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Age-dependent neurodegeneration resulting from widespread apoptosis of neurons and glia characterize the
Drosophila Swiss Cheese (SWS) mutant. Neuropathy target esterase (NTE), the vertebrate homologue of SWS,
reacts with organophosphates which initiate a syndrome of axonal degeneration. NTE is expressed in neurons
and a variety of nonneuronal cell types in adults and fetal mice. To investigate the physiological functions of
NTE, we inactivated its gene by targeted mutagenesis in embryonic stem cells. Heterozygous NTE*/~ mice
displayed a 50% reduction in NTE activity but underwent normal organ development. Complete inactivation
of the NTE gene resulted in embryonic lethality, which became evident after gastrulation at embryonic day 9
postcoitum (E9). As early as E7.5, mutant embryos revealed growth retardation which did not reflect impaired
cell proliferation but rather resulted from failed placental development; as a consequence, massive apoptosis
within the developing embryo preceded its resorption. Histological analysis indicated that NTE is essential for
the formation of the labyrinth layer and survival and differentiation of secondary giant cells. Additionally,
impairment of vasculogenesis in the yolk sacs and embryos of null mutant conceptuses suggested that NTE is

also required for normal blood vessel development.

Neuropathy target esterase (NTE) was originally identified
by its reactivity with specific organophosphates (OP), which in
adult humans and some other vertebrates cause delayed neu-
ropathy (14). This syndrome is characterized morphologically
by degeneration of large axons in the peripheral nerves and
spinal cord and clinically by paralysis of the lower limbs (5).
Within the adult vertebrate nervous system, NTE is expressed
in neurons, particularly strongly in those with large cell bodies,
and can undergo fast axonal transport (10, 23). The link be-
tween OP-mediated modification of NTE and onset of neu-
ropathy is obscure. Although this syndrome may reflect a re-
quirement for NTE to maintain axonal integrity, it is also
possible that it is caused by the gain of a novel toxic function
in OP-modified NTE rather than by loss of NTE’s normal
activity (11).

Clear evidence for a role of NTE function in neural integrity
comes from analysis of Drosophila carrying mutant versions of
NTE homologue Swiss Cheese (SWS). Mutations in the sws
gene resulted in age-dependent neurodegeneration, massive
apoptosis, and early death (17). The earliest morphological
abnormality detected in the mutant flies was hyperwrapping of
glial membrane sheets around neuronal cell bodies and axons.
SWS expression was detected in most neurons, and it seemed
possible that this protein was involved in neuron-glia interac-
tions during development of the fly brain (17). Similarly, NTE
mRNA is strongly expressed in neural ganglia in mice by em-
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bryonic day 13 postcoitum (E13), consistent with a possible
role for NTE in vertebrate neural development (23).

The distribution of NTE in tissue suggests that this protein
may have, in addition to potential vital roles in the nervous
system, more-general functions. As judged by esterase assays
and Northern blotting, NTE is expressed in a variety of adult
vertebrate tissues including gut, lymphocytes, skeletal muscle,
kidney, and placenta, as well as in brain (16, 20). Similarly,
during mouse embryogenesis, in situ hybridization reveals
widespread expression of NTE in a number of ectoderm-,
mesoderm-, and endoderm-derived tissues (23). In this article
we demonstrate that NTE is essential for the formation of
extraembryonic tissues, especially the placenta, and that its
elimination results in massive cell death within the embryo.

MATERIALS AND METHODS

Isolation of the murine NTE gene locus and construction of the targeting
vector. A commercially available murine 129/Sv genomic library (lambda FixII;
Stratagene, Heidelberg, Germany) was screened with a randomly labeled NTE
c¢DNA fragment spanning nucleotides 1175 to 2575 (23) by standard procedures
(24). DNA sequencing was performed by cycle sequencing using an automatic
DNA sequencer (Applied Biosystems, Boulder, Colo.). A positive 17-kb clone
spanning five exons encoding nucleotides 1105 to 1709 of the murine cDNA
(NM_015801) (23) was analyzed by restriction mapping, and fragments were
subcloned into pBluescript. The targeting vector was constructed by inserting a
B-gal-neo cassette into the EcoRV site at bp 1406 of NTE ¢cDNA corresponding
to amino acid 397 (relative to the start site of translation). This mutation causes
premature protein truncation prior to the carboxyl-terminal catalytic domain.
For electroporation the vector was linearized with the restriction enzyme Sall.

Gene targeting in ES cells and generation of gene-disrupted mice. Sixty mi-
crograms of linearized plasmid DNA was electroporated into 4 X 107 R1 em-
bryonic stem (ES) cells suspended in phosphate-buffered saline (PBS). Trans-
fection of and culture conditions for ES cells were as described previously (22).
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FIG. 1. NTE targeting vector and genotyping of mutant mice. (A) Schematic representation of the partial NTE gene locus and the targeting
construct. Boxes, exons and the probe used for Southern hybridization of the neomycin-resistant stem cell clones, which recognizes the 5.5-kb
wild-type (wt) and 2-kb mutant EcoRI fragments; arrowheads, primers used for screening ES cell DNA by genomic PCR. ko, knockout.
(B) Homologous recombination resulted in generation of a 1.8-kb fragment (asterisk). (C) PCR analysis of yolk sac DNA from embryos derived
from heterozygous matings. The positions of primer pairs for amplification of the 190-bp wild-type and 380-bp mutant PCR fragments are shown
in panel A. (D) Western blots of cell lysates from in vitro-cultured wild-type, heterozygous, and NTE-null embryos were probed with rabbit
anti-mouse NTE serum. Equal protein loading is shown by antitubulin staining.

