""
o usedtosimlatethecorﬂitims of septic shock. The < -
intravermsinjectimof33mgﬂ(gofendotmdnledtothe._}"
developnentofpnmnaryedemaxﬂa64foldmcreasem
/* mesentericlyn@x flow 40 minutes after infusion. S e
"-,’ mmtodetermmemeeffectsofha:prrhageam'
e:ﬁatmdnonlynphaticptming, 1twasnec&ssaxytodevelopa';}-‘

p 7 mev podal _Systen to djstinguish fthe activities of the lymn
A m‘“ fran the ihicrcvasct:lar evem'.s which affect lymph flow. SRR
A 10_15 cm Segme of mmic lynplntic vas catheterized PO

\

-at both pro:dml and distal ends and surgicaily "iSolated",
fmmall lynphinput Su::giczl dissectionwasminimizedin




‘order topm'eservethevessel's neurcvasazlar supply. “The
\ vesselsegmentwassuppliedwithfluidﬁunareservoiram‘

_ was triggered to cantract spontanemsly by - applyin; ag

) tzansmral distend.ing ptresSure In the absenoa of a
hydrostatic gzadiem: flow germrated fzun this. system could
"”only occar if the lymph vessel contradted and me.ned,

- flua; Utilizing th:Ls “double catheter preparaticn, sheep .
'bled 25% of blocd. volune demcstratsd an increase, in’ fluid " .
| pmpulsicn. When canpared ‘'with si.m:l_'lar preparatims,in sheep.

hot bled, ﬂwrateswereupto‘stmesgreaterafter |
mge The ' blood loss stimilated an increase in‘v‘.

3 'lymphatic com:ractile frequency and fo:\boa ‘In sheep injectedlf o

S witherﬂctc&dn (33mcg/1ag), ampidfaninﬂuidmtputwas
- ’observed By50mirmta£ fluidprop.ﬂsimaveragedmlyé?%..

l.of basal ccm:rol rate.’ A ‘significant suppression of:
. - «!lymhatic oorrl:ractile activitywascm'zcanittantlyseen |
" We concl\xie ‘that dymph propulsion is - regulated

i

m@emmofmmly@'fmummmgsnock

- Jﬂ'? f°u°"’i“g hanormﬂlq& and may contribm:e to the !genesis of . .-
interstitial edem associated wit‘n Sepsis. :'_ R ___ o
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Shock ‘is‘ a .majou: and cdnple;c clinicgl problem; an ’e.ntlty
~ which cmmdily accanpaniee major trauma. The . clinical
picture is . extremely variable often with controversy
smnﬂhgéadxlevelofdiagrmieérﬂnhnagmt But
flnxiamentally, the basic underlying pathology relates to an
taartezemctimintissue@erfusimasacmsequemeofa
diminished effective cirwlatirg fluid volume (ECEV) Of the
many forms of shock, the two most challenging and commonly
exmmteredintzalmaardsmgerya{:ehemorrhagic ard septic
Hennrrhagic shock occurs follpwing a major loss in blood
vclume and ultimately will lead to global cellular '
dysfunction unless caupausatory mechanisns can be effectively

. racruited to restore hemodynamic stability Acute"
cunpensatozy oty Techanisus, | daaracterized ‘by peripheral
vasocmmictim,tadxycamja andadecreaseinvms,
capacitance, are mediated primarily by syspathetic nervous

activity to ensm that vital perfusicn to’ cerebral and

' coronary"circulaticns are maintained (Chien, 1967; Bind and :
J'dmson 1985. Oolantucni et al, 1985, Zhao et al, 1985) .

Restoraticn of intravasmlar volume and pa:otein while' |
oéamringmramdmicperiodoftimeisalso
inpou:tantfor suzvival Priortomedical im:exva'xtion, this- -

: . s 'm,’v\
a A
T .
IRY
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is aoconplished by the mobilization of endogenous stoms of

fluid and prote:ln and tzansfer ;.% = ocmtracted ~vascular - ;
cmpartnmt(mcasamr.edgenmod 1983)'Itisint1us‘§
regard__tgat we bali the lymphatic system n\ay play an U

M‘ .

AT
v

With septic shock, the 'reductioxi‘ 'of affective Y

cirmlati.rg fluid volume occurs through different nedmanisxtvs T,

Direct injmytothecnpillaa:ybedsoccxmswl‘xichleadstoan '
increase in microvaso.:lar permeability t@ plasma proteins
(Demling et al, 1984; Avila et al, 1985). This facﬂitates '

Jié
theextmvasationoffluidarxiptotajnintotheinterstitimn

~Ithasbeenassxmedthatthefloodofproteinardfmidinto

the int:erstitium s:I.mply overvhelms nomal lymphatic transport:
‘mechanisms . which thm becanes mnif&st clinically as

'prograssive :lnterstitial edema and intf:avascular volume

depletion (Robin et a1, 1972.L9em1ing et al, 1984) T
‘ Despite the sericus implications of henon:hage and
sepsis oonsiderabledefectsstille)dstinmrmdarstarxiing

oftlmhaneostaticmeclnnisnsthatservetoptmotesurvival -

orthatfailardoorrtrihxtetoananimal'sdemise
'I'raditimallyshockhasbeeninvestigatedfmapurely

mrdiovasmlar standpoim: Little, if any, attem:ion has S
' bemdirectedtwarﬂﬂxedynamiceventswhic&involvethe” .

irrtexstititmandlynphaticsystan itismrintentionto
exploreshockfranthisnewperspective

. " - ' I‘ ‘

s



mmmmlyderivedfmnintemtitialﬂuidam‘
protein The volume of interstitial fltﬂd is comsiderable
aniaccov.mtsfor ammmdmtely zs%of-—totalbodywateror‘
abaxtatimsmmlplasmvoltme (Shiresetal 1964b;
‘Courtice, 1971) mdarmmlcircmstames cveraz«thour’
period, lynphismtlmiedbadctoﬂmcin:ulatiminvoltm\es' e
ccmparable to the intravasa:lar pool . (Mayersen, 1963; Yoffey" |
ai'dcalrtice, 1970) .. Inman,betweenlarﬂSlitrmoflynpht
isretlmxedtothecirculatimbythemomcicductdauyl
(Yoffey and Courtice, 1970). * - '

'me mass of inte::stitial pmtein is similarly large

‘Est:lmteshaverangedbermamlarxi3timesﬂ1ea:wmt‘ ,'.;'M

"mmllyheldwithintbevaswlarspace.(Sellexsetal

, ‘-1966: ccurtice 1971) 'Ihe retim of extravascular protein

lynphaticsystem Alﬂuméanereportshaveclairredthatl |

intarstitial ptmtein nay directly enter into the bloodstream. |

(Jepscn ee; a1, 1953; Szabo et al, 1973, Perxy 1981, by far
the’ bulk of litaratm:'e ma:l.m:ains that the lymphatics. pmvidé
‘the mjor rmte fcn: :I.rrterstitial pmtein ranoval (Starl:Lng, _ _
| ~ ' _'1396, Drirﬂmr and Yoffay, 1941, Hollander ot a1, | 1:951,".‘%_7-,‘!“

R cwrtice, 1971. Femandez et al, 1983) In man, more than‘ )

- ‘.‘,1oo grams ot pmtein is transported back to the cn:mlatlon

¥

: per day (Yof.fey and cwrtice, 1gf0) o T f. S T

'mera'b.lmofpmtejntothevaswlarspaceisjnportant
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: maintenance of mrmal plasma volume Usually a small ammmth
| ofﬁmvasazlarprctejnconti:mouslyleakscutthrsoughthe_
capillary walls and back into the interstitium.’ Scxno have
estimated that about 7% of intravascular albumin em:ars the
ir{tasﬁtial space ha:rly (Iucas and I.edgemood 1983) More_ “
conservative estimates have calculated that.50% of the total
'cin:ulating pu:'otain ‘escapes into the ﬁ'rtezstitimn daily
(MayersSH, 1963). In ‘any event, without effective lyighatic
iflmcticm, a substantial anoint of extravasated protein could"-‘
‘accmmlate over the courseof a day. Nomal oncotic forces
Awmldbecmedismpted arrlfavourtheescapeofo
;-,"intnvascular fluid. into the inte.rstititm, with resultant. .
edenna- formation and cizmlatory collapse 'Ihis lscenario
.fortlmatelydoamtmrmally ocour but illustratw ‘the

'inportanceofthelynumticsystemforthenmntenameof‘_"l\

bothinterstitialaminm-avasanarintegrity
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Anatanic (xnsideratias

Iymphatic msds have been desc:ribed as early as 1622.
when Aselli discovered chyle filled lacbeals w1th:l.n the
mesentea:y of wall fed dogs Anatcmimlly, the . lymphaticx

mpresentan"openlocp"systembegiminginthsperiphery

assmllhighlypenneableapillariesarderﬁimcermllyas S

laxge muscular walled trunks. Certain "privileged sites

lﬂcethscomea, lens, andpartsofthecexmlnewousm
system lack lynq:hatic circulaticrn (Adair and G.lyton 1985a,.

0152ewski 1985) tissues however usually have small

-

vasmlarizedtissuesofthebodyaresubjecttodminageby

ths):_{n@atic system - . . “"—

Iymphatic capillariw are also known as "initial" or
"temiral" 1ymphati- (caseiy—snith, 1970, Zweifach and
Prauzer”1975) 'Ihsy originate as blind ending endothelial

arxiclmmelswhichpemittissuefluidto‘
- drainintoneamylymphaticclmmels. Essmtiallythen, all

lined strucmres within the i:rterstitimn., Lymphatic - »

capillaries are anatcmic cov.mterpa;:ts to blood capillaries e

'Ihey are wider, larger, ) and flattened w:.th
in'eguﬂ.ar haped 1umens and lack a. defi.nite basement membrane .
(Zwelfa ahd Prather 1975. Hurth and Bernhardt 1977 - ,___
01szewski 1985) ' L 8
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'(2)\ 'me erdothelial lining is attermated withl

interoellular jtmctions which easily sepa.mte to form open / l

| channels (I.eak and Burke, 1968, Zweifach. ard Prather, 1975)

Ardmringfilamentshavebeendescribedmuoh

support the 1ymphatic capillazy within the. interstitilm\ by_
.‘biltdirg regions of the abluminal endothelial membr;ne oo‘_
~ adjacent oonnective tissua ‘elements’ (I.eak anrl Burke 1968;
I-h.rtharxiBemhardt 1977) s |

. (4) ’me endothelial cells have been noted to overlap

- slightly. With t.he strategic placaxhnt of the anchorig

£taments (3), it has been hypot'h&sized that a “flap valvhn
jeffect is created vhere protein and fluid may casily enter'_
the cft!lpillazy, but/m/esrs with grester resistancewhenmving :
in the opposite directim (Ieak and Burke, * 1968;, Adair and | |

- V-G.xyton 1985ab)

AL of the above characteristics render the lymphatic"" .
 capillaries higmy permeable, Land promote the rapid- rerovai
.,of fluid, proteinarx:lcells frmntheirrterstitixm. '
IynpbaticcollectimVessels - R T T
Y Lym;hatio oapillari& oorwerqe with others to formu‘ R
‘_"co ecting' lymphatic c’namels ana can'be dist:lnguished frcm‘-o e
the fomer by the prsenoe of valves and a more prcuﬂnerrt Er
1 (Zweifad: and Prather, 1975) Mislin (1957) has |

_-_.* the basic ftmctional unit of the lynphatic Vessel as _. -
S "lymphangim" A which represents that segment of vessel Tl
o subtended by its adjaoerrt valves collecting vessels have a



v,
=

,welldsvelopedmtmbmneardﬂiefirstappearanceof

‘smothm:sclecells elastinandcollagenwiﬂiinthevessel S

\‘wallisobsexved 'niesnalloollectir;gvesselscorttinueto‘ 3
,‘-oczwexgetofomlargeafferent (prenodal) lymphaticducts‘l
whidathenpasstlm:ghonsormorslynmmdesand@exge-‘
- from'the modal hila s efferent (post nodal) 1yn1phatic"
‘.ducts iynmisthmrewmedtothemminatevemsinthe
nedcbyths'nmcicductorRightIynphaticdwt 'Ihese-
major lymphatic trunks are histologically similar in
structm:e to large veins 'Iheir walls characteristically-
1j-have3distinct1ayers ttmicointim tunicamedia tunica
'fadventia mesmoothmsclemcorporatedintomemsdiaof
fuueselaxgeoonectmgductsvarybetwems-ageulayers

‘thick (Jdmstm._lSBS) ehhashi et al (1977) has defined 3
distinct musc.le layerswithinthemedia the im:e.mal_

