
Developmental Immunology, 1995, Vol 4, pp. 199-209
Reprints available directly from the publisher
Photocopying permitted by license only

(C) 1995 Harwood Academic Publishers GmbH
Printed in Singapore

Antigen-Independent Maturation of CD2, CD1 la/CD18,
CD44, and CD58 Expression on Thymic Emigrants in
Fetal and Postnatal Sheep
DEBORAH A. WITHERDEN,* NEVIN J. ABERNETHY,* WAYNE G. KIMPTON, and ROSS N.P. CAHILL*
"Laboratory for Foetal and Neonatal Immunology, The University of Melbourne, Cnr. Flemington Road and Park Drive,
Parkville, VIC, Australia 3052
tlGBMC, BP163, 67404, Illkirch Cedex, C.U. de Strasbourg, France
CDepartment of Molecular Medicine, University of Auckland, New Zealand

We have compared the expression of CD2, CD11a/CD18, CD44, and CD58 on a3 and ,3
T cells emigrating from the fetal and postnatal thymus. We report that both 3i and the
CD4 CD8- and CD4-CD8 subsets of a3 T cells express mature levels of the adhesion
molecules CD11a/CD18, CD44, and CD58 upon emigration from the thymus. Whereas
CD44 is up-regulated on 3 thymocytes prior to export, down-regulation of both
CD11a/CD18 and CD58 occurs prior to emigration from the thymus, suggesting that
down-regulation of these molecules may be a final maturational step taken by developing
3 T cells before their export from the thymus. In contrast, there is continued up-regulation
of CD2 on d5 and a T cells upon emigration from the thymus and as they move into the
mature peripheral T-cell pool. There was also a marked reduction in the number of CD2
3 T cells exported during fetal development that was associated with a marked reduction
in the percentage of CD2 thymocytes exported. The postthymic maturation of CD2 and
the other changes in adhesion-molecule expression appear to be independent of extrinsic
antigen, as the same changes were observed in the antigen-free environment of the fetus
as in the postnatal lamb, which has been exposed to extrinsic antigen. It thus appears that
these changes in adhesion-molecule expression are as a result of the normal maturation
pathway from a developing thymocyte to a mature peripheral T cell.
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INTRODUCTION

Adhesion molecules are crucial for mature T-cell
function and they have also been implicated in
T-cell ontogeny and differentiation (Hogg and Lan-
dis, 1993; Janeway Jr. and Golstein, 1993). Studies
on human thymocytes have suggested that interac-
tion of the adhesion molecule CD2 with its ligand
CD58 is necessary for interleukin-2-receptor expres-
sion, and hence T-cell expansion, prior to surface
CD3 and TCR expression (Reinherz, 1985). In ad-
dition, studies using murine fetal thymic organ
cultures and transgenic mice have demonstrated a
potential role for the adhesion molecule, CD11a/
CD18 in a T-cell differentiation (Fine and Kruis-
beek, 1991) and negative selection (Carlow et al.,
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1992). The addition of anti-CD11a/CD18 or anti-
ICAM-1 antibodies markedly impairs the progres-
sion of CD4-CD8- cells to CD4 /CD8 (Fine and
Kruisbeek, 1991) and deletion of CD4 CD8 thy-
mocytes can be inhibited by anti-CD11a/CD18
monoclonal antibodies and partially inhibited by
anti-ICAM-1 monoclonal antibodies (Carlow et al.,
1992). A role for such molecules on "/3 T cells has
yet to be established.
The adhesion-molecule profile of T cells has also

been linked to the naive and memory status of these
cells. Naive oc T lymphocytes express low levels of
adhesion molecules. Shortly after antigenic stimula-
tion, both CD4 and CD8 subsets express in-
creased levels of adhesion molecules, which may
persist after the stimulated lymphocytes have
reverted to the resting state, and possibly last for
the life of the memory cell (Sanders et al., 1988;
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Cerottini and MacDonald, 1989; Shimizu et al.,
1990). To date, little is known about the level of
expression of adhesion molecules on 73 T cells at
different stages of activation or maturity.
Although it has been known for over 30 years that

