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Thymic shared antigen 1 (TSA-1) is a plasma membrane protein of the Ly-6 superfamily expressed on
thymocytes, thymic stromal cells, and other cells of the hematopoietic system. TSA-1 is also expressed in other
nonhematopoietic tissues, in particular, embryonic and adult adrenal glands. To address the function of
TSA-1, we generated mutant mice in which TSA-1 expression was inactivated by gene targeting. Here we show
that deletion of both TSA-1 alleles results in abnormal adrenal gland development and midgestational lethality
due to cardiac abnormalities. We also report that TSA-1-deficient adrenal glands have significantly reduced
levels of the catecholamines noradrenaline and adrenaline. We conclude that TSA-1 is required for normal
embryonic development but that deletion of its expression does not obviously impair lymphoid development.

All hematolymphoid cells derive from a multipotential pre-
cursor cell present in the fetal liver or adult bone marrow (25).
Blood-borne hematopoietic precursors seed the thymus gland
and differentiate under the influence of the unique thymic
microenvironment to form mature T lymphocytes (10). T-cell
development is characterized by regulated changes in expres-
sion of cell surface markers which reflect distinct phenotypic
stages of maturation (2, 18, 23). Thymic shared antigen 1
(TSA-1) is a cell membrane protein of the Ly-6 superfamily
expressed at high levels on immature thymocytes, thymic stro-
mal cells, and other hematopoietic lineages, including B cells
and their precursors in bone marrow, dendritic cells, and mac-
rophages (8, 28, 29). TSA-1 is absent from bone marrow he-
matopoietic stem cells, but it is upregulated as these cells seed
the thymus and form the early intrathymic lymphoid-restricted
progenitors (31). The ability of anti-TSA-1 monoclonal anti-
bodies (MAbs) to block thymopoiesis in fetal thymic organ
culture initially indicated that TSA-1 plays an important role in
T-cell development (20). The observation that TSA-1 is mark-
edly upregulated on peripheral T cells following antigen stim-
ulation and that MAb blockade of TSA-1 inhibits activation-
induced interleukin 2 (IL-2) release from T cells suggested that

TSA-1 also functions in T-cell activation (11, 22). Finally, anti-
TSA-1 MAbs can antagonize apoptotic signals in mouse thy-
mocytes in vivo and in vitro which have been induced by en-
gagement of the T-cell receptor (19). Aside from leukocytes,
TSA-1 is also expressed in other mouse tissues, including the
embryonic adrenal gland and liver and adult kidney and liver,
and in various epithelial cells (4, 15), suggesting a more general
function for TSA-1 which is not restricted to tissues of the
immune system.

Since TSA-1 is expressed at high levels in the embryonic
thymus and adrenal gland and from the very earliest stages of
thymopoiesis in the adult, we were interested in studying the
consequences of deleting TSA-1 expression in these tissues.
We produced a null mutation in the TSA-1 gene in mice by
gene targeting in embryonic stem (ES) cells. The resulting,
homozygous, TSA-1-deficient (TSA-1�/�) mice exhibit abnor-
mal development and impaired function of the embryonic ad-
renal gland, although development of the embryonic thymus
was apparently normal in these animals. TSA-1�/� embryos
die at embryonic day 15.5 (E15.5) of gestation of heart failure
associated with severe dilated cardiomyopathy. Using a com-
bination of lymphocyte differentiation assays in vitro and in
vivo, we also show that TSA-1 is not an obligate requirement
for normal differentiation of T or B cells.

MATERIALS AND METHODS

Disruption of TSA-1 gene. The targeting construct was generated as shown in
Fig. 1 and cloned into pBluescript II (Stratagene). The construct was linearized
with SalI prior to introduction into W9.5 ES cells by electroporation. Cells were
grown in hygromycin, and resistant clones were tested for the homologous
recombination event by Southern blotting of genomic DNA. Two independent
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clones with the correct targeting event were identified, injected into blastocysts,
and transferred into pseudopregnant females, to produce chimeric offspring.

