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Abst r act . Ti ssue- sel ect i ve l ymphocyt e homi ng i s

di r ect ed i n par t by speci al i zed vessel s t hat def i ne si t es

of l ymphocyt e exi t f r om t he bl ood . These vessel s, t he

post capi l l ar y hi gh endot hel i al venul es ( HEV) , ar e

f ound i n or gani zed l ymphoi d t i ssues, and at si t es of

chr oni c i nf l ammat i on . Lymphocyt es bear i ng speci f i c

r ecept or s, cal l ed homi ng r ecept or s, r ecogni ze and ad-

her e t o t hei r put at i ve l i gands on hi gh endot hel i al cel l s,

t he vascul ar addr essi ns . Af t er adhesi on, l ymphocyt es

ent er or gani zed l ymphoi d t i ssues by mi gr at i ng t hr ough

t he endot hel i al cel l wal l . Cel l s and/ or sol ubl e f act or s

ar r i vi ng i n l ymph nodes by way of t he af f er ent l ymph

suppl y have been i mpl i cat ed i n t he mai nt enance of

HEV mor phol ogy and ef f i ci ent l ymphocyt e homi ng . I n

t he st udy r epor t ed her e, we assessed t he i nf l uence of

af f er ent l ymphat i c vessel i nt er r upt i on on l ymph node

composi t i on, or gani zat i on of cel l ul ar el ement s ; and on

expr essi on of vascul ar addr essi ns . At 1 wk af t er occl u-

si on of af f er ent l ymphat i c vessel s, HEV became

L
PHOCYTES mi gr at e cont i nuousl y bet ween var i ous
l ymphoi d and ext r a- l ymphoi d t i ssues of t he body by

way of t he bl ood and l ymph vascul ar syst ems . Lym-
phocyt e ent r y i nt o per i pher al l ymph nodes, mucosal l ym-

phoi d t i ssues, and si t es of chr oni c i nf l ammat i on i s di r ect ed
i n par t by t i ssue- sel ect i ve i nt er act i ons bet ween bl ood- bor ne
l ymphocyt es and speci al i zed cel l s l i ni ng post capi l l ar y hi gh
endot hel i al venul es ( HEV) . I Funct i onal st udi es have r e-
veal ed t hat l ymphocyt e adhesi on t o HEV i s gover ned at t he
l ymphocyt e l evel by homi ng r ecept or s ( 6, 12, 13, 18) , and
at t he endot hel i al cel l l evel by vascul ar addr essi ns ( 21, 22) .
I n t he mouse syst em, t wo st r uct ur al l y and f unct i onal l y di s-
t i nct vascul ar addr essi ns have been descr i bed . The per i ph-
er al l ymph node addr essi n medi at es t he i nt er act i on of l ym-
phocyt es wi t h HEVi n per i pher al l ymphoi d or gans ( 22) , and
t he mucosal addr essi n di r ect s equi val ent cel l ul ar i nt er act i ons
i n mucosal l ymphoi d t i ssues ( 21) . The per i pher al l ymph
node and mucosal addr essi ns ar e def i ned, and t he adhesi ve
i nt er act i ons di r ect ed by t hese mol ecul es ar e f unct i onal l y

1 . Abbr evi at i on used i n t hi s paper : HEV, hi gh endot hel i al venul es .
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f l at wal l ed and expr essi on of t he per i pher al l ymph

node addr essi n di sappear ed f r om t he l umi nal aspect of

most vessel s, whi l e bei ng r et ai ned on t he abl umi nal

si de . I n addi t i on, an HEVspeci f i c di f f er ent i at i on

mar ker , def i ned by mAb MECA325, was undet ect abl e

at 7- d post occl usi on . I n vi vo homi ng st udi es r eveal ed

t hat t hese modi f i ed vessel s suppor t mi ni mal l ympho-

cyt e t r af f i c f r om t he bl ood . Af t er occl usi on, we ob-

ser ved dr amat i c changes i n l ymphocyt e popul at i ons

and at 7- d post sur ger y, l ymph nodes wer e popul at ed

pr edomi nant l y by cel l s l acki ng t he per i pher al l ymph

node homi ng r ecept or LECAM- 1. I n addi t i on, ef f ect s
on nonl ymphoi d cel l s wer e obser ved : subcapsul ar si -

nus macr ophages, def i ned by mAb MOMA- 1, di sap-

pear ed ; and i nt er di gi t at i ng dendr i t i c cel l s, def i ned by

mAb NLDC- 145, wer e dr amat i cal l y r educed . These

dat a r eveal t hat f unct i oni ng af f er ent l ymphat i cs ar e

cent r al l y i nvol ved i n mai nt ai ni ng nor mal l ymph node
homeost asi s .

i nhi bi t ed by t he ant i - addr essi n mAb MECA- 79 ( 22) and
MECA- 367 ( 21) , r espect i vel y .

Sever al r epor t s i ndi cat e t he i mpor t ance of af f er ent l ymph
i n l ymphocyt e mi gr at i on i nt o l ymph nodes ( 3, 11) . Hendr i ks
et al . descr i bed a model i n whi ch i nt er r upt i on of af f er ent
l ymphat i c vessel s of r at popl i t eal l ymph nodes r esul t s i n a
f l at t eni ng of hi gh endot hel i al venul e cel l s, and a decl i ne i n
l ymphocyt e i nf l ux i nt o modi f i ed l ymph nodes ( 11) . Wi t hi n
1 d af t er af f er ent l ymphat i c occl usi on l ymphocyt e i nf l ux i s
obser ved t o decr ease and t hi s decr ease i s f ol l owed by t he f l at -
t eni ng of hi gh endot hel i al cel l s ( 3) . Her e we have adapt ed
t hi s model t o t he mouse syst em, t o st udy t he i nf l uence of
af f er ent l ymphat i c vessel i nt er r upt i on on vascul ar addr essi n
expr essi on, and t he pr esence and di st r i but i on of l ymph node
l eukocyt e popul at i ons .