the thymus is responsible for the initial formation and
maintenance of the peripheral T-cell pool (Miller,
1961, 1991), little is known about the expression of
adhesion molecules on T cells as they leave the thy-
mus, although it has been shown that murine recent
thymic emigrants included both CD44 and CD44-
cells (Kelly and Scollay, 1990). In order to understand
better the regulatory mechanisms controlling
adhesion-molecule expression on T cells during de-
velopmental in vivo, it is important to know the
adhesion-molecule status of T cells immediately after
their export from the thymus and preferably in situ-
ations where any changes in their expression can be
isolated from the effects of antigen. Sheep provide an
ideal model for these purposes. It is possible to study
directly naive T cells as they leave the thymus at dif-
ferent stages during ontogeny and it provides an ad-
ditional advantage as a model because the sheep fetus
is immunologically virgin (although immunologically
competent), so that adhesion-molecule expression
can be examined in a situation unsullied by the effects
of antigen (Pearson et al., 1976; Cahill and Trnka,
1980; Kimpton et al., 1994). Examination of 7i T cells
is also facilitated because sheep have an unusually
high proportion of 7b T cells compared with mice and
humans (Hein and Dudler, 1993) and thymic export
of7 T cells increases during gestation to around 40%
of all emigrants at 3 months of age (Witherden et al.,
1994c).
Export of T cells from the murine thymus has been

studied extensively by Scollay and colleagues (Scollay
et al., 1980, 1984a, 1984b; Scollay, 1982). It has been
shown that in mice and other species, the thymus
exports about 1% of thymocytes per day (Scollay et
al., 1980; Miyasaka et al., 1988, 1990; Witherden et
al., 1994c) and that there are marked changes in the
export of z3 and 7 T cells from the thymus during
fetal development and after birth (Witherden et al.,
1994c). Furthermore, postthymic maturation of
CD45RA and L-selectin expression on thymic emi-
grants, which appeared to be antigen-independent,
has also been shown to occur in both fetal and post-
natal animals (Witherden et al., 1994a, 1994b).
The aim of this study was to examine the expres-

sion of the adhesion molecules CD2, CD11a/CD18,
CD44, and CD58 on thymic emigrants in order to
compare their adhesion-molecule status with that of

thymocytes and mature peripheral T cells. Thymic
emigrants, like fetal sheep peripheral T cells, are

indisputably naive. An examination of adhesion-
molecule expression on these cells therefore pro-
vided an opportunity to establish the phenotype
of naive 7i T cells and to look for antigen-
independent, as well as possible antigen-driven,
changes in the expression of these molecules on
lymphocyte subsets after emigration from the
thymus.

RESULTS

Experimental Plan

Expression of the adhesion molecules CD2, CD11a/
CD18, CD44, and CD58 on thymic emigrants was
investigated in five 120-day-old fetuses, four 140-
day-old fetuses, and five 3-month-old lambs. Thy-
mocytes were labeled in situ by direct intrathymic
injection of FITC, and those cells that had migrated
out of the thymus were identified as FITC lympho-
cytes in blood I hour after intrathymic injection. One
hour was chosen as a time when we could be confi-
dent that thymic emigrants would express the same
surface phenotype as they did when they left the
thymus and was the earliest time point when suffi-
cient emigrants could be obtained to allow accurate
phenotyping. Thymic emigrants were then pheno-
typed for CD2, CD11a/CD18, CD44, and CD58 ex-
pression and, using two-color immunofluorescence
staining, the expression of these adhesion molecules
on emigrant T-cell subsets was examined. Single-cell
suspensions of ovine thymocytes and PBL were also
phenotyped, although single-positive CD4 and
CD8 thymocytes were not examined.