Histological analysis, immunohistochemistry, and in situ hybridization. Tis-
sues or whole embryos were fixed for 8 to 12 h in Bouin’s fixative and then
paraffin embedded, and 5-�m-thick sections were stained using hematoxylin and
eosin. For immunohistochemical analysis of TSA-1, tissue was frozen in OCT
embedding compound (Miles Inc.) and cut at a thickness of 4 to 6 �m. Sections
were incubated for 20 min at 4°C with tissue culture supernatant from the
anti-TSA-1 MAb hybridoma clone, GR12, diluted 1:100 (gift from A. Kosugi,
School of Allied Health Sciences, Osaka University, Osaka, Japan). After wash-
ing, bound MAb was detected by incubating sections with anti-rat immunoglob-
ulin G Alexa 488 (Molecular Probes), which was diluted at 1/200 for 20 min at
4°C. For analysis of tyrosine hydroxylase (TH) expression, adrenal glands were
fixed in 4% paraformaldehyde/saline, pH 7.2, for 4 h, prior to embedding and
cryosectioning as described above. Sections were reacted and stained with a
mouse anti-rat TH MAb (Boehringer Mannheim) or an isotype control MAb,
which were both diluted to 40 �g/ml, for 1 h at 37°C. Bound MAb was visualized
using anti-mouse immunoglobulin G-fluorescein isothiocyanate (Silenius) di-
luted at 1/200 for 30 min at 4°C. In situ hybridization was carried out with cRNA
probes produced by transcription of linearized pBluescript plasmids containing
TSA-1 and phenylethanolamine N-methyltransferase (PNMT) 440- and 520-bp
inserts, respectively, according to previously published methods (22a).

Catecholamine measurements. Catecholamines (adrenaline and noradrena-
line) in the adrenal gland and whole body (minus adrenal gland) of E14 embryos
were quantified by high-performance liquid chromatography with electrochem-
ical detection, as previously described (13).

Fetal thymic organ culture, lymphoid reconstitution of RAG mice, and flow
cytometry analysis. Thymus glands were removed from E14 embryos and cul-
tured for 7 days as previously described (30). Cell suspensions were made by
gently crushing the lobes under a glass coverslip in 100 �l of phosphate-buffered
saline (PBS) plus 2% fetal calf serum and 0.02% azide and then immediately
adjusting the volume to 1 ml. Fetal livers were dissected from E14 embryos,
gently crushed with glass slides in sterile PBS, and washed twice in PBS. Ap-
proximately 2 � 106 viable cells were injected intravenously via the tail vein into
10-week-old RAG-1�/� mice which had been gamma irradiated with 300 rads 6 h
previously. After 7 weeks, recipient mice were assessed for lymphoid reconsti-
tution by analysis of peripheral blood lymphocytes (PBLs) using fluorescence-
activated cell sorter analysis. PBLs were obtained from 200 �l of heparinized
treated blood after removal of red cells using lysis buffer (Sigma), followed by
two washes in the PBS-fetal calf serum-azide mixture. Approximately 106 PBLs
or thymocytes from cultured thymus lobes were incubated for 20 min at 4°C with
the appropriately diluted MAbs. After washing, cells were analyzed using a
FACScan (Becton Dickinson). Lymphocytes were selected on the basis of for-
ward and side scatter characteristics. Typically, data from 3 � 104 cells were
collected for analysis. The MAbs used for marker analysis were GR12 (gift from
A. Kosugi), M1/70 (CD11b), CD3�-FITC, CD4-PE, CD8-biotin, B220-PE,
��TCR-FITC, and ��TCR-APC. Biotinylated antibodies were detected with

streptavidin-Tricolor. All antibodies were from Pharmingen unless otherwise
stated.