'..loxgitudinal i.rrtennediate cimmfererrtial anc't external

‘glongitudinal While the ’Ihoraci has extensive smooth

f,musole dsvelopnem: smaller coll vessels are also well
| endowed with m:sc:le ﬁ.bers (Smith 1949) F\:nctionally,

o smooth muscle is a neoessary ccmponem: for the generation of.‘-"_»-j"' o K ,

. —

-fintrinsio lymphatic oowm:-actims

R _' . 'Ihe colléct.ing lymphatic vessels ars supplied WJ.th a |
\ ':'v--"v "f‘l-,“;"ric:h network of mtritive blood vessels (vasa vasorum)

Lo z__;" ‘.:r-looated witlﬁn t.he comective tissue matrix of the adventitia |

S _(Yoffey and courtioe, 1970. Zweifach and Prather 1975)




‘ vasavasorahavealsobeenfomdtopene&atedeepintothe
‘smocth muscle layers of the‘naiia (Ohhashietal 1977)

‘i‘ridxbloodsumlyisptesmednecwsaxytosatisfythehigh
ﬁmetabolic demnds imposedbythe smoothmscle cells (Yoffey'

and. can-tice, 1970, Chhashi et a1, 1978)

| Nervous Suply. . A

- Alsolyimwitmntheadventitiaarene:vmsplems&eof
myel.’mated and. rmnnyelirated fibers. Nornnyelinat-ed nerve .
vfibefsappeartopenetzateirtbothemediaarﬂamconsidered.
| 'tobemotortothe smothm:sclelayer (Vajda, 1966; Ohhashi
et a1, 1982).  The -distribution of - 1ymphatic irnérvation
.-"occursmiy invnsselswhidmcorrtainsmoothmscle c‘::ellsarx:l".
arethereforemtfanﬂintemi:ﬁlymntim (Garletorxarxi"'

Florey, 1927,, Vajda 1966) Histochemical studies have

| dennm'lstrated lyxrphatic imnervation to be of greatest density =
"in reg‘ims adjacent to valve attachments (Olmashi et a1,

" 1082), however others have - fourd o - such regional.‘ -

I“"fdiffererw :Ln nezvous distribution (Al&ssanirini et aJ., -

““"1981) Most imrestigators concur t:hat lymhatic imervaticn o e

is derived frcxn autommic origin Bot'h alpha ,Qnd beta,~ :
B "adrenergic receptors have been identified in bovin&f L
!:'mesem:eric lymphatics (Ohhashi et al, 1978), however,

o T

evidence claimirg that differences ead.st in distribution of;"., L

a thae receptors betweeﬁ valvular and~:lg1tervalvular sggw-;ts S




' for restricted passaga of cim:lating proteins (Gasely-&nith

.?9 o o a I B . ‘ , . o .
- N ' ' o i L v o ’

Pmnhblilityofnynmatic(bllectimVasels | o \
‘e difficalty which prote:lns (apd other ' large S
nolecules) have - transgressing the lym;hatic'collecting .
vvessels,directlycmtrastswiththeeaseinwhidmtheymter‘
‘irrbothely@atic apillaries.uaymetal (1962) found”
‘thatwhilewaterardothersmallmoleculeswerefreeto
"difmseacmssalllymphvwsels free-ec::han?édecreased
sigxﬂ.ﬁcantly when substanc% greater than a MW. of 2300
weretested Tight intemellular jmxctfcmsandacontinuous -
"basementnembramofﬂteirrtimllayerareheldresponsible :

» 1969) 'Ihe pemeability maracter.tstim of

system permit the effective morptim of

,fand pu:cte:ln and t‘ne efgicient transport of
¥ , backtothegeneralsystemiccirwlation.

~
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"n_ ' E Dymph flow is. criticaliydepeniem:upon two prrinciple !

however the dynamic events - t:ruly begin at_r_he blood‘

- caplllaryhinterstitial im:erfaoe Starling (1894; 1896) vas .
thefirsttodescz'ibetheforcesinvolvedinthe';

“deteminatim of * fluid filt:ration ‘across the semipenneable o
apillaxy %m forces’ are @cpressed in starli.ng' |

tion (table I) developed by Pappenhé.imer and SotoRiveraf T

(l§48),‘ and Kedem and xatchalsky (1958) and reviewed by N

L ,Pappe:meiner (1953) andStaub (1974) Co R

| a “‘ “ ‘ 'Ihe Ssa;rling equation reprwents the irrteraction of borth :

. ‘ ';oolloid osmotic a:ﬂ_hydmstatic forces of ‘the interstitial“ l

and capillaxy spacw 'Ihe transcapillary hydrostatic‘y;‘ )

pmsure gradient (Pc-Pi) provides an outwani driving force“’j'”

R ‘:‘and is, opposed by the colloid osmctic pressure gzadient -

B IR (IIc-IIi) which tends to drive, fluid back into the

L oapillaxy e “,'
N : |
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f ' . ' o
~ Table'I

' aV'=RE ((Bc - P) - q (ITc = ITi)}

| gv'= faita ot f1uta fili:raéion bctween vascular and
o xf capillary filt:atim @oefficiam | '
u Pc - hydrostatic prmsqre within the blood capillary -
| | :‘ Pi hydrostatic pressure (irrterstitial fluid pressure)
» ' within the interstitimn' |

q= osmctic reflection coefficient, indicating the
degzee of perneability the capillary wall has to

> 'll'ﬁ’."i " .

? ' plasma prcteins | ’:’?
 IIc = colloid osmotic pressure within the biood capillary
IIi-- colloid osmotic prassure within the adjacent

interstitium

Nomally a slight overall imbalance between hydrostatic

and oncoﬁc foroas is present [(Pc—Pi) > (IIc-IIi)] favoring

a positiva filtratim of fluid into the. interstitimn. Over
ths course of a day, 5000 1itm5 of plasma circulate through

' tIie capillaria in man but yield jﬁust 1-3 - litres of
"‘5. dlt:afutrata (Yoffey “and Courtice, 1970). This relatively

’:’.’

small but significznt additim to' the interstitial pool is

. »WQ<

R



N

\ .
éasily dealt with by' the lymphatics. Alferation of any .one
of the parameters of the Starling . equation however, will
cbviously have significant effect on transcapillary fluid
filtration and therefore lymph formation.

Ithasbeen,assxmedformanyyearsthatthefomationof“

Y ‘
lyx@wasapassiveprocesswherebyintarstitialﬂuidmoves

down a hydrostatic pressure gradient into the terminal
1ymphati<s. ‘Indeed, many early studies appeared to support
this hypothesis. McMaster (1947) found when inserting fine
ne@lwirrto various tissues in animals, t'hat the "tissue

pmsures" were positive and averaged 1.9 cm Hzo. 'Ihese.

';leasm'ements were slightly but  consistently greater than
pressures recorded within the terminal lymphatics (1.2 cm
Hy0). The accuracy and validity of these measurements were
measure these tissue pressures were several hundred times
greater in width than the tissue (im:erstitial) spaces
themselm Second it iscammlykrmmthat 99.9% of
_Mexstitial.ﬂuide:dstsinthe"gel" stateandml:asfree

fluid. Both gel and cellular material could easily plug the
ltmxenandmakemeasm'emerrtsinacmrate (Adairand&xyton,"

1985a,b) .
Inter.stitial Fluid Prwsure

Recentlyithasbeenproposedthatseve.raldifferent'

typ&softissuepreﬂmrescoe)dst GJytonetal(1971)
‘posunatedﬂ:attctaltissuepmsurewasaﬁmcticnof

&



both solid tissue pressures and interstitial fluid pressure
I-lisargmnerrtshowever ledtoﬂmemxclusimthatmlythe

| irxterstitialfluidpteesxnemsreleyantintluedetemirxation'

of fluid movement tlmwghthe interstitium and into the
. lymphatics. | -

| Guyton (1963), in attempts to accurately measure
' inte.rstitial fluid pressure, implanted hollow porous plastic
.- ' 1 .

sphetm intovaria.tstissuesofthe‘body. The implanted
capsules artificially crested small "pockets" of free fluid
in direct commmication with the surrounding interstitium,
Pressuresmeasmedwiﬂﬁnthecnpsdebydirectpnwturemﬂm
a fine’' needle would t'herefou:'e reﬂect interstitial fluid

-

pressure. After sanical inflammation was allowed to -

resolve, capsularpressmwem fmnmdinnmxytissuee‘tobe
negative.‘ (subamic) These sﬁrprising findings were
- later canfirmed by others (Anas et al, 1968; Hopkinsan et al,
1968; Gibson and Gaar, 1970, Taﬂor et al, 1978) and by
those using ‘other tedmiques (Sd'xolander et ‘al, . 1968;

Ladegaarde-Pedersen, 1970). _

| Chargainintezstitial fluidpr&sure, asmeasuredby
the czpsule technique, tend to reflect the dynamc events
that happen within the interstitium. Guyton (1963) fcund
that by ele\mting capillary hydmstat:.c pressure, capsular
.pressureewmldalsoincrease while increas intravascular

'mticpresmmewithintravexmsdextranczused capsular..

.‘ 'presmres to rapidly became more negative.

13
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-'I‘aylor. et -al (1970) determined the relationship’ between

vlymphflwandinterstitial ﬂuidpressureusingthecapsule
method. 'meyfanﬂthatasintexstj.tial fluidpressurewas,

nadetorisefran-ﬁnmﬁgtoOmHg lyn@uflcwincreasedm

‘to, 50 fold. After this point was reached, no further

increase in flow occurred but instead edema ensued.
Medxmxisnsoflynphfbnmtim

The mechanisms by which interstitial fluid and protein

enter the terminal lymphatics to become "lymph" are stl."i.ll
largely unknown. In order for lymph formation to occur, it
is necessary that anmiate fluid pressure gradient

. becomes eﬁtablished If one accepts the evidexmce. that

hmerstitm fluidprasure is subat:nos;iue.ric, andthat the
avemgepressu'esmeasuredwithintheteminallympmticsare

‘near at:nospheric, then the passive process of lym[:h fonration
becanee an urttenable hypothesis. Ra&aer an active process“
’appeamessential fortheremcvalofim:erstitial fluid and
‘pu:'oteinardforthecmtimedmaintexwxceofnegative
interstitial fluid prasure (G.xytm et’ al, 1971, Granger,‘

1979).

mnyhaveproposedthattheintermittentmtionof

tissum frcm mvement or ambulation,lprcvides mcreasw in' '
tissue pmssure mpable of 'pushing" irrl:erstitial fluid into-.
| the Lymphatic czpillaries. ,_Alternatively, other.s m;ggm |
‘that tissue motim irttemittem:ly cacpresses the te.rm.inal

- 14



-'lynpmticsardmemultant recoil ! ofthwevesselsdraws
'mtemtitialﬂuidinbyvirmeofumnegativeprwsures
generated (axytmetal 1971; Adair and Guyton, 1985b) .

| 'meptmpin;act.imofthelazger 1ympmtics (because of

ths:l.rspmtm\ewsnamretocmtract) repr&sentsanobvims'

med'mnism for drawing fluid inbo the lymphatic cmpillaries
Irrt:rinsic contra.ctims and tmidirectional valves could

establishpwessursgradientsleadixgtotlmmvmxtof'

. interstitial’ fluidintotheteminallynphaticsandonmto
ths collectirg vessels (Taylor et al, 1973; Nicoll -and
- Taylor, '1977). Nicoll and Hogan (1978) and Hogan (1981),
 using inicz'opipette- tedmiques- on- bat win;s ‘were successful

at sim:.ltanewsly meamxr:lng both tenninal lymphatic and‘

adjaoem: intezstitial pressures Iym;hatic pressures werel
found to be phasic and ‘were less than interstitial fluldi.

,pressureforatleastpartofthetims Sodespitethefact

:Dtimaveragelymnticmsmwasgmaterthan

tial fluid  pressure, the hydrostatic;gradient

| ‘necessary for lymlntic filling was . prresem: during 43% of |
each cmtractile cycle. 'Ihus the p\mping acticn of the
lymmati& ‘could, * by thejx :Im:rinsic contracuons alone, "
‘gensrate enou;h suctim to_ draw fluid “in from the

".irrterstititm. EE, 3 |
Othertheoriesoflynnuformatim includetheosmotic

' ~pull hypcthesis (Casley-&nith 1983),vand the vesmular-

15

j "transport thscry (O'lbrchoe, 1980,4 Niiro and o'Morchoe ¢ )



| 1985) Boththeorieehavenotgainedwideaweptanoe
Q'zlyrecentlyhasseriwsattentimbeengiventothe

mechanisms by which the lymphatic vessels may regulate lymph
flow tkderrestingoonditions,lymphretmnissaidﬁohe"
"coupled” to 1ynph formation. The rate of Lymph. return must

matchtherateoflymhfomationinordertomaintainboth
. irrt:zavaso:lara:ﬂinterstitial hcmeostasis (Hall etal 1965.