Expression of CD2 on Thymic Emigrants:
Comparison with Thymocytes and Mature
T Cells

The expression of CD2 on subsets of thymocytes,
thymic emigrants, and mature T cells is shown in Figs.
I and 2. There was a marked decline in the proportion
of7 emigrants expressing CD2 during fetal develop-
ment, from 44% at 120 days gestation to 14% at 140
days gestation, but no further change after birth
(17%, Fig. 1). This fall in the number of CD2 75
emigrants coincided with an increase in the propor-
tion of CD2 7i thymocytes, indicating that there
was a marked drop in the percentage of CD2 7i
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FIGURE 1. The distribution of CD2 on 76/, CD4 /CD8-, and
CD4-CD8 T-cell subsets in the thymocyte, thymic emigrant,
and mature peripheral blood lymphocyte populations in fetal
sheep (120 and 140 days gestation) and postnatal lambs (3
months old). The proportion of CD2 thymic emigrants was
determined in peripheral blood hr after in situ labeling of the
thymus with FITC. Histograms represent the mean percentages
of lymphocytes stained + SEM.

thymocytes exported from the thymus in the late-
term fetus and postnatal lamb (Fig. 1). Maturation of
7/5 emigrants in the periphery was also associated
with down-regulation of CD2 because considerably
fewer 76 T cells in the mature blood population
expressed CD2 than did 76 emigrants at all ages
examined (Fig. 1).

In contrast to y3 emigrants, there was no differ-
ence in the percentage of CD2 [ T-cell emigrants
at different ages (Fig. 1). At all three ages, a signif-
icantly higher proportion of CD4 /CD8- and
CD4- CD8 thymic emigrants expressed CD2 than
73 emigrants. The vast majority of CD4 CD8- cells
expressed CD2 although a significant minority of
around 20% of both emigrant and mature CD4-
CD8 cells were CD2- (Fig. 1).
CD2 expression on c[ thymocytes was not exam-

ined; however, in contrast to /5 cells, there was
very little difference in the proportion of CD4
CD8- or CD4-CD8 emigrants and peripheral
blood lymphocytes expressing CD2 in either the
fetus or the lamb (Fig. 1). The loss of CD2 between
emigrants and mature T cells thus appeared to be
confined to the 73 T-cell subset.
The level of CD2 expression on 3 emigrants

and peripheral blood lymphocytes is shown in Fig.
2. In all experiments, 76 emigrants expressed CD2
at a lower level than mature 76 peripheral blood
lymphocytes (Fig. 2), but at the same level as 73
thymocytes (data not shown). The level of CD2
expression on CD4 /CD8- and CD4-CD8 emi-
grants and peripheral blood lymphocytes is also
shown in Fig. 2. Like y3+ thymic emigrants,
CD4 /CD8- and CD4-CD8 emigrants also ex-
pressed a lower level of CD2 than the equivalent
mature T-cell population.

Expression of CD11a/CD18 on Thymic
Emigrants: Comparison with Peripheral Blood
Lymphocytes and Thymocytes

The majority (90-100%) of fetal and lamb thymo-
cytes, thymic emigrants, and peripheral blood lym-
phocytes expressed CD11a/CD18 (data not shown).
The level of expression of CD11a/CD18 was very
similar between emigrants and peripheral blood
lymphocytes for all three subsets (Fig. 2). However,
a comparison of 73 thymocytes, thymic emigrants,
and mature T cells revealed that both 140-day-old
fetal (data not shown) and 3-month-old lamb 73
thymocytes expressed a considerably higher level
of CD11a/CD18 than 73 emigrants and thus a
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higher level of CD11a/CD18 than 73+ peripheral
blood lymphocytes (Fig. 3).
Very little difference in the level of expression of

CD11a/CD18 on (z and ,6 subsets was apparent
except for the emergence of a small CD11a/CD18hi

population amongst CD4-CD8 peripheral blood
lymphocytes that appeared late in gestation and was
still apparent after birth (Fig. 2). This CD11a/
CD18hi population was not present amongst the
CD4 /CD8- or /3 subsets or amongst any of the
three subsets at 120 days gestation, nor was it
detectable in any thymic emigrant population.