Analysis of TSA-1 expression in embryonic hearts by RT-PCR. For reverse
transcriptase PCR (RT-PCR), RNA was prepared using the acid phenol method
and reverse transcription was carried out with H� RT (Promega) and priming
with oligo(dT). PCR amplification of first-strand cDNA was performed for 23,
27, 30, and 35 cycles using the following primer pairs: TSA-1 (5�-GCAGAG
CCAACAAGCTAAG-3� and 5�-GGCCTCTTCACCCGGAG-3�) and �-actin
(5�-ATGGATGACGATATCGCTG-3� and 5�-ATGAGGTAGTCTGTCAGG
T-3�). PCR products were resolved on 1.3% agarose gels and visualized by
staining with ethidium bromide.

RESULTS

Disruption of TSA-1 gene by homologous recombination. A
deletion of the TSA-1 gene was introduced in murine W9.5 ES
cells by homologous recombination (Fig. 1). The deletion re-
sulted in the replacement of exons 2 to 4 with the hygromycin
phosphotransferase gene cassette (PGK-HYG), which results
in deletion of the entire coding region of the TSA-1 protein.
The targeting vector contained 4.8 kb of homology and was
isolated from an isogenic mouse 129/SVJ library. To identify
correctly targeted clones, 500 hygromycin-resistant clones were
screened by Southern blotting using a 700-bp probe external to
the 3� targeting region. Two independent ES cell clones car-
rying heterozygous deletions of the TSA-1 gene were obtained
(216D and 1306B), which were verified for the correct target-
ing event by Southern analysis with probes 5� and 3� to the
integration site and external to the flanking homology regions
of the targeting construct (Fig. 1B). The 5� and 3� probes
hybridize to two adjacent 7-kb genomic SacI fragments from
the wild type TSA-1 locus, but both hybridize to the same
12-kb fragment from the TSA-1 locus with a deletion of exons
2 to 4 (Fig. 1). Southern blot analysis with a hygromycin probe
demonstrated a single integration site for the targeting vector
in ES cell clone 216D but revealed an additional integration
event for ES cell clone 1306B (data not shown). Each of the ES
clones was injected into blastocysts from C57BL/6 mice, and
both transmitted the targeted allele through the germ line.

Analysis of TSA-1-deficient mice. Heterozygous mice carry-
ing the TSA-1 null allele were mated to produce homozygous
TSA-1�/� offspring. However, at 3 weeks of age, no viable
TSA-1�/� animals were obtained, as determined by Southern
blotting, suggesting that this phenotype is embryonically lethal
(Fig. 2A). Genotyping of embryos by Southern blot analysis
was therefore undertaken to identify TSA-1�/� animals. At
E10.5, viable homozygous embryos were seen (Fig. 2B), and up
until stage E14 of embryonic development, normal embryos
representative of all three genotypes were identified in the
expected Mendelian ratios (Fig. 2A). At E13.5, TSA-1�/� mice
were not readily distinguishable from wild-type or heterozy-
gous littermate control animals (Fig. 2C, upper panel). How-
ever, at E14.5, many TSA-1�/� embryos were pale and smaller
than heterozygous and wild-type littermate control animals
(Fig. 2C, lower panel). By E16, all TSA-1�/� embryos were
necrotic and undergoing resorption. Similar findings were seen
for mice created from the 1306B ES cell line, suggesting that
the phenotype was unlikely to have derived from an ES cell
mutation arising in vitro (data not shown). Mice derived from
the 216D ES clone (with a single integration site for the tar-
geting construct) were used in all subsequent analysis.