'Giyton et al, 1971, Niooll and Taylor, 1977). Conditions ‘
where lymph fonnation exceeds lymph propulsive capacity,-‘

rsultinedema

‘Important for effective pmpulsion of lymph is the'

interpositicm of mmercus valvu along the course . of each

oollecting vessel These delicate appearing structures may‘

com:ain—between ane to 5 leaflets each (Gnepp 1976)

aredeceptivelysmrdyandabletowithstandintralmninal“
pressuresashighasGSmnl—Igwithoutbwmiminompetent

(Ohhashi 1980) Each valve servas to ensure midirectional

. 16
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' (oentripetal) flow and to pfe‘ve:rt the reflmc of lym;h back ‘. o

¢ into the tissue spaoes In‘t:rinsic and ext:rinsic mechanisms

“have both been cited as being' important for lymph

propulsion. " |

L It has beoane :anreas:i.ngly eviderrt that intrinsic

- contractile properties of the lymphatics provide a major part
: -',of 'che prop:lsive foroe messary for lymh transport (Hall

”/
4



et al, 1965; Campbell and Heath, 1973; McHale and Roddie,
1976. Reddy and. Staub 1981).
Hmon, in l774, first observed spontaneous rhytrnnical

contractionsofmesentericlaotealsinbi.rds dogsand.

. horses sinoethen,manyhavesmdiedlynmticcontxactile
‘}.activityinavariety of species imludingguineapigs, rats,
squirrelscats mbbitsdogsoows,eheep bats, and

17

- man (Flou:ey, 1926, 1927; Smith, 119497 McHale and Roddie, R

1976, Hall et al, 1955 Yoffey and courtioe, 1970, Nicoll and
'I‘aylor,.1977g Olszewski and Engwet 1980, Annenio et al,
1931, Dlszewski 1981) Florey (1927) and Smith (1949)

‘obeerved most lymphatic cont::actions to/‘be pmpagated“.’

‘oentripetally :Ln a peristaltic pattern Oooasicnally, in .

scme of thei.r prepaxations, lymphatic oontractions showedk

litt:le coordinated aotivity 'Ihse and many other studiesl o

‘have demonstrated that most animils have 1ymphatic vessels
‘.‘whichpossess intrinsicoontiactileactivity SR
! ',qc:muc cetheterization of lymph vesseis for prolonged'

mmitoi‘:l.'ng of lymph flow and pressum had to await the

advent flex:ible plastic ;catheters Before th:.s

R developnent glass pipel:tas were utilized to measure these‘ff"" ‘ .
v ‘:'-',1ym1atio parameters under elq:erimerrtal conditions requirmg o '
omstarrt supezvisim. Iymph clots and vessel perforations i

were trequent and frustrating canplications. ‘.;:

I Hall et al (1965) used plastic catheters to cannulate:"f'},,v.



and flow over proionged periods of time. Lymphatic pressures

were rhytlmically pulsatile with a discernable amplitude and,

! .‘frequency Lymph flow, similarly, was pulsatile and ‘not
‘significantly influenced—by extrinsic foroes Campbell "and -
Heath (1973) strengthéned the relationship between intrinsic

18 "IT

vlymphatic oontractility and pulsati.le lymph flw by R

deummst:rating a positive oorrelation between pulse pressuze

and flow rates. Using similar techniques, Niooll and Taylor,' |
(1977) cbserved lymphatic oontxactims to directly result in
centripetal flgwinthebat'swing Inctherstudies, the .

‘ onset of . lymphatic oom:ractions were found to coincide

exactly with the initiation of pmsm pulses measured from
: indwellmg micropipetta (Zweifach and Prather 1975, Nicoll

Intri(nsic contractions have been vitroby

: many invoetigators (Mawhi.rmyandRoddie,v

. Roddie, 19767 J’ohnston and Gordon /1981) Short segments ofyl
‘ bovine mesenteric lymphatics suspended i.n tissue baths

"perfused w:.th ;hysiologic solution (Krebs) showed rhytmical ; B

oontractions to occur with measurable frequency and force’_

¥
’ and Roddie, 1973)

= The. ability for. lymphatios to cantract. appears to reside*-j e
: 1; | within the properties of the smooth nuscle oells within the

~?;b.mj,<z medi.a Using the sucmse gap ted'mique, m\a et al 'li.;?ff'f



(1977) studied the electrical act:ivity of the 1y1rphat1c

"smooth muscle.- In rhytmnically com:ractjng lymphatic”

'segments restingnmbranepotentialwasestimatedtobe..”“

,'-327 +/- 4.2 mV. Each spontaneously generated action
:'potentialwasdxaxact&rizedbyaninitialslwdecayofthe*

‘resting membzam pota'rtial followed by sudden depolarlzatlon

.(SPiJee) and finally a slow repolarizatim phase. CAn.

lnportantobsexvationmadewasthatea&actionpotentialwas
~a.].ways acocmpanied by a phasic ocmtraction. Inothe.r words

.eadalynphaticoomractimwaspreoededaminitiatedbya“

"sirglemaction pothial (Azuma et al, 1977; Allen et al, -

1983)

‘Ihe role of calcitm for :lntrinsic com'.ractility has beenv
studied.. Deysine \et al (1980) demonstrated ‘that raJ.smg .
’senm calcium levels in parathyroidectcmized dogs led toa
| dose-relatad :anrease in ’moracic duct ‘lympn flow. Their
expe.rimem:s suggested that the admini_ggatim of calcium-'.‘l g
'pu:oduced lymph prop.llsive d:anges as a mult of a direct
effectonthevesselwall SRR

R 'Ihe importame of calcium : for action potential

- generation and smoothmscle omtraction has been docmented
i "-for many smooth muscle omtaini.nq tissuw of which the o _
i lyn;hat!é vssel is no emeption (Niooll, 1975) ’Ihe removali o

of m Calci\m frcm the tissue bath or the addit:.on off,_‘ G
"'_,:"-'_‘jf:»:.»:;}»bsoo (a calcim antagonist) to a spontaneously contractj_ng ‘ .
nadnniml wtivity (Mcﬁale and Allen, 1933) Alﬂ‘mgh the T




actual mechanisns ane st:Lll debated it appears that a ﬁee.ly“ .‘
gavailable soume of ext:xacellular calcimn is :meorl:ant forl e
| ‘membrane stability, nonnal paoemakin; generatim and‘ |
E propagaticm of - actim potentials ~and for emitation- C

o ccm:raction coupling of lymphatic smooth xmscle (Nicoll and

Taylor, 1977. Ohhashi 1977, }t‘Hale ‘&t al, 1980, McHale and '

Allen, 1983). =
“'ma Regulatim of Iynphatic C!mtmct.ile Activity
| cuneptofnyogmesis | '

Lymphatic contractility appears to be myogenically

‘corrtrolled ‘Ihe degree of contractile fome that is

expmsed by the lymphatic depends on the amomt of stretch

iy (or vessel distensim) that is applied "In’ cannulated" i

- lymphatiw of conscious sheep Hall et al (1965) demonstratedv :' 4
',_‘p.llsatile lymphatic pressm rose dranatically in both )

frequency and force. (fmn 25 nnnI-k; £o 60 mmig) when the Vessel

' ‘ byclanpmgmemrtflowcztheter Cont:actile N
ity was alsoshowntoirmaseafterﬂuevesselwasmde‘::"‘f'-
”lto distend by  direct (injection of ‘flnid. or by increasing}“ '

".ilynm_éormation with rapid plasmapheresis (Campbell and

Heath 1973 HargensandZmifach 1977)

o Isolated lymphatic preparatims in vitro (McHale andf S
- J:.Roddie, 1976) and in vivo (Reddy and Staub 1981, McHale amf{:":_]_:
{:mmabury 1986) shbw a positive relationship between

erding m ard the Volume of fluid pumped -

o by the lymph vessel 'Ibis bears a marked resenblance to the




‘A2 1

Frank-starlirg vent:rictnar function curve /of the heart An |
\\‘\ }’ "increase in- distending pmassure was' associated with ' an -
, 4 IE“E in mctjon ﬁ:'equency force and fIUidv v
pmp.nem Ovm:distension however led to a dec:ease in |
~ "occmctile effectiverms ' Myogenic regulation is an ., _
| effective medlanism whereby the lymphatics can adapt o
- variable rates of Lympn input by appropriately adjusting s
ooxmctileactivity o : Vo

, Recem: evidenee suggnsts that araduamate metabolites‘l
a“d in Particular thmnb@m Ay be ilrportam: endogenousi\

. mdiators of myogenesis Inhibitors of arachidcmic acid |

(aspirin indanethacin B.W.; 755C) and the leukotrieneﬁ |

‘ fam,:agmist,,msmiz havebeenshommtmlyto suppress
spontms corrtxactions but also t.he contractile activity‘ “
indtxoad by prostaglandin agonists and mn—prostanoid‘ S
oanpo\mds lilea noradranalin, histamine and serortonin&
(Johnston and Fa:er 1933, Johnston and Gorden, 19813
Allen et al 1984;° Jolmston, 1985) 'mey are believed to actb-'].
specifically on inhibiti.ng the generation and( gatlon of |
actimpctentials(meaetal, 1984) . i

'Ihrcmbomne has been founa to be cne of the most potent B o
stimlators of lymphatic oont:.act:ility Its action may:
ralate to its inﬂuenoe on transmembra.rms and microsqnal _‘
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W v'obta1ned systenicany, the lymphatic vessel appears. capable
‘\'Ofmertﬁethemﬁltostimﬂatoryowmmsmeffect
. Sponténeous contractile activity ' (Johnston, 1983)“ It isw
| conceivable then, . that the lymphatics might respond to ef‘ |
myogenic "stretch" | stimilus by syntneeizing ctive |
| Otherregulatoxy factors include

'-‘ ,1985) As noted previously bovine 1ynphati<x possess alpha = :
- ,;” and beta adrenexgic rmeptoze Noradi'enalin stinulates-",
L contractile ecti&ity in,lympnetic Tessels in vitro whige |
" | phentolamme and’ eta agcmists are m@ito:y (Ohhashi ard
_vf“Roddie, 1981, McHale and Roddie, 1983) spontaneous
o _‘ V.nature of lymphatic contractions however appears not to be"'
,direct:lym:derne\n'ogeniccorm:ol sﬁwetetr'odoto:dn (anerve. ‘  .
 “ -.‘”:bloc.ker), and alpha and beta adrenergic blockers do nothing 3
to alter the veesels" inherent xhytl'nnicity (McHa.le anq
‘{‘ Roddie, 1976; Azuma et al, 1977,.Mcﬂa1e and Allen, 1983,;
""" Roddie et al, 1980) 'me role of adrenexgic fac'tors may be:_
B mnnere-.:e humoral medlators have also been found to
o _affect cmtractile act:l.vity 'meee include bradykinin ;
se.rotonm and other classic mediators of inflamatim whiclf
are found m abtmdanoe in lynph draitﬂng inflammatozy sites
(Ohhashi et al, 1978, Azuma et a1, mss,_Jdmstm, ‘et a1,-ff'~"~ P
1983) i L] S B |
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' ‘_ﬂ)atlyn;hmuznisapassiveeverrtinwhidutmlymmtic “
ivesselsactmerelyas"passive" carxiuits for lymphtransport '
Stxwxgpm'opaxerxtsofthistheoryclaimmat extrinsic forces,,

. Episod.ic akelert:al miscle cont::actionscanintmttexrtly

raiselocaltismepmesstmes 'misist.houghttoprcvide

o ptcpulaim suffx,cierrt for 1yiph retum from the extremities B

4 (Mayerson 1963, Calnan et al, 1970, Olszewslu 198%3 and
SO lymphflow (Whiteetal 1933, Engeset et a1, 1977; Olshewski
o et a, 1977) have been foind in extranities after active
muscle cmtraction and exerc:lse Much of the incfeased lymph‘i” B
' hwever is l:l.kely secondary to increased lymph ‘ |

23"

"‘f?i'fonnatim fran augmented blood flow to these tissues'

B (olszewsld et a1, 1977, coata et a1, 1984, Johnston 1985) e
= ‘Iha cmrtribatim of lym;h from the extremities to 'Ihorac:.c
"‘-'il'duct flow is less' than‘ £ (dead;et~a1, 1978). :u: 1s
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‘_.ymphvesselsareoftenfo.mdcloselyassociatedwith

“f.24

LI

'bloodvessels Parsmandumaster(mw), inaninteresting‘,

experiment perfusedrabbitearstosmdytheeffectsof

‘.farterial pulsations on' lymph flow.,When the perﬁzsate vas '