Mat er i al s and Met hods

Ani mal s

BALB/ c mi ce wer e ei t her pur chased f r omBomhol t gar d ( Ry, Denmar k) , or
wer e obt ai ned f r omt he ani mal col ony mai nt ai ned at SySt er ni x . Al l ani mal s
wer e kept under r out i ne l abor at or y condi t i ons .
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Occl usi on of Aff er ent Lymphat i cs

Mi ce wer e anaest het i zed by i nt r amuscul ar i nj ect i on of 1 pl / g body wei ght
of a 4 : 3 mi xt ur e of Aescoket ( Aescul aap N. V. , Gent , Bel gi um) and Rom-

pun ( Bayer , Lever kussen, Ger many) . The oper at i ve pr ocedur e was adapt ed

f r omt he pr ocedur e devel oped f or t he r at ( 9) . Br i ef l y, popl i t eal l ymph nodes

wer e ext er i or i zed, and af f er ent l ymphat i c vessel s wer e sever ed. Ef f er ent

l ymphat i c vessel s and bl ood vessel s, emer gi ng f r omt he hi l us, wer e l ef t i n-

t act . Mi ce wer e ki l l ed at di f f er ent t i mepoi nt s af t er af f er ent l ymphat i c vessel

i nt er r upt i on . Bef or e exci si on of t he oper at ed l ymph node, 0. 05 ml of a 10 %

I ndi a i nk sol ut i on was i nj ect ed i nt o t he i psi l at er al f oot pad t o det er mi ne t he

compl et eness of t he oper at i on. Lymph nodes wi t h i nt act af f er ent l ym-

phat i cs, as demonst r at ed by t he upt ake of i nk, wer e di scar ded . The con-

t r al at er al popl i t eal l ymph node ser ved as unoper at ed cont r ol t i ssue. Exci sed

l ymph nodes wer e snap- f r ozen i n l i qui d ni t r ogen and st or ed at - 20° C un-

t i l use.

I n Vi t r o HEV- bi ndi ng Assay

Lymphocyt e adher ence t o HEV i n vi t r o was assayed by t he met hod of
But cher et al . ( 1) , a modi f i cat i on of t he assay or i gi nal l y descr i bed by
St amper and Woodr uf f ( 20) . Br i ef l y, l ymphocyt e suspensi ons, cont ai ni ng
1 x 106 cel l s/ 100 ul wer e i ncubat ed at 4° C on unf i xed f r ozen sect i ons
( 8 Pm) of oper at ed and cont r ol l ymph nodes . Dur i ng t he assay, l ymph node

sect i ons wer e r ot at ed f or 30 mi n . Upon compl et i on of t he assay, unbound
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Fi gur e 1. B cel l f ol l i cl es i n oper at ed and

cont r ol l ymph nodes . ( A- E) ar e al l st ai ned

wi t h mAb 6B2, whi ch r eact s wi t h t he B200

ant i gen on B cel l s . ( A, B, and C) ar e sec-

t i ons of di f f er ent oper at ed l ymph nodes, 7 d

af t er i nt er r upt i on of af f er ent l ymph suppl y,

and show smal l B cel l f ol l i cl es compar ed

wi t h B cel l f ol l i cl es i n cont r ol l ymph nodes

( D and E) . F, f ol l i cl e . Bar , 80 / Am.

cel l s wer e decant ed, and sect i ons wer e f i xed i n PBS cont ai ni ng 1%

gl ut ar al dehyde . Cel l bi ndi ng t o HEV was assessed mi cr oscopi cal l y under
dar kf i el d or nor mal i l l umi nat i on af t er st ai ni ng by met hyl gr een- pyr oni n,

and t he mean number of bound cel l s per HEV was det er mi ned .

Cr yost at sect i ons of popl i t eal l ymph nodes ( 5- 8 ; Lmt hi ck) wer e f i xed i n col d
acet one f or 10 mi n and ai r dr i ed f or at l east 15 mi n . The sect i ons wer e i n-
cubat ed f or 30 mi n wi t h var i ous monocl onal r at ant i - mouse ant i bodi es at
sat ur at i ng concent r at i ons i n 50 mMTr i s buf f er ( pH 7. 2- 7 . 6) cont ai ni ng 1%
FCS ( Tr i s/ FCS) . Af t er washi ng t hor oughl y i n 50 mM Tr i s buf f er ( pH
7. 27. 6) , sl i des wer e i ncubat ed f or 30 mi n wi t h a 1 : 150 di l ut i on of
per oxi dase- conj ugat ed goat ant i - r at I gG/ 1gM ( Jackson I mmuno Resear ch,
San Fr anci sco, CA) i n Tr i s/ FCS cont ai ni ng 5 %nor mal mouse ser um. Af t er

washi ng i n Tr i s buf f er agai n, t he per oxi dase act i vi t y was vi sual i zed wi t h

3, 3' - di ami nobenzi di ne- t et r ahydr ochl or i de ( DAB; Si gma Chemi cal Co. , St .
Loui s, MO) at a concent r at i on of 0 . 5 mg/ ml , i n Tr i s buf f er ( pH7. 27. 6) con-
t ai ni ng 0. 01% H202 ( 10- 15 mi n- i ncubat i on at r oomt emper at ur e) . The f ol -
l owi ng mAbs wer e used: MECA325 ( HEVdi f f er ent i at i on ant i gen ; 4) ,
MECA- 79 ( per i pher al l ymph node addr essi n ; 22) , MECA- 367 ( mucosal ad-
dr essi n; 21) , NLDC- 145 ( i nt er di gi t at i ng cel l s ; 15) , MOMA- 1 ( macr ophages
i n t he subcapsul ar si nus of l ymph nodes ; 14) , 53- 2 . 1 ( Thy 1 . 2 ant i gen on
T cel l s ; 16) , 6B2 ( B220 ant i gen on B cel l s ; 2) , and MEL- 14 ( per i pher al
l ymph node homi ng r ecept or LECAM- 1; 6) .



Fi gur e 2 . I nt er di gi t at i ng cel l s i n t he par acor t i cal ar ea of cont r ol and oper at ed l ymph nodes ( day 4) , as r ecogni zed by mAb NLDC- 145 .

The number of i nt er di gi t at i ng cel l s ( ar r ows) , as seen i n t he T cel l - dependent ar ea of cont r ol nodes ( A) , had di mi ni shed wi t hi n 4 d of

af f er ent l ymphat i c occl usi on ( B) . Bar , 40 Am.

