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Before the development of thymic lymphoma,
AKR mice undergo a striking lymphoid hyperpla-
sia of the thymic medulla. We have previously
shown that there is a marked increase in traffic
ofB and T lymphocytes from the periphery into
thepreneoplastic, hyperplastic thymuses ofthese
mice, in contrast to the scant traffic ofsuch ceUs
to normal thymuses. The traffic oflymphocytes to
lymph nodes and Peyer's patches is controlled in
part by the interaction of lymphocyte adhesion
molecules caUed homing receptors with their
tissue-selective endothelial ligands known as vas-
cular addressins. We have investigated the roles
of homing receptors and vascular addressins in
the traffic oflymphocytes to theAKR hyperplastic
thymus. We demonstrate that development of hy-
perplasia is accompanied by an increase in the
number of thymic medullary blood vessels with
high endothelial venule morphology and expres-
sion of the peripheral node addressin (PNAd)
and the mucosal addressin (MAdCAM-1). In vitro
and in vivo functional assays show that the
addressin/homing receptor pairs PNAd/L-
selectin and MAdCAM-1/a4f37 are involved in lym-
phocyte traffic to the hyperplastic thymus. These
results indicate that molecular adhesion mecha-
nisms involved in tissue-selective migration of
lymphocytes toperipheral lymph node and to mu-
cosal lymphoid tissues play a role in the recruit-
ment ofB and T lymphocytes to the AKR thymus
and thus in thepathogenesis ofthymic hyperpla-
sia. (AmJ Pathol 1995, 147:412-421)

Virtually all AKR mice develop a retrovirus-associated
T cell lymphoma that originates within the thymus dur-

ing the latter part of the first year of life.1 Before the
onset of lymphoma, these mice develop thymic hy-
perplasia characterized by an enlarged medulla con-
taining B and T lymphocytes.1 2 Our previous studies
have shown a marked increase in traffic of B and T
lymphocytes from the periphery into the medulla of
hyperplastic thymuses of old AKR mice compared
with histologically normal thymuses of age-matched
BALB/c and C57BL/Ka mice or young AKR mice.2
However, the mechanisms by which these lympho-
cytes are recruited to the thymic medulla have not
been determined.

Most mature B and T lymphocytes migrate con-
tinuously throughout the body, trafficking from blood
through lymphoid tissues to lymph and back to
blood.3 A key element in this migration is the ability of
blood-borne lymphocytes to recognize and bind to
the luminal surface of specialized high endothelial
venules (HEVs) in organized lymphoid tissues such
as lymph nodes (LNs) and Peyer's patches (PPs) or
to functionally analogous venules in sites of chronic
inflammation.4'5 Certain lymphocyte subsets are
known to migrate to organized lymphoid tissues and
sites of chronic inflammation in a tissue-selective
manner5 (reviewed in Refs. 6 and 7). Although lym-
phocyte migration is clearly a complex process in-
volving sequential adhesion and activation events,
one well defined key event in tissue-selective migra-
tion is the interaction of lymphocyte homing receptors
(HRs) with vascular addressins.8 9

Most mature lymphocytes bear the a437 integrin
mucosal HR (previously called LPAM-1 or a4PP)
and/or the L-selectin peripheral LN (PLN) HR.10-13
The a437 HR binds to the mucosal addressin
MAdCAM-1, which is expressed at high levels by HEV
in mucosal sites such as PP and mesenteric LN
(MLN).14,15 Although L-selectin is involved in lympho-
cyte traffic to PP, homing specificity to this site is
dominated by a437/MAdCAM-1 interactions.16
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MAdCAM-1 is also expressed by venules in intestinal
lamina propria, lactating mammary gland, inflamed
pancreata of diabetic mice, and the central nervous
system of some mice with relapsing experimental au-
toimmune encephalomyelitis and is thought to be in-
volved in lymphocyte traffic to these sites. 14'16-23
Functional ligands for L-selectin are expressed at
high levels by HEVs in PLNs and MLNs, at low levels
by HEVs in PPs, and by vessels in inflamed pancreata
of diabetic mice and in a variety of inflammatory sites
in humans.10'20-28 These ligands, known as the pe-
ripheral node addressin (PNAd), react with mono-
clonal antibody (MAb) MECA-79.24 L-selectin ligands
include appropriately glycosylated subsets of the gly-
coproteins GlyCAM-1, CD34, and MAdCAM-1.29-33
Thus PNAd consists of structurally diverse glycopro-
teins that share the capacity to present specific car-
bohydrate ligands to L-selectin. Here we investigate
the roles of these HRs and their vascular addressin
ligands in the traffic of lymphocytes to the AKR mouse
hyperplastic thymus.