‘,deliveredmﬂetoonstamprasmtlynm flwwasminimal

'rbutwhenperfusimwasmadepulsatile,‘lynm flowwas‘

‘erm:—.moed szsman and Blalock (1939) noted the position of ‘

the ciste:na chyli to lie adhererrt alongthe posterior wall

of the ‘aorta. While it was clearly denmustrated that

'moracicductahicistemal pulsationswere trans:uitted from

; adjaoent aortic pulses, forward flow of 1ymph oould not be

) 4 ‘ |
‘shown(Brow(&s’eeftal,lQu) ‘ ‘th

The inﬂuenoe zapiratim I;as on the regulation of. g

'A'Thoracio duct lymph flow has been s‘o.zdied by mny

L

mvestigators (Hall ot al 1965, campbeu and Heath 1973,"1 {

Browse et al, 1974, Dumom: 1975, Woolvert:on et al 1978.‘_"

Schad et al 1978, Drake ot’ al 1982, Staub, 1974)

1 ,.believe that the pumping action of rspiration is the -

‘, primipal mechanism for moracic duct 1ympg return (nmont |
“ ’?-7.“""71975), Iymmatio pressure fluctuations from mpiratory
";t'}"-'moeim vere shown to Va.r.y aooording to rate and depth of
ffiz:.rospiratim (Hall et al 1965, Schad et al 1978) and we.re SR
superimposed upon :Im:rinsio ocm::actiom (Hall et al, 1965. .‘

G ..canpbeu and Heat’n 1973) Schad et al ¢ ‘(1978) atimted the




B

. “"respiratory pump" could confribute up to-35% of Thoracic

duct flow in, anaesthetized dogs, but Camell and Heath
(1973) showed that negligible changes in lymph flow occurred
after ‘the ‘"respiratory pump" was blocke'd by inducing
apneusis. - In conscious hypemapmc sheep hyperventilatlon

- stimulated by hypoxia had no effect on lung lymph flow

(Coavetal 1984). N
'meuseofanaesthetlzedanmalsmybe mpart ‘the

:neason for these conflicting reports Since anaesthetic’

agents tend to depress intrinsic lymphatic contractlllty,’

t

this may give theé "respimtory- pump” . propo:; ‘onately more'

LI T

importance tmder conditom of anaesthesia ub, 1974)

Althmghsaneevidencetendstosuggestthatmspmtiondoes .

contrihn:etolynphrem:n itappeazstobeaynor
compone.ntinconscims states (Halletal 1965/) m &

\



Summary
- The Lymphatic circulation plays an ierortant role in the
negulaticn of both intravascular and interstitial fluid
dynamics. Lymph flow is governed by factors wnich contribute
to either lymh formation or its transport (propulsion) .
propulsion is achieved through extyinsic and intrinsic
mechanigs howevermtrinsicmechanismsuelikelythemost
important campanents  for lymph  propulsion. ‘Ihe basic
requlation of im:rinsic lymphatic cantractility is myogenic.

‘,Neuml and other: humoral factors may modulate contractile'

'activity, hcweverfewinvivostudieshavebeenreportedto
date.

Ve.ry little is known about lymphatic function durmg the

thophysiologic states of shock. One of the major stumbling _

.blocks in assassing intrinsic propuls:.on (lymphatic pmping)
vmv1vohas *inf:l.ndingasuitableexper:imentalmdel
The difficmlty)has been in separating the effects shock has
cn the pumping act:l.vity of ‘the lynqiaatic vessels fram its

effect's on lymph formatim. Considering the dynamic shifts -

~of fluid that ocour during hemorrhage and sepsis, the

measurement of lymph flow alone, will not discriminatelf )

between factors that affect lymph formticm from those that
s:.gnlficantly alter lymphatic corrtractu,e activity

' met‘rﬁsreviewthereisgoodevidencetosuggestthat
‘the lymhatics perform important homecstatic functions under

physmlogic omditims The implicztion that the lynrplmatic"

I
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systembmay' play an active role in the regulation of fluid
dynamics during hemorrhagic and septic (endotoxin) ‘shock is -;

,anattractiveyetmprovmhypdumis Sincenost:udyto

datehasmﬂm'takentoexaminethisinportantissue the

L '-~~——1:bjectives of this‘thwis were to:
' . (1) develop aid test an in vivo model system which would
, permit the study of iﬁtrimic lynmph prcpuléion

(2) utilizethisnewmdelsystemtosmdytheeffects

of shock an lymphatic pumping
In these studieﬁ, a conceptually simple technique was
developed. The "dtuble catheter® preparation, by eliminating

the influences of lym;h formation permitted the specific

evaluation of 1ynq:hatic»écrrt:ractile activity. ‘Ihls techmque
wasthenappliedtosmckmodelstodeta:minetheeffects of

hemorrhage and sepsis on lymph propulsion.
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AnimlPrqm:atim .
\ A total of 58 healthy sheep of either sex, weighing -
betl(een'zs—35kg wemusedinth&a@:periments.All
4 wexedeprivedoffoodfor,@hmarﬂ&thfoodarﬁ
wtumﬁ%dd 24 hours prior to surgery. fmirty-six
sheep 'anocatedforthehexnorrhagesttm@,andzzsheep
wereusedfortheendoto:dnexperiments

Ixrmctim of anaesthwia was acccnplished with
the intIaveruls administration of Sodium Perrtobarbital\
(Samnotol é\o mg/kg, MIC mamaceutimls, Hamilton Ontario),
with additional smaller doses (2 - 6 ng/)og/hr} diven as
necessarydm:h'gstmgét'yandttm:ghmtthemseofeadx“
experimerrt 1 sheep were intubated precpemtively (Portex,
65-90)anda11medtobreathmassisted 'Iheanimals

» wereTIacEd—m the ‘left lateral decubitus position and the

operative amas‘shavedandpaim:edwith 25%tinctureof

sal.'i.ne) was injected i the msertteric lymph nodes to
) cleérly delineate the lynpk tic vessels. 'Ihe main mesenteric '




P o ' ch

efferent lymphatic vessel was identified orig:inating fram me

termimllyn@mdelying witmnmeileocolic mesentery'
.'mepeu:'itme!.nnoverlyirgthevesselwasdissectedforashozt
| distamearﬂthemmxdjngnesenbericfatwascleared A‘.
'polyvimrlcatheter (Iﬁcrobore'l}rgmmbzl.ng,oo 007in |
ID * 0.04 in., coleParmermstnmttco incago)was~
flushedwithRingers I.actate‘gy-('l‘ra\renolmmc) ad
insertedintothelymphaticinthedirectimretrogmdetoj
..lynm flow. mecetheterwassewredinplace with 4-0 s:ley‘

(Da\risandGeckQIanamidMontreal Quebec)

ext:emalizedtlumxghthecomeroftheimisicn ‘Ihebowa
.'wasreb.mxedintotheabdanmarﬂthemcisionwasclosedm*"..

'layersusin; #lDeam(DavisandGeck)

‘pointofinsertimofthe@theterinthelymphvessel

ok

'naemtﬂweaﬂxeterwaspositionedatthelevelofthe

spinewiththean.imalrest:lnginthedecubimspositmn
'I!'xisheightwasasstmedtobeapprmd.matelyequaltothe

"m:bleththeter"mnmmofmsentericlymtim
&

Changes in lynph flow are ultimately determined by-v ‘l
:factors that affect either (or both) lymph formation and ’
1ynph pmpulsim. Tha evaluatim of. “lymphatic p\mp:l.ng
. activity therefare necessitates a sytem’ that would
"disumuimbmtne vitiaofthsedeteminants<_

: "dwble catheter" preparatim is a mdifimtion of an :Ln - ER
vivo systen. developed by Reddy ‘ard. staip (1981) and Mctiale G
argi 'nmmry (1984b 1986) which dlssoclates lymph KW
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 with 4-0 silk limtures (DavisandGeck) | , )
‘SMgicaldissectimwaskepttoa>‘_'inorderto"
'lpreservelocalbloodandne.wempplytothevessel Both*‘

—_— —

.‘ propulsion frcm lymph formation anaﬂgs enables the study of'
,lymphatic ‘pumping activity indér conditions where lymph'
'fonatimmayalsocontrin:tetonowqum |
| Sheepwereprq:aredarxittmm.inmesentericeffemnt‘
‘vesselidentifiedasdﬂscribedearlier AlO—lScm. length
of mesenteric lyn@uaticwasselectedandcarmulated using tw?, |
polyvinyl mtheters ‘ane placed prmcinally in the directiori.
.offlwandtheotherhserteddistallyagajnstthedirection
of flov (fig 1). This segment of 1y

"isolated" from lymph :an\rt by 1igating all |

E ‘_cathetersvm'eextemalizedarﬂtheabdmnenclosed in layers

'using#loe:m(navisandceck)

'mepmdmal-inflmmtheterwascomiectedtoa
‘-freservoir of sterile Ringers Iactate solution ('I'ravenol' -
CanadaIm)whidaprovidedthemlysanceof ﬂuidj.nputto_l'-\”
positicned such that the mtheter tip was at exactly the same‘ SO e
1evel as the raﬁervoir fluid\level 'Ihis ensured that no
drivmg fome or hydrostatic gradiem: was appl:.ed to the
system (Pi—Po) TR
ol A transmn-al distaﬁing pressure (Pt) was applied to the
4 vessel simply by elevating bcth reservoir and outflow
| catheter equally above the lyxrphatic segmant 'Ihe trahsmral
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\distmw:gmesmwashnreasedtoalevelwhemthevessel
wastriggeredtocmtzact Asthevesselcmmcted fluid
wasdriveninthedirectimpermittedbyitsvalvesardmrt

\thaaxtﬂwmtlwter Asthevesselrelaxed fluidwasdrawn _

\-‘rrcmthamsarvoirwﬂe.rcmﬂitimswherethetxansmral

'Ibe:m'ecanpleteisolatimofthevmselsegnentfrmn-

"f"extranemslynminp.:t themervoirstopcockwasmmedoff

"arxii.nspecticn forpersistam: ﬂcwwasmade 'mefailumfor

‘flowto stop within 10 mim:tes signified that a draining

'1ymphatictr:lbutaxywasleft tmtiedandthepreparationwas
',.,mtutilized.Admeckforactraneouslminp:twasnade'

‘before and after each study
\"mefeattmasofthisinvivoprepaxationcanbe
‘ lsmnarizedinthatam-lsemsegmemoflymaaticvesseiis
" campletely isolated from. ‘Lymph rput, leav:l.ng its nerve and .
",‘f‘v‘_,blood supply im:act and where a ccnstam: fluid disteruug
pressum is applied. In the absence of ‘a hydrostatic
| 7 gradient, the mly way. flow is generated thmugh this system
8 l.is when the lymphatic vessel actively ccntracts |
' Itisinportamtoem.aeizetheaifferemebetweenme

S o "single" and the "dwble" 'catheter prepa.ratims 'Ihe "double
'1'-f""ﬁ.f'.‘:,‘"_,;‘.catheter" prepa.ratim Pem-’lts the measuremerrt of fluid

mlsim (1ma,tic cmtractiie’ectivity) in the absmce °f

frun‘ the "sing]_e Catheter" e :
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+connected to a siliconized plexiglass ’I‘-piece apparatus which
“allowed accurate measurements  of flow and permitted
‘simltanewsmeastmmztsof lym;haticpressmtobe“
.recorded(figZ) mesideamofthelhpiwewasaffixedto
‘a Beckman transcmcer (model 4-327) coupled to a Beckman .-
- dynograph recordet- (model RSll-A) A 10 cn cammla of'.,"‘,
" slightiy smallez diameter than the “oatflow catheter was -
Jooxmecbedtotheranadninglimbofthe'r—piece 'Ihecammla
. provided a small arbitzary resistance ‘to  flow - enabung"; |
,‘1ymphaticpmsxmtoref1ectbackamberecomedbythe
,~ "sidearmtranSducer L -

v..coupled to a separate channel m t.he Beckman dynograph"lffv"_,
--recorde.r Asadropofﬂuidf&medonthetransducerarm,“f_ ,
an inczease in tension was recoz:ded 'Ihe slope of the

: Detennhatimoflynmaticmessn:eammowmta
The = outflow catheter frqn the "'single catheter"-‘

pmeparatim or f:rtxn ‘the "dmble catheter" preparation was

| 'Ihe czmmla was positimsd om:o the arm of 561 iscmetric',. g
- tension transdueer (Gould Statham Model UC#3) vhich' was

| ‘.,;j_tersicm line reﬂected ﬂow rate. s t'he drop enlarged, it.j'
: fell off the transducer ann and the recording was

i .
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: j.}_};,_{autanatieally met Flow was ealculated us:l.ng an on-line.";j_
. ccnp.rter (Medac SJ.OO, Cm)-and acpmsed as microlitra pe'r,‘: A




was variedbys cm increments
Afterashortperiodoftimewasallowedforthe

“Meammxmoodmessnmmﬂmlsemte

‘:Bloodpressm'eardpulsemtesmmaobtainedby

_cammlatingtherightcamtidarte:yusmgastardaxdcutdown
prrooedm:e 'meoatheterwasconnectedtoapu:essure
 transducer (Sanborne 2673) and preanplifier (Hewlett Packard
‘,ssosz;) coupled to a. stripchart reoorder (Hewlett Packard
:‘7706)- Mean arterial mm (MAP) wexe calculated using

R

MAP diasto]icprwane+],/3(3ystolic diastolicpresszre)

In additim.,‘the right exte.mal jugular veinwas

. cormalated. using the  seme incision.] Al drugs and
1,ynedications were administered  througn this line

L Insaneanimalothatlnﬂerwentthe"dwble catheter"
prooedura the myogenic propertia of the "isolated" vessel

& ware studied. With the sheep in t.he decubib.:s position, | the

: isolated vessel lay maatcmically close to the vertebral

arbit:rarﬂy chosen to be at the level of the spinous

gradient) equal to zero, the transnnnral distending pmsm
eginning fran the spine
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. The animals in”" this suny erﬂmm underwent "shxne  ;
,'cathetznﬁ' mESenterlc lymphatic cannulatlon for lymph flow ;
monitorlng or. "double catheter" cannulatlon for 'fluid¥  “ “_
jmq;ﬂsumk&annmnmugm.smay from. uxh pnxannmms mma& o
«  then alloca‘bed into 1 of 3 subgroups 25% hemorrhage, so%llv". B
‘hemorrhage, or’ an exte.mal cantrol group. The experimental " |
pnotoool is ulustratedﬁsdmaticany below.