Fl ow Cyt omet r i c Anal ysi s

Cel l f l uor escence was anal yzed wi t h a FACSt ar ° ( a r egi st er ed t r ademar k

of Bect on- Di cki nson, Mount ai n Vi ew, CA) . Si ngl e- cel l suspensi ons wer e

made f r om cont r ol and oper at ed l ymph nodes . For t r i pl e- col or i m-

munof l uor escence st ai ni ng, t he f ol l owi ng pr ocedur e was used . Br i ef l y, cel l s

wer e t r eat ed wi t h t he mAb MEL- 14, washed i n HBSS cont ai ni ng 2 k FCS,

and t r eat ed wi t h Texas r ed- conj ugat ed goat ant i - r at I gG( Cal t ag Labor at o-

r i es, San Fr anci sco, CA) i n HBSS/ FCS cont ai ni ng 5% nor mal mouse se-

r um. Af t er washi ng i n HBSS/ FCS t he cel l s wer e i ncubat ed f or 5 mi n wi t h

an excess of r at I g. The cel l s wer e t hen i ncubat ed wi t h FI TC- conj ugat ed 53-

2 . 1 and bi ot i n- conj ugat ed 6B2 . Af t er an addi t i onal wash, cel l s wer e i n-

cubat ed wi t h phycoer yt her i n conj ugat ed st r ept avi di n ( Bi omeda, Fost er Ci t y,

CA) . Each i ncubat i on st ep t ook 20 mi n and was per f or med at 4° C. I n addi -

t i on t o t he above t hr ee col or s, f or war d angl e scat t er was measur ed and used

t o gat e out debr i s and dead cel l s.

Lymphocyt e Homi ng

I n I nt r o Label i ng of Lymphocyt es wi t h s' Cr . Lymph node cel l s ( obt ai ned

f r omaxi l l ar y, br achi al , i ngui nal , and mesent er i c l ymph nodes) and spl een

cel l s f r om BALB/ c mi ce wer e pool ed and l abel ed wi t h S' Cr as descr i bed

ear l i er ( 21) . Br i ef l y, l ymphocyt es wer e l abel ed by i ncubat i on of 2 . 5 x 107

cel l s/ ml f or 1 . 5 hat 37° C, wi t h mi xi ng ever y 15 mi n, i n DMEsuppl ement ed

wi t h 20 mM Hepes, 5% FCS, and 100 pCi / ni l sodi um chr omat e

( Na2 5 ' Cr 04 ; New Engl and Nucl ear , Bost on, MA) . Af t er l abel i ng, t he cel l s

wer e cent r i f uged t hr ough a l ayer of FCS, and washed t wi ce wi t h HBSS. 2 . 5
x 107 chr omi um- l abel ed cel l s wer e i nj ect ed i nt r avenousl y i nt o each

mouse, whi ch wer e oper at ed on 5 h, 1, 5, or 8 d pr evi ousl y . Lymphocyt e

l ocal i zat i on was det er mi ned by quant i t at i ng t he cpmi n t he oper at ed and t he

cont r al at er al cont r ol node . Resul t s ar e pr esent ed as per cent of cont r al at er al

cont r ol ( ±SD) .

Resul t s

The I nf l uence of Af f er ent Lymphat i c Occl usi on

on t he Lymph Node

When af f er ent l ymphat i c vessel s of popl i t eal l ymph nodes

wer e i nt er r upt ed, and t he nodes r epl aced i n t hei r or i gi nal po-

si t i on ( i . e . , wi t hi n t he popl i t eal f ossa) , af f er ent l ymphat i c

Mebi us et al . Af f er ent Lymph Suppl y and Vascul ar Adr essi n Expr essi on

vessel s wer e f ound t o r econnect t o t he oper at ed l ymph nodes

wi t hi n 7 d. To pr event t hi s r eassoci at i on, we at t ached t he

oper at ed l ymph nodes, wi t h i nt act ef f er ent l ymphat i cs and

Fi gur e 3 Macr ophages i n t he subcapsul ar si nus and t he par acor t i -

cal ar ea of cont r ol and oper at ed l ymph nodes ( day 4) , as r ecogni zed

by mAb MOMA- 1 . The subpopul at i on of MOMA- 1- posi t i ve macr o-

phages was r est r i ct ed t o t he subcapsul ar si nus i n nor mal l ymph

nodes ( A) , wher eas t hey coul d be obser ved i n t he Tcel l - dependent

ar ea at 4 d of af f er ent l ymphat i c occl usi on ( B) . Bar , 80 Am.
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Fi gur e 4. Macr ophages i n t he subcapsul ar si nus i n nor mal and

oper at ed l ymph nodes ( day 7) . ( A and B) ar e bot h st ai ned f or

MOMA- 1 . The subpopul at i on of macr ophages i n t he subcapsul ar
si nus of nor mal l ymph nodes ( A) had di sappear ed compl et el y,

wi t hi n 7 d of af f er ent l ymphat i c vessel i nt er r upt i on ( B) . Bar , 40 um.

bl ood suppl y, ont o t he f asci a di r ect l y under t he ski n . I n t hi s

subcut aneous posi t i on af f er ent l ymphat i c vessel s dr ai ni ng

t he f oot pad wer e not abl e t o r eassoci at e wi t h t he node. The

or i gi nal bl ood suppl y r emai ned i nt act dur i ng t hese mani pu-

l at i ons . Reconnect i on of af f er ent l ymphat i c vessel s was as-

sessed by i nj ect i on of I ndi a i nk i nt o f oot pads 20 mi n bef or e

l ymph nodes exci si on .
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Removal of af f er ent l ymphat i cs had an ef f ect on l ymph

node si ze, and wi t hi n 1 wk of i nt er r upt i on, t he number of

l ymphocyt es pr esent wi t hi n mani pul at ed l ymph nodes had

di mi ni shed consi der abl y . At 7 d af t er l ymphat i c vessel i nt er -

r upt i on, T cel l zones wer e mar kedl y depl et ed of T cel l s, and

t he f ol l i cl es wi t hi n t he l ymph nodes had decr eased i n si ze

( Fi g . 1) . I n cont r ast t o nor mal l ymph node compar t ment al -

i zat i on, i ncr eased number s of Bcel l s wer e obser ved i n T cel l

zones i n mani pul at ed l ymph nodes . The number of i nt er -

di gi t at i ng cel l s i n t he T- cel l dependent ar eas, st ai ned by mAb

NLDC- 145, had di mi ni shed by day 4 af t er occl usi on ( Fi g . 2) .