Materials and Methods
Mice

AKR/C and AKR/J mice, purchased from Cumberland
Farms (Cumberland, TN) and Jackson Laboratories
(Bar Harbor, ME), respectively, or bred in our animal
facility from stock obtained from these vendors were

used at ages 1 to 36 weeks. BALB/c mice, obtained
from the Institute for Medical Research (San Jose,
CA) or bred in our animal facility, and C57BL/Ka mice,
bred in our facility from stock obtained from Dr. Irving
L. Weissman, were used at ages 1 to 105 weeks. All
experiments involved female mice.

Mice were sacrificed, and selected lymphoid or-

gans including thymus were frozen in OCT compound
(Miles Laboratories, Naperville, IL) for immunoperoxi-
dase or immunofluorescence (IF) studies as de-
scribed below. Adjacent sections stained with hema-
toxylin and eosin (H&E), as well as H&E-stained
sections of formalin-fixed, paraffin-embedded thy-
mus, were evaluated by using standard histological
criteria. Any thymus showing gross or microscopic
evidence of involvement by lymphoma was elimi-
nated from the study.

Monoclonal Antibodies

Rat MAb MEL-14 (anti-L-selectin, CD62L, IgG2a iso-
type), MECA-79 (anti-PNAd, IgM), and MECA-367
(anti-MAdCAM-1, IgG2a) were prepared in our labo-
ratory. 10,14.24 Rat MAbs reactive with the a4(7 integrin

included PS/2 (anti-a4 chain, CD49d, IgG2b isotype;
provided by P. Kincade, University of Oklahoma,
Oklahoma City, OK), DATK32 (recognizes a combi-
natorial epitope on the a4f37 heterodimer, IgG2a; pro-
vided by D. Andrew, Stanford University, Stanford,
CA), and Fib22 (anti-f7 chain, IgM isotype; provided
by D. Andrew).34'35 MAb MK2.7 (rat IgGi), which re-
acts with vascular cell adhesion molecule-1 (VCAM-
1), was provided by P. Kincade.36 Rat MAbs used for
isotype-matched negative controls included
MECA-89 (reacts with an epitope on MAdCAM-1 not
involved in a4f37-mediated lymphocyte binding,
IgG2a isotype), OZ-42 (anti-mouse cerebellar gran-
ule cell, IgM), 1 G (reacts with retroviral gp9O, IgG2b),
GK1.5 (anti-mouse CD4, IgG2b), 53-2.1 (anti-mouse
Thy-1.2, IgG2a), and 9B5 (anti-human CD44, IgG2a).

Tissue Section Immunoperoxidase
Staining

Frozen sections of lymphoid organs were stained
by a three-stage immunoperoxidase technique in-
volving sequential incubations with unconjugated
rat MAb, biotin-conjugated rabbit anti-rat Ig in 5%
normal mouse serum, peroxidase-avidin, and 3,3'-
diaminobenzidine/hydrogen peroxide solution.37 As
negative controls, primary MAbs were replaced with
species and isotype-matched irrelevant MAbs or
phosphate-buffered saline.

Tissue Section IF Staining and Evaluation

Frozen sections of AKR, BALB/c, and C57BL/Ka thy-
mus and BALB/c MLN were stained with biotin-
MECA-367 followed by fluorescein isothiocyanate
(FITC)-MECA-79 mixed with Texas Red-avidin (Cap-
pel Laboratories, Malvern, PA). Adjacent sections of
thymus stained with FITC-peanut agglutinin (Vector
Laboratories, Burlingame, CA) were examined to dif-
ferentiate cortex from medulla. Sections stained with
the anti-addressin MAb were examined by fluores-
cence microscopy; the number, location (thymic cor-
tex versus medulla), and morphological appearance
(high versus low endothelial) of vessels expressing
one or both addressins were determined. These
slides were then restained with H&E and the areas of
thymic medulla, thymic cortex, and MLN paracortex
were determined for each slide by using an image
analysis system as previously described.37 The num-
ber of addressin-expressing HEVs per unit area in
each microenvironment was then calculated.
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In Vitro Lymphocyte-Endothelial Cell
Binding Assay