——.

| Hemorrnage Study o,
‘ ~Bieedfrl :' o  ~' ff 
HU25% Bleed ‘- B
Q. Sl o
fsonoieea e

1 hour | 6 hours . - A

Control o Sl L T
In'ﬂua"snnﬂetxnmeumﬂ'gnmqn lym@hﬂﬂ(‘—andihm@hatk:

"Wfﬁpnaﬁmres nere nnnﬁxmad fbr a. 60 ndnute ;mehamnnmage ?F

.”1f?omnzn  gemiai amter whﬂdn haood was wiﬂxhzwn fram:the}

4

f;canmnd lihed‘Asmmung a: smaq>s total biooﬂ;vdhme_to b&—

-‘ (;i_?,{sy ; cc/kg), 50%. (35 oc/kg) . or ‘0% (0 OC/hg) of blood was.




| removed cver 7—10 m:inut& Lymphatic paramete::s (lymph f1°W

and 1ymphatic messm) were recorded continum:sly for the
| next 7_5'm,imtes,l then for ‘the f‘“‘ st 15
. t ]':El.'lcaf_c‘rth‘. . ‘ '

Bloodpu:essxmearﬂpulseratawm:erecomedeveryls"‘

mirnmes durin; the com:rdl period immediately after
cqup;egim}jpf blood withdrawl every 15 ‘mimites during the .
 £ifoiginencr: age hour and hourly thereafter. The study
was‘temi%'ntedGhansafterhemomzageorupmtheanimal'

Applymgthesamehemormageprotocoltothe"double ‘
catheter" group, ﬂuidmtpxtarﬁlyngixaticprésmsﬁzere'

ccm.inmslymitoreddmdmthecmtmlperiodardforthe
entim 6 hour study period after blood w:Lthdrawl.
Hemodynamic parmters were reconded every 15 mizmta during
tha cml:rol period immediately after blood withdrawl and

N

35

s



Dﬂotmnnsuﬁy&uzp

Sheep from both the "smgle catheter" and ""double“

36

: ‘catheter" preparations were used for this study Sheep fmm

ﬂue "single catheter" prepamtion were placed into 2
. subgroups: those- that received intravencus E.’ coli endotoxin(

. (3.3 mog/)og Difca 055:BS5, Detroit) and those that received.‘
E ;mtravenous sterile saline (10 ce- of 0 9% NaCl §clution,,

.I'n-avenol Canada Inc )

Sim11ar11y, sheep from the "double catheter" reparation )

, were allocated into a grg.xp receivmg mtravepous endotoxin S

(3 3 mog/kg) and those receiving sterile saline (16 cc)

| \Ihe experlmental protocol is schenatically represented below. S

"Endotoxin Study |-

e, e Vo

Ca

' Saline

o J s - .
I o IR
L l L N
< Shd RN

\ | Externsrcontrors
30 mm
Control

N o . BTN , .. . .,
Py e T e R H . ; 5 " "




Iymticp;rsniaters (1ymph or fluid ctrtput and

lyn@atic pressxm) we:re mnitored for a~30 m:l.mlte ccm:rol

periodandcmtimmglyfcrsomimtesafteru
wasinjec:ted Bloodpresmwereta]aanevexymmhmt&
mmbotsthacamlammuyperiods “ |

‘In both the aruendatcodnsmdygmzpsxm“
attéwtwasmdeto \tatet{manimalsmthbloodor*' |

int:avern:sﬂtudsregardleégofm}airhemodynamicstams




>

sted 1ymphatic pr%sures were pul§atile with ’a ‘
, '2 ‘i‘vdiscemable frequm and 1(1 ey
o fairlY regular in :- pr&‘s‘”’“ were

L“

‘ .Press&me mwnewzdixgsﬁm@theterprepmtim

Iyn@mticpzmsxmesarﬂﬂuidartputhavebeenmasured

- in over 75, Sheep after perfoming either the "single" ar the

"dmble" catheter cammlatim procedure A repmentative i

‘I,',acample of a’ présﬁre—flow recording fmm each Erepamtion
underbasal comditimi's is illustrated in figures 3 ard 4. I
‘each figure the top trace dep:.cts lymphatic pressure
fluctuatlons while ‘the bottan ‘ln:ace is the simultaneous S
"reOOrding of fluid deposition fmm %e cutflcw catheter onto
.‘ :Measm:mn:s of Iynph now and Preeszme frun "S:Lngle"
| 'Ihe recordings fmm the "s.’mgle" carheter preparation

[

q

(\.‘

n

in. figure 3( are :epu:&entative examplee oﬁ lymph flow and
"correspondmg lymphatic pressure measuremm:ts In every

l

-_Q s

and distr:lbqted aloag a steady% 3




e

Similarily, lymph flow showed considerable differences

?':Ln'rate between .gheep. In addition, under basal canditions,

lymph flow often exhibited mimite to mirmte variations. in
rate, however overthacmrseoflcmgerthnemtervals,

'lyn@x flow rate was ralatively steady

m,a sheep, mean lymph flow . and average pulsatile
frequencies frun the main mesenteric "duct or its smaller

"tt'ibutaries were calculated over a ane hour period.) The'

“ results in Table IT show average lymph flow was 965.5

microlitres per hour (mcl/hr) while contractile frequency
i was 9.8 pulses per nimte. )

There generally appeared to be a positive relationship

'-betweentherateoflymiﬂowarﬁtheﬁ'eq.xencyofpressum
pulses ' Where pul@e pressures were ‘frequent, - lymgh flow

ratwwereincreased and vice versa. Anattenptwasmadeto

'-specifically relate pulse prasure freque.ncy and amplitudes

tolymphflw, b.xtthepressmpatternsweretoocmnplexarﬁ
precluded quantitative analysis,

| InwrearlierOe:q:erime:rtssheepwemmtmtubated and

Qccasionally they would vcmit and aspirate copious amounts of

gastriccontents Itwasofinterestthdtlmnedlatelyupon
aspiration, a profound deprassim in contractile activ:.ty and

~ lymph flow cxsnsistmtly occurred An example of this
-cbservationisillustratedinfigure 5.

L3
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Table I
Omparisa-xofbasal ﬂuidmtpxt:arﬂcmt:actilefrequemyin
"Single™ and "Double" cathster preparations

/
- Single Catheter Dmblecm‘/heter'

=) (ne12)
Average Basal Flow | |
(mcl/hr) | 965.5 1695.1
Standard Error - 376.0 | | ~ 403.6
Range | 109.0-3484.9 - 27(9.0-3209.0‘
Average Qr,ttfact;ile
'Frequency (pulses/min) 9.8 | 4.0
Standard Error . 2.0 : “ 1.5
Range 5.8-11.9 ) 10.5-17.%_';

[+

. ’ . -
Preparations .

The successful "application of the "gouble" catheter
prepazationinmre)qaerimentsnequirwthatseveral
conditlons mist first be met: ‘

~—%1) The isolated vessel m:st,déndastxate propulsive activity
(2) .The vessel must be ccupletely isolated from lymh input
(3) No hydrostatic gradient can be applied to the system

Dy
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First, intheabsenceofahydrbstaticgmdient the

"{solited" lymhatic vessel had to be capab\lé' o punping
| fluid. Failure to demonstrate intrinsic pmpulsive activity

J,.

by the lymphatic vessel preparatim ‘was encountered more
freqtmxtlyinmrearlier studies and likely reflecbed our

earlyinexpariencewiththepmoedm'e andourfailureto

minimizedissectimandsmgicaltratmaamnﬂthevessel‘

segment. Secord, . it was inperative to ensure that the

- lymphatic segment was ompletely isolated from all lymi")h
. inmput. 'miswascomimedbytumingthestopcockofthe

inﬂavreservoiroffa:ﬂwatmingforfluidwtputfmmthe

outflow cat'heter to, . stop (Fig. 6). In -successful
preparations, flow usuallystoppedquickly, often ‘within the“
firstz-aminutes ]:ym;haticpressureshmer contimued to
'bepulsatilebutremainedrmm'oductivemtilmestopcock.
wastumedbackm Unsuccessful preparations, ina.ddition"

to demonstrating persistant flow with the stopoock off, also

showed evidence of cloudy lymh in the expelled . fluid.
"Ihird itwasnecessarytoascertainthatmhydrostatic'

. gradient was preserrt 'Ihe application of even a *ight »
lhydmstatic gradient could poterrtially drive fluid through
L the vessel segmemdaspitemeabsexmofmmicpm@m
activity. with the verification of these canditions, flow
'frmthissystexncanbnlybegermataﬁasa%sultof'
- lymmatic ccntractile activity (lym;tzatic p\:nrpmg)

N E ) v { e

. " - v
. K PR
e ’
B Sy

41



Failure to satisfy 'the above criteria led to the

- rejection of 7 lpreparatims with an overall success rate of

\

W

" preparations (fig 4). ‘In all such preparations, the pressure
patterns were pulsatile with frequency anplitude and
. pressure pulse waveforms membm-g those fourd from' the

" _' "sin;le cat.heter" pn:eparaticns 'Ihere was' good correlation*':“.- o
between contractile frequency and flow rate._'me arrows L
44--infigm'e4denamstzatsead1presmreptusetobecoincidmt

" about 80% (Table. III) m additim, one preparation was

rejected because a "leak" in the system developed While
mmitor:l.rg 'miswasdisooveredwhenﬂxevolmneof fluidin
themervoir fell farmrerapidlytl'mnmemeasuredflm
franthemtflwcztheter matpremmablyocmrredwasthat
cneofthemthetersbewnedislodgedarﬁeiﬂlerpulledmxt
ofﬂmevmse.leegnerrtorptmmredﬂmevesselwall.

mstmssful"owle"caﬂleterprepamtia:s
"I‘:t'E] ; ,I o . \ ' L ' 8

‘Failure to denrmstrate prop.zlsive activity 5
com'.inuedlynphitpxt L 2
Developed 1eakinthesystem S o

Us:i.ng the same pressure-ﬂow monitori.ng system employed

previwsly, flcw rate and pressure patterns were"
‘simltanewsly recorded from acceptable "double catheter" R
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,wiﬂmthsstepwiseadditimoffluidorrtothetransduceram

madditim,mﬂwwasgmmatedmmirgﬁrbervalsbetweg\l

A

‘eachcmtractileevem: R

Flow rate (rate of fluid propulsion) and pu.lse pressure
.ﬁfrequencywerarecoxded‘fcracnehmrperiodinmsheep
mﬁsrrestimcmﬂitims 'memeanvaluesamshownin'rable

vmilebothfrequencyamﬂuidprowlsimremained"
| relatively cmstam: in any given preparaticn, there was
cmsidemble variationbetwemanimls 'Iheaverage flowwasv" -
",1695 ml/hr and contractile frequency was 14 pulses per

','mﬁnrte;'mesevalueswemsimilartothosefmnﬂinthe
"single catheter“ preparations

'Ihe possibility that raspiratoxy mvemem: could give.
‘risetothed:servedprwsurepzlsesarﬁfluidmtputwas'

'entertained Ineachstudy wecarefullylookedforany

relaticnship bemeen e.xtrinsic fm ani t.he genera::ion of'
' ',;‘lyngintic pressures and fluid propulsicm. since the animals S