At 7 d af t er sur ger y, weakl y NLDC- 145- posi t i ve cel l s wer e

pr esent i n t he par acor t i cal ar ea, whi l e st r ong posi t i ve cel l s,

char act er i st i cal l y f ound i n t he cor t i cal ar ea, wer e not det ect -

abl e. MOMA1- posi t i ve subcapsul ar si nus macr ophages wer e

obser ved i n t he par acor t i cal ar ea at 4 d af t er sur ger y ( Fi g .

3) , and wer e not det ect abl e by day 7 af t er l ymphat i c vessel

occl usi on ( Fi g. 4) .

The I nf l uence of Af f er ent Lymphat i c Occl usi on

on Lymph Node Hi gh Endot hel i al Venul es

Hendr i ks et al . have r epor t ed t hat i nt er r upt i on of l ymph node

af f er ent l ymphat i c vessel s has a negat i ve ef f ect on HEVf unc-

t i on and mor phol ogy ( 11) . Thei r st udy was done i n r at s, how-

ever , wher e mAb def i ni ng vascul ar addr essi ns or speci f i c

mar ker s of HEV di f f er ent i at i on ar e not avai l abl e . I n t he pr es-

ent i nvest i gat i on, i nvol vi ng mi ce r at her t han r at s, t he ef f ect s

of af f er ent l ymphat i c vessel occl usi on on HEVwas assessed .

Expr essi on of bot h an HEV speci f i c di f f er ent i at i on mar ker ,

def i ned by mAb MECA325, and t he per i pher al l ymph node

addr essi n as r ecogni zed by mAb MECA- 79 was eval uat ed at
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Fi gur e 5. Expr essi on of t he pe-

r i pher al l ymph node addr es-

si n i n cont r ol and oper at ed

l ymph nodes at day 4 af t er

af f er ent l ymphat i c i nt er r up-

t i on . A shows t he pr onounced
addr essi n expr essi on on hi gh

wal l ed endot hel i al cel l s i n t he
cont r ol nodes. At 4 d af t er oc-

cl usi on of af f er ent l ymphat i cs

mor e f l at wal l ed vessel s coul d

be obser ved ( B) . Some vessel s

showed a l oss of t he per i pher al

l ymph node addr essi n ( C) . I n

most cases t he addr essi n was
st i l l expr essed on t he l umi -

nal si de of t he venul es . Bar ,

40 um.



Fi gur e 6. Expr essi on of t he MECA- 325 ant i gen on vessel s i n cont r ol and oper at ed l ymph nodes ( day 4) . The hi gh expr essi on of t he MECA

325 ant i gen, as seen on HEV i n cont r ol nodes ( A) , was weak i n oper at ed l ymph nodes at 4 d af t er af f er ent l ymphat i c occl usi on ( B and

C) . Somet i mes MECA- 325 was r est r i ct ed t o t he l umi nal si de of t he vessel s . Bar , 40 um.

di f f er ent t i mepoi nt s af t er occl usi on . Thi s phenot ype anal ysi s

was per f or med i n combi nat i on wi t h f unct i onal i n vi vo and

i n vi t r o t est s .

4 d af t er af f er ent l ymphat i c vessel i nt er r upt i on, expr essi on

of t he per i pher al l ymph node addr essi n was obser ved on bot h

hi gh- and f l at wal l ed vessel s ( Fi g . 5) . These vessel s wer e al so

weakl y posi t i ve f or t he HEV di f f er ent i at i on ant i gen MECA-

325, wi t h expr essi on somet i mes r est r i ct ed t o t he l umi nal

si de of t he endot hel i um ( Fi g . 6) . I t was st r i ki ng t hat some

hi gh endot hel i al cel l s of sever al i ndi vi dual HEV expr essed

t he mucosal addr essi n ( Fi g . 7) . Whi l e nor mal per i pher al

l ymph node HEV can expr ess l ow l evel s of t he mucosal ad-

dr essi n ( 21) , i ncr eased number s of mucosal addr essi n ex-

pr essi ng hi gh endot hel i al cel l s wer e obser ved i n l ymph

nodes 4 d af t er af f er ent l ymphat i c occl usi on .

7 d af t er occl usi on of af f er ent l ymphat i c vessel s, l ow l evel s

of t he MECA- 325 ant i gen wer e obser ved on r ar e HEV;

per i pher al l ymph node addr essi n expr essi on appear ed t o

be r est r i ct ed, i n most i nst ances, t o t he abl umi nal aspect of

r el at i vel y f l at - wal l ed endot hel i um ( Fi g. 8) . The abl umi nal

expr essi on was conf i r med by t he i nt r avenous i nj ect i on of

MECA- 79, whi ch f ai l ed t o l ocal i ze at hi gh l evel s i n oper at ed

l ymph nodes, but di d l ocal i ze i n t he cont r al at er al cont r ol

nodes of t he same ani mal ( Fi g. 9) . Rest r i ct i on of t he per i ph-

er al l ymph node addr essi n t o t he abl umi nal si de of t he ves-

sel s, wi t h no expr essi on of t he mucosal addr essi n, suggest ed

Mebi us et al . Af f er ent Lymph Suppl y and Vascul ar Adr essi n Expr essi on

t hat t hese vessel s woul d not suppor t hi gh l evel s of l ympho-

cyt e adhesi on or l ymphocyt e t r af f i cki ng f r om t he bl ood i nt o

oper at ed l ymph nodes . I ndeed, i n vi vo homi ng st udi es r e-

veal ed t hat homi ng i nt o oper at ed l ymph nodes at 8 d af t er

oper at i on was decr eased by >80%( Fi g. 10) . Decr eased en-

t r ance of l ymphocyt es st ar t ed at ar ound day 5. At t hi s

t i mepoi nt , t r af f i cki ng of l abel ed cel l s i nt o oper at ed l ymph

nodes was compar abl e t o t he cont r al at er al cont r ol nodes, but

var i ed gr eat l y bet ween ani mal s . The bi ndi ng of l ymphocyt es

t o t hese vessel s at day 4, measur ed i n an i n vi t r o bi ndi ng as-

say, was decr eased by >30%( Fi g . 11) . At 7 d af t er l ymphat i c

occl usi on HEV f ai l ed t o suppor t l ymphocyt e adhesi on .