The Stamper-Woodruff in vitro assay of lymphocyte-
endothelial cell binding was performed as de-
scribed.20,38,39 Briefly, cell suspensions were pre-
pared from BALB/c MLN or from one of two lymphoma
cell lines that exhibit tissue-selective binding to HEVs
in organized lymphoid tissues: 38C13, a C3H B cell
lymphoma that is L-selectinh, a4j7 10.24.25; and TK1,
an AKR T cell lymphoma that is a4f7+, a41-,
L-selectin-.51325 AKR and BALB/c mice were in-
jected intravenously with 0.2 ml of the intravascular
dye luconyl blue (40% in saline) and sacrificed 5 min-
utes later, and lymphoid organs (AKR thymus;
BALB/c PLN, MLN, PP) were removed and frozen in
OCT for preparation of frozen sections.

To determine the ability of MAbs against HRs or
addressins to interfere with binding of lymphoid cells
to endothelium in hyperplastic thymuses, tissue sec-
tions or lymphoid cells were incubated with specific
MAb, isotype- and species-matched negative control
MAb, or media before the assay.20 Tissue sections
were then incubated with 1 x 106 to 3 x 106 Iym-
phocytes or lymphoma cells for 30 minutes at 7°C with
gentle rotation. Nonadherent cells were decanted
and adherent cells fixed to tissue sections by immer-
sion in cold phosphate-buffered saline containing
1.5% glutaraldehyde. Cell binding to vessels was
evaluated microscopically under phase or dark-field
illumination; the mean number of cells bound per HEV
was determined for each treatment of each individual
tissue. Binding results after MAb treatment are pre-
sented as percent of binding in the media control.

In one set of binding assays, FITC-labeled 38C13
cells were mixed with unlabeled TK1 cells in a ratio
shown by preliminary assay to give an overall 1:1
binding ratio on BALB/c MLN HEV.39 The cell sus-
pension was then incubated on frozen sections of
AKR thymus and BALB/c MLN as described above.
Slides were fixed in glutaraldehyde and examined by
fluorescence microscopy, and the number of FITC-
38C13 and TK1 cells binding to each vessel was de-
termined. Results are expressed as the overall ratio of
38C13 to TK1 binding on AKR thymic vessels with the
ratio of such binding on MLN designated as one.

In Vivo Lymphocyte Transfer Studies

MAbs against HRs or addressins were tested for their
ability to block lymphocyte traffic to hyperplastic thy-
mus using one of the following protocols. 1) Host mice
(1 6-week AKR/J or 28-week AKR/C) were injected in-
travenously with 0.5 mg of anti-addressin MAb

(MECA-79 or MECA-367) or negative control MAb
(OZ-42, MECA-89, or 9B5) in 0.2 ml of saline or with
saline alone, and 30 minutes later each host received
intravenously another 0.5 mg of the original MAb or
saline mixed with 5 x 107 rhodamine-labeled MLN
lymphocytes from 6- to 8-week-old syngeneic do-
nors.40 2) Host mice received intravenously 5 x 107
rhodamine-labeled donor lymphocytes that had been
incubated for 15 minutes with anti-L-selectin MAb
(100 pg/ml MEL-14), negative control MAb, or media
alone and washed twice before injection. One hour
after receiving donor cells, all host mice were sacri-
ficed, blood collected in heparinized saline, and lym-
phocytes isolated by Lympholyte-M density centrifu-
gation (Cedarlane Laboratories, Hornby, Ontario,
Canada). One-half of each of the following lymphoid
organs was taken for suspension and the remaining
half frozen: thymus, spleen, MLN, PLN, PP. The per-
centage of rhodamine-labeled cells in each suspen-
sion was determined by fluorescence microscopy as
previously reported.41 Frozen tissue was used for im-
munoperoxidase or IF staining.