' wera anaesthetized respiratim and vascular pu.lsations were

".:'chepu.'edaninarrl:fomasofcomem R&tingheartratearﬁ‘
” respimtimsmrefamdtobeseveraltimgreaterthanthew:

cmsistentintimswitheithsrofthesefoms

cough 'Ihis was reco:ded as a bi'ief spiks cn/Effe pmsure# SR

o
‘] - N LY
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‘traceandwasooincidentwithﬂiemrtflwofoneortwodrops
‘of fluid onto thetransdu?r arm (fig 7) For a brief period

o afterthisevent fluidpropulsionwasdecreased which most
li]oelyreflectedthetimrequiredforthev&seltorefill{
,with mervoir fluid. 'nieoveralloontributimtoﬂwwasl

- insignificant

'Ihe rapid injection of 8 ng/kg of pentobarbital (twice |

e

the nonnal mairrtename dose) often had immediate effects on- ., :

' .lymphatic oontractile activity (fig 8). However in sheep‘
sacrifioed with an . overdose of pentobarbital oontractile-

—

activityand flufdpmg:lsimoorrtimiedatthesamerate for

‘periodsofupto45mi:n.rtesaftertheshearthadstopped

me to. the nature of: the "double catheter" preparation, : _
j_ it was not possi:ble to visuaiize the isolated vessel while'f_‘-‘.
monitoring,, however with the animal lying decubitus the ¢
vmsel preparatim was observed (intraoperatively) to 1ie4;":“ e
‘along the horizontal plane of the Vertebral column Zero X
- .. txansmral pressure was thus arbitrarily designated to be atbif;l'..}j |
the level of the spine After ensur:i.ng that the oemditions‘ "; :. o
‘ ”‘-,.{for utilizing the "double catheter" prreparation were metiﬁ‘ g

H'i‘transnnn:al m was increased in 5 cm mm‘ts

G begiming at the. spine and the. effects o contractile .
| At :anreasing levels of distending pmsure, contractile- l':f



[

frequency and force (reflected by pulse prr:essure amplitude)

showedingemeral aprogmsiveimrease Anexanpleofthe
preesure—flaw traoe obtaimd

whentrarism:ralpreemrewaszem Flowincreasedto164o

mcl/m.inv:tmdistmdingmsmewaslSmHzo bqtas-,'

disterﬂingprressmwasincreasedfurﬂaer flowdeclin@.__

mtheseresultsatrarisxmmalpressxme-ﬂwalrvewee-
gerxeratedarxdacatpositegz-amof4suc;1e)tperimentsis“
illystrated in figure 1o, Although the abso:Lute flow rates;.
franeadzpreparatimwerediverse, ‘Ehegeneralpattem was
similar vmmtrarmmralpressmewaszem, flcwwasequal“"‘
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transxmlpressurewaselevatedfranotozsanﬂzoisshcwn“
infigureQ. Inthissmdy nuidmtpmwassoml/mn‘

tocn‘-'lessthfm31“‘5'-/1“-11'11‘-!1311prepaa‘-’ations Asdistendmg\

declined Peakflowaveraged 1643+/- 348nc1/m:inatan"

average transmral pressure of 16 25 cm Hzo. 'Ihe mean

resultsofthese4swdiesamshmninfigurell.

Effect:s ofstnck m Iynph Flow arxLEluid Rq:ulsim

'Ihe effects of hemomagic and erxiotao)dn shock on lymph

»

o

Sheep The mmerical breahiom for each subgroup is listed




. 4
transmral distending M me the data above a =
suhna:dmaldistaﬂingpresmofmcmﬁzowaschosen
groups utilizin; tixe Sin;le - anmd "Dcuble" atheter

'not:aJ_SheepStuiied ‘58-. - C U
f" "Single" Qn‘.heter Gp 23, Hemrrhage Gp 13 Endotcndn Gp 10" -
PR ‘.I25%Bleed5 _.33mcg/kg4 )

50% Bleeds . Bt contr 6
‘: ’."Dmhle" catboter ep 35 Bemrzhage Gp 23 Emiatmdn Gp 12

B S ‘v_25%Bleed8 33mcg/Rg5 B
| "“.',50% Bleed4 mcom;r 5

DL e

I

Effect:sofzs%ﬁemnhageml'.ynphmow ERRR .
; Baseline blood pressure, heart: rate and lymph flow rates.t
| vere detennined in eath experimmt for the initial ane hour

| corttrol period. : Afl:er 25% of_ the animal's blood volume was .

Fa.gure 12 depicts the dxarqa inlymh flow | and bloodﬁ;!.’5
prassurefollwmghemonhageinone‘experimm‘




; .

il

\i AllSsheepsurvivedtheprescribedbloodJ,ﬁss Ineach‘_‘

}/experiment bloodpressure, heartrateandlymph flowchangesg‘

were expressed as a’ percem:age of . baseline com:rol.~_mef

results aJ:e illustrabed coll‘tively in figure 13.

Mean arterial prassure (MAP) fell precipltously to below‘

50%ofcmmlafterhe:mmyage butreooveredtoso%of

47 -

oom:rol by the first hour and was finally restored by the
thirdposﬂmemomage hour similarily, heart rate dropped in‘

oomo&:twithmtoappro)dmately 75% of oontrol rate bat -
evenb.:allyretumedtobaselinepytheendofthe fmt"'

In these 5 sheep mesem:eric lymph flow (utiliz:l.ng the
7':'7'.‘."55-"913 catheter" preparation) showed an i.m.rease m rate

-afterhmnmge Peakratos averaged 365% of oom:rol but;.

ranged between 146%' and 1253% of control rate. In 2 sheep
lymph flow increased bimodally with maximal flow oocuxr:.ng L

dm'ing the first and fourth ho\rrs after blood withdrawlIn ,

o differem: time oourses Suda variabﬂlty contrib\rted to the



“volumewasremoved L "‘“';v

e

._‘k»-variaticm frcm contxol oyer the followi.ng 6 hcur study
f rperiod. O : o

. 'Effectsofzstammngemnumm:pum
Baseljneblwdpxeésure heartlateaxxifluidoutprt
. from 1ymphatic pcmpulsive activity (usirg ble amem o -
preparation) ‘were detemined during Ehe initial control

- periodineachsheep afterwhich 25% oftheanimlsblood
N Oneani.maldiedat 160m:l.m1tes£rmntheprofotmdeffects
"“oﬁ ahock 'Ihe lymphatic respcmse was initially increased
"with i flow rate of 196% of control bt by 60’ mj_nutes

| pmping activity bemme depressed and renained less than 5%
of corr!;rol um-.n the animal's death. One other an:lmal died.:":i ’
| ‘-:near the completim of t.he study per:[od from an inadve.rtent N
| int:raarterial injection of pentobarbital \ '




| Flu.idoutpitforead'thrperiodafterbloodwithdmwl‘
was calculated and e:pressed ae a percent of ttxe\"“
prrehemm:rhage cmtrol in 8 sheep studias. 'Ihe collective"-
.‘data isrepu':esent:ed in ‘figure 17 and table v 'ma volume of "
fluidpl.mpedwasbetter than - 120% oftheprehancrrhage

:’cml:mldnringthefirstShansandmmthan)éo%of

-“_‘vcox'rtzblbythesbcthhmr . R
'I‘hiswasquite diffecrentvmmcatparedwimtheaverage[“

kfluidmtputtrananextemalccntmlgrmpconsistmgofs

~sheep (fig 17 and table .V) In “this gmup sheep were g
a:aesthetized and m'xdervmt the same suxgiczl instrument:ation*‘.‘} .

'gmzpmtwemmtbled.nn-ingthe

':1,.,"['i':gcmxol ‘over: the next 2 hcurs an& g:adually declined to,
- ":_i‘-:‘.l-apprmdmately 40% of com::ol cver the final 4 hours of the

( .

st

‘hour flwwassteadyh:tfelltoso%of;"

a9

L 'control groups were significznt using an analysis of variame Co i

| _;.»,_‘,at 1 4 5 (p<0 ozs) and s'_hour intervals'_j'p<o 05) S e

Figure 17 also expresses.vthe rate of fluid propuJ.smn in -




s

"'l‘abl.eV

v Flow (% Contml) o

| 25% Bleed (n=8)" 143.4 120.8 129.8 157.7 169.2 263.8.
st:andard error 2706 _2‘6'.5_,‘;\"45.52, a0.2 "“44'.‘3' 95.5
Ext:cmtr (n=5)_ 6.5 62,7 4.8 3.6 aa. 1 436

standarden'or "1o.o‘ 1. 5‘ - 23.5 -“_‘2‘21.5 22. 1;‘, 17\.‘9);-".-"‘
Uhpaired'rtest p<0 ozs 0.1 0.1 f, 0. ozs o 025 0. 05"

Ra:t-.io (Hm/corrtr) L 2.23. 1.93 2.89 ‘3;.615" ,'3'.‘_83  .‘:6-'..05

I.ynpbata.c Pzeasur:e Changas mllow?mg Hamrmage ,
Hemrmage stimnated lym;hatic oontractne activity e
I.ynphatic pressum recorded from the ‘"double catheter" ,
Apmparation showed pulse preesure frequency and. amplitude to.,:"-.;:"_ g
J.ncrease comanitant: with flow aft:er a 25% hemorrhage

“gﬁ,(fig 18) Similar f:l.nd.mgs were observed from‘ "singlel:’.f'j.”.f"":':.:v“’“'l
Effect:s of 50% Hemtnﬂ:aga o Iynph Flow ani Flmd prcgnsim
Mo animal survived the profound effect:s of shock when

L bled so% of total blood vclmne 'Ihe duration_ of survival was_-f'f:

| "f'-for tis reasonwas abbreviated’ (fig 19)




I.ynq:hflowfranSSheepshmwedagmeraldeclinein
.rate.” In 2 -animals, anhutiﬁltransientnmaseabove
“‘omt:mlwasnotedbefmlymxﬂowdecreased Inone
_ animal, lymh flow remained above control rate for the brlef'.
"r.butentirelerx;thofthesb.ﬂy wﬂwfmnanomer‘

.\,.

an:iml tzm'xsiently rose above ccmrol just prior to death.

- Fluid pmpmsim recorded from 4 other animals showed |
v.varj’.able i-esults when bled 508 of blood volime. Lymphatic
p\mpirgwas initially above contml rat& in 3 sheep but m 2;_

: »v“_of thesa 3 animls flow gradually dropped be.low control o
f‘ptr:ior to death. Fluid prdpulsim was ‘initially 50% of -

‘,com:rolinmeanimalbutreachedcontmlrat&°atthe€m\e
of deathg v ‘ A ',.,‘?“ 5 ,'
‘ L ‘ L] o ;‘ . ’ ‘ ", o5 °
Y i T o o
5 g ! ; s ".1 )
: o’ s .,‘V‘ ‘
3 . S

v 51‘ . " ‘."‘,.



v,’fadmmistratim of erxiorbcod.n and contimzed'«until the ezﬁ‘ﬂ-‘of
the 'study' F:x.gure 22____illustrates the effects of endotoxin"'on' |

Vo \
Lo U
i A

' o \ Ay

. , | .

" )

s . .
' hed T
- RN

. v . r ' .
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‘ Effectsofﬁldotmdn (33mg/kg) mbﬁasmtericlymxmow

‘e rapid injection of" i:rtravam:s endotmdn (33

vmg/kg).reaﬂbedinadramticim:reaseinlynmhflowinall
vy sheep studied (fig 20) ' Flow ratés’ pealoed temporally
",’betweensoammmimtesinanbutonesuny Peak flow
:rateszangedbemeenlzomzwmclyminwimanavezagepeak
"“ﬁ':flow of 1923+/-‘42 mcl/min Neartheendof eachstudy

b

-"experinmts could be illustf-ated —in figure 23.“ Lyxrph flow
| attained an averaged ma:dmal rabe.of 644% of control at 40 -
PR ;minutes- afterwhich fhow pege sto decline ;13

Incontrast lymphﬂw' sactemalcmtmlsheep

showed 1itt1e deviation fmn basal flcw zata throughout the
ent:l,re study perloq ‘Ihe diffe.rence betmen th&se two gm.tps
‘ | was significznt by analysis of variance (p<o 025) -
| Effects of mbtman (3 3 mg/kg) m Flu:ld qumsim

Utiliz:l.ng the "double cat.heter" preparaticn, all "5 sheep

- .“"“mj lsly' with erﬁotoxin (3 3 mgﬂ@)
= qe;mstrated a rapia £a11’ irfﬂuld pmpul&'»ion (fig 21’ The
. decline in’ fluid wtpat began 5 =10 minites’ after the

t:

o
Vot

-.?‘
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-~

frequencyandmuplitudeofﬂlepulsepmssuresshwedmarked
suppressim. _ Concomittant with this, fluid output
progressively decreased. '

Figure 23 campares fluid propulsicn in 5 sheep injected

wimaﬁotmdnwiﬁxSextemalommlsheep 'Iheextemal

‘cantrol sheep underwent tha "double catheter™ procedure as

salihe instead of'i';._ 4 h. In sheep  injected w:Lth
endotmcin fluid pszulsion rapidly dropped to 6.9 +/- 3.5%
of baseline control by 50 mimutes. nﬁld propulsion 'in the
extemalcmtznlgrmpdlsodeclined butto463+/- 11% of
com:mldur:lngthesametimeintexval The difference' in
flow rates between these two groups was statistically

were injected with 10cc of sterile

signifidant: using an analysis of variance (p<0.01).