The Ef f ect of Af f er ent Lymphat i c
Occl usi on on Per i pher al Lymph Node Homi ng
Recept or Expr essi on

The r api d di sappear ance of l ymphocyt es f r omaf f er ent l ym-

phat i c vessel occl uded l ymph nodes pr ompt ed us t o st udy t he

phenot ype of r esi dual l ymph node cel l popul at i ons by FACS

anal ysi s. The r at i o of T and B cel l s and t he pr opor t i on of

LECAM- 1- posi t i ve vs . - negat i ve cel l s was det er mi ned by

t r i pl e st ai ni ng f or 53- 2 . 1, whi ch r ecogni zes t he Thy- 1 an-

t i gen on T cel l s, 6B2, whi ch r ecogni zes t he B220 ant i gen

on B cel l s, and MEL- 14, whi ch r ecogni zes t he per i pher al

l ymph node homi ng r ecept or LECAM- 1 . On day 4 af t er i n-
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t er r upt i on of af f er ent l ymphat i c vessel s, t he per cent age of
LECAM- 1 posi t i ve Bcel l s had decr eased, whi l e t he r el at i ve

per cent age of LECAM- 1 posi t i ve T cel l s r emai ned const ant

( Fi gs . 12 and 13) . On day 7 post oper at i on, t he per cent age
of LECAM- 1 posi t i ve B cel l s and T cel l s had decr eased . At

t hi s t i mepoi nt , we obser ved a hi gh per cent age of cel l s nega-

t i ve f or 6B2, Thy 1 . 2, and LECAM- 1 ( >55%) . The i dent i t y

of t hese cel l s i s st i l l uncer t ai n .

Rever sal of t he Ef f ect s of Af f er ent Lymphat i c Occl usi on

To i nvest i gat e t he r ever si bi l i t y of t he ef f ect s of af f er ent l ym-

phat i c vessel i nt er r upt i on, we occl uded t he popl i t eal l ymph

node af f er ent l ymphat i cs of ei ght ani mal s, and at t ached t he

nodes subcut aneousl y on t op of t he f asci a . Af t er 1 wk t he

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

Fi gur e 7. Expr essi on of t he mucosal addr es-
si n on vessel s of cont r ol and oper at ed l ymph

nodes ( day 4) . Per i pher al l ymph nodes can

expr ess l ow l evel s of t he mucosal addr essi n
( A and C) . I nt er est i ngl y, occl usi on of af f er -
ent l ymphat i cs r esul t ed i n a t r ansi ent i n-
cr ease i n expr essi on of t hi s addr essi n on
hi gh endot hel i al cel l s at day 4 ( B and D) .
Bar , 40 wm.

f asci a of f our ani mal s was opened, and t he nodes wer e

r epl aced i n t he popl i t eal f ossa, t he or i gi nal popl i t eal l ymph
node envi r onment . Dur i ng t hi s mani pul at i on t he ef f er ent

l ymphat i cs and t he bl ood suppl y wer e unaf f ect ed . 2 wk af t er

r epl aci ng t he nodes i nt o t he popl i t eal f ossa, we exami ned t he

nodes of t he t wo gr oups by i mmunchi st ochemi st r y . 20 mi n

bef or e exci si on of t he nodes, I ndi a i nk was i nj ect ed i nt o t he

i psi l at er al f oot pad t o det ect r econnect ed af f er ent l ymphat i c

vessel s . I n t he gr oup t hat had t hei r l ymph nodes r epl aced i n

t he popl i t eal f ossa, t hr ee out of f our l ymph nodes cont ai ned
a smal l amount of I ndi a i nk, demonst r at i ng par t i al r est or a-

t i on of af f er ent l ymphat i c vessel s . Al t hough t hese nodes
wer e smal l i n si ze, st ai ni ng wi t h mAb speci f i c f or T and B

cel l s showed a wel l - compar t ment al i zed T cel l zone, and a B
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Fi gur e 8 . Expr essi on of t he per i pher al l ymph node addr essi n and

MECA- 325 ant i gen by vessel s i n cont r ol and oper at ed l ymph nodes

( day 7) . The mor phol ogi cal l y di st i nct HEVof cont r ol l ymph nodes,

whi ch expr ess hi gh l evel s of t he per i pher al l ymph node addr essi n

( A) , ar e qui t e di st i nct f r om t hei r count er par t s i n oper at ed l ymph

nodes . B i l l ust r at es t he modi f i ed expr essi on of t he per i pher al l ymph

node addr essi n i n l ymph nodes 7 d af t er i nt er r upt i on of af f er ent

l ymphat i cs . The vessel s became f l at wal l ed, and expr essi on of t he

per i pher al l ymph node addr essi n appear ed r est r i ct ed t o t he abl umi -

nal aspect of t he vessel s . At 7 d af t er occl usi on of af f er ent l ym-

phat i cs t he vessel s di d not show any expr essi on of t he MECA- 325

ant i gen ( C) . Bar , 40 pm.

cel l ar ea compar abl e t o nor mal cont r ol l ymph nodes . I nt er -

di gi t at i ng cel l s i n t he T cel l dependent ar eas wi t hi n t hese

nodes wer e st r ongl y posi t i ve f or NLDC- 145, and t hese cel l s

wer e abundant ( Fi g. 14) . Wi t hi n t hi s r el at i vel y shor t t i me-

per i od, we al so obser ved a r est or at i on of t he MOMA- 1- posi -

t i ve subpopul at i on of macr ophages i n t he subcapsul ar si nus

( Fi g . 14) . St ai ni ng wi t h t he HEVspeci f i c mar ker MECA- 325

showed hi gh wal l ed HEV, whi ch wer e st r ongl y posi t i ve f or

t he per i pher al l ymph node addr essi n . The node r epl aced i n

t he popl i t eal f ossa t hat had not r econnect ed i t s af f er ent l ym-

phat i cs was t oo smal l f or anal ysi s . The l ymph nodes whi ch

wer e l ef t on t op of t he f asci a f or 3 wk, r at her t han bei ng r e-

pl aced i n t he popl i t eal f ossa, showed smal l B cel l compar t -

Mebi us et al . Af f er ent Lymph Suppl y and Vascul ar Adr essi n Expr essi on

ment s, wi t h B cel l s pr esent i n t he T cel l zones . No MOMA- 1-

posi t i ve subcapsul ar si nus macr ophages wer e seen i n t hese

nodes and NLDC- 145- posi t i ve cel l s wer e not as wel l r epr e-

sent ed as i n nodes whi ch had been r epl aced i n t he popl i t eal

f ossa . I nt er est i ngl y, whi l e I ndi a i nk di d not dr ai n f r om t he

f oot pad i nt o t hese nodes, we obser ved an i nt er medi at e pheno-

t ype of HEV, wi t h bot h hi gh and f l at wal l ed vessel s expr ess-

i ng t he per i pher al l ymph node addr essi n and t he MECA- 325

ant i gen ( Fi g . 15) .

