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We have previously shown that the adult thymus contains three subsets of 3 T cells that
can be defined by the expression of Thy-1 and heat-stable antigen (HSA). In this study, the
number of cells in each of these thymic /5 populations was investigated at different stages
throughout life. In adult mice, the populations stayed relatively constant, however, in
contrast, there were major variations in them early in development. It was shown that only
two of the /3 populations were present in the prenatal thymus, a major population of
Thy-1 HSA-cells, and a smaller population of Thy-1 HSA cells. However, after birth,
most of the Thy-1 HSA-cells appear to loose the Thy-1 antigen, forming the third
population of HSA- Thy-l-cells. The adult configuration of populations appeared to be
established within the first week after birth. Therefore, whereas the //5 populations stayed
relatively constant from this time point onwards, there were major variations early in
development. Throughout life, most //5 thymocytes are CD4- CD8-, however, in the
neonatal thymus, there are some CD4 and CD8 //5 thymocytes, and these are contained
in the Thy-1 HSA- population.
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INTRODUCTION

The thymus is the major site for development of
both c] and //5 T cells. The different stages of c]
T-cell development have been well described, with
the cells progressing from an early CD41 stage,
through double negative (CD4- CD8-) and double-
positive (CD4 CD8/) stages, and finally maturing
into the single-positive thymocytes that seed the
periphery (Nikolic-Zugic, 1991; Rothenberg, 1992;
Shortman, 1992). In contrast, the process of
T-cell development is largely unknown. It is clear
that there are early waves of //5 cells produced in the
thymus during ontogeny, each with characteristic
T-cell receptor (TCR) gene expression and tissue
homing ability (Havran and Allison, 1988; Houlden
et al., 1988; Ito et al., 1989; Itohara et al., 1990;
Havran et al., 1991), and it has been shown that
T cells migrate from the adult thymus to the spleen
and lymph nodes (Kelly et al., 1993). However,
some /5 populations, including those in the intesti-
nal epithelium, appear to be produced extrathymi-
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cally (De Geus et al., 1990; Bandeira et al., 1991;
Guy Grand et al., 1991). Thus, there seem to be
both intrathymic and extrathymic developmental
pathways for //5 T cells.
We have previously described the double-

negative //5 cells found within the adult thymus.
They consist of three populations that can be de-
fined on the basis of HSA and Thy-1 expression and
that further differ in their V/gene usage, surface-
marker expression levels, and population turnover
rates within the thymus (Zorbas and Scollay, 1993).
The three populations comprise 52% (HSA
Thy-l+), 14% (HSA- Thy-1 +) and 31% (HSA-
Thy-1-) of the double-negative /5 T cells in CBA
mice. It appeared that only one of the subsets, that
expressing both HSA and Thy-1, was the source of
the //5 T cells that seeded the periphery. This was
suggested by the similarities in Thy-1, HSA, Mel-14,
and Pgp-1 expression, the Vy gene usage between
this population and the recent / emigrants, and
because the turnover of only this thymic population
was sufficient to account for the number of cells
migrating from the thymus.

In order to determine when these populations of
//5 cells first appeared in the thymus, whether they
were present throughout life and whether any of
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the y/5 T-cell populations accumulated with age, a

study of the relative proportions of the thymic 75
T-cell populations during ontogeny was carried out.
From this work, it became apparent that there were
changes early in development and these have been
further investigated in terms of the Thy-1, HSA,
and CD4 and CD8 expression. This study reveals
the rapid changes that give rise to the adult confor-
mation within the first few days following parturi-
tion and the steady state of these populations
throughout adult life.

RESULTS

Changes in the Thymic y6 Populations

The number of total y8 T cells was determined in
the thymus from mice of various ages from birth to
200 days and compared with total thymocyte num-
ber. The number of y8 T cells increased up to 5
weeks of age and then gradually declined and
appeared to stay proportional to the total number of
thymocytes (Fig. 1A). Most y/5 thymocytes are CD4-
CD8- (double-negative), and among these cells
there are three main populations. Figure 1B shows
the number of cells within each of these populations
over the same time scale as before. It can be seen
that the relative proportions of these populations
was also constant throughout life.
When the y8 populations were analyzed during

the first few weeks of life, it was seen that there
were significant changes in their proportions during
this early phase of development (Fig. 1C). The
HSA- Thy-1- population, initially the smallest pop-
ulation, increased rapidly to become one of the two
major y8 populations by day 10. There were also
increases in the other two populations at this time,
most notably the HSA Thy-l/population. There-
fore, it appeared that very little variation in the y8
thymocyte populations occurs throughout develop-
ment, except during the first week after birth.