Results

Vascular Morphology and Adhesion
Molecule Expression

To investigate the role of vascular adhesion molecules
in lymphocyte traffic to the AKR thymus, we stained
frozen sections of thymuses from 1- to 36-week-old
AKR/C and AKR/J and 1- to 105-week-old BALB/c
and C57BL/Ka mice with MAb against PNAd,
MAdCAM-1, and VCAM-1 by an immunoperoxidase
technique. Adjacent sections stained with H&E or with
MAb reactive with B cells or L-selectin were examined
to evaluate the presence of medullary hyperplasia
within these thymuses.2 As previously reported, thy-
mic medullary hyperplasia was first seen in AKR/J
mice at 3 to 4 weeks of age and in AKR/C mice at
approximately 16 weeks of age; the hyperplasia be-
came more prominent with increasing age.2 There
was no evidence of hyperplasia in the thymuses of the
BALB/c and C57BL/Ka mice.
The immunoperoxidase stains showed prominent

expression of the vascular addressins (MAdCAM-1
and PNAd) by HEVs in the medulla of hyperplastic
thymuses from AKR mice (Figure 1). We used two-
color IF staining followed by quantitative morphom-
etry37 to further evaluate the addressin expression by
HEVs in thymuses of selected mice (Figure 2). In the
AKR thymuses, these HEVs not only increased in
number with increasing age and hyperplasia but also
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Figure 1. Vascular addressin expression in AKR hyperplastic thymtus.
Serial frozen sections of thymusfrom 31-week-old AKRIJ mousce dem-
onstrate expression of PNAd (A) and MAdCAM-1 (B) by vascular
endothelilum in the) thymic medtulla. Several oJ the vessels express both
addressins; other vessels, three of which are highlighted by arrouos,

express PNAd blt not MAdCAM-1. Immunoperoxidase staini wvith
lMAb MECA-79 (A) anid MECA-5367 (B); metbyIlene blte counetrstain;
x loo.

showed a change in their patterns of addressin ex-

pression. In AKR mice (3- to 4-week AKR/J and 13- to
16-week AKR/C) with early thymic hyperplasia, the
majority of the HEVs expressed MAdCAM-1 but not
PNAd (Figure 2). As the mice increased in age, there
was a dramatic increase in the number of thymic
PNAd-expressing HEVs but little to no increase in the
number of such vessels expressing MAdCAM-1. In
31-week-old AKR mice with well developed thymic
hyperplasia, PNAd expression on HEV clearly pre-

dominated over MAdCAM-1 expression. Some of the
PNAd-expressing vessels in the hyperplastic thy-
muses co-expressed MAdCAM-1, with the majority of
individual endothelial cells in each such HEV ex-

pressing both addressins (Figure 1). In all of the AKR
thymuses examined, the addressin-expressing HEVs
were confined exclusively to the extrafollicular (non-B
cell) areas of the hyperplastic medulla.
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Figure 2. Expression of PNAd and MAdCAM-1 by HEVs in thymic
medulla. HEVs in thymic medulla were evaluated for expression of
PNAd and MAdCAM-1 by a two-color IF techniquefollowed by quan

titative morphometry (n = 3 AKR or 10 BALB/c and C57BL thymuses
per age group). As a comparison, BALB/c MLN paracortex had a

me-an of 10.1 HEVs/mml; 84% of these HEVs co-expressed PNAd and
MAdCAM-1, whereas 14% and 2% expressed MAdCAM-1 or PNAd
alone, respectively.

In the histologically normal thymuses of young AKR
mice, the patterns of addressin expression were iden-
tical with those seen in BALB/c or C57BL/Ka thy-
muses (SA Michie and EC Butcher, unpublished ob-
servation); MAdCAM-1 was expressed by a few
vessels with low endothelial morphology in the me-

dulla and at the cortico-medullary junction, whereas
PNAd expression was limited to a very small number
of cortical vessels with low to medium height endo-
thelium.

There were no detectable differences in endothelial
VCAM-1 expression between AKR, BALB/c, or

C57BL/Ka thymuses. Specifically, VCAM-1 was ex-

pressed by a few vessels in the medulla of all thy-
muses examined (data not shown).