Di scussi on

I nt er r upt i on of af f er ent l ymphat i c vessel s t o mouse popl i t eal

l ymph nodes af f ect ed t he f unct i on and phenot ype of HEV.

7 d af t er occl usi on of t he l ymph suppl y t o l ymph nodes,

HEV became f l at wal l ed and expr essi on of t he HEVspeci f i c

di f f er ent i at i on mar ker MECA- 325 had di sappear ed . At t hi s

t i me, t he per i pher al l ymph node addr essi n was r est r i ct ed i n

most cases t o t he abl umi nal si de of t he vessel s, a si t e wher e

i t woul d not be avai l abl e t o ci r cul at i ng l ymphocyt es, and

f unct i onal i n vi t r o and i n vi vo assays conf i r med t hat t hese

vessel s di d not suppor t nor mal l evel s of l ymphocyt e adhe-

si ons and homi ng, r espect i vel y .

Removi ng af f er ent l ymphat i c vessel s had a t r aumat i c ef f ect

on l ymphocyt e ent r y i nt o l ymph nodes : 5 h af t er l ymphat i c

vessel i nt er r upt i on t he ent r ance of l abel ed cel l s had di mi n-

i shed by 70%compar ed t o t he cont r al at er al cont r ol node i n

t he same ani mal . Thi s ear l y ef f ect of sur ger y, l i kel y r el at ed

t o t r auma t o oper at ed nodes, was shor t l i ved, wi t h r ecover y

occur r i ng 4- 5 d af t er sur ger y . Af t er 5 d, however , t he l ack

of i ncomi ng l ymph appear ed t o begi n t o have an ef f ect on

l ymph node f unct i on . At t hi s t i mepoi nt t he ent r ance of l ym-

phocyt es was st i l l compar abl e t o t he cont r al at er al cont r ol

nodes. However , l ymphocyt e homi ng i n di f f er ent ani mal s

was hi ghl y var i abl e, suggest i ng t hat changes occur ar ound

t hi s t i me . I mmunohi st ol ogi c assessment of l ymph nodes at

4 d af t er sur ger y al so showed si gni f i cant var i at i on : bot h hi gh

and f l at wal l ed vessel s wer e obser ved, and some venul es ex-

hi bi t ed a par t i al l oss of t he per i pher al l ymph node addr essi n .

I n most cases, however , per i pher al addr essi n was st i l l ex-

pr essed on t he l umi nal si de of t he venul es .

The obser ved abl umi nal expr essi on of t he per i pher al

l ymph node addr essi n, t he f l at appear ance of t he HEV, and

t he l ow t r af f i cki ng of l ymphocyt es i nt o oper at ed l ymph

nodes at 8 d af t er af f er ent l ymphat i c occl usi on ar e al l i n

agr eement wi t h each ot her . Absence of t he per i pher al l ymph

node addr essi n on t he l umi nal aspect of t he vessel s pr event s

t he adhesi on of l ymphocyt es t o HEV. As a consequence l ym-

phocyt es cannot ent er t he nodes, whi ch i s shown i n i n vi vo

homi ng st udi es . Pr evi ous st udi es have shown t hat decr eased

mi gr at i on of l ymphocyt es acr oss HEV can cause f l at t eni ng

of HEV, whi ch become hi gh wal l ed agai n af t er r econst i t ut i on

wi t h cel l s t hat mi gr at e acr oss HEV ( 7, 23) . Our obser vat i on

of f l at wal l ed venul es i n l ymph nodes not r ecei vi ng af f er ent

l ymph coul d t her ef or e be a consequence of i mpai r ed l ym-

phocyt e mi gr at i on acr oss t he venul ar wal l . Our exper i ment s

however showed t hat t he ef f ect of af f er ent l ymphat i c vessel

i nt er r upt i on on HEV mor phol ogy coul d be r ever sed when

t he nodes wer e l ef t on t op of t he f asci a f or an addi t i onal

2 wk . These dat a suggest t hat , i f l ymph- bor ne f act or s or
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Days af t er oper at i on

Fi gur e 10. I n vi vo l ymphocyt e homi ng t o oper at ed l ymph nodes.

Af f er ent l ymphat i cs t o popl i t eal l ymph nodes wer e i nt er r upt ed and

" Cr - l abel ed l ymphocyt es wer e i nj ect ed i nt r avenousl y at 5 h, 1, 5,

or 8 d af t er oper at i on . 1 h af t er i nj ect i on of l abel ed l ymphocyt es

r eci pi ent s wer e ki l l ed and cel l l ocal i zat i on i n oper at ed and con-

t r al at er al cont r ol nodes was det er mi ned by quant i t at i ng t he cpmi n

t hese l ymph nodes. Rel at i ve l ymphocyt e l ocal i zat i on i n oper at ed

l ymph nodes i s expr essed as a per cent of l ymphocyt es l ocal i zi ng

i n t he cont r al at er al cont r ol nodes . Thr ee t o si x ani mal s wer e i n-

cl uded i n each gr oup . Occl usi on of af f er ent l ymphat i c vessel s

r esul t ed i n an ear l y r educt i on i n l ymphocyt e homi ng i nt o oper at ed

l ymph nodes. Thi s r educt i on was r ever sed dur i ng t he days f ol l owi ng

occl usi on. Apr onounced ef f ect of l ymphat i c occl usi on on l ympho-

cyt e homi ng i nt o oper at ed l ymph nodes was obser ved at day 8 af t er

af f er ent l ymphat i c vessel occl usi on .

Fi gur e 11. I n vi t r o bi ndi ng of

l ymphocyt es t o HEV i n oper at ed

and cont r ol l ymph nodes . I nt er -

r upt i on of af f er ent l ymphat i cs i n-

duced a 30% decr ease ( ±SD) i n

bi ndi ng of l ymphocyt es t o HEV at

day 4 compar ed t o cont r ol nodes

( day 0) , measur ed i n an i n vi t r o

bi ndi ng assay. At 7 d af t er af f er ent

l ymphat i c occl usi on no speci f i c

l ymphocyt e bi ndi ng t o vessel s i n

t he nodes was obser ved .

cel l s ar e r esponsi bl e f or HEV f unct i on, t hey may be ar r i vi ng

by way of newl y connect ed l ymphat i cs .