Briefly, ES cells were cultured on irradiated mouse embryonic fibroblasts in the
presence of leukemia inhibitory factor (Gibco-BRL, Gaithersburg, Md.); selec-
tion with 400 pg of G418 (Gibco-BRL)/ml was started 24 h after transfection,
and then 240 neomycin-resistant clones were picked, expanded, and analyzed by
Southern blotting of genomic EcoRI-digested DNA. An external probe compris-
ing a 0.6-kb EcoRI/Smal fragment of the NTE gene (see Fig. 1A) was used to
identify the 5.5-kb wild-type allele and the 2.0-kb mutated allele. In addition a
genomic PCR was performed to screen for homologous recombination events.
Here, one primer was chosen to be outside the targeting vector and the other was
chosen to be within the B-gal-neo cassette to amplify a 1.8-kb genomic fragment
(NTR 5'up: TCA ACA GAC CTT GCA TTC CTT TGG C; SWS genPCRrev:
TGG TAC AGG TCA GCT GGC CTT TCA C).

Three different ES cell clones with the targeted NTE allele were thawed 3 days
prior to injection, injected into C57BL/6 blastocysts, and then reimplanted into
2.5-day-pseudopregnant NMRI females. Male chimeras were backcrossed to
C57BL/6 and to 129/Sv mice, and heterozygous offspring were crossed to produce
homozygous mutant offspring. The genotypes of these mice were assessed by
PCR analysis using primers mSWS sense2 (ACC CTG GAC ATG TTC TAG
CCA AAG) and mSWS antil (CTA GGG GAT GCT GTC TGA GGT C) to
detect a 190-bp band for the wild-type allele and additional primer PGK polyA
down (CTG CTC TTT ACT GAA GGC TCT TT) producing, together with
mSWS anti-1, a 370-bp fragment for the mutant allele (see Fig. 1A).

Embryo cell culture for in vitro analysis. Embryos were dissected from ma-
ternal tissue and yolk sac at E8.0. Yolk sac DNA was isolated and used for

genotyping. After being washed in PBS and ES cell medium, embryos were
mechanically dissociated and cultured in fibronectin (5 pg/ml)-coated 24-well
dishes with ES cell medium without leukemia inhibitory factor (50% was con-
ditioned on feeder cells). Medium was changed after 4 days.

NTE expression: Northern and Western blotting and esterase assay. Northern
blot analyses were performed using the same cDNA probe used for screening the
genomic library. The randomly labeled fragment was hybridized with commer-
cially available Northern blots (Seegene) by standard procedures (24). Expres-
sion of NTE protein in cultured cells from E8 embryos was determined by
Western blotting. Approximately equal numbers of cells from wild-type, het-
erozygous, and NTE-null embryos were harvested and solubilized in sodium
dodecyl sulfate (SDS) sample buffer. Polypeptides were resolved by SDS-7.5%
polyacrylamide gel electrophoresis and electroblotted onto nitrocellulose. Blots
were probed with a rabbit antiserum raised against a keyhole limpet hemocyanin
conjugate with a synthetic peptide (CLPNQDDQGPRLEHPS) corresponding to
the carboxyl terminus of mouse NTE. Equal loading of the samples was assessed
by probing blots with a monoclonal antibody (clone B5-1-2) against tubulin
(Sigma). NTE activity in tissue homogenates was measured by colorimetric assay
of the hydrolysis of artificial substrate phenyl valerate as described previously
(15).

Histology and TUNEL assay. After cervical dislocation of pregnant mice the
decidual swellings were fixed in 4% paraformaldehyde—PBS overnight at 4°C and
then dehydrated and embedded in paraffin. Five-micrometer-thick sections were
made with a microtome and stained with hematoxylin and eosin. For analysis of
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FIG. 2. NTE mutant embryos reveal growth retardation. (A to D) Embryos at E7. NTE mutants (C and D) are already slightly growth retarded
at E7 compared to wild-type (A) and heterozygous (B) embryos from the same litter. Nevertheless, mutant embryos develop with embryonic
(arrow) and extraembryonic (arrowhead) ectoderms. (E and F) At E8 growth retardation of the NTE knockout embryos (F) becomes more evident
in comparison with a wild-type embryo (E). The allantois (arrows) and amnion (arrowheads) of the wild-type embryo are shown. (G) At E9 the
developmental retardation becomes more obvious. (H) LacZ staining of a wild-type and NTE-heterozygous embryos at E9. LacZ is expressed
throughout the heterozygous embryo, including head structures, neural tissue, somites, and tail bud, whereas no staining is present in the wild-type
embryo. Panels A to D have the same magnification, as do panels E and F.

programmed cell death, the sections were stained based on reactivity determined
by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) using the Apop Teg in situ apoptosis detection kit (Oncor) ac-
cording to the manufacturer’s instructions (9).