Expression of CD44 and CD58 on Thymic
Emigrants: Comparison with Peripheral Blood
Lymphocytes and Thymocytes

The majority of CD4 CD8-, CD4- CD8 /, and ,3
thymic emigrants and peripheral blood lymphocytes
(85-98%) expressed CD44 (Fig. 2) and this did not

change over the three ages examined (data not

shown). CD44 appeared to be up-regulated on
T cells prior to export because the majority of T3
thymocytes expressed much lower levels of CD44
than ,6 emigrants or peripheral blood lympho-
cytes (Fig. 3). Whereas the majority of + emi-

grants and peripheral blood lymphocytes expressed
similar levels of CD44, there was an appreciable
number of CD44 cells in the mature blood
T-cell population (Fig. 3). It was also apparent that
many emigrants and peripheral blood lympho-
cytes expressed considerably lower levels of CD44
than did the corresponding CD4 CD8- populations
(Fig. 2).
The majority of CD4 /CD8-, CD4-CD8/, and

T3 thymic emigrants and peripheral blood lym-
phocytes (80-100%) expressed CD58 (Fig. 2), and as
with CD44 expression, this did not change over the
three ages examined (data not shown). Most
thymocytes expressed much higher levels of CD58
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FIGURE 2. Two-color FACS plots of CD2, CD11a/CD18, CD44, and CD58 expression versus CD4, CD8, and y3 expression on
mature peripheral blood lymphocytes and thymic emigrants from 3-month-old lambs. Emigrants were identified by in situ FITC
labeling, and the surface phenotypes for both mature T cells and thymic emigrants were determined by two-color immunofluorescence
staining using phycoerythrin (adhesion molecules) and Texas Red (T-cell subset). Quadrant markers were set based on isotype-
matched control mAbs.
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than 73+ thymic emigrants and mature T cells
suggesting that CD58 was down-regulated on ,3 T
cells prior to their export from the thymus (Fig. 3).
The expression of CD58 on 3 T cells in the thymus
was not examined but CD4 CD8- and CD4- CD8
emigrants and mature T cells expressed the same
low levels of CD58 as the corresponding 73 T-cell
populations (Fig. 2).

Thymocxtes vs Emigrants PBL vs Emigrants

Log CD11a Fluorescence

Log CD44 Fluorescence

Log CD58 Fluorescence

Emigrants

FIGURE 3. Level of expression of CD11a/CD18, CD44, and
CD58 on 73/ thymocytes, thymic emigrants (shaded), and
peripheral blood lymphocytes in 3-month-old lambs. Emigrants
were identified by in situ FITC labeling, and the surface pheno-
types were determined by two-color immunofluorescence stain-
ing using phycoerythrin (adhesion molecules) and Texas Red
(73 cells). Dash lines represent the point beyond which staining
was considered positive relative to isotype-matched control
mAbs.

DISCUSSION

There have been many studies on the up-regulation
of adhesion molecules by [3 T cells upon activation
and, together with CD45 isoform expression,
changes in these molecules have been combined in
an attempt to define the naive and memory status of
T cells (Mackay et al., 1990; Picker and Butcher,
1992; Mackay, 1993a, 1993b; Picker et al., 1993a,
1993b). Very little is known about the expression of
these molecules on ? T cells, either in terms of
naive and memory status, or activation state. Here,
it has been possible to examine postthymic matura-
tional changes in the expression of several adhesion
molecules on both [3 and 3 T cells as they progress
into the mature T-cell pool, in the very different
environments that prevail in the lamb before and
after birth (summarized in Fig. 4).
CD2 is a lymphocyte surface molecule thought to

