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ABSTRACT We have used the technique of in situ hybrid-
ization to investigate the expression of lymphokine genes by
immature thymocytes during intrathymic development. In
13-day fetal thymocytes a population of cells constitutively
produces low levels of interleukin 2 (IL-2) and interleukin 4
(IL-4) mRNAs. A second phase of lymphokine gene expression
occurs in the majority of 15-day thymocytes, and a population
of cells constitutively produces both IL-2 and IL-4 mRNAs.
Thymocytes at 14 days of gestation and after 16 days up until
birth do not express detectable lymphokine mRNA. By con-
trast, the population of IL-2 receptor mRNA-producing thy-
mocytes increases progressively up to 15 days of gestation, and
expression thereafter decreases up to birth. In addition,
thymocytes expressing interferon y mRNA were not present
until just prior to birth. Our fmdings indicate developmental
control of lymphokine and lymphokine receptor gene expres-
sion in fetal thymocytes during ontogeny.

A central issue of T-cell ontogeny is the identification of the
signals and growth factors required for the proliferation and
differentiation of immature cells in the thymus. Studies
seeking to examine this issue by measuring the production
and use of growth factors by thymocytes have depended on
the stimulation of these cells by phorbol esters and iono-
phores outside the thymic environment (1-5). These results
may not be representative ofevents inside the intact organ for
several reasons. First, the activating agents are not physio-
logical, and second, cells stimulated in this way do not
undergo normal maturation or full T-cell receptor gene
rearrangement. In addition, the development of thymocytes
within the thymus may in part be dependent upon the
coordinated production of growth factors by different popu-
lations of cells throughout ontogeny. Thus, the use of such
potent stimulating agents as phorbol esters and ionophores to
induce lymphokine production by immature thymocytes in
vitro may mask or abrogate the regulated production of these
growth factors by thymocytes that would occur in vivo.
To establish a role for any gene in thymic development, it

is essential that its expression by immature thymocytes be
demonstrated during intrathymic development. In this study,
therefore, the expression of the genes for the growth factors
interleukin 2 (IL-2) and interleukin 4 (IL-4) for IL-2 receptors
and for interferon -y (IFN-,y) has been assessed in thymocytes
freshly isolated from carefully staged mouse embryos. The
results clearly show that during defined periods of ontogen-
esis in vivo differentiating thymocytes produce mRNA for
both IL-2 and IL-4 as well as for the IL-2 receptors. By
contrast, IFN-,y production is not evident until just prior to
birth.

MATERIAL AND METHODS
Hybridization Probes. All probes used for in situ hybrid-

ization were cDNA fragments inserted into the polylinker site
of the pGEM-3 or -4 plasmids (Promega) by using standard
procedures. The IL-2 probe, kindly provided by V. Paetkau
(University of Alberta, Edmonton) was a 900-base-pair (bp)
Pst I-EcoRI fragment corresponding to a full-length cDNA
clone (6). The IL-2 receptor probe, generously provided by
S. Gillis (Immunex, Seattle), consisted of a full-length cDNA
clone subcloned in an SP64 plasmid (7). The IL-4 probe
consisted of a 236-bp Pst I-Rsa I fragment derived from a
cDNA clone kindly provided by T. Honjo (Kyoto University,
Kyoto, Japan) (8). The IFN-'y probe was prepared by sub-
cloning of a 641-bp Pst I-Rsa I fragment isolated from a
full-length cDNA clone kindly provided by F. Lee (DNAX
Research Institute of Molecular and Cellular Biology, Palo
Alto, CA) (9). After linearization of the pGEM plasmid DNA
containing the appropriate insert, RNA sense or anti-sense
transcripts were synthesized by using SP6 or T7 RNA
polymerase according to the supplier's recommendations
(Promega).
In Situ Hybridization. CBA/Ca embryonic thymus lobes

were dissected from fetal mice of known gestational state
(date ofdetection ofa vaginal plug was counted as day 0). The
lobes were gently dispersed to yield thymocyte suspensions.
In situ hybridization was carried out on cytocentrifuge
preparations of embryonic thymocytes essentially as de-
scribed previously (10, 11).