BrdU labeling and im histochemistry. Timed pregnant mice from het-
erozygous matings were injected intraperitoneally at E8.5 and E9.5 with 5-bro-
mo-2-deoxyuridine (BrdU; Sigma) at a dose of 50 pg/g of body weight. Pregnant
mice were sacrificed 1.5 h after injection, and the uteri were removed. Decidual
swellings were fixed in 4% paraformaldehyde at 4°C overnight and dehydrated,
and then paraffin-embedded sections were processed for immunohistochemistry.
For BrdU labeling, sections were pretreated with 2 N HCI for 30 min and
incubated with an anti-BrdU mouse monoclonal antibody (Roche) at a dilution
of 1:1,000 for 1 h at 37°C before a 30-min incubation with a horseradish perox-
idase-conjugated anti-mouse secondary antibody (DAKO). Finally, sections were
incubated with diaminobenzidine to detect nuclear staining. In parallel, the
proliferation-associated antigen Ki67 was stained with a 1:750 dilution of an
anti-Ki67 rabbit polyclonal antibody (Novocastra, Newcastle, United Kingdom)
after sections were pretreated by being boiled three times in citrate buffer (pH

7.4) in a microwave. An ABC staining procedure (ABC Vector kit; Vector) was
performed according to the manufacturer’s instructions.

To determine apoptotic cell death, in addition to TUNEL staining, caspase 3
activity was detected by immunohistochemistry using an antibody that specifically
interacts with the cleaved activated fragment of caspase 3. Immunohistochem-
istry was performed after permeabilization of the cells with 0.2% Triton X-100,
boiling in 0.01 M citrate buffer in a microwave, and blocking in 5% goat serum—
0.1% Tween in PBS containing a 1:200 dilution of the polyclonal antibody against
cleaved caspase 3 (New England Biolabs). Detection by indirect immunoperox-
idase staining was done with a Vectastain ABC kit (Vector).

In situ hybridization, whole-mount in situ hybridization, and LacZ staining.
In situ hybridization of **P-labeled cRNA probes to paraffin-embedded tissue
sections was described in detail previously (21). Two parallel tissue sections were
mounted on each slide, and both antisense and, as a control, sense RNA probes
were reacted to these sections under identical conditions. Probes detecting giant
cells (expressing placental lactogen [PI-1]) (3), spongiotrophoblast cells (express-
ing 4311) (19), and cells of the ectoplacental cone and cytotrophoblast cells
(expressing Mash2) (12) were used to discriminate the different placental layers.
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FIG. 3. Histological analyses of wild-type and NTE mutant embryos at E7.5 to E9.5. (A to C) Sagittal sections through E7.5 wild-type (A) and
NTE mutant (B and C) embryos prove the formation of three germ layers, the allantois, and a thinner chorion in NTE-null embryos. (D to F)
Chorioallantoic fusion occurs at E8 in wild-type embryos (D), whereas in NTE-null embryos fusion is delayed (E) and occurs at E8.5 (F; arrow).
(G and H) Strong growth retardation at E9.5 can be seen by comparing histological sections of wild-type (G) and mutant (H) embryos.
(I) Chorioallantoic fusion of E9.5 NTE-deficient mice. Note nucleated red blood cells in vessels of the allantois, indicating a functional connection
with the chorion (arrow). al, allantois; am, amnion; ch, chorion; cp, chorionic plate; ec, ectoderm; en, endoderm; me, mesoderm. Panels A to C

have the same magnification, as do panels D to F and panels G and H.

For LacZ staining, embryos were fixed in 2.5% glutaraldehyde-0.1 M
PIPES (piperazine-N,N’-bis[2-ethanesulfonic acid]; pH 6.9)-2 mM MgCl,-5
mM EGTA for 20 min before being washed in the same buffer without
glutaraldehyde. After a short incubation for 5 min in PBS-0.02% NP-40-0.01%
sodium deoxycholate to enhance penetration of the tissue, embryos were stained
in 1 mg of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)-1 mM
K;[Fe(CN)e]-10 mM K, [Fe(CN)4]-2 mM MgCl,/ml in PBS for several days.

RESULTS

Targeted disruption of the NTE allele in mice. To disrupt
the NTE gene an IRES-B-gal-neo selection cassette was in-
serted into a central exon at the codon for amino acid 397 of
the 1,327-residue murine NTE protein. By analogy to the three
different mutant Drosophila strains which exhibit nonsense mu-
tations at position ~365 or missense mutations at later posi-
tions of the cDNA, all resulting in nonfunctional SWS proteins
(17; D. Kretzschmar, unpublished data), we expected that this
insertion would result in a loss-of-function mutation in the
NTE gene. The targeting vector had an overall homology with
5.5 kb of genomic sequence at the 5’ end and 1.8 kb at the 3’
end (Fig. 1A). The targeting vector was electroporated into R1
ES cells, and six homologous recombinants out of 240 G418-
resistant clones were identified. Southern blot analysis of these
clones revealed the presence of the 2.0-kb knockout fragment
in addition to the 5.5-kb wild-type fragment after hybridization
with an external genomic probe (data not shown). Homolo-
gous recombination was also shown by genomic PCR using

primers within the selection cassette and outside of the target-
ing vector (Fig. 1B).