be critically involved in the adhesion and activation
of [3 T cells during immune responses (Springer et
al., 1987; Collins et al., 1994) and thymocyte expan-
sion (Reinherz, 1985). Whereas the majority of both
fetal and postnatal J3 thymic emigrants expressed
CD2, most ? emigrants in the experiments reported
here were CD2-. Although previous reports have
described a lack of CD2 expression by 3 T cells
(Mackay et al., 1988a; Giegerich et al., 1989), the
experiments reported here demonstate a substantial
population of CD2 T-cell emigrants, which
declined from 44% in 120-day-old fetuses to 17%
after birth. Thus, there was a significant decrease in
the export of 3 CD2 cells with gestational age. In
the previous reports, a monoclonal antibody to T19,
a cell-surface protein expressed exclusively on a
subset of 3 T cells in ruminants (Mackay et al.,
1989), was used to identify 3 T cells, but because 3
T cells comprise both 3 T19 and 3 T19- cells,
the T3 / CD2 / cells may have been contained within
the T19- subset and therefore missed in these
earlier reports.
CD2 is also believed to play a crucial role as a

coreceptor involved in inside-out signaling resulting
in increased adhesion between the T lymphocyte
and the antigen-bearing cell in both antigen-specific
and antigen-independent lymphocyte activation

(Collins et al., 1994). If CD2 functions as a corecep-
tor on 3 T cells in a similar fashion to T cells, the
presence of a large population of CD2- thymic
emigrants raises the possibility that CD2- 73 T
cells may represent an immature lineage of 3 T cells
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MATURATION PATHWAY FROM A DEVELOPING
THYMOCYTE TO A MATURE T CELL

cells

CD11a/CD18hi N 1 Decreased
CD58hi N’I CD11a/CD181 CD581 , Unchanged

CD44lo Increased
CD44int

Unchanged

CD4+CD8- & CD4-CD8+ T cells

CDlla/CD181 ::NNN CD581o Unchanged

CD44hi Unchanged

FIGURE 4. Scheme showing antigen-independent maturation of adhesion-molecule expression on yi and a3 T cells in the fetus and
postnatal lamb.



ADHESION MOLECULES ON THYMIC EMIGRANTS 205

that would seem unlikely considering up to 73% of
/5 T cells in the thymus express CD2 and the
overwhelming majority of peripheral /5 T cells are
CD2-. It is also possible that CD2- and CD2 /15 T
cells may represent separate lineages, as has been
suggested in rats, where /5 T cells in lymph nodes
are CD2 /, whereas those in intestinal epithelium
are CD2- (KOhnlein et al., 1994). Alternatively,
activation of ,5 T celle may occur in a different
manner from 0 T cells.
As there appeared to be developmentally regu-

lated changes in the export of CD2 /15 T cells, we
examined the level of expression of CD2 on thymic
emigrants and peripheral blood lymphocytes of the
fetus and lamb. In the antigen-free environment of
the fetus, both thymic emigrants and mature T cells
are naive cells and should therefore express the
same low level of CD2. In contrast, thymic emi-
grants in the lamb are naive, but their mature T-cell
counterparts consist of both naive and memory T
cells. As such, differences in the level of expression
of CD2 might be expected between thymic emi-

grants and peripheral blood lymphocytes in the
lamb, but not in the fetus. When compared with
mature peripheral blood T cells, ,15 emigrants and
thymocytes were found to express lower levels of
CD2. This increase in CD2 expression on mature
cells occurred in both fetal and postnatal lambs.
Thus, the postthymic maturational changes in the
expression of CD2 that occurred in the 15 T-cell
population appeared to be developmentally regu-
lated rather than due to any antigen-induced
changes.
Although CD4 /CD8- and CD4-CD8 thymo-