FIG. 1. Disruption of the TSA-1 gene. (A) Exons 2 to 4, encom-
passing the entire coding region of the TSA-1 protein, were deleted
and replaced by the hygromycin phosphotransferase gene cassette
(PGK-HYG). WT, wild type. (B) Southern blotting of genomic DNA
from primary ES cell clones 216D and 1306B and wild-type W9.5 ES
cells. The 3� probe (A) hybridizes to a 7-kb SacI fragment from the
wild-type allele and to a 12-kb SacI fragment from the targeted allele.
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Abnormal adrenal gland phenotype in TSA-1�/� mice. Im-
munohistochemical and in situ hybridization analysis revealed
that TSA-1 is expressed at high levels in the fetal mouse thy-
mus (data not shown) and adrenal gland (Fig. 3b and c). At
E13.5, the thymus gland from TSA-1�/� mice appeared histo-
logically normal (data not shown). In contrast, the adrenal
gland from TSA-1�/� mice showed a disorganized cellular
structure in the cortex (Fig. 3f) compared with those found in
wild-type littermate control mice (Fig. 3a). Although the se-
verity of this phenotype was variable, it was consistently ob-
served in all TSA-1�/� embryos examined. TH-positive cells
were detected in TSA-1�/� adrenal glands, indicative of med-
ullary chromaffin cells (Fig. 3i) although the adrenal glands of
TSA-1�/� mice contained virtually no detectable adrenaline
(Fig. 3k) and noradrenaline levels were reduced to approxi-
mately 50% of those seen in wild-type control adrenal glands
(Fig. 3l). These results were consistent with the lack of detect-
able levels of PNMT enzyme in TSA-1�/� adrenal glands
shown by in situ analysis (Fig. 3j), compared to wild-type con-

trols (Fig. 3e). A comparison of whole-body noradrenaline
levels did not reveal any significant differences between TSA-
1�/� embryos and wild-type controls (Fig. 3m).

TSA-1�/� embryos exhibit an abnormal cardiac phenotype.
To further investigate the cause of death in TSA-1�/� mice,
histological examination of whole-mount E14.5 embryos was
performed. By this type of analysis, significant cardiac abnor-
malities in TSA-1�/� embryos were noted. Both the ventricles
and atria were significantly enlarged, compared to those of
wild-type control animals (Fig. 4a to d). Severe dilated cardio-
myopathy and ventricular trabeculation defects in the hearts of
TSA-1�/� mice were also observed (Fig. 4b). In many TSA-
1�/� embryos, we observed that the ventricular septum had
failed to close by day 14 of gestation (data not shown). At
E14.5 to E15.5, ruptured ventricles were frequently seen, sug-
gesting that the cause of death was due to cardiac failure.
Histological analysis of embryos between E12.5 and E14.5 of
gestation revealed phenotypically normal, patent heart valves
in TSA-1�/� mice, similar to those observed in wild-type con-
trol animals (data for E13.5 are presented in Fig. 4g and h). We
analyzed TSA-1 expression in embryonic mouse heart tissue
using immunohistochemistry and mRNA analysis. The results
shown in Fig. 4e reveal TSA-1 immunostaining in the aorta at
E12.5, which was absent from the TSA-1�/� animals (Fig. 4f),
demonstrating effective deletion of TSA-1 expression in TSA-
1�/� animals. However, we did not detect significant levels of
TSA-1 expression in the aorta or any other compartment of the
heart, including the myocardium, at later stages of embryogen-
esis (E13.5 to E14.5) using immunohistochemical techniques
(data not shown), suggesting that cardiac expression of TSA-1
is downregulated between E12.5 and E14.5. However, RT-
PCR analysis revealed the presence of TSA-1 mRNA in E13.5
and E14.5 heart tissue after 23 cycles of amplification (Fig. 4i),
suggesting that low levels of TSA-1 expression are maintained
throughout this stage of embryogenesis.

T-cell development is apparently normal in TSA-1�/� mice.
The embryonic lethal phenotype of TSA-1�/� mice precluded
a straightforward analysis of T-cell development in TSA-1�/�

mice beyond E14.5. Therefore, we used fetal thymic organ
culture to assess the capacity of TSA-1�/� intrathymic precur-
sor cells to differentiate in vitro. E14.5 thymic lobes were re-
moved and cultured for 7 days, and the resulting cell popula-
tions were analyzed by flow cytometry (Fig. 5). In the
embryonic thymus, the majority of thymocytes are of the im-
mature ��TCR� CD4� CD8� phenotype; therefore, acquisi-
tion of these markers can be used to follow the appearance of
more mature T-cell subsets which derive from intrathymic pre-
cursor cells (23). The data shown in Fig. 5A clearly show the
presence of ��TCR� cells in both wild-type and TSA-1�/�

cultured thymic lobes, and all thymocyte subsets, defined by
the CD4 and CD8 markers, were present in both wild-type and
TSA-1�/� cultured lobes (Fig. 5A). Specifically, percentages of
the major intermediate CD4� CD8� population and the more
mature CD4� CD8� and CD4� CD8� single positive subsets
did not differ significantly between wild-type and TSA-1�/�

cultured lobes (Fig. 5A). Analysis of the most immature triple-
negative CD3� CD4� CD8� thymocyte subsets, using the
CD25 and CD44 markers (9), also revealed no significant dif-
ferences in T-cell phenotype between wild-type and TSA-1�/�

cultured lobes (data not shown). Cell yields at the completion

FIG. 2. Homozygous TSA-1�/� mice are embryonically lethal. (A)
Phenotypes and genotypes of offspring from TSA-1�/� � TSA-1�/�

matings, genotyped by Southern blotting of genomic DNA. N, normal
morphology; A, abnormal morphology. No live embryos were detected
past E15. (B) Southern blotting of genomic DNA from E10 embryos
obtained from TSA-1�/� � TSA-1�/� matings. Detection of restric-
tion fragments corresponding to wild-type and targeted alleles was
performed as described for Fig. 1. (C) Phenotype of TSA-1�/� em-
bryos. Embryos were dissected from yolk sacs, and tail biopsies were
taken for genotyping.
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of the culture period were 2.6 � 105 and 2.8 � 105 cells per
lobe for wild-type and TSA-1�/� samples, respectively. These
values are within the normal range for this culture system (20)
and reveal that no significant differences in the kinetics of in
vitro T-cell differentiation arise as a consequence of deleting
TSA-1 expression.

Lymphoid cell development from TSA-1�/� fetal liver he-
matopoietic precursors. To address whether TSA-1 is required
for normal development of T and B cells in vivo, we reconsti-
tuted lymphoid-deficient RAG-1�/� mice with either TSA-
1�/� or wild-type E14.5 fetal liver hematopoietic precursor
cells. After 7 weeks, peripheral blood samples were taken from
reconstituted animals and analyzed for donor-derived T- and
B-cell progeny. The data for Fig. 5B and C show that successful
reconstitution of T- and B-cell lineages was achieved in RAG-
1�/� mice using either wild-type, TSA-1�/�, or TSA-1�/� pre-
cursors, and the cell numbers recovered indicated that the
efficiency of reconstitution was comparable for donor cells of
all three genotypes (data not shown). As expected, B-cell prog-
eny derived from wild-type fetal liver precursors, but not B
cells derived from TSA-1�/� precursors, expressed high levels
of TSA-1 at the cell surface (Fig. 5C), thereby confirming the
genetic origin of each precursor population. B-cell progeny
from heterozygous TSA-1�/� precursors were also surface pos-
itive for TSA-1, but these cells exhibited two- to threefold
lower levels of expression than did cells derived from wild-type

precursors, suggesting a gene dosage effect. Taken together,
the fetal thymic organ culture and RAG-1�/� reconstitution
data presented in Fig. 5 suggest that TSA-1 is apparently not
required for normal T-cell differentiation within the thymus,
nor is it necessary for differentiation of T and B cells from fetal
liver precursors in vivo.

DISCUSSION

Disruption of the gene encoding the lymphostromal mem-
brane protein, TSA-1, resulted in an embryonically lethal phe-
notype with embryos succumbing to cardiac failure at E15.5 of
gestation. TSA-1�/� embryos revealed significant morpholog-
ical abnormalities accompanied by marked adrenal and cardiac
defects. Surprisingly, we were unable to detect an obvious
thymus phenotype or significant alterations in the capacity of
either TSA-1�/� intrathymic lymphoid precursors or of TSA-
1�/� hematopoietic precursors to differentiate into mature T
or B lymphocytes, suggesting that TSA-1 is not essential for
lymphoid differentiation.