In Vitro Lymphocyte-Endothelial Cell
Binding Assays

The Woodruff-Stamper in vitro assay was used to
study the specific molecular interactions involved in
the adhesion of lymphoid cells to vascular endothe-
lium in hyperplastic thymuses of 30- to 36-week-old
AKR/J and AKR/C mice.38'39 To investigate the roles
of lymphocyte HRs and vascular addressins in this
adhesion, we used two mouse lymphoma cell lines
that show tissue-selective binding to HEVs in orga-

nized lymphoid organs.5',10,13,24,25 Results from a rep-

resentative experiment are illustrated in Figures 3 and
4. 38C13 lymphoma cells, which selectively bind to
PLN but not mucosal HEVs with an L-selectin/PNAd
recognition system, bound to many vessels in the
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Figure 4. Serialfrozen sections from hyperplastic thYmus '31-neek-
old AKR/, miouse shou', spcecific binding of38C13 lniphonlia cells (A)
to INAd-expressing HEV'(B) in thbnmic mncclulla (A: clark-field Oilicros-
copy of unstained slidefirom in vitro lnipbocyte-enclothelial binding
assay X,300); B: immunoperoxidase stain with MAb AIECA-79 ( nieth-
Ylene blue countrstetain, X_300).

thymus, the in vitro assay was performed with a mix of
FITC-labeled 38C13 and unlabeled TK1 cells. The ratio
of 38C13 cells to TK1 cells binding to HEVs in hyper-
plastic thymuses was compared with the ratio of binding
to MLN HEVs, which express both PNAd and MAdCAM-
1.14 As illustrated in Figure 5, both adhesion systems
were represented in hyperplastic thymuses of 16-week-
old AKR/C mice. In contrast, in hyperplastic thymuses of
30-week-old AKR/C mice, there was clear predomi-
nance of L-selectin/PNAd-mediated lymphocyte/
endothelial binding (Figure 5).

Most MLN lymphocytes express both the L-selectin
and a4f37 HR and would thus be expected to bind to
vessels expressing PNAd and/or MAdCAM-1 10,15,26

We did not detect specific binding of MLN lympho-
cytes to vessels in histologically normal thymuses
from BALB/c or 6- to 8-week-old AKR/C mice (data not
shown). In contrast, MLN lymphocytes bound well to
HEVs in hyperplastic thymuses from 31-week-old
AKR/J mice. A large portion of this binding could be

0 20 40 60 30 100 120

TK1 binding to veswsie (% of media control)

Figure 3. The ability ofMAbs against HRs or addressins to interfere
with binding of lymphoid cells to endothelium in AKR hyperplastic
thymuises and for comparison with MLN HFV.s u'as determinied hb'
using an in vitro assay of lymphoid cell-endothelial binding. Binding
results after MAb treatment are presented as percentage of binding in
the mnedia control. A: 38C13 lvmphoma cells, uhich bind to HEVs via
an l-selectin/PNAd interaction, bouind to vessels in medulla of hyper-
plastic thymuses from 31-week-old AKR<J mice (n =3). There uas
similar binding of 38C13 cells to BALB/c MLN (n 2) uhere most
HEVs co-express PNAd and MAdCAM-1. Binding to vessels in th'mus
and MLN uas inhibited by MAb against L-selectin (MEL-14) or PNAd
(MECA-79) buit not by isotype-matched control MAb (shadced bars;
niean + SD). B: TKE lVmphoma cells, which bind to endothelium via
an a43 7/MAdCAM-I interaction, bounid to vc-ssels in 31-week-old
AKK/f hypcerplastic thymus and BALB/c MLN. Binding was inhibited
by MAb against MAdCAM-1 (MECA-367) or against either chain of
the ao., 7 inttegrin (anti-, 7MAb Fib 22; anti-a4 MAb PS12). Th7ere uas
no significant inhibition of biuding by, negative conitrol MAb (shaded
bars; mean + SD).

AKR thymic medulla (Figures 3A and 4). This binding
was almost completely inhibited by preincubation of
the lymphoma cells with anti-L-selectin MAb MEL-14
or by preincubation of the thymus tissue sections with
anti-PNAd MAb MECA-79 (Figure 3A). TK1 lym-
phoma cells, which bind selectively to mucosal but
not PLN HEVs with an a437/MAdCAM-1 recognition
system, also bound to vessels in the thymic medulla;
much of this binding was blocked by anti-MAdCAM-1
antibody (MAb MECA-367, Figure 3B) or by MAbs
against the a437 molecule (anti-a4 MAb PS/2 and
anti-f7 MAb Fib22, Figure 3B; anti-a437 heterodimer
MAb DATK32, data not shown).