cytes were not examined here, the same increased
expression of CD2 was found between CD4 CD8-
and CD4-CD8 emigrants and mature T cells, as
was found for /15 T cells. In sheep, it has been
reported that CD4 and CD8 single-positive medul-
lary thymocytes, as well as a large fraction of
CD4 CD8- thymocytes, express a relatively high
level of CD2, whereas the "double-negative" cells
in the thymus contain mostly CD2-, some CD21,
and a few CD2hi cells (Mackay et al., 1988a; Gieg-
erich et al., 1989). This suggests that there may be
down-regulation of CD2 on 0t T cells upon emigra-
tion from the thymus followed by up-regulation as
these cells progress into the mature peripheral T-cell
pool.
CD58 is thought to mediate intercellular adhesion

of CD58 cells with thymocytes, natural killer cells,
and mature 0 T lymphocytes in its role as the

ligand for CD2, and its expression is up-regulated
on memory cells (Springer, 1990). Along with other
Ig superfamily members, CD58 can also act as a
costimulatory molecule for IL-2 production and the
proliferation of CD4 / T cells (Hogg and Landis,
1993). An analysis of the expression of CD58 on

thymic emigrants revealed that, unlike CD2, the
vast majority of both "yi5 and 0 emigrants expressed
CD58, albeit at a low level. In contrast, virtually all
thymocytes expressed higher levels of CD58, sug-
gesting that down-regulation of CD58 may be a
final maturational stage of both / and 0t thymo-
cytes prior to emigrating from the thymus.
CD11a/CD18 or LFA-1 is a member of the inte-

grin family of cell-surface heterodimers that parti-
cipate in a range of cell-to-cell and cell-to-
extracellular matrix interactions in the immune
system (Hynes, 1992). In the experiments reported
here, we have shown that thymocytes, in the
fetus, close to term and in the postnatal lamb,
expressed a higher level of CD11a/CD18 than both
45 emigrants and mature T cells. Recent studies
have reported that CD11a/CD18 and ICAM-1 in-
teractions within the thymus are involved in T-cell
differentiation and negative selection (Fine and
Kruisbeek, 1991; Carlow et al., 1992, #1453). In this
context, the down-regulation of CD11a/CD18 on /15
thymocytes may indicate a final stage in T-cell
development prior to their export to the periphery.
LFA-1/ICAM-1 adhesion pathways are important

in many cell-to-cell interactions in the immune

system and a range of cell types such as thymocytes,
peripheral blood lymphocytes, monocytes, and neu-
trophils have been shown to express differential
levels of CD1 la and CD18 (Tamatani et al., 199 la).
Although we have shown there is no difference in
the level of CD11a/CD18 expression on thymic
emigrants and mature peripheral blood T cells,
recent studies have shown that activation of lym-
phocytes induces qualitative changes in the avidity
and ligand specificity of LFA-1 (Tamatani et al.,
1991b). For example, qualitative but not quantita-
tive changes in the expression of LFA-1 on lympho-
cytes result in the binding of activated, but not
resting lymphocytes, to high endothelial venules in
lymph nodes (Tamatani et al., 199 lb).
Very little difference was apparent in the expres-

sion of CD11a/CD18 between the mature T-cell
subsets with one exception. At 140 days gestation
and 3 months of age, a small population of
CD4-CD8 lymphocytes expressed a high level
of CD11a/CD18. This CD11a/CD18hi population
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represented a greater proportion in the 3-month-old
lamb than in the fetus at term. As this population
was not present in the young fetus, but was present
in the fetus at 140 days gestation, it cannot be due
to antigen-induced activation of the CD4-CD8 +

cells, as the ovine fetus is devoid of extrinsic
antigen.
CD44 is a polymorphic cell-surface protein that is