The Perinatal y6 Populations

To investigate the early changes in the y8 popula-
tions, a study of late fetal to early neonatal y5
thymocytes was undertaken. The HSA and Thy-1
expression of the cells, as well as CD4 and CD8
expression, were included in this study. Figure 2
contains representative contour plots of the HSA
and Thy-1 fluorescence of the y8 populations

A

Total Cells

y5 T Cells

50 1(0
DAY

250

B

0 50 100 150 200 250
DAY

10

0
.1

FIGURE 1.

C

HSA+Thy-i +_
HSA-Thy.1 +

HSA-mh/-,l"

0 10 20 30 40

The changes in the 75 populations that occur during
thymic development. (A) The numbers of y3 thymocytes and
total thymocytes are plotted on a logarithmic scale over time in
days. Cell numbers are derived from counts of thymocyte
suspensions and electronic gating of yi TCR cells from thymuses
of 6 to 20 mice at each time point. The , T-cell population
comprises 0.5 to 1% of total thymus number throughout life. (B)
The number of y3 T cells within each of the three populations
defined by HSA and Thy-1 are given over the same time scale as
in A. (C) Detail of the population changes during the first 5 weeks
following birth. The changes in the proportions of the popula-
tions in the first week can be seen.
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FIGURE 2. The perinatal 73 populations in the thymus. Flow cytometric analysis was performed on CD4- CD8-cells isolated from
the thymuses of 6 to 20 mice, depending on the age of the mice and thymus size. The data shown are representative of three
experiments. (A) Contour plots of the HSA and Thy-1 fluorescence of total 73 T thymocytes from mice at E17 to 4 days after birth.
The populations begin to resemble the adult distribution by day 4 and are identical by 2 weeks (data not shown). (B) In order to clearly
identify the changes in the Thy-1 expression over this time period, the files shown in the contour plots were electronically gated HSA-
and 73 TCR The histograms show the Thy-1 expression on all the HSA- cells and the shift in the level that occurs at days to 3
is apparent. (C) Graph of the actual numbers of cells present within each 73 T-cell subset during the first 5 days postnatal. Cell
numbers are given on a linear scale and are represented by the differently shaded areas. Total 73 thymocytes are therefore the
combined total of the three areas. The shift in Thy-1 expression that occurs at day 2 to 3 can been seen in the loss of HSA- Thy-1
cells and an increase of a similar number of cells in the HSA- Thy-1- population.
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in CD4- CD8- thymus from E17 through to day 4
of development. The earliest ,3 cells were mostly
Thy- 1 HSA- or Thy- 1 / HSA Over the following
few days, a Thy-1- HSA- population arose. Figure
2B contains histograms of the Thy-1 expression of
the HSA- cells on each day. There appeared to be a
gradual loss of Thy-1 and it was possible that the
Thy-1 / HSA- cells were giving rise to the Thy-1
HSA cells at day 2 to 3 postnatal by the loss of
surface Thy- 1.

Figure 2C is an area plot of the actual cell
numbers within each /3 population from birth to
day 5 with the three shaded areas representing the
cell number within each population. When plotted
in this manner, the top line represents the total ,
cell numbers in the thymus and relative changes can
be seen. At 2-3 days after birth, there was an
increase in the HSA- Thy-1- population and a
corresponding decrease in the number of HSA-
Thy-1 cells. The HSA- Thy-1 population was at
it highest level relative to the other / populations at
this point, and after this declined to be the smallest
thymic , population and remained at this low
proportion throughout life. During this time, the
HSA/ Thy-1 population remained relatively con-
stant, and then began to increase in number toward
the peak at 5 to 6 weeks.