To further delineate the relative functional contribu-
tions of L-selectin interactions to a437 interactions in the
binding of lymphoid cells to vessels in AKR hyperplastic
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Figure 5. Relative contributions of L-selectini ancd ac0,7 integrin HRs
in ly,mphoid cell binding to endotbelium in AKR hpverplastic thymus.
The ratio of the vascular biniding (f -38C'13 cells (L-selectin',a4? 7 )
to binding of TK1 cells (L-selectin -, a4 7+ ) w'as deternmined by usinlg
ani in vitro lVmphocyte-endothelial binding assay,. The contributions
Qf'L-selectin-mediated interactions relative to a4 7-mediated interac-
tionis in the binding of lywiphoid cells to vessels in 16-eek-old AKRIC
thbmus were siniilar to that seen in BALB/c MLN. In contrast,
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Figure 6. The ability of MAbs against HRs or addressins to interfere
with trafficking of LN Iymphocytes to AKR hyperplastic thymuses was
deternmined by uisitng short-term adoptive transfer experiments. Results
are presented as a percentage of donor lymphocytes migratinlg inlto
thy,muses of host nmice in which the specific or negativle control MAb
was replaced uwith saline. MAb againist PNAd (MFCA-79) blocked
mu.ch of the traffic of adoptive/i' transferred MLN lvmphocytes to h'-
perplastic thy)muses of 28-week-old AKRIC and 16-ueek-old AKR'J
mice. AnPti-MAdCAM-1 (MAb MECA-367) blocked sonme of the lympho-
cite traffic to the AKKI/, thymuses btut had only a slight ejfet on traf
fic to the AKR/C thynmuses (nean + SD; n = 3 niice per treatment).

blocked with MAb against L-selectin or PNAd (per-
cent inhibition (mean + SD for three mice) was 68 ±
8 and 60 + 13, respectively) and a smaller portion
blocked with MAb against a4 or MAdCAM-1 (percent
inhibition was 25 + 3 and 31 ± 10, respectively). MAb
MECA-79 (anti-PNAd) mixed with MECA-367 (anti-
MAdCAM-1) produced almost complete inhibition of
lymphocyte binding to vessels in the hyperplastic thy-
mus (84% inhibition to vessels in thymus as com-
pared with 87% inhibition to vessels in MLN). These
data indicate that PNAd and MAdCAM-1 are major
ligands for lymphocyte binding to HEV in the hyper-
plastic thymuses of AKR mice.

In Vivo Lymphocyte Traffic Studies

We used lymphocyte transfer experiments to deter-
mine the in vivo significance of the L-selectin/PNAd
and a437/MAdCAM-1 pathways in the traffic of lym-
phocytes to hyperplastic AKR thymus. In these ex-
periments we evaluated the ability of MAb against
L-selectin, PNAd, and MAdCAM-1 to block the hom-
ing of the transferred LN lymphocytes to the host thy-
mus. Two groups of host mice were used in these
experiments: 28-week-old AKR/C mice in which thy-
mic PNAd-expressing HEVs predominate in numbers
over MAdCAM-1 -expressing HEVs; and 16-week-old
AKR/J mice in which there are roughly equal numbers
of PNAd-expressing and MAdCAM-1-expressing
HEVs in the thymus (Figure 2). Within each of these
two groups of hosts, previous studies have shown
little variability among individual mice in the amount
of lymphocyte traffic to the thymus.2 Results of the
current experiments are illustrated in Figure 6. Anti-

L-selectin (MAb MEL-14) and anti-PNAd (MAb
MECA-79) significantly blocked lymphocyte traffic to
hyperplastic thymuses of the 28-week-old AKR/C
mice. Although there was little blocking of traffic by
anti-MAdCAM-1 (MAb MECA-367), immunohisto-
chemistry revealed very few MAdCAM-1 -expressing
vessels in these thymuses (data not shown). In con-
trast, in the 16-week-old AKR/J host mice, both anti-
PNAd and anti-MAdCAM-1 MAbs produced signifi-
cant blocking of traffic to the thymuses.