To generate mice harboring the targeted NTE allele, three
ES cell clones were injected into C57BL/6 blastocysts, which
gave rise to several chimeras. Chimeras from two independent
ES cell clones transmitted the mutated allele to their offspring
when crossed to C57BL/6 and 129/Sv females. No phenotypic
differences between animals derived from the two independent
clones were observed. Heterozygous mice of both sexes were
healthy and fertile, and no overt phenotype was observed.
Inactivation of NTE was confirmed by assay of its esterase
activity in tissue homogenates. Activity in brain and kidney
(223 £ 22 and 1,467 * 133 nmol/min/mg of protein, respec-
tively) of heterozygotes was 50% that for the wild type (451 =
63 and 2,880 * 319 nmol/min/mg of protein, respectively),
suggesting equal expression of both alleles in wild-type ani-
mals.

Lack of NTE results in retarded growth and development
and subsequent death during early gestation. Heterozygous
mice were intercrossed to produce NTE homozygous mutant
(NTE /") offspring. Among 231 live-born progeny, no viable
homozygous mutant offspring were identified, whereas 136
(59%) heterozygous and 95 (41%) wild-type offspring were
recovered, indicating that homozygosity for the NTE mutation
is embryonically lethal. To determine the time point of embry-
onic lethality and to characterize the morphological phenotype
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FIG. 4. Expression of NTE during embryonic development and in
adult tissues. (A) Northern blot from total embryos between E4.5 and
E18.5 reveals two transcripts of about 4.4 and 9 kb at all different time
points examined. (B to E) LacZ staining of heterozygous embryos from
E7 (B), E8 (C), E12 (D), and E14 (E) shows NTE expression in the
extraembryonic ectoderm of the chorion (arrowhead) and ectoplacen-
tal cone (arrow) at E7; expression is visible in almost all tissues of the
embryo at later stages. A wild-type embryo at E12 (D) lacks any LacZ
staining and served as a control for staining specificity.

of mutant embryos, different stages of gestation were analyzed
for the presence of NTE™/~ offspring. The genotypes of the
dissected embryos were determined by performing PCR of
genomic DNA obtained from the yolk sacs of each embryo
(Fig. 1C). In parallel, to demonstrate that gene targeting re-
sults in a protein-null mutation, we analyzed in vitro-cultured
cells of E§ embryos by Western blotting using an antiserum
against the carboxyl terminus of NTE; this confirmed the re-
duction of NTE protein levels in cells from heterozygotes and
its elimination from NTE-null embryos (Fig. 1D).

NTE/sws KNOCKOUT MICE 1671

NTE /~ embryos were detected from E7.5 to E9.5. Even at
E7.5, null mutant embryos were slightly smaller than the wild
type and heterozygotes (Fig. 2A to D). This retardation was
more obvious by E8.5 and E9.5, and an increased number of
resorbed and empty conceptuses were observed. E8.5 NTE-
deficient embryos had only 2 to 6 somites and were half the size
of their wild-type or heterozygous littermates, which had 8 to
12 somites (Fig. 2E and F). Surviving NTE mutants at E9.5
could be easily distinguished from their littermates by their
much smaller size, pale color, enlarged pericardium, and in-
complete process of turning. Due to growth retardation the
cranial neural plate was still not fused (Fig. 2G and H). Mutant
embryos could occasionally be isolated at E10.5 but were not
alive and often already in the process of resorption.

Histological sections revealed that E7.5 NTE mutant em-
bryos are in the process of gastrulation and have formed all
three germ layers and apparently normal extraembryonic
membranes (Fig. 3A to C). At E8.0 the whole embryonic cavity
of the decidual swelling is smaller in mutants than in wild-type
or heterozygous embryos (Fig. 3D). Chorioallantoic fusion is
slightly delayed in NTE mutants and occurs at around E8.5
(Fig. 3F). Sections of E9.5 knockout embryos demonstrate the
strong developmental delay, although an apparently functional
chorioallantoic fusion with vessels containing embryonic blood
cells has been formed (Fig. 3G to I).

NTE is widely expressed in early development. Since the
early embryonically lethal phenotype indicates an indispens-
able function for NTE, we analyzed the expression of NTE
during fetal development. As early as E4.5, two NTE tran-
scripts (4.4 and ~9 kb) could be detected by Northern blotting,
and their expression appeared to increase to a maximum at
E8.5 to E9.5 and decline slightly thereafter (Fig. 4A). From
E7.5 to E15.5 expression of NTE was detected by LacZ stain-
ing of whole-mount NTE-heterozygous embryos (Fig. 4B to
E). At E7.5, expression was most intense in the extraembryonic
ectoderm of the chorion and the ectoplacental cone (Fig. 4B).
From E8.5 onward, NTE expression was detected in many
tissues throughout the embryo (Fig. 4C to E).