Previous reports have shown that few cells
express CD4 or CD8 in the adult thymus, although
a significant number of cells do before birth (Fisher
and Ceredig, 1991). There is a peak of CD8 cells at
E18, which then declines, and from this point, the
proportion of double-negative cells increases (Penit
and Vasseur, 1989). It is not known how the / cells
bearing surface CD4 or CD8 relate to the double-
negative / cells or if they develop in a double-
negative to double-positive pathway as do T
cells. Therefore, the HSA and Thy-1 expression of
the double-negative and CD4/8-expressing / pop-
ulations were compared. As this analysis required
TCR staining, HSA and Thy-1, the CD4 and CD8
molecules were stained in the same fluorescence
channel. Therefore, the double-positive and single-
positive cells cannot be distinguished in these ex-
periments, although it is known that in the
newborn, most of the , cells that are not double-
negative are CD8 (Fisher and Ceredig, 1991).
The histograms in Fig. 3A show the CD4/8

fluorescence of gated / T cells compared to total
thymus for days 0 to 4 of postnatal development.
The major proportion of the total thymocytes at all
these time points is CD4 CD8 Few / T cells fall

within the region for CD4 8 cells in any of the
plots, although day 2 has the largest proportion of
positive cells. The positive cells never form a dis-
crete peak, but appear to tail out from the "nega-
tive" cells. In order to look at the / cells with the
highest levels of these.markers, an arbitrary elec-
tronic gate was set at fluorescence level 25 on the
log scale. The level of CD4/8 negative staining can
be seen in Fig. 3C on the HSA populations and
it is predominantly below fluorescence level 25.
The HSA and Thy-1 fluorescence of these gated

CD4/8 , T cells are shown in contour plots in Fig.
3B at each day of assay and the expression levels
can be directly compared to the plots in Fig. 2A.
These CD4+/8 /3 cells are mostly Thy-l/and
HSA- with the Thy-1 fluorescence levels being
similar to the Thy-1 fluorescence of the major
proportion of / cells at each time point. As some

CD4/8- cells may be included in the gated popu-
lation, the CD4/8 fluorescence versus the HSA
flourescence is also given (Fig. 3C). The data again
show that during the first five days of life, the cells
brightest for CD4/8 are HSA-. In the adult (the top
plots ), the CD4/8 cells are very rare but do appear
to be mainly HSA/, as indicated in Fig. 3B. It has
been previously reported that a small proportion of
adult thymic cells are not double-negative, but
express CD8, and an even smaller number are CD4
CD8 (Fisher and Ceredig, 1991).
We have previously reported that in the adult,

there is a difference in the level of TCR expressed by
the different subsets, with the Thy-1- HSA-
population having a discrete peak with high-level
staining. This is less obvious in the newborn or
postnatal mice, where all three populations have
bright TCR staining, and at day 0, the Thy-1- HSA-
and Thy-1/ HSA- TCR fluorescence levels are
identical (data not shown), perhaps indicating fewer
differences between these cells at this early point in
development.

DISCUSSION

Within the adult thymus, the /+ lymphocytes are
heterogeneous by a number of criteria that may
indicate different past history, homing, or migratory
potential of the subpopulations. The data presented
here indicate that the , populations early in devel-
opment are also complex and may play different
roles in the thymus and elsewhere in the organism.
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FIGURE 3. The Thy-1 and HSA expression of the 73 thymocytes that bear CD4 or CD8. The analysis was performed on cells isolated
from the thymuses of 6 to 20 mice at ages 0 to 4 days and adult. The data shown are representative of three experiments. (A) The
histograms show the CD4/8 fluorescence of total 7 T cells (solid line) for the first 5 days following birth and in the adult thymus.
The CD4/8 profile of total thymus at each time point is included to indicate the level of positive staining (dotted line). (B) The HSA
and Thy-1 profiles of the 7 T thymocytes that have a CD4/8 fluorescence above an arbitrary level of fluorescence 25 on the log scale.
(C) Contour plots of gated 7 TCR cells. The CD4/8 fluorescence is plotted against the HSA fluorescence to demonstrate that the
majority of CD4/8 cells have an HSA- phenotye as indicated in (B).
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This study has revealed that the populations
were in a steady state in the adult thymus, with
significant changes occurring only early in develop-
ment. This early phase corresponds with a stage
when the ,[i cells are making a major contribution to
the peripheral lymphocyte populations. The major
populations in the perinatal mouse thymus were the
HSA- Thy-1 cells and the HSA/ Thy-1 / cells. The
HSA- Thy-1- cells that were numerous in the adult
may arise from the HSA- Thy-1 cells and then
remain stagnant; as we have previously shown,
they are turning over extremely slowly in the adult
thymus (Zorbas and Scollay, 1993). It is interesting
that in the adult, it was these HSA-Thy-1-cells that
expressed the brightest level of / T-cell receptor on
the surface, suggesting this population may be
postselection or at a more mature developmental
stage than the other thymic / cells. In the fetus,
however, this difference in T-cell receptor level was
not apparent, and all three populations had bright, TCR fluorescence. The striking changes seen in
the pattern of the /i populations that were present
during development also highlights the fact that the
role of the T[i T cells may be quite different in the
young mouse compared to the adult.
The data presented also demonstrated that al-