Discussion
The migration of lymphocytes from blood into orga-
nized lymphoid tissues such as LN and PP in-
volves the interaction of lymphocyte HRs with vas-
cular addressins on specialized HEVs in these
tissues. 16,24-26,29-3 In an earlier study of lympho-
cyte traffic into the hyperplastic thymus of AKR mice,
we showed that there is increased migration of B and
T lymphocytes, most expressing high levels of the
L-selectin HR, to the hyperplastic as compared with
the normal thymic medulla.2 After publication of that
study, MAbs reactive with the a437 integrin HR and
peripheral and mucosal addressins became avail-
able; these MAbs have enabled us to directly exam-
ine the molecular mechanisms that regulate traffic of
mature B and T lymphocytes from the periphery to the
hyperplastic thymus. We demonstrate that morpho-
logically classic HEVs develop in the medulla of the
hyperplastic thymus and that many of these HEVs ex-
press PNAd whereas a smaller number express

---I
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MAdCAM-1. Furthermore, we have directly demon-
strated that these addressin molecules function in
vivo to direct the traffic of mature lymphocytes to the
hyperplastic thymus.

Addressins are expressed by endothelium of many
venules in adult mouse LN, PP, and intestinal lamina
propria. There have been only a few reports of PNAd
and MAdCAM-1 expression induction in other tissues
in the mouse. In a previous paper, we described the
spontaneous induction of MAdCAM-1 and, to a lesser
extent, PNAd on vessels in inflamed pancreatic islets
of nonobese diabetic mice and used an in vitro
lymphocyte-endothelial cell binding assay to demon-
strate that these addressins function to bind lympho-
cytes.20 The expression of addressins in nonobese
diabetic pancreas has been confirmed by Faveeuw
and colleagues.23 Sarvetnick and colleagues dem-
onstrated similar induction of MAdCAM-1 and PNAd
expression on vessels in inflamed islets of diabetic
interferon-y transgenic and interleukin-1 0 transgenic
mice.21'22 Two groups have shown that MAbs to
MAdCAM-1 react with a small number of vessels in
the central nervous system of mice with relapsing ex-
perimental autoimmune encephalomyelitis. The func-
tional significance of MAdCAM-1 expression by these
vessels is unclear, as lymphocyte binding studies
were not conducted.18,19 Addressin expression in the
central nervous system of mice with acute experimen-
tal autoimmune encephalomyelitis or Corynebacte-
rium parvum-induced inflammation has not been
reported.18'42'43 Addressin expression was not ob-
served at a variety of other sites of chronic inflam-
mation in the mouse. These sites include inflamed
skin induced by a variety of stimuli including complete
Freund's adjuvant, lipopolysaccharide, concanavalin
A, tumor necrosis factor-a, interleukin-1, interferon-y,
skin allografts, subcutaneous sponge allografts, and
DTH responses, and sheep red blood cell-induced
inflammation of lung (B Englehardt, MT Martin, SA
Michie, and EC Butcher, unpublished observations).

In contrast to the situation in the mouse, PNAd is
expressed by a wide variety of chronically inflamed
human tissues including skin, synovium, and thy-
roid.27'28 Although the existence of a human equiva-
lent of MAdCAM-1 has been inferred through func-
tional studies of lymphocyte-endothelial cell binding,
its immunohistological distribution in sites of inflam-
mation has not been studied because of a lack of
MAbs against human MAdCAM-1.4

Several factors may affect expression of ad-
dressins by endothelial cells in organized lymphoid
tissues and extranodal sites of chronic inflammation.
Immune response cytokines may play some role, as

suggested by the recent finding that expression of
MAdCAM-1 but not PNAd can be induced on a cul-
tured endothelial cell line by inflammatory mediators
such as tumor necrosis factor-a, interleukin-1, and Ii-
popolysaccharide.45 Indeterminate lymph-borne fac-
tors, which may include cytokines, cells, or antigens
have been shown to regulate addressin expression
by LN HEVs48'47; these factors may be involved in
such regulation at extranodal sites as well. Tissue-
specific microenvironmental influences are likely in-
volved in addressin expression, as suggested by
transplantation studies48 and by the tissue-specific
differences in addressin expression between PLN
and PP of adult mice. 14.24
A large body of work suggests that lymphocyte