Analysis of cell proliferation and apoptotic cell death in
NTE mutant mice. Since NTE expression was detected in all
embryonic developmental stages, we first analyzed the prolif-
eration of NTE mutant blastocysts in vitro. LacZ staining of in
vitro-cultivated NTE-heterozygous blastocysts revealed posi-
tive cells within the inner cell mass and also in trophoectoder-
mal cells. Nevertheless, NTE-null blastocysts showed a normal
phenotype, indicating that the NTE mutation does not affect
preimplantational growth. In addition, after 5 days in culture
the inner cell mass and the trophoblast cells of NTE-deficient
embryos showed the same outgrowth as wild-type blastocysts
(data not shown). These observations strongly suggest that at
this early stage of development NTE function is not required
for proliferation and cell survival.

To analyze directly the effect of NTE mutation on cellular
proliferation at later embryonal stages, we measured the in-
corporation of BrdU into DNA during S phase of the cell cycle.
At E8.5 and E9.5 pregnant female mice were injected with
BrdU and whole litters were dissected 1.5 h later. BrdU incor-
poration was detected by immunohistochemical staining. Al-
though positive nuclear staining was clearly detected in normal
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FIG. 5. Cell proliferation and cell death in NTE mutant embryos. BrdU labeling experiments reveal no labeled cells in NTE-deficient embryos
(B and C), whereas wild-type embryos reveal strong proliferation throughout the embryo (A). However, Ki67 staining indicates that cell
proliferation in knockout mice (E and F) is indistinguishable from that in normal embryos (D). (G to J) TUNEL staining of E9.5 (G to I) and E10.5
(J) mouse embryos of wild-type (G) and NTE-deficient mice (H to J) indicates massive cell death already at E9.5 in various regions of the embryo
in comparison to only a few positive cells in the wild-type embryo (G). The same magnification was used for all panels.

embryos, NTE mutant embryos had not incorporated BrdU
into their DNA, suggesting either a defect in cellular prolifer-
ation or defects in placentation or yolk sac circulation resulting
in greatly reduced availability of BrdU to the embryo (Fig. SA
to C). To distinguish between these possibilities, we measured
cellular proliferation in NTE mutant embryos by a second
experimental approach. Using an antibody against the nuclear
antigen Ki67, which is present in the nuclei of all proliferating
cells (25), immunohistochemical staining showed unaffected
cellular proliferation in mutant embryos, which was not signif-
icantly different from that in the wild-type littermates (Fig. SD
to F).

We next analyzed cell death in NTE mutant embryos by
TUNEL staining of E8.5 and E9.5 embryo sections. TUNEL-
positive cells were detected at E9.5 in the whole embryo both
in the head and the trunk regions (Fig. 5G to J). Cell death
affected tissues derived from all three germ layers, including
neural tissues, somites, and endodermal structures. Since
TUNEL staining cannot discriminate between actively dying
apoptotic cells and necrotic cells, we performed immunohisto-
chemistry with an antibody that recognizes the activated
cleaved form of caspase 3. These stainings clearly indicated

that a large number of cells in many different tissues die by
apoptosis (data not shown).

Since NTE-deficient embryos do not suffer from impaired
cellular proliferation, we next addressed the question of
whether the observed cell death is due to a lack of an essential
cellular function of NTE or to extraembryonic defects. There-
fore ES embryo cells were disaggregated and seeded on fi-
bronectin-coated dishes (see Materials and Methods). Al-
though NTE mutant embryos are significantly smaller at this
stage of development, and therefore fewer cells and colonies
survived after 1 week of culture, their cells could be cultivated
for more than 1 week. The colonies gave rise to different cell
types with different cell morphologies (Fig. 6A and B). From
three more properly developed NTE mutants, we obtained
highly differentiated cells, such as beating cardiac myocytes
and cells resembling neurons with long branched neurite-like
processes (Fig. 6C). Taken together, these data demonstrate
that NTE mutant embryos do not exhibit a general defect in
cellular proliferation and that a number of different cells can
survive in the absence of NTE activity.

Lack of NTE causes defects in extraembryonic tissues. First
indications of a defect in placenta formation were derived from
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FIG. 6. NTE-deficient cells survive in vitro. Isolated cells from E8
NTE-null embryos survive several days in culture and differentiate into
a number of different cell types (A and B), including cells (C) with long
(arrow) and branched (arrowhead) neurite-like processes.

inspection of the much smaller decidual swellings of NTE™/~
embryos at around E9, since during normal development the
growing placenta induces decidual tissue formation. At E7.5,
the morphology, number, and distribution of trophoblastic gi-
ant cells in NTE-deficient embryos appeared normal but the
condensed packed cells of the ectoplacental cone were almost
absent and the extraembryonic ectodermal sheet of the cho-
rion itself seemed to be thinner than in wild-type embryos (Fig.
7A to D). Half a day later, in the mutant conceptus, a thin
curved chorionic plate had formed and the ectoplacental cone