D.n’ing cone "dmible" cannulation procedure, a "single"
catheter was used to dammlate an adjacent lynphatic
trih:tarysudxthatjnoneanimal pothfluidpropulsicnand
lymh flow could s:lmiltanemsly be manitored. The results of
‘missmdymmmeabcvefnmmsaxuaresmmmﬂgure

. Aftar endotoxin (3.3 mcg/)og) was injected lymph flow
peakedat_AA%—stof corrtroL at 40mimrte£ Incontrast
f‘luid prepulsion fell to below 10%%5 control by 50 minutes.,

- No animal survived follqwing . the , intravencus

- acninistratien of endoto:dn (ortality 100%). Death cocurred
- 'ﬂeconia.ry to p.llnbnaxy edema‘
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DISCUSSION.

EbcperthalDa;ignarﬂPmoedxm |
Several aspects of the experimental design will be

discussed under the following subheadings animal selection‘

am preparaticm, surgical- (technical) consideraticns and
evaluation of the experimental model. - P
Sheep were selected for ocur studies. 'Ihese relatively
docile animals were easy to work with and were sufficiently
large enough in size to- facilitate surgical instrumentation.
Halmagyi and Gillett (1967) have reported tné't' the sheep is
an mellent model for shock studies. Bothd ventilatory and
metabolic responses during shock share more similarities with
nenthan_dootheranimlspecies;»Becauseofthis, anumber
of authors | includi.rgwrselves have ’used -sheep as an
| Since sheep are :inninam:.animals; we anticipated’a
- significant incldence of vomiting with aspiration during our

experiments. In earlier studies, sheep not J.rrtubated}

ocegsionally vcmited} and - died shortly afterwa.rds from
! aspiration. . In . these animals, the almost  ‘immediate

s@ressi_m. of lymph £10w and pulsatile_._lwphatic

contractims was. an’ interesting and characteristic feature

k)



Pr:iorbosm'gery foodwaswitlﬂueld for 48 hours and
both food and water restricted 24 hours preoperatively
Aftertheirrhmtimofmﬂuesia allsheepwereirrtubated

ﬁinattemptstopu:otecttheiraimyfrunmisoomplioation.\.
'n:euseofanaesmesiadm-i::gttmeemperimentswasan
important consideration. Schad and Brechtelsbauer .(1977)
found that both halot.hane and pentobarbital reduced ‘Ihoracm
duct lymph flow by so% in -dogs. Whitwam et al (1984)
similarily found that l% halothane decreased Thoracic duct
lymph by 2 mch as 59%. Of the seyeral explanations
: prmposed for these observations,, suppression of mtrinsic
lymphatio pumping was = a™“suggested mechanism (Schad and
Brechtelsbauer 1977. Whitwam et al 1984) Halothane
Y,'anaesthesia also requires the use of a ventilator whlch may
inQitself affect lymph - flow rates and adds yet another
var:lableinstmdieeusmggeneralanaesthesia (Browseetal
 1974; Woolverten et al, 1978). \
' -Beoause of the delioate nature of the canmulation
pmcedure and the frequency with which these catheters
, beoamedislodgedwhilesheepwereallowedtoawakenmtheir
: metabolism cages/,we elected to use- anaest‘hesia. In order to

halothane and assisted ventilation. Rather, perrtobarbi’cal
'vwasusedandadmhﬁsteredtlmxglurtthesmdyassparingly
', as possible to just maintam a level of "ligm:" anaesthesia
' 'mcmstudia, itwasquitelikelyﬂ'xatthefailureof
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| Some of the "double catheter® preparations to exhibit pumping
actiVity was due to "anaesthetic effects". Bolus injections

of pentcbarbital given r.apidly often had inmediate effects on

1ymphatic pmnping activity.

The cumlative effects of prolonged anaesthesia on lynph.,'
'oou-rtractiomsaremtknown 'nmgradualdeclineinp\mping‘

activityintheexternaloontmlgmxpofmrstudymybe

the result of the chronic effects of anaesthesia Most -

irwestigators, including ourselves, would agree that

experimerrts perfomed on conscious an:haal would be .
prefe.rable s we hive became technically proficient the -
needforanaes&esiahasbeomelessmﬂcurreﬁtlyweamnow,

corﬂuctingexperimentsonomscimssheep .
' Eooliendotmdnwastheagentselectedtosinulatethe

carditions. of ‘septic shock. Some have angued that neither ~.
endotoxin nor live bacteriﬂ infusions will ocxnpletely '
reproduce the characteristic high ﬂow, low systemic"_ ,'
resistanoe state. typical of early mnnan sepsis (Avila et al o
1985). However, Mathison and Ulevitch (1983) .claim that ) |
' severalexperimntalstudieshaveéstablishedthatendotoxin, o
', and more specifically its Lipid a componerrt is able to.

induce most - of the pathophysiologic changes observed in

septic- shock Observed differences betwem clinicel sepsis."'
and animal models were likelydue to species differenoes and
falso the fact that most ixmtigators use relatively large -
 doses: of erxiotoudn vhich ult:l.mately resmt in short snvival o
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‘spansl In addition, ‘the . natural presentation of clinical
sepsis is more often masked by a:;gressive fll.Ild and -
antibiotic management such that even hypotension and feverl
beccme obscured find.tngs (G.lmp 1983; Borzotta and Polk
" 1983) | .
v'nmuseofexidotcudnhassevemladvantages A}mmm“
-qtmrtity 'in a s:Lngle intrave:ms injection may be giveg o
Since its effects are reproducible, its admimstration can
therefore be standardized, | o B
Alﬂiwghnoanimalmodelwillccmpletelyreproducethe‘
: characteristic featum ‘of septic shock intravencus'
| “endctoxinremainstuebest;altemative forthepm:poses of
Surgiml Omsidetatims -
| mrpreferemetocammiatethemtastirmunphatms'
vwasbasedonseveralpoints Itiscoxmmlylmownthat'
between 80-90% of wtal \lym;h return comes from the 'IhOI'aClc‘
duct (Cope and Litwin 1962, Vrein et al 1977) Most. of -
o *"'nmcic duct 1ymph is derived frcm the splanchnic bed with~
____e——-—\zo% of its volume and 60% of its protein origmating fmm the .
B intestinai tract (Morris ) 1956)  The physialoglc
m ofmtestjmllymph | rettnntherefore becomes 4

ST .,easily visiblez{ithin the mesenteric fat and would wn-.hffﬂ -
»:‘;.,;_;;vr,:‘,..:_*i‘patience, accamnodate 1arge bore : camete:s ‘Ihe mm , |
efferent lymphatic was usually single and of aweptable_»f;‘

A!,

e ~'



‘?58"\:
‘; ‘length for use in the "double @atheter" procedure It was S
easywmtwtmeseprepar?-\tionsfrmnheatarﬂevaporati B
, "lws%bysimlyplacmgmebmmmcknmomeperitme:\z)

T cavitymem it could mﬁwwi‘tmn its naturalenvimgment
o 'Itmsh:pcrmmttoadtmetobasicmmgimpmip:es."
dur:Lng surgery. In partiwlar,‘ meticulous atl:'em:im to 5

‘. hemostasiswas inpou:'tantbecause of its consequemw to .the

study In addi‘tim, tzaction omthe m%enteric ped.icle was
‘-avoidedanddissectimamnémevesselwasmimmizedto' |
R ensqre preservatim .of. ldcal blood and nerve supply 't the
Sy "'Ihe "double mtheter" preparaticm represents the only
e means by which lympl'zatic com:ractile activity can be 7_‘.'7
/evaluated in vivo 'Ihis irmrative approadm has evolved from .
theinvitmexperimemscormctedby}ﬁIaIeahdRoddiel [
(1976) Initially, small segmem:s of lymphatic vedsel were

' smdied by suspendmg—than in tismxe baths ta measure

. e RN

one could state that the cooniinated activity of lymphatic
o contractions could generate :_Aow, reetdred the develoment of |




A

e

they clearly dabnstrated the’ myogenic properties of ﬂxe»' |
lymphaticvesselbysrmirgapositiye relationshlpbetween-'
mnsx!uraldistendhagpressm'eandflow.Astransmn-a.l:‘,
.. " phessure %as made to increase, lyn@xaticp\mpingactivity;
Igincreasedtoama:dmmthendecreésed s |
‘ ‘memovetoinvivosmdiesusingthiscmoeprtwasflrstt:'
reportedbyRediy and’ Staub (1981), and 1aterbYMcHale and
'momnny (1984b 193,6) O.lrrem:ly this laboratory is the
only tm to use this odel system o study ‘the;‘

patho;hysiologic states of shock

a0

Itmnneve.rbeovpreumasizedthatthemeasurementofi
a lymph flow from an irdwe;uing lynphatic catheter remains a”
poor method for: evaluatin; lym;hatic contractile activity
Measmanentsoflymphﬂwalone@nnotdigcrimimtebetween.

. e

59-' |

changes that occur in lymph fomation from those that affectj o

/‘ lynph pmptﬂsim. m.o. prd:lem becqnes exeuplj_fj_ed when _
: attemprting tO evaluate 1Ym1atic contractile activ1ty 1mde.r '
o the oonditims of shock whare fluid filtration becomes

B fme udouble catheter" " preparatlon however' isa

conoeptually simple technique which isolates the lynphat]_c": ik

msim fran lm fomtim‘ ,' Imatic com:ra e ‘, v i :



‘the in v1tro preparations of Mc:Hale and Roddie (1976) and
w1th the in vivo smdies o:‘? Reddy and Staub (1981) and McHale

ammonthy(lsss) Alﬂxmghma)d.mal flowrates occun:ed

athigmrtranmn-aldisterdingpmminotmstudies,‘

methods  for astabush.mg ‘reference - levels of distemj.ng'
prasa:rewere differentthanthosedescribedbythe'

"‘:mvutigatorsabove
. : ~ ..
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Hennomxageisof'&!namstdevastating conplicationof‘
tramna Fo],lowirg hemorrhage re-expansion of the vascular‘_
space ith protejnand fluid is ofparammmt importahce‘

2 -VVWith the vast std:;eé’ .

I

. ol

contributes toward the r:eplenisl'mem: of plasma ﬁolxme(\ o
?"fonwn,g henmrrl':age Shires et b (1960 mg) found o
that w}m dogs were bled using a. modified Wigger s pmtocol L
""‘ia signifidant extr.avascular fluid deficit developed desplte‘\
the retum of all shed blood Using a similar shock :
protocol Hop]d.ns et a1 (1964) discovered that a - 20%1-"““]
dalauated and what actually as fotmd experi.me:'rtally.>‘- |
T supplemental additim of fluid to the plasma volune in‘ these |

B dogs was attributed to the interstitial transfer ofﬂuid

Itisthepcp:larconceptimthatfluidnmenmrtfm

interstititm im:o tha vascular Space W about thmgh TN
i“teractions that occur at the micmcirculatory level and is
" ‘.‘4"‘v"fr';:;_i-pr@jctable by starling-s equatim (table I) Utilizing thls -




i undisputed Oope and mwin (1962) have argued that several
events still remained m'xaxplained First they coxmnent that« |
the spontaneous restoration of plaSma volume takes many L
‘hotrrs vmilethenpidevmtsofmicrovaeauarﬂuide:mharx;e B
takesplaceprmptlyovermixmtes - Second, t'.heStarlin;
| ,effects offer no provision forr the reumx of i.rrterstitial ‘
protein back to the. cimﬂ.aticm.. cnearly, fmm Ccpes o
axgxmtsothermectmnismsmstalsobe involved.. L f
s Oope and Litwin (1962) recognized the importa:we of the“» ) |
» " A“..I“fllynuxatic §ystem for- mamtaim.ng hcxneostasis ard popularized" _
) l _9 R t.he theory that the lymphatics may draw upon inte.rstitial
| m and play a principle role in re-eocpanding a |
diminisheg! Vaéallar space follwing a significant blesd, I o
‘ their study dogs vaare m:mitored for 24 hours follc#:l.ng a
‘;‘sublethal hemom:age (308 ot blood volime withdrawn) a 2-3.‘_'. S
| v foId increase in 'moracic duot flcw was noted during the L
first post-lmxorrhage hour In additim, the ammt of“"f L
prortein rebmmed ‘over. the 20 hour period tgas twice what was
initially lost fmn the blee‘ Shaffiroff (19‘43) bled dogs :
g blood volume and found 27 grams of protein STt
S (equivalent to 360 o whole blood;‘ the
L 1"";:_:;""moracic duct ovg 27 hours |