expressed on a wide variety of cell types and is
believed to be involved in a variety of biological
reactions by recognizing multiple ligands (Haynes et
al., 1989; Toyama-Sorimachi et al., 1993; Toyama-
Sorimachi and Miyasaka, 1994). In humans, CD44
is expressed at uniformly low levels on naive T cells
(Picker et al., 1990), whereas memory T cells in both
mice and humans have been shown to express
higher levels of CD44 than their naive counterparts
(Budd et al., 1987; Sanders et al., 1988). In the
experiments reported here, fetal and postnatal a3
and T3 emigrants expressed CD44 at the same level
as mature T cells, suggesting that CD44 expression
is not easily related to naive or memory status. Kelly
and Scollay (1990) have shown that a proportion of
thymic emigrants and mature T cells in both 5-day-
old and adult mice express CD44, indicating that
CD44 is also expressed on virgin T cells in mice. In
our experiments, a population of CD441 Ti T-cell
emigrants that emerged in fetal life was also present
in lambs in the mature T-cell population, suggesting
developmental rather than antigenic regulation. In
contrast, the experiments of Kelly and Scollay (1990)
indicated a clear increase in CD44 expression from
thymic emigrants to mature T cells, so that either
different isoforms of CD44 were being detected in
these studies or there is a major difference in the
expression of CD44 between the two species.
An interesting observation was that emigrants

expressed higher levels of CD44 than the majority
of thymocytes, suggesting up-regulation of CD44
before emigration. In addition, there was a small
population of thymocytes that expressed the same
high levels of CD44 as thymic emigrants, possibly
representing mature thymocytes that are about to
emigrate. This supports there being selective export
of CD44hi cells from the ovine thymus, as has been
suggested for the human and inferred for the sheep,
by the high-level expression of CD44 on human and
ovine medullary thymocytes (de los Toyos et al.,
1989), a situation quite different from that in the
mouse.
Nothing is known of the factors that regulate cell

exit from the thymus or of any role for adhesion

molecules in the exit mechanism(s). The vast major-
ity of T3 T cells express the adhesion molecules
CD11a/CD18, CD44, and CD58, but only a propor-
tion express the adhesion molecule CD2, both as

thymic emigrants and mature T cells. Whereas it is
unclear whether the down-regulation of CD11a/
CD18 and CD58 on T cells is necessary before T
T cells can leave the thymus, it is clear that the
expression of CD2 is not mandatory for T3 T-cell
export. Upon emigration from the thymus, both T3
and a T cells express mature levels of CD44,
CD11a/CD18, and CD58, but there is postthymic
maturation of CD2 expression. The changes in
adhesion-molecule expression on thymic emigrants
reported here, and the changes in L-selectin and
CD45RA expression on thymic emigrants (Wither-
den et al., 1984a, 1994b) previously reported appar-
ently do not rely on the presence of antigen, but
would seem to occur as part of the normal devel-
opment of a T cell.

MATERIALS AND METHODS

Animals

Fetal lambs of known gestational age were obtained
from timed matings of virgin merino ewes with
merino rams, 120 and 140 days prior to the experi-
ments. Three-month-old postnatal lambs were ob-
tained from the same breeding program.

Intrathymic Injection of FITC

For injection of FITC into the fetal thymus, the
uterus was exteriorized and the fetus exposed ac-

cording to the procedure described previously
(Smeaton, et al., 1969). The head and neck of the
fetus were then delivered through an incision in the
uterus. From this point, the procedures for exposing
the thymus and the intrathymic injection of FITC
were essentially the same for both fetal and post-
natal animals. A midline incision was made in the
neck of the fetus or the lamb and the cervical
thymus exposed after blunt dissection of the over-
lying tissue. A small biopsy of thymus was taken for
phenotypic analysis. An aqueous solution of FITC,
at 500 gg/ml, was then heated to 37C and injected
at multiple sites directly into the thymus, essentially
according to the technique described previously for
the adult murine thymus (Weissman, 1967; Scollay
et al., 1980). Blood was taken 1 h following intrathy-
mic injection for phenotypic analysis. Blood samples
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were taken from the jugular vein, carotid artery, or
by cardiac puncture, and heparin was added to a
final concentration of 100 U/ml (Commonwealth
Serum Laboratories, Parkville, Victoria, Australia).
Red cells were lysed using NH4C1 red cell lysis
buffer (Mackay et al., 1988b).