though the rare adult / cells that expressed CD8 or
CD4 were mainly Thy-1 HSA/, in the neonate,
this population was clearly Thy-1 HSA-. In each
case, this represented the largest population of
cells. In the adult, this was also the only / popu-
lation that was dividing, whereas in the newborn
mouse, most / cells are dividing (Ceredig, 1990).
So the CD4/8/, cells seem to be within the major
population both in the early mouse and the adult.
Indeed, the unimodal staining pattern may indicate
that many cells express low levels of CD8 or 4, and
that the positive cells are simply the upper end of a
normal distribution.

It has been clear for many years that the waves of
early / populations make a major contribution to
the peripheral lymphoid pool during fetal life.
Therefore, it is not surprising that the , popula-
tions defined by HSA and Thy-1 reflect the rapid
changes in the thymic populations that occur in
the perinatal period. The developmental potential of
fetal stem cells also appears to be very different to
that of adult stem cells (Ikuta et al., 1990; Ogimoto
et al., 1990), and it is lik41y that up to 1 week of age
in the mouse, the thymocytes and peripheral T cells
are derived from the initial stem-cell seeding (Jo-
tereau et al., 1987). Therefore, differences in the

thymus between the neonatal and adult mouse
would not be unexpected; for instance, a[ T-cell
development is accelerated in the fetal mouse when
compared to the adult.
From this study, there also appear to be major

differences in the / T cells between the adult and
the neonate. In the perinatal thymus, the major
population of , cells is Thy-1 / HSA-, and so it is
possible that many of these cells emigrate to the
periphery and this may also include the CD8 ,
thymocytes that are thought to seed the gut around
this time (Havran and Allison, 1988). In the adult,
the population that gives rise to emigrants is Thy-1
HSA and there are fewer Thy-1 HSA- cells in the
thymus. In addition, these cells are not dividing and
not turning over in the adult thymus (Zorbas and
Scollay, 1993). This means they may be remnants
from fetal development. We have previously shown
they express mainly Vy1 and V2 genes, which are
common in the late fetal and neonatal thymus. They
do not appear to result from very early events in
ontogeny as they express little V3 or V4, which
predominate at that stage.

In the neonate, it appears that the Thy-1 HSA-
cells may mature to form the Thy-1- HSA- popu-
lation, which raises the question of whether this also
occurs in the adult.

This would be similar to a development where
the cells lose Thy-1 and HSA as they mature.
However, whereas these cells are dividing in the
neonate, in the adult, the turnover rate of these two
populations is only about 1% per day (Zorbas and
Scollay, 1993). Therefore, this would be a very slow
process. However, because the turnover rate of
these two populations is so similar, the Thy-1
HSA- cells may contribute to the Thy-1- HSA-
cells.
The turnover and cell numbers in the fetal thy-

mus have been reported (Penit and Vasseur, 1989).
The thymocyte numbers do not increase between
E18 and 3 days postnatal, after which there is rapid
expansion. This steady total cell number and then
growth beginning at day 3 are also reflected in the, populations present during this time period. It is

interesting that the first appearance of the HSA-
Thy-1- / T cells at 3 days postnatal corresponds
with the onset of rapid thymocyte proliferation. It
may be that these cells have their major role at this
time in development, perhaps influencing a] cell
development, as they seem largely inactive in the
adult. Transgenic mice lacking ,8 T cells still dem-
onstrate normal a[ T-cell development (Itohara et
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al., 1993), however, it may be that in these mice,
another cell type can substitute for the role of the ,
T cells at this stage.