NTE/sws KNOCKOUT MICE 1673

was clearly smaller than normal (Fig. 7E to H). At E8.5, fusion
of the chorion and allantois had occurred in mutants (Fig. 7J),
about half a day later than in the wild type (Fig. 7E and G). A
higher magnification of these structures revealed that the cho-
rionic plate and the ectoplacental cone were less densely
packed in NTE mutant conceptuses, and the cell or nucleus
seems to be bigger in mutant ectoplacental cones. At E9.5, the
wild-type placenta had acquired the typical three-layer appear-
ance, with the labyrinth layer above the chorion/allantois form-
ing the inner layer, the spongiotrophoblast forming the middle
layer, and the giant cells forming the outer layer and the
interface with the maternal deciduae. In NTE-null mutants the
labyrinth layer failed to form: although the chorionic tropho-
blast differentiation and morphogenesis had begun through
interdigitation of the allantoic mesoderm and underlying fetal
vessels with chorionic plate trophoblast cells to form simple
branches (Fig. 7M and N), these branches failed to elongate
and bifurcate, but rather collapsed at E10. Maternal blood
sinuses were completely absent in mutant placentas (Fig. 70
and P). In addition to the obvious failure in labyrinth forma-
tion, the number of trophoblast giant cells was decreased by
E8.5 and more obviously so at later stages, when only a few
giant cells were distributed on top of the invading ectoplacen-
tal cone (Fig. 71 and P). Taken together, the primitive capillary
network in NTE-null mutants is obviously not sufficient for
proper exchange of nutrients and gases between the maternal
blood circulation and the developing embryo.

To further characterize the placental defect, we analyzed the
expression of several trophoblast markers (Fig. 8). At E7.5 to
E8.5, trophoblast giant cells expressing PI-1 (3) were present in
comparable numbers in wild-type and mutant placentas. How-
ever, at E9.5, only a few scattered giant cells were found in
mutant placentas compared to a continuous layer of Pl-1-ex-
pressing giant cells surrounding the embryonic cavity in wild-
type placentas. The marker Mash2 was used to label the ecto-
placental cone, the chorion, and their derivatives, the
syncytiotrophoblast cells of the labyrinth, in the placenta (12).
In mutant placentas, Mash2 labeled cells in the curved chori-
onic plate at E8 and in the reduced ectoplacental cone at E8.5
but almost no Mash2 signal was detected at E9.5, indicating
that the chorionic trophoblast cells had failed to differentiate
into syncytiotrophoblast cells of the labyrinth. In contrast, ec-
toplacental cone cells of E9.5 mutant placentas had obviously
differentiated into spongiotrophoblast cells, which are detected
by the marker 4311 (19) (Fig. 8). These results indicate that
inactivation of NTE affects not only the chorion, from which
the labyrinth layer of the placenta is formed, but also the
ectoplacental cone and the production or survival of secondary
giant cells.

Finally, we analyzed cell proliferation and death in the pla-
centa. TUNEL staining from E8 onward revealed significantly
more dying cells in null mutant than wild-type placentas, sug-
gesting that NTE is essential for the survival of ectoplacental
cone cells (Fig. 9A to D). In parallel, cell proliferation was
studied by using BrdU incorporation and immunohistochem-
istry against Ki67. Both methods showed that in mutant pla-
centas proliferation was restricted to the chorionic plate and
the cells of the ectoplacental cone showed less nuclear staining.
However, at E9.5 trophoblast stem cells from the chorion still
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FIG. 7. Defects in placental development in NTE mutants. Histology of the placenta in NTE mutant conceptuses. (A to D) Histological sections
of wild-type and NTE mutant placentas at E7.5. (C and D) In situ hybridizations with the giant cell marker PI-1. Arrows, giant cells. Note that the
compact cells of the ectoplacental cone are almost absent in NTE mutants and that the chorion is much thinner than it is in wild-type
extraembryonic tissue. At E8.0 the chorionic plate is curved in NTE mutant placentas (F), compared to the flat chorionic plate of wild-type
placentas (E) (bar and curve). (G and H) Higher-magnification version of panels E and F showing the smaller ectoplacental cone (epc) and the
thinner chorionic plate (cp) of mutant placentas. (I to L) At E8.5 defects in placental development become more evident. The sizes of the
ectoplacental cone and the chorion are strongly reduced, and fewer giant cells (L; arrows) are detectable in mutants. In addition, the nuclei and
cells of the ectoplacental cone seem to be bigger in NTE-deficient placentas. Panels K and L are higher-magnification versions of panels I and J,
respectively). (M to P) Placentas at developmental stages E9.5 and E10.5. Locations of the allantois (al), labyrinth (la), spongiotrophoblast layer
(sp), giant cells (gi), and maternal deciduae (de) are indicated. Big arrows (N and P), giant cells in mutant placentas; small arrows (N), folds within
the chorion, where primitive embryonic vessels start to form. At E10.5 the mutant placenta is totally collapsed. Only a few giant cells (arrow) and
a thin layer of chorion and spongiotrophoblast cells remain (P). Compared pictures were taken at the same magnification. Dotted lines mark the
interface between trophoblast giant cells and decidua.
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4311
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FIG. 8. Trophoblast marker analysis of NTE mutants at E8.0, E8.5, and E9.5. Serial sections of wild-type (wt) and mutant (knockout [ko])
conceptuses were probed with antisense riboprobes for PI-1, Mash2, and 4311. PI-1 is expressed in trophoblast giant cells; Mash?2 is expressed in
the chorionic plate at E8.0, the ectoplacental cone at E8.5, and the labyrinth and spongiotrophoblast cells at E9.5; and 4311 is expressed in the
spongiotrophoblast layer of E9.5 placentas. Note that at E9.5 almost no giant cells are labeled and no labyrinth has formed in NTE mutants,
whereas spongiotrophoblast cells are present in NTE-deficient placentas. Strikingly these cells are negative for Mash2. All pictures were taken with
the same magnification. Dotted lines indicate the size and shape of the ectoplacental cone. H&E, hematoxylin and eosin.

proliferate and syncytiotrophoblast precursor cells form
around the developing fetal vessels and invade toward the
maternal blood sinuses (Fig. 9E to J).