RESULTS AND DISCUSSION
As shown in Fig. 1 and Table 1, fetal thymocytes [freshly
isolated from thymic lobes of 13- to 18-day embryos and
newborns (20 days)] that constitutively produce IL-2, IL-4,
and IL-2 receptor mRNA can be detected. The population of
IL-2 receptor mRNA-producing thymocytes is much larger
than the population(s) producing IL-2 and IL-4 mRNAs and
appears to increase progressively up to 15 days of gestation
in parallel with the levels of cell surface IL-2 receptors
detected by several groups using anti-IL-2 receptor antibod-
ies (12-15). By contrast, there is a striking temporal distri-
bution of thymocytes producing both IL-2 and IL-4 mRNAs.
Among 13-day thymocytes a significant number of cells
constitutively produce IL-2 mRNA and a much smaller
number produce IL-4 mRNA. A second phase oflymphokine
production occurs in 15-day thymocytes, in which the fre-
quency of IL-2- and IL-4-producing cells is much higher. In
between these two waves of lymphokine production, 14-day

Abbreviations: IL-2, interleukin 2; IL-4, interleukin 4; IFN-y,
interferon y.
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FIG. 1. Detection of constitutive lymphokine and lymphokine receptor mRNA production in fetal thymocytes by in situ hybridization. Fetal
thymocytes were obtained from CBA fetal mouse thymic rudiments after timed matings with the day of detection of a vaginal plug designated
day 0. Cytocentrifuge preparations ofthymocytes were hybridized with an 35S-labeled RNA probe complementary to IL4, IL-2, or IL-2 receptor
(IL-2R) RNA, synthesized by in vitro transcription from cDNA templates inserted into pGEM vectors by using either SP6 or 17 RNA
polymerase. After 25 days of autoradiography the sides were developed and counterstained, and representative fields from three independent
experiments were photographed. (x700.)

fetal thymocytes do not express any detectable IL-2 or IL-4
mRNA. Similarly, 18- and 20-day fetal thymocytes also do
not show any IL-2 or IL-4 gene expression. The specificity of
hybridization was confirmed by using IL-2, IL-4, and IL-2
receptor probes of the sense orientation (i.e., same polarity
as cellular RNA). No detectable hybridization ofany of these
probes was seen in any preparation of thymocytes (Fig. 2 a
and b). This dramatic temporal distribution of thymocytes
producing IL-2 and IL-4 mRNA was consistently reproduced
in four independent experiments.
As shown in Table 1, the expression of IL-2 mRNA,

determined by the number of grains per cell, is low in 13-day
fetal thymocytes. An almost 2-fold increase in IL-2 mRNA is,
however, seen in 15-day thymocytes. Likewise, the IL-4
mRNA-producing thymocytes detected at 13 days of gesta-
tion are present at low levels although a 2-fold increase is seen
in IL-4 mRNA produced by 15-day thymocytes. By 16 days
of gestation, the number of thymocytes expressing IL-2 and
ILA mRNAs decreases dramatically: approximately 1 in 10
cells expresses IL-2 mRNA and 1 in 30 produces IL-4
mRNA. By 18 days of gestation, IL-2 and IL-4 mRNAs
cannot be detected. The low levels of lymphokine mRNA in
13- and 15-day thymocytes may explain why it has previously
not been possible to detect constitutive IL-2 and/or IL-4
mRNA production by fetal thymocytes with conventional
Northern blot analysis. This point is further emphasized by