— .




lymph flow to increase after bleeding (Smith’\?t al 1965,

\ Bemn et al, 1969: Demling et al, 1975, ‘Todd et al, 1978,
| mlaa:ﬁ'niomb\ny 1984a), Meothemhaveshown flow
'_ rates to decrease (Wessely, 1958, Alican and Haxdy 1961,“_
- Glenn and I.efea:, 1970, Williams and Clenncnt 1973; Hidai et
- al, 1958, Hayas:ni et al, 1979). Oft:en an initial u'ansient‘
- increase in flowwas mtadprior to a susta.ined £all in: iymphj'?

| cm:put (Wessely, 1958. Oopeandmtwin 1962, Hopk.ms"al
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‘1964, Hayashi et al 1979, Pcwer and Br.ace 1983) '.mese

- studies hawever ‘ differ significzntly in methodologic
- appmada ma}d.ng canparisons betmeen each diffiaﬂt, if not'

'inpossible.‘

Critiml analysis of these studies reveals several

camnm flaws to exist one- of the most important of- which is 2
the dxoice of hanoz'mage prot:ocol selected By far thex
majorr:ity of the above studies have used a nodification of"

'l‘f:;l-'f'v“Wigger" ‘hemn:hage pmtocol Animls were bled to a =Y




andare, as a result placed atavtrea :

?Posthemrrhagebloodpr&sureshouldmtf dependentuponv

the expenmental protocol ut on the effectiveness of the'_‘. |

| gmlml's ompensatory mechanisms

Afarbettermethod employedinamexperiments isto~

_bleed animals aceoﬁ@ng to 'a percentage of total bloodli'

.volume Herehelmrrhagebmmtheprimrydismmance and
"Ahypotension the cmsequenoe  The canpensatozy mechanisms

midleffectarespansetohanorrhagecanthmbestudied.ﬁ

e

; Arwther/_\ticism of these sﬁadies is the shoft study |

) period used after hemorrhage.\Study periods as brief as 2.

haveccxnbmedseveraltaetsusing ”dmgeandfluidsw

‘ ‘Jwith hemordxage (Power and Br-ace,:1983) 'Ihe resulting‘

‘ detract’!mm the value of their conclusions

¢

Vb

| "Lcm'-lfusim as to which cause created what effect severely‘ |

O.xracperimemsterdtosupportwpeandmtwms'j_.}“

origénal ‘tenet.. In our suldy Wé ﬁave im’%tigated the
.‘ effects of hemormage on Mm lymph flow in thevv,l.' |
anaﬁsthetized sheep When sheep were bled 25% of bloodu'; S
. vclm' lynph ﬂow j_ncxeased wlth peak flow rates averag.umg.':{ L
o **7;:7;'365% of the pzehenermage cmrtmol- The 1&99 “error. bm
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vtheoreticallyberettmiedtotheplasmapoolover% hours %

Iymphﬂwreﬂectsmtonlythex;ateatwhichlymphls
: ‘also the state of lymphatic flmctlcm.. Since most

assume “that blood | flow and therefore lyngh fomation is.
dim:!nislmd to most ”non-vital" systems including the
gutfouwmghenmrhege (Abeletal 1965; Seeligetal
19815 Rosenfeld and Cooper 1982),, the[l.z:ossibllity ‘arises

that an irpreax.%e in“ lymphatic pumping could moblllze

o

[ A

i:rterstitialstomarxigiverisetotheobservegluxxeasem'

(s

- Itcanbearguedhmver‘ﬂxattheim:reaseinlymph
l-;,ﬂowcwldhavesinplybeenduetomicrcvascxnarchangeﬁ

lymphﬂow. LR o e e

transvascular filtzatim during (hfpctmsiog could poss:.bly
occur frcm a change in @apillary pemeability (Holcroftand

mmkey 1074 'Ibdd et'al, 1978, Mid'lel et al, 1981) and/or
f:un an elevatim of capillary hydrostatic pr&ssure (Pc) _
: secmdary to poétcapillazy venospasm (Be:man et al 1969
A Deml:lng et ‘al; 1975, 1980 Hara et al, 1984) Because Qf
this dcubt 'the,signiffeanee of 1ympzetic pumping activity '
4 using lymm flow'as a criterim, becm cbscited, ’ RO
‘ v"'-'.me"doublecaﬂwter"preparatimasdescribedinthe K

Slhis ézeates a: m'xique opportmuty to evaluate 1maue
:Lng vactivity "'.dm'ing shock In cur study sheep bled 25%

whic'h favored dn:reased lynm ‘ fdrﬁatiori. Increased '

s ~‘

ISR
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ptopulsimms observed | , u"._ '.

1975) Hopld.nson et al (1968),' us:Lng ouytms perforated"
@psule ﬁedmique found interstitﬁ.l fluid pressure dropped
fmn; -2.03¢( to —664 mmHg after dogs’ were bled 'Ihese

findings were co&fj.nned by Ié.deg‘aa:deﬁarﬂ Pedersen (1970)

' using the ik teémque Since. G.lyton et al (1971)* has
| emphasized the importame Of the 1ym;hat1cs for ma:lntainirxg“

. negative interstitial/fluid pressu::e these observations
‘ imply that ‘the. lyng{atiw can- im:rease suction forces to -
obtain fluid and pz’értein fmm the irfterstltim follcwing af'f'}‘ '.

“blocd loss SR A

\ .

r
> l»w ‘, . . ‘., l

. v
+

'me seventy of hanonhage is not only an important
determinantforsmvivalbutalsoforlymphflwardp\mping i

of blood volmne {ienmzstra&d increased lymphatic contractile
agtivity with a multant mcrease in fluid pro?ulsion No -
correlation between reépization or heart rate and fluid'!"w !

Ou;' findings of inc:rease& lymphatic contractile activity
integzate nioe.ly with ouiér i:elated smdiees‘pcmaneous |

66 -

activity Aninals' that were bled so% of their blood volume RN

@ demnsta:ated cmly a t:ransient increase in lynph flow, however LR

flow usually fell well ‘below. contml soon after, Similarily
lyn@atic pmp:i.ng activity}was'often increased imtially, but B

it too declined Moxtanty i t.his gmup o: sheep as. 1oo%"1 T
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‘arﬂﬂzeeuxiyperiodbe@useofthiswaswryshort. Because '
“death ensued quickly, definite conclusions’ about lymphatic
'com:ractile activity wete difficult to make. Likely a state
‘of vintractable" shock was reached with this massive amount

of blood loss /vmereby all mechanisms for sxnvivai" Smludirg
'lymxaticpmpi:gwerelﬂcelytobecauecvemhelmeclﬁor fail _
.fzmtnepmfo\meffectsofh,poperfusim. . ()1//
/'memechanismwhi yregulatethelymphpunp
dur:lzi'ghemorrhagearemnemlyheinge)q:loredbymis
"_labomtory By exper.‘imental design, the tzans;mmlfl-'\
'distending ptesQJre used i:n the"'deuble.catge
greparaticm was kept constan{ Changes observed were

_therefore not regulated myogmically i‘ dependent upon

ﬂfé.ctorswhidxinfluencelynmprodxwtim." '

.o
-

\

Sincethene!msmlarsumlytothelynphaticsegnent
- wasinterrtiomllypﬂ'-'&erved bothneurogenicandhtmnral
-vmediators may play an inportant mle in regulating the 1ymph
! 1pump Hemonhage classiglly invokes a strtmq sympathetie
| response (hien,’ ,1957.. Bond and Johnson 1985), it is
'possme then that adrenergic stimulation is important for
| ing activity I.ym;i'xatics are imervated by autoncmic
fiba;é"(m{}iwea in, the introductim) and can be directly
affected by bottl nm'adrenann and adrenalin Florey 927) -
found that Ioeall:y injected adrenalin caused rat mesem:e.rlc S

'“ lynplmties to vigostly pcntras:t and go into spasm



founil noradrenalin  increased contractile - frequency in
{ 3N . . '
isolated bovine mesenteric lymphatics.

McHale and Roddie (1976) studied the effects of

‘ ' 8 ' : ‘ .
noradrenalin in a canmilated isolated mesenteric lymphatic

preparation (in vitro). While noradrenalin  invariably
increased contractile frequency, fluid pamped.by the vessel
'was increased only in those with low résting freque.ncies.
Noradzenalininhighdosesdepmsed flowby ?using
desynchromzed "fibrillation-like" oontzactile activity
Allm et al (1983) demnstrated that in low doses (100

ng/ml), mradre.nalin had positive imtropic effects. In high

cancentrations  however, mradrenalin (10 mog/ml)
. o

: sigrﬂ.ﬁicantly dismpted lymphatic smooth muscle electrical .

activity causing “increaséd action potential‘frequemy and

disruption of regular spontanews pacemakin; Separate-,
'indepenient pacanakers spontaneously formed resulting in
’dmyndmuzed cantractile’ activity with a reduction of

'medlanical ;xmlping effic.'l.mcy SR i ",

‘I‘he effects of - eatecholami:m on lymphatic pmnping
'hbactivity in"vivo has. recem:ly been studied using techniques. '

'_ similar to. the "double catheter" preparation (Reddy and
_;....,Staub, 1981; McHale and” 'Ihombury 1,984b, 1986) . Intravenous
| infusions of. inoradrenalin (o 2-2 0 mog/)og/min) caused an .

-~ B A . \ S :
“.'“‘* . i L i ) N v T o | B [ ]
< .o H . . . e .

e ;increase in comzactile freque.ncy fluid prop\ilsim but (
isoprenali.ne (lmog/kg/min)czused oppositeeff .In.'
additim, :
3 | \';’.,“r,‘

i

,,e.' and 'Igpmb\ny (1986) observeda
;*’e~ o T
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"noradrenalin-1ike" effect on sheep lymphatic contractions
after ins'pigating a "fright" stimulus.

Many other biochemical and erxiocrine factors including

prostaglandins (Lefer, ' 1985) are reléased -and circulate
dm'inghemormage These facborsma&‘read: the lymphatic by
their vasa vasorum and ~could potentially affect contractile
v'activity In additicn, complex metabolic changes that result

franhenbnhage (hypooda acidosis, hypezglyoemia etc ) gives

each animal a very  different biod‘xsmical profile which in

itself -may affect lymphatic ftmction. These issues are
cmplexarx:lwillreminanareaforactiveresearch .

In summary,. hmrhage stimﬂ.ates lymphatic com:ractile. )

activity :Lmlepaﬂem: of dnngea in J,ymph fortation. It

i

lamears that despite a suspected decrease in transvascular‘

,°tiltratim of f.Luid that results from hemorrhage the

lymphat.ics may mobilize . interstitial stom of fluid and

‘ pmteinineffortstorestoreadiminishedplasmavoltme, 5

b . ,\.‘. ‘.
B . [ . . R

L

69



.
33 .
¢ . 7 . LY

”

Tymphatics and mﬂotmdn Shock
- The developnent of massive generalized interstitial
edemaremainsamstalaxmingclinical feamreermmteredin | .
' the managemem: of septic patients. dmcteristically an
enormous quantity of crystalloid ‘infusion is. necessary just
" to neim:ain adequate im:ravasailar volume and tissue
perfusion 1Rebin et al, 1972)

The distributional aisturbances that occur between |
interstitial ' and intravescular - fluid ccm?arments have - . o
largelybeenét‘ln:'ihrtedtoincreasedmicrcvascular o
- permeability which allows protein rich fluid to leak from
capillary into ‘the interstitium (Tranbaugh and Lewis," 1984' _7-: ,
Kinnebrew. et al 1982; Brigham et al, 1979, Robin et a1, s
. 1972). Endotaxin infusion, either directly or by activation
ofcellularorlnmnralgactors includingcauplemerrt leads to . . B

the 10ss of .capillary endothelial im:egrityand a ‘marked ; |
increase in vascular pemeability (MCGrath and Stewart 1969,, ._ ~
mar ‘et a1, 1979, Mathison and Ulevitqh, 1983). Anas ét o
Ta “al (issa) found that a. ggnificant increase in. interstitial;"f - "'
©fluid p pressure and a' significask‘reduction in plasma volt.m\e"A‘ R
~ had oocurred in dogs when injected i:rtravezmsly with E \
‘ COll endcto:dn (2 mg/hg) “The changeein capillaryj .} HR
ﬂ;~_pen'buity a