Al t er nat i vel y, HEV mor phol ogy and f unct i on coul d be

r egul at ed by r esi dent cel l s wi t hi n l ymph nodes, or f act or s

Mebi us et al . Af f er ent Lymph Suppl y and Vascul ar Adr essi n Expr essi on
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Fi gur e 12. Phenot ypi c char act er i zat i on of cel l popul at i ons i n con-

t r ol and oper at ed l ymph nodes on days 4 and 7 af t er af f er ent l ym-

phat i c vessel i nt er r upt i on . Cel l s wer e st ai ned f or Thy- 1 . 2, B220,

and MEL- 14, whi ch r ecogni zes t he per i pher al l ymph node homi ng

r ecept or LECAM- 1, and 5 x 103 cel l s wer e anal yzed by FACS.

5- 10 separ at e l ymph nodes wer e anal yzed at each t i me poi nt . Dat a

ar e expr essed as t he mean per cent age of cel l s posi t i ve or negat i ve

f or each mAb ( ±SD) .

pr oduced by such cel l s. The ef f ect s of af f er ent l ymph on

l ymph node macr ophage popul at i ons have been descr i bed

pr evi ousl y i n r at s ( 10) and i t was suggest ed t hat macr ophages

ar e di r ect l y or i ndi r ect l y r esponsi bl e f or HEV f unct i on . Pr e-

vi ousl y we r epor t ed i n t he r at syst em t hat subcapsul ar ED3

macr ophages di sappear ed upon i nt er r upt i on of af f er ent l ym-

phat i c vessel s ( 17) . I n t he pr esent st udy, t hi s f i ndi ng was

conf i r med f or MOMA- 1 posi t i ve subcapsul ar macr ophages

i n t he mouse. However , when HEVr egai ned t hei r char act er -

i st i c mor phol ogy and phenot ype i n l ymph nodes i n t he sub-

cut aneous si t e at 3 wk af t er sur ger y, t hi s popul at i on of mac-

r ophages was not r epl aced, r eveal i ng t hat t he pr esence of t hi s

l ymph node macr ophage popul at i on i s not r equi r ed f or HEV

di f f er ent i at i on . The MOMA- 1- posi t i ve subcapsul ar macr o-

phage popul at i on was r est or ed r api dl y however , when l ymph

nodes wer e r epl aced i n t he popl i t eal f ossa, and af f er ent l ym-

phat i cs al l owed t o connect . These dat a suggest t hat MOMA-

1- posi t i ve cel l s i n t he l ymph node t ur n over r api dl y, and t hat

t hey can be r epl aced by cel l s ent er i ng vi a af f er ent l ymphat i cs

dr ai ni ng t he f oot pad .

Fi gur e 9. Anal ysi s of t he pr esence of t he per i pher al l ymph node addr essi n on t he l umi nal aspect of HEV i n cont r ol nodes ( A and B) and

oper at ed nodes ( C and D) at day 7 af t er af f er ent l ymphat i c occl usi on . Br i ef l y, 100 pg of MECA- 79 was admi ni st er ed i nt r avenousl y i nt o

mi ce. Reci pi ent s wer e ki l l ed 15 mi n af t er i nj ect i on and gent l y per f used wi t h HBSS t o r emove unbound ant i body f r om t he vascul at ur e.

Membr ane- bound MECA79 was vi sual i zed on sect i ons by i mmunoper oxi dase st ai ni ng wi t h ant i - r at I gM( B and D) . HEV wer e shown

by i ncubat i on of ser i al sect i ons wi t h mAb MECA- 79 f ol l owed by an i mmunoper oxi dase st ai ni ng wi t h ant i - r at I gM( A and C) . The l umi nal

expr essi on of t he per i pher al l ymph node addr essi n, as seen i n t he cont r ol node ( B) was conf i r med t o be absent i n t he oper at ed node at

day 7 ( D) . Thus, t he per i pher al l ymph node addr essi n expr essi on obser ved i n t hi s node ( C) i s associ at ed wi t h t he abl umi nal aspect of

t he HEV. Bar , 16 pm.
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Fi gur e 13. Phenot ypi c char act er i zat i on of di f f er ent cel l popul at i ons

i n cont r ol and oper at ed l ymph nodes. Per l ymph node 5 x 103

cel l s wer e anal yzed and cel l s ot her t han smal l , vi abl e cel l s wer e

gat ed out . ( a) I n cont r ol l ymph nodes, B cel l s, as def i ned by mAb

6132, and T cel l s, as def i ned by Thy- 1 . 2, r epr esent ed 37 and 51%

of t he r ecover ed cel l s, r espect i vel y . Doubl e negat i ve cel l s r epr e-

sent ed r oughl y 10% of t he cel l s obt ai ned f r omt hese l ymph nodes .

( b) I n oper at ed l ymph nodes ( 7 d af t er occl usi on) , t he di st r i but i on

was mar kedl y di f f er ent , wi t h B cel l s and T cel l s r epr esent i ng 20 and

27% of t he r ecover ed cel l s, r espect i vel y . Roughl y 50% of t he cel l s

was negat i ve f or bot h Thy- 1 . 2 and 6132 .

Whi l e t he physi ol ogi cal pr ocesses cont r ol l i ng HEV i nduc-

t i on and vascul ar addr essi n expr essi on ar e uncl ear , a r ol e f or

i nt er di gi t at i ng cel l s i n t he HEV i nduct i on pr ocess has been

suggest ed ( 3) . Our exper i ment s, i n whi ch l ymph nodes wer e

l ef t on t op of t he f asci a f or l onger per i ods suppor t t hese

f i ndi ngs . 7 d af t er di sconnect i on of af f er ent l ymphat i cs, t he

NLDC- 145 ant i gen was weakl y expr essed on i nt er di gi t at i ng

cel l s and HEV had become f l at wal l ed . I nt er di gi t at i ng cel l s

mi ght ei t her have l ef t t he l ymph node or l ost t hei r abi l i t y t o

expr ess t he NLDC- 145 ant i gen as a consequence of af f er ent

l ymphat i c vessel occl usi on . At 3 wk af t er sur ger y i ncr eased

Fi gur e 14. Macr ophages i n t he subcapsul ar si nus and i nt er di gi t at i ng