comparing the levels of IL-2 mRNA in fetal thymocytes (Fig.
1) and in individual mitogen-stimulated normal CD4+ T cells
shown in Fig. 3. The average grain count per CD4+ T cell, 24
hr after concanavalin A activation (data not shown), is 3 to 4
times the level of IL-2 mRNA in 15-day fetal thymocytes.
Although the levels of IL4 and IL-2 mRNA produced by
individual 15-day thymocytes are low, the frequency of IL-2-
(87%) and IL4- (45%) mRNA-expressing thymocytes is high,
indicating that some populations ofthymocytes produce both
lymphokines. This is in contrast to previous data from our
own (17) and other (18) laboratories, which has shown by
using monoclonal T-cell lines that it is possible to identify
distinct subsets of mature CD4+ T cells on the basis of the
production of either IL-2 or IL-4 after activation with antigen
or mitogen.
These observations suggest that lymphokine production by

immature thymocytes is tightly controlled during their in-
trathymic development and that they may be receptive to the
inductive signals required for lymphokine production only at
distinct stage4 of their development in vivo. These findings
may provide an explanation for the recent observations of
Sideras et al. (4) that the ability of fetal thymocytes to
produce IL-4 mRNA after stimulation in vitro appears to be
dependent upon the gestational age of the fetal thymocytes.
In contrast with the present study, however, no attempt was
made to investigate the production of lymphokines in vivo

Table 1. Constitutive lymphokine and lymphokine receptor gene expression by thymocytes during embryonic development
% cells positive at gestational age Grains per cell

mRNA 13 14 15 16 18 20 13 14 15 16 18 20
detected days days days days days days days days days days days days

IL-2 17 2 87 11 <1 <1 12 4 2 ± 1 24 ± 6 9 3 4 ± 2 2 ± 1
IL-4 5 1 45 3 <1 <1 8 2 2 ± 1 17 ± 4 7 3 3 ± 1 2 ± 1
IFN-y <1 <1 2 <1 3 5 2 1 2 ± 1 4 ± 2 4 1 7 ± 3 9 ± 2
IL-2 receptor 38 95 95 35 18 9 10 4 27 ± 9 21 ± 4 12 4 8 ± 4 6 ± 2

Cytocentrifuge preparations ofthymocytes obtained from embryos ofdifferent gestational ages were analyzed for lymphokine gene expression
by in situ hybridization using complementary 35S-labeled IL-2, IL4, IL-2 receptor, and IFN-y RNA probes. Cells with more than 5 grains per
cell were counted as positive. More than 500 cells from 10 different microscope fields of slides from several independent experiments were
counted to obtain the mean grain count per cell, which is given ±SD.
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FIG. 2. In situ hybridization of IL-2 and IL-4 sense RNA probes
and a complementary IFN-y RNA probe with fetal thymocytes.

Thymocytes from 15-day embryonic CBA mice were hybridized with

"S5-labeled IL-2 (a) or IL-4 (b) RNA probes transcribed in the sense

orientation. Thymocytes from 15-day fetal (c) or 20-day, newborn

(d), CBA mice were also hybridized with a complementary 355-

labeled IFN-y RNA probe. (x550.)

during thymic development. The virtual absence of any

IFN-y mRNA-producing fetal thymocytes (Fig. 2c, Table 1)
is in contrast to the findings from a recent study demonstrat-

ing that 15-day fetal thymocytes produce IFN-y after acti-

vation in vitro with phorbol ester and ionophore (30). How-

ever, as the physiological equivalents of the activation

signal(s) provided by these agents are not known, it is difficult

to interpret these findings as representing the production of

IFN-'y by fetal thymocytes in vivo. Interestingly, a subset of

18-day and 20-day (newborn) thymocytes, which at that stage

consist of populations of more mature thymocytes of the

helper and cytolytic phenotype (19, 20), constitutively ex-

press low levels of IFN-y mRNA (Fig. 2d, Table 1).