NTE is required for vasculogenesis. The extraembryonic
yolk sac is the first site of hematopoiesis in the mouse embryo,
and, upon fusion of the yolk sac and embryonic vasculatures, it
is the primary source of blood cells for the embryo. The yolk
sac is composed of mesodermal and visceral endodermal cell
layers, and the yolk sac mesodermal cells proliferate and dif-
ferentiate into blood islands. Individual blood islands fuse by
vasculogenesis, forming a vascular network containing primi-
tive, nucleated red blood cells. NTE mutants at early phases of
yolk sac development (E8.0 and ES8.5) appeared completely

normal. Blood islands were formed and endothelial cells lined
the newly formed blood vessels (Fig. 10A to D). However, at
E9.5, vasculogenesis was clearly blocked in NTE-deficient yolk
sacs: mesodermal and endodermal cell layers had collapsed,
and no vascular network had been established (Fig. 10E and
F).

Vasculogenesis also occurs within the embryo at E9.5, form-
ing, for example, the dorsal aortae. Although vessels within
mutant embryos were lined by endothelial cells, many of these
vessels were heavily dilated and severe hemorrhages were
found in the head (Fig. 10G). A paired dorsal aorta was ob-
served in horizontal sections of some NTE-null embryos, but
other dilated vessels filled with nucleated embryonic blood
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E10.5

FIG. 9. Apoptosis and cell proliferation in NTE-deficient placentas. There is significantly higher apoptotic cell death in the placentas of NTE
mutants. (A to D) TUNEL staining reveals apoptosis already at E8.0 within the ectoplacental cone (arrows) and giant cells (arrowhead) of NTE
mutants, whereas only a few apoptotic cells are stained at the interface between the ectoplacental cones and deciduae of wild-type placentas. There
are more apoptotic cells in the ectoplacental cone of NTE-null placentas. Proliferation is not impaired in the placentas of NTE mutants but is
mainly restricted to the chorionic plate at E8.0 (F) and to the chorionic stem cells at E9.5 (H). Even at E10.5, the remaining chorionic stem cells
still proliferate (J). Proliferating cells were detected by anti-Ki67 immunohistochemistry. Dotted lines indicate the border between ectoplacental

cone and giant cells.

cells were also present (Fig. 10H). Thus, embryonic vasculo-
genesis appears to require NTE activity.

The genetic background of the mice had a marked influence
on the onset of embryonic death. Most of the experiments
reported here were on conceptuses engendered on a mixed
Sv129-C57BL/6 background. However, 10 backcrosses to a
C57BL/6 background exacerbated the developmental defects
so that NTE-null embryos often died by E8 or E8.5, about 1.5
days earlier than those on the mixed background. Since pla-
centa formation is not essential for embryo survival at E8.5,
vascular defects are probably the major cause of embryonic
death in NTE-null mutants on the C57BL/6 background.

DISCUSSION

We show here that NTE-null mice die by midgestation. As
our study neared completion, Winrow et al. reported the same
observation but did not investigate the cause of embryonic
lethality (29). Our present analysis reveals that NTE is re-
quired both for placenta formation and for vasculogenesis
within the extraembryonic yolk sac and the embryo itself: fail-
ure of either of these critical processes would result in embry-
onic death.

NTE is expressed in cells of the inner cell mass and in

trophoectodermal cells of the blastocyst but is not essential for
cell survival and proliferation at this early developmental stage.
Even at E8.5 and E9.5, cellular proliferation in NTE-null em-
bryos is unimpaired, and cells isolated from these embryos at
E8 survive and differentiate in vitro. By contrast, our data
demonstrate that NTE is absolutely essential for proper pla-
centation of the embryo. Although early steps of implantation
occur normally in NTE-null conceptuses, by E8.0 and later the
connection between the trophoblast and the decidua is im-
paired. This connection is essential for nutrition of the embryo
before the development of the yolk sac. Although primary
giant cells invade the maternal decidual tissue in NTE-null
conceptuses, extraembryonic tissue of the ectoplacental cone
revealed a significantly delayed and reduced invasion and pro-
liferation capacity.

One consequence of this primitive ectoplacental cone might
be a lower rate of giant cell generation from progenitors of the
ectoplacental cone or spongiotrophoblast cells. Although
spongiotrophoblasts expressing the marker 4311 are well rep-
resented in NTE-null placentas, another marker, Mash2, nor-
mally also expressed in spongiotrophoblasts and cells in the
chorion, labyrinth, and ectoplacental cone, is no longer detect-
able at E9.5. Spongiotrophoblasts differentiate from the ecto-
placental cone and harbor progenitors of secondary giant cells.
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FIG. 10. Vascular defects in yolk sac and within the embryos of NTE mutants. (A to D) Vascularization of the yolk sac initially occurs normally.
Blood islands are lined by endothelial cells (ec), the mesoderm (m), and the visceral endoderm (en). (E and F) Vascularization collapses at E9.5,
when vasculogenesis occurs in wild-type yolk sacs. (G) Sagittal sections through an E9.5 NTE mutant embryo reveal severe hemorrhages in the
head (arrow) or extremely dilated dorsal aortae (*). (H) In other embryos the paired dorsal aortae seemed to be less affected (*) but other blood
vessels are dilated (arrow).