Monoclonal Antibodies

Monoclonal antibodies (mAb) directed against the
lymphocyte cell-surface antigens; CD4 (44-38/44-
97), CD8 (38-65), the //5 TCR (86D), CD2 (36F),
CD11a/CD18 (F10-150), CD44 (25-32), and CD58
(L180-1) were obtained as undiluted tissue-culture
supernatant or as ascites fluid from Dr. M. Brandon
(University of Melbourne, Victoria, Australia) and
Dr. C. Mackay (Basel Institute for Immunology,
Basel, Switzerland) and have been described previ-
ously (H(inig, 1985; Maddox et al., 1985; Mackay et
al., 1988a; 1988c; 1989; 1990; 1992). For two colour
immunofluorescence staining, the mAb to CD4,
CD8, and the ,/5 TCR were used as purified proteins
conjugated to biotin (Goding, 1986).

Thymocyte Suspensions

The cervical thymus was removed and placed into
HBSS (ICN-Biomedicals, Seven Hills, NSW, Austra-
lia) containing 2% lamb serum (Gibco Laboratories,
NY) (HBSS-2%LS) at 4C. Suspensions were made
by teasing the organs through a wire mesh into
HBSS-2%LS. The cells were washed three times by
centrifugation (10 min, 300 g, swing-out rotor, 4 C)
and resuspended in HBSS-2%LS.

were then incubated with 50 tl biotinylated mAb
followed by 50 tl of a streptavidin-conjugated
tandem of PE and Texas red (Tandem, Southern
Biotechnology, Birmingham, AL). Cells were fixed in
100 1 (108 cells/ml) of 3% .paraformaldehyde and
kept in the dark at 4C for no longer than a week
before FACS analysis. Flow cytometric analysis was
performed using a FACScan (Becton Dickinson,
Sunnyvale, CA). Thymocytes and peripheral blood
lymphocytes were identified by forward angle and
90 light scatter. Phenotypic analysis of FITC cells
(thymic emigrants) was performed by triggering on
FITC rather than on forward scatter and electronic
gating on forward angle and 90 light scatter,
allowing more efficient data collection. Nonspecific
staining was determined by an isotype-matched
control mAb. Comparisons of fluorescence intensity
were only made between samples that were stained
and analyzed at the same time, and care was taken
to ensure they contained similar numbers of positive
cells. Except for thymic emigrants (FITC cells),
where as many cells as possible were analyzed
(approximately 1000), 10,000 cells were analyzed
for each sample.

Statistical Analysis

The percentage of each subset was compared be-
tween age groups and between lymphocyte sources
using a one-way analysis of variance. Those show-
ing variation were then compared using an unpaired
Student’s t-test (Glantz, 1987). A value of p -< 0.05
was considered significant.

Immunofluorescence Staining and Flow
Cytometry

All reagents were pretitrated and used at optimum
concentrations to give maximal positive staining
with minimal background. Before immunofluores-
cence staining and between reaction steps, cells
were washed three times in HBSS-2%LS. All incu-
bations were for 30 min and cells were kept on ice
or at 4C at all times. 107 lymphocytes were first
incubated with 50 tl mAb, followed by 50 tl
phycoerythrin (PE) conjugated anti-mouse ig F(ab’)2
(Silenus Laboratories, Hawthorn, Victoria, Austra-
lia). In order to saturate free-binding sites on the
anti-mouse Ig, cells were incubated with a 10-fold
excess of mouse Ig (w/w compared to the anti-
mouse Ig; Chemicon International Inc., CA). Cells
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