The findings that both the highest frequency of IL-2

receptor mRNA-expressing thymocytes and the highest lev-

els of IL-2 receptor mRNA produced per cell closely parallel
those thymocytes producing IL-2 mRNA suggest that both

may be coordinately expressed to promote growth and

differentiation of populations of T-cell precursors. The fre-

quency of IL-2 receptor mRNA-producing thymocytes, as

shown here, correlates well with the number of thymocytes

expressing cell surface IL-2 receptors (12 15) during in-

FIG. 3. IL-2 mRNA production in mitogen-stimulated CD41 T

cells detected by in situ hybridization. CD41 T cells isolated from

total spleen cells (16) of CBA mice were cultured for 24 hr in the

presence of concanavalin A (2.5 Atg/ml) and hybridized in situ with

a complementary 35S-labeled IL-2 RNA probe. Autoradiography was

carried out for 12 days. (x550.)

trathymic development. IL-2 receptor expression can be
measured only by antibody to the nonfunctional IL-2 recep-
tor chain, so the results cannot be definitive with regard to
IL-2 usage. However, the observation that the addition of
exogenous IL-2 can reverse the inhibition by IL-2 receptor
antibodies of growth and differentiation of thymocytes in
thymic organ cultures (21) suggests that the IL-2 receptor
mRNA detected encodes functional receptors in at least some
populations of fetal thymocytes. In addition, evidence has
been obtained that cell surface IL-2 receptor-positive thy-
mocytes expressing cytoplasmic T-cell receptor /3 chains are
mitotic cells, whereas IL-2 receptor-negative cells that ex-
press surface / chains are cycling slowly or not at all (22). The
apparent failure to demonstrate fetal thymocyte proliferation
in response to exogenously added IL-2 in previous studies
(12, 23) may be indicative of a requirement for additional
lymphokines distinct from IL-2 (for example, IL-4), which
coordinately act to promote thymocyte growth and expan-
sion. Indeed, the observation that IL-2 receptor-bearing
CD4-, CD8- thymocytes are able to proliferate in response
to IL-2 in the presence of concanavalin A (24) suggests that
additional lymphokines, induced in this case by mitogen, in
combination with IL-2 may provide the necessary signals for
the proliferation of T-cell precursors.
Our results provide direct evidence that maturing fetal

thymocytes freshly derived from the embryonic thymus
produce IL-2 and IL-4 mRNA. These studies suggest that
different populations of fetal thymocytes may utilize distinct
growth factors or, alternatively, that thymocytes produce
and respond to different lymphokines at different stages of
their intrathymic development. Although these growth fac-
tors may be crucial for proliferation of fetal thymocytes from
the 13th day of gestation, other distinct signals may be
required for the proliferation of fetal thymocytes present in
the 12-day thymus and for rearrangement of T-cell receptor
genes. For example, evidence has been obtained for the
involvement of CD3' cells in the fetal thymus in the rear-
rangement of the /3 T-cell receptor genes (25).
The signals inducing IL-2 and IL-4 gene expression in

thymocytes within the thymus are presently unknown. A
recent study demonstrating that 13-day fetal thymocytes
activated in vitro with anti-Thy.1 or anti-CD3 antibodies
produce IL-2 and IL-4 (25) suggests that Thy.1 or CD3
molecules may act as signal transducers for the induction of
lymphokine production in thymocytes during ontogenesis.
However, the observations (i) that the number of 13-day fetal
thymocytes which express IL-2 or IL-4 mRNA in vivo, as
shown in this study, is much less than the number of 13-day
thymocytes expressing Thy.1 (26) and (ii) that it is not clear
as to whether cell surface CD3 can be functionally expressed
in 13-day fetal thymocytes (27, 28) make it unlikely that
activation of 13-day fetal thymocytes through cell surface
Thy.1 or CD3 molecules can fully account for the production
of IL-2 and IL-4 by these cells as seen in this study.

In view of the recent demonstration of IL-4 receptors on
the surface of fibroblasts and epithelial cells, which in the
presence of IL-4 are induced to produce co'lony-stimulating
activity (29), it is possible that soluble factors produced by
either thymic stromal elements or thymocytes themselves
provide the signals for the production of growth factors by
either cell type mediating proliferation and maturation of
thymocytes in the thymus.
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