In summary, the experiments reported here have
shown marked and rapid changes in the , popu-
lations around the time of birth. The data show that
there is a complex series of events occurring during
the change from fetal subsets (Vr3 / and V4/) to the
adult pattern, which appears 1-2 weeks after birth.
This may reflect the changing and varied roles of ,
cells in the perinatal mouse and the adult.

MATERIALS AND METHODS

The mice used for these experiments were CBA/
Call Wehi strain, bred at the Walter and Eliza Hall
Institute animal facility under specific pathogen-free
conditions. Adult mice were 5 to 6 weeks old and
other mice were used at the ages indicated. Day 0 is
within 12 hours of birth and day 1 within 36 hours.

Adult animals were sacrificed using CO2 inhala-
tion, and freshly taken organs were placed into
ice-cold balanced salt solution with 2% fetal calf
serum (BSS/FCS) (Shortman et al., 1972). Fetal and
neonatal mice were killed on ice and the thymus
was dissected out under a binocular microscope and
treated as before, although keeping the volume of
media minimal. The thumus was disaggregated
through wire mesh and, washed once by resuspen-
sion in BSS/FCS with a 1-ml FCS underlay, and
centrifugation at 1700 rpm for 7 mins. Red blood
cells were removed from fetal thymus with red
blood cell removal buffer (Shortman et al., 1972) as
the cells cannot be excluded on the basis of size. Cell
counts were performed by eosin exclusion with a

hemocytometer, with duplicate counts of at least
100 cells each.
To enrich the CD4- CD8-cells from adult thy-

mus, complement mediated killing using anti-CD8
(49.11.1, Hogarth et al., 1982) and anti-CD4 (172.4,
Ceredig et al., 1985) was performed as described by
Wilson et al (1988). The cells were then loaded onto
a density gradient to recover viable cells (Scollay
and Shortman, 1983). The neonatal mice have
increased proportions of double-negative cells and
this enrichment step was not used. Instead, the ,
cells were electronically gated for further analysis.

Cell staining was carried out in 2-ml siliconized
glass conical tubes, as previously described (Wilson
et al., 1988). Ten ],tl of antibody was used for each
106cells with 30 btl the minimum volume. All anti-

bodies were titrated to determine the optimum
concentration for use. Cells were resuspended by
flicking in the appropriate dilution of antibody and
then incubated on ice for 20 min. Cells were washed
in BSS/FCS with a 0.25-ml underlay of FCS and
were pelleted by centrifugation as described. The
staining protocol was anti-CD8 (53.6.7; Ledbetter
and Herzenberg, 1979) and anti-CD4 (GK1.5; Dia-

lynas et al., 1983), which were detected using
anti-Ig-APC (Caltag). The anti-Ig was then blocked
with rat/mouse Ig, and this was competed against
the antibodies to the ,8 TCR (GL31A-FITC; Good-
man and Lefrancois, 1989), HSA (M169-PE;
Springer et al., 1978), and Thy-l.2 (30H12-Biotin;
Ledbetter and Herzenberg, 1979), and the final
stage was Avidin-Texas Red (Amersham).

Five-color flow cytometric analysis was performed
using a FACStarPlus or modified Facs II (Battye,
1985) (supplied by Becton Dickinson, Sunnyvale,
CA). Populations were electronically gated and cell
numbers derived as a proportion of total thymocyte
numbers. Files of 100,000 events were collected
where possible; gated files are subsets of these
where nonviable cells or particulate matter was
excluded on the basis of forward and side scatter
and propidium iodide was used to exclude dead
cells. The data are shown as histograms or contour
plots with the lowest level indicated by dots.
The , Vr gene nomenclature used throughout is

that of Garman et al. (1986).
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