The gene encoding TSA-1 becomes transcriptionally active
midgestation, and, in a previous study, high levels of TSA-1
expression were reported in fetal thymus and hematopoietic
precursor cells of the fetal liver (1). We report herein that
TSA-1 expression is not restricted to cells of the hematopoietic
lineage; TSA-1 is expressed at high levels in the embryonic

FIG. 3. Adrenal gland abnormalities in TSA-1�/� mice. A comparison of E14 adrenal gland morphology in wild-type (a) and TSA-1�/�

embryos (f). Note the disrupted cellular structure in the TSA-1�/� gland. Analysis of TSA-1 expression by immunostaining (b) and in situ
hybridization (c) in E13.5 and E14.5 wild-type embryos, respectively. Immunostaining and in situ analysis reveal the absence of TSA-1 protein and
mRNA in TSA-1�/� adrenal glands as expected (g and h, respectively). Medullary chromaffin cells are present in wild-type (d) adrenal glands and
TSA-1�/� (i) E14 embryonic adrenal glands, as revealed by immunostaining with an anti-TH antibody. PNMT is present in wild-type (e) but not
the TSA-1�/� (j) adrenal gland. Panels k to m show catecholamine analysis of adrenal glands and whole body (minus adrenal gland) from wild-type
and TSA-1�/� E13 embryos. Adrenaline is virtually absent (k), and noradrenaline levels are reduced by approximately 50% (l) in the adrenal glands
of TSA-1�/� mice. Noradrenaline levels in the whole animal are similar for wild-type and TSA-1�/� mice (m).
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adrenal gland. We conclude that the abnormal adrenal pheno-
type of TSA-1�/� mice arises directly as a consequence of
extinguishing TSA-1 expression in this organ. The absence of
detectable levels of PNMT in TSA-1�/� adrenal glands is con-
sistent with the lack of adrenaline and suggests a primary
biosynthetic defect in this tissue. Since PNMT expression is
partly dependent on glucocorticoids (17), we are currently in-

vestigating whether levels of adrenal glucocorticoids are re-
duced in TSA-1�/� embryos. It is significant to note that
TSA-1 is also expressed at high levels in the human fetal
adrenal gland (24).

The cardiac phenotype exhibited by TSA-1�/� mice is less
easily reconciled with our expression data. While we were able
to detect TSA-1 mRNA in the embryonic mouse heart and
others have reported expression of TSA-1 in the human em-
bryonic heart (16), we cannot formally exclude the possibility
that the cardiac phenotype of TSA-1�/� mice is secondary in
nature. It is unlikely, however, that a catecholamine deficiency
adequately explains the cardiac phenotype observed in TSA-
1�/� mice. For instance, mice deficient for the glucocorticoid
receptor also have a complete lack of adrenaline and reduced
levels of noradrenaline (approximately 40% of wild-type lev-
els) in their adrenal glands (5), similar to the adrenal catechol-
amine data presented herein for TSA-1�/� mice. Glucocorti-
coid receptor-deficient mice exhibit no obvious cardiac
phenotype; rather, they die perinatally as a result of lung ab-
normalities (5). Mice rendered catecholamine deficient as a
result of a targeted mutation in the TH gene are also embry-
onically lethal at E12 to E14 of gestation (32) and exhibit a
cardiac phenotype similar to that of TSA-1�/� mice, in that
both types of mice have significantly enlarged atrial chambers
and disrupted cellular organization in the ventricular myocar-
dium. However, unlike TSA-1�/� mice, TH�/� mice also show
a profound lack of noradrenaline, a major catecholamine of
embryogenesis (27). Given that TSA-1�/� adrenal glands ex-
press 50% of wild-type noradrenaline levels (Fig. 3l) and that
whole-body (minus adrenal gland) noradrenaline levels in
TSA-1�/� mice are indistinguishable from those of their wild-
type counterparts (Fig. 3m), it is unlikely that reduced cate-
cholamine levels adequately account for the cardiac phenotype
in TSA-1�/� mice. To further investigate tissue-specific phe-
notypes in TSA-1�/� mice, we have recently targeted the
TSA-1 locus with loxP sites for temporal and spatial ablation of
TSA-1 expression (B. J. Classon and D. J. Zammit, unpub-
lished data).