binding to LN HEVs involves the interaction of the lec-
tin domain of lymphocyte L-selectin with PNAd car-
bohydrate determinants. These carbohydrate deter-
minants are specifically recognized by the MECA-79
MAb. Although MECA-79 reacts with several glyco-
proteins found in mouse LN, only three of these
have been characterized at the molecular level:
GlyCAM-1 and CD34 are sulfated, mucin-like mol-
ecules with a high content of 0-linked carbohy-
drates, whereas MAdCAM-1 includes a mucin do-
main that may be capable of presenting carbohydrate
determinants.29'33 The functional moiety on murine
GlyCAM-1 is a sulfated variant of the sialylated Lewisx
(sLex) blood group structure.49 The functionally im-
portant L-selectin binding carbohydrates on CD34
and MAdCAM-1 have not been identified.

The induction of PNAd expression by vascular endo-
thelium in AKR hyperplastic thymus can be explained by
several different mechanisms: 1) there may be induction
of glycosylation mechanisms that then decorate pre-
existing proteins with carbohydrate side chains that re-
act with MECA-79 and support L-selectin-dependent
lymphocyte binding; 2) synthesis of protein backbones
may be induced, which are then decorated with MECA-
79-reactive carbohydrates by pre-existing glycosylation
mechanisms; or 3) some combination of the above
mechanisms.

Most HEVs in mouse MLN react with MECA-79 and
MECA-367.14'24 Berg and colleagues have recently
shown that a subset of MLN MAdCAM-1 expresses
MECA-79-reactive carbohydrates that support
L-selectin-dependent lymphocyte rolling.33 We have
shown that some HEVs in AKR hyperplastic thymus
react with both MECA-79 and MECA-367, raising
the possibility that these vessels may express
MAdCAM-1 that bears MECA-79 carbohydrate
epitopes. A similar situation may exist in pancreata of
diabetic mice, in which a subset of HEVs in inflamed
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islets react with both MECA-79 and MECA-367.2023
Additional study is needed to identify the molecules
that express MECA-79 epitopes in HEVs of hyper-
plastic thymus and inflamed pancreas and to deter-
mine the physiological roles of the various L-selectin
ligands in leukocyte traffic to organized lymphoid tis-
sues and sites of inflammation.

In the normal adult mouse, a small number of
mature B and T lymphocytes migrate to the thymic
medulla.41 50'51 The significance of this low level of
traffic to the thymus is unclear, although it has
been suggested that these lymphocytes are in-
volved in immunological memory or tolerance
induction.5153 The roles of addressins and HRs in
lymphocyte traffic to normal thymus have not been
delineated. Most of the B and T lymphocytes hav-
ing recently entered the normal thymus are
L-selectin' 2neg,41 suggesting that the L-selectin
HR does not play a major role in mature lymphocyte
migration to normal thymus. It is possible, however,
that these cells are L-selectinhi when they enter the
thymus and that receptor expression is down-
regulated during or soon after entry.54 To clarify the
roles of addressins and HRs in the migration of
lymphocytes to normal thymus, in vivo studies
need to be carried out to determine whether
MAb against HRs or addressins can block this
migration.
The amount of lymphocyte traffic to histologically nor-

mal thymuses of young AKR mice is similar to that of
adult BALB/c and C57BL mice.2'41 However, with in-
creasing age and increasing thymic medullary hyper-
plasia, there is a marked increase in traffic of peripheral
B and T cells to the AKR thymus.2 Although the physi-
ological significance of this increase in lymphocyte traffic
is unclear, it correlates temporally with the increase in
expression of retroviral antigens within the thymus, sug-
gesting that the lymphocytes might be involved in an
immune response against the viral antigens.55

In this study, we demonstrate that morphologically
classic HEVs develop in the medulla of the hyper-
plastic thymus of AKR mice and that these HEVs ex-
press PNAd and MAdCAM-1. Furthermore, we demo-
strate that these addressins function in vivo to control
the migration of lymphocytes to the hyperplastic thy-
mus. These results, together with those of our previ-
ous study showing increased migration primarily of
L-selectinhi lymphocytes to the hyperplastic thymus
as compared with the normal thymus, show that
mechnisms involved in traffic of lymphocytes to hy-
perplastic thymus are similar to those involved in lym-
phocyte traffic to organized lymphoid tissues such as
LN and PP.
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