Mash2 inhibits giant cell formation and maintains proliferating NTE-null mice seems to be blocked, resulting in an only
trophoblasts, and thus Mash2-null mice have an increased weakly anchored placental structure inside the decidua.

number of giant cells (4, 7, 28). By contrast, formation of giant A number of critical steps during placental development are
cells from the ectoplacental cone or spongiotrophoblast cells in not affected in NTE-deficient mice, and these serve to distin-
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guish this phenotype from those of several other loss-of-func-
tion mutants. NTE-null embryos attach to the yolk sac and, at
first, a functional vitelloembryonic circulation occurs, with nu-
cleated blood cells filling the vessels of the embryo. One com-
mon cause of midgestation embryonic lethality in mice is the
failure of chorioallantoic fusion, resulting in a failure of pla-
cental development. However, NTE-null embryos differ from
Vcaml- (vascular cell adhesion molecule 1) and a-4 integrin-
deficient mutants (13, 18, 30) in that chorioallantoic attach-
ment and fusion occur in the former, although this process is
slightly delayed. Even the next essential step of placenta for-
mation, the chorioallantoic branching, is initiated with the for-
mation of simple villi at E9. These villi are formed by folds in
the chorion trophoblast surface. Points at which folding occurs
in the chorionic plate and at which evagination of the chorionic
mesoderm is initiated are preceded by the expression of the
transcription factor Gem1 (glial cells missing 1) (1). Geml-
expressing cells are confined to the tip of elongating branches,
where trophoblast cells elongate and fuse to form the syncy-
tiotrophoblast layer. In the absence of Geml, chorioallantoic
branching fails to initiate, mutants arrest at the flat chorion
stage, and chorionic trophoblast cells fail to differentiate into
syncytiotrophoblasts (1, 26). Chorioallantoic branching is ini-
tiated in NTE-deficient mice, which differ in this respect from
Gceml-null mice, and very primitive branches are present at
E9.5; furthermore, the chorionic stem cells lying between the
sites where initial folding occurs proliferate rapidly. However,
similar to the phenotype of Gem1-null mice, further differen-
tiation of syncytiotrophoblast cells failed in NTE mutants, re-
sulting in the complete absence of the labyrinth. The observed
phenotype correlates with the expression of NTE in the ex-
traembryonic ectoderm of the chorion, the ectoplacental cone,
and trophoblast giant cells. Obviously, NTE activity is essential
during the differentiation of these cells, leading to a complete
absence of the labyrinth, a reduced ectoplacental cone, and a
giant cell defect.

In parallel, the epiblast develops normally and the formation
of the definitive germ layers through gastrulation happens
without delay in NTE-null embryos. The postgastrulation pe-
riod involves a rapid increase in embryonic mass. NTE-defi-
cient embryos exhibit at that time point enlarged pericardia
and dilated blood vessels in the head and trunk regions. Al-
though vasculogenesis is not impaired, an effective cardiovas-
cular circulation is obviously not maintained, and, conse-
quently, there is a reduction of cell proliferation and cell
viability in NTE-null embryos. The well being of the embryo is
critically dependent on the formation and maintenance of a
functioning yolk sac circulation, which is initially well estab-
lished in NTE mutants but is blocked when blood vessels are
formed. The cessation of blood flow within the yolk sac plexus
is followed by growth retardation and by swelling of the peri-
cardium. Targeted mutagenesis in mice of a number of genes
(the vascular endothelial growth factor, flk-1, and flt-1 genes)
involved in blood vessel formation inside the embryo and also
in the yolk sac reveals similar defects and leads to embryonic
death at midgestation (2, 6, 8, 27). In particular, the phenotype
of flt-1 knockout mice reveals some interesting conformity with
NTE mutant embryos. fit-1-null mice form endothelial cells in
both embryonic and extraembryonic regions, but these cells
become assembled into abnormal vascular channels (8). In
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NTE mutant conceptuses, vascular defects found in the em-
bryo proper and in the yolk sac would be lethal, independent of
failure to form the chorioallantoic placenta.

The neurodegenerative phenotype of sws mutant flies (17)
suggests that NTE may well have a role in vertebrate neural
development and maintenance. The embryonic lethality in
NTE knockout mice reported here and by Winrow et al. (29)
indicate that investigation of NTE’s potential neural function
will require creation of conditional knockout mice and in vitro
studies using RNA interference. Equally interesting will be the
elucidation of the NTE-mediated process required for survival
of both neurons in Drosophila brain and cells in the placenta.
Finally, the phenotype of NTE-null mice implies that maternal
exposure to neuropathic OP during early pregnancy could
cause embryonic death.
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