A surprising finding arising from these studies is the appar-
ently normal progression of both T- and B-lymphoid develop-
ment in the absence of TSA-1, both in vitro and in vivo. This
finding was unusual, given previous reports in which anti-
TSA-1 MAbs were shown to profoundly inhibit T-cell devel-
opment (20), thymocyte apoptosis (19), and IL-2 synthesis by
activated T cells (22). This discrepancy raises the possibility
that binding the TSA-1 molecule at the cell surface with a MAb
constitutes receptor engagement with a multivalent ligand of
relatively high affinity, thereby transducing an enhanced, non-
physiological signal to the T cell, rather than inducing a recep-
tor blockade effect. This notion is supported by our most re-
cent work, which shows that monovalent F(ab�) fragments of a
TSA-1 MAb were unable to block T-cell development in fetal
thymic organ culture, whereas F(ab�)2 and whole MAb blocked
effectively in parallel experiments (21).

TSA-1 is expressed in a number of embryonic and adult
tissues, and there is mounting evidence that TSA-1 and other
cell membrane Ly-6 superfamily molecules participate in in-
tercellular adhesion and signaling; however, the molecular ba-
sis of their function remains obscure. TSA-1 is structurally
related to a number of Ly-6 superfamily molecules known to

FIG. 4. Histological anomalies in the developing hearts of TSA-
1�/� mice. A comparison of transverse sections from an E14 wild-type
fetus (a) and a TSA-1�/� mutant (b). Ventricle walls and interventric-
ular septa are indicated by arrows. Atria of a wild-type E14 (c) and
mutant embryo (d). Expression of TSA-1 by immunohistological stain-
ing in the aorta (arrowheads) of wild-type E12 (e) and mutant embryo
(f). A comparison of sagittal sections of E13 wild-type (g) and mutant
embryo (h) showing normal heart valves (arrowheads) in wild-type and
mutant embryos. mRNA analysis of TSA-1 expression by RT-PCR in
embryonic E13 and E14 hearts (i). Control samples are thymus (T), an
olfactory epithelial cell line (E), and no template DNA (N). The
TSA-1 oligonucleotide primer target sequences are separated by a
2,000-bp intron (4) and thus would not be expected to amplify TSA-1
genomic sequences.
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directly bind and regulate the activity of plasma membrane ion
channels, including xenoxin-1 (14), calciseptine (7), and caltrin
(6). While there is presently no evidence that TSA-1 acts at the
level of plasma membrane ion channels, it is significant that
MAb blockade of TSA-1 interferes with Ca2�-dependent cel-
lular responses in T cells, such as IL-2 secretion (11, 22). There
is previously reported evidence for a cell surface ligand for
TSA-1 expressed on thymocytes (3), and further characteriza-
tion of this structure is expected to clarify the role of TSA-1 in
lymphocytes and other tissues.

It will also be of interest to investigate whether TSA-1�/�

lymphocytes, which develop apparently normally in vivo, ex-
hibit subtle functional differences compared to their wild-type
counterparts, given the reported role for TSA-1 in signal trans-
duction in T cells (12). In this regard, it is significant that, for
the only other member of the Ly-6 superfamily for which a
gene-deficient mouse has been described, Ly-6A/E, the mutant
animals are apparently normal and fertile but exhibit a hyper-
proliferative T-cell phenotype, the molecular basis of which
has not been extensively characterized (26).

In conclusion, the results presented herein demonstrate that
TSA-1 is an obligate requirement for normal development and
functional compliance of the embryonic adrenal gland, which
may have an additional impact on cardiac function in the
embryo, and reveal a more generic function for an Ly-6 super-
family molecule in mammalian development.
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