cel l s i n t he par acor t i cal ar ea of an oper at ed l ymph node t hat was

r epl aced i n t he popl i t eal f ossa 1 wk af t er oper at i on and exami ned

2 wk af t er r epl acement of t he node i n t he popl i t eal f ossa . The

MOMA- 1- posi t i ve subpopul at i on of macr ophages i n t he subcapsu-

l ar si nus was r est or ed wi t hi n 2 wk ( A) and numer ous i nt er di gi t at i ng

cel l s ( ar r ows) , st r ongl y posi t i ve f or mAb NLDC- 145, coul d be ob-

ser ved i n t he T cel l - dependent ar ea ( B) . Bar , 40 j i m.
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Fi gur e 15. Expr essi on of t he per i pher al l ymph node addr essi n ( A

and B) and t he MECA325 ant i gen ( C) on vessel s i n oper at ed

l ymph nodes ( day 21) . Bot h f l at and hi gh wal l ed vessel s expr essi ng

t he per i pher al l ymph node addr essi n and t he MECA- 325 ant i gen

coul d be obser ved . Bar , 40 pm.

l evel s, as compar ed t o 1 wk af t er occl usi on, of t he NLDC-

145 ant i gen was obser ved i n l ymph nodes wi t h bot h hi gh and

f l at wal l ed vessel s expr essi ng t he MECA- 325 ant i gen and t he

per i pher al l ymph node addr essi n . The cor r el at i on bet ween

NLDC- 145 ant i gen expr essi on and HEV i nduct i on, i ncl ud-

i ng per i pher al l ymph node addr essi n expr essi on, suggest s a

r ol e f or i nt er di gi t at i ng cel l s i n t hi s i nduct i ve pr ocess .

The i mpor t ance of sol ubl e f act or s i n HEV di f f er ent i at i on

and f unct i on shoul d al so be consi der ed . Exper i ment s i n

whi ch we di mi ni shed t he ent r ance of sol ubl e f act or s and/ or

cel l s t o a gr eat est ext ent by sur r oundi ng t he nodes wi t h

par af i l m, r eveal ed l ymph nodes wi t h HEV whi ch became

f l at wal l ed mor e r api dl y, and had f ewer LECAM- 1 expr ess-

i ng cel l s t han l ymph nodes wi t hout par af i l m ( r esul t s not

shown) .
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4 d af t er i nt er r upt i on of t he af f er ent l ymph suppl y t o

l ymph nodes, a decr ease i n t he per cent age of LECAM- 1 ex-

pr essi ng B cel l s was obser ved . By cont r ast , a decr ease i n t he

per cent age of LECAM- 1 expr essi ng T cel l s was not obser ved

unt i l day 7 af t er occl usi on . I t shoul d be ment i oned t hat oper -

at ed l ymph nodes as a whol e had decr eased i n si ze by day

4 post sur ger y . The obser ved ear l y decr ease i n t he per cent age

of LECAM- 1 expr essi ng B cel l s i n oper at ed l ymph nodes

coul d be expl ai ned by a di r ect ef f ect of l ymph f l ow on l ym-
phocyt e mi gr at i on t o B cel l f ol l i cl es . B cel l s home t o f ol l i cl es
i n a hi ghl y sel ect i ve manner , mi gr at i ng agai nst l ymph f l ow

( 8) , and havi ng a var i abl e t r ansi t t i me ( 5) . I nt er r upt i on of t he

l ymph f l ow may di sr upt l ymph node compar t ment al i zat i on
by pr event i ng t he di r ect ed mi gr at i on of B cel l s t o f ol l i cul ar

r egi ons . Those B cel l s not l ocal i zi ng i n f ol l i cl es may l eave
t he node mor e r api dl y . Our obser vat i on of i ncr eased num-
ber s of B cel l s wi t hi n t he T cel l r egi ons i s consi st ent wi t h

an i nabi l i t y of B cel l s t o l ocal i ze i n f ol l i cul ar r egi ons . Al t er -

nat i vel y, i nt er r upt i on of l ymph f l ow may di r ect l y i nduce a

l oss of f ol l i cul ar i nt egr i t y, a scenar i o whi ch woul d al so ex-
pl ai n bot h t he pr esence of B cel l s i n t he T cel l zones, and
t he r api d depl et i on of B cel l s f r omt he l ymph node . I n con-
t r ast t o our st udi es, i nvest i gat i ons of pr ol onged t hor aci c duct
cannul at i on i ndi cat ed t hat T cel l s l eave l ymph nodes mor e
r api dl y t han B cel l s ( 19) . These st udi es di f f er f r omour own,
si nce t he af f er ent l ymph suppl y was i nt act .

I n concl usi on, our exper i ment s demonst r at e t he cr uci al
r ol e of l ymph- bor ne cel l s and/ or f act or s i n t he pr esence, and
i n some cases, t he phenot ype of cel l popul at i ons wi t hi n
l ymph nodes . Upon af f er ent l ymphat i c occl usi on, venul es
t hat nor mal l y suppor t l ymphocyt e mi gr at i on l ose t hei r hi gh

wal l ed phenot ype, t hey showdecr eased expr essi on of t he pe-
r i pher al l ymph node addr essi n on t he l umi nal si de, and t hey
do not suppor t hi gh l evel s of l ymphocyt e homi ng . Lymph

node l eukocyt e popul at i ons ar e al so i nf l uenced, wi t h dr a-
mat i c l osses of B cel l s, T cel l s, subcapsul ar si nus macr o-
phages, and i nt er di gi t at i ng cel l s . Whi l e t hese l eukocyt e
popul at i on shi f t s ar e due, at l east i n par t , t o r educed cel l ul ar

t r af f i cki ng i nt o l ymph nodes vi a t he bl ood, a di r ect ef f ect of
l ymph component s on cel l ul ar compar t ment al i zat i on and

cel l ul ar r et ent i on wi t hi n l ymph nodes i s al so possi bl e . These

obser vat i ons r eveal t hat l ymph node homeost asi s i s mai n-
t ai ned by t he compl ex cel l ul ar and mol ecul ar i nt er act i ons
t hat occur i n nor mal l ymph nodes ; i nt er act i ons t hat ar e dr a-
mat i cal l y al t er ed by af f er ent l ymphat i c occl usi on .
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