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Requirement for Lim1 in head-organizer

function

William Shawlot & Richard R. Behringer

Department of Molecular Genetics, The University of Texas M. D. Anderson Cancer Center, Houston, Texas 77030, USA

Lim1 is a homeobox gene expressed in the organizer region of mouse embryos. To investigate
the role of Lim1 during embryogenesis, a targeted deletion of the Lim1 gene was generated
in embryonic stem cells. Embryos homozygous for the null allele lacked anterior head structures
but the remaining body axis developed normally. A partial secondary axis developed anteriorly
in some mutant embryos. Lim1 is thus an essential regulator of the vertebrate head organizer.

THE vertebrate organizer was originally described almost 70
years ago', when it was found that the dorsal blastopore lip of
an amphibian gastrula-stage embryo could change the fate of
surrounding cells and cause the formation of a secondary body
axis when transplanted into an indifferent region of a host
embryo; because of these remarkable inductive properties, the
dorsal blastopore lip was dubbed the organizer'.

Functionally equivalent organizing regions have been identi-
fied in chick and mouse embryos. These regions, Hensen’s node
in the chick and the node in the mouse, are located at the anterior
end of the primitive streak and can cause the formation of a
second neural axis when transplanted to the lateral region of a
host embryo™. The molecular mechanisms involved in organiz-
ing the vertebrate body axis appear to be evolutionarily conser-
ved, as Hensen’s node can induce the expression of region-
specific neural markers in Xenopus ectoderm® and transplanta-
tion of the distal tip of a streak-stage mouse embryo (which
includes the presumptive node) to the blastocoel cavity of a
Xenopus gastrula-stage embryo is reported to induce the forma-
tion of a secondary axis’.

In an effort to understand the organizer at a molecular level,
several genes encoding presumptive DNA transcription factors
that are expressed in the Xenopus, chick and mouse organizer
regions have been identified. These include goosecoid>’, the
forkhead-motif-containing  genes  XFHI/Pintallavis  in
Xenopus®® and the closely related HNF3f in mouse'”'' and the
Xenopus homeobox-containing gene Xnot'>’. The Xenopus
homeobox gene Xlim-1 is also expressed in the organizer
region'®. Xlim-1 encodes a LIM class homeodomain motif and
two cysteine-rich LIM domains which were first recognized as
conserved motifs in the proteins encoded by /in-11 in Caenorhab-
ditis elegans'®, Isl-1 in rat'® and mec-3 in C. elegans'’. Xlim-1 is
initially expressed in the early dorsal blastopore lip and in the
anterior-most dorsal mesoderm that underlies the future head
region. Later X/im-1 is expressed in the developing kidney and
portions of the central nervous system'®. Injection of Xlim-I
constructs that contain point mutations in the LIM domains
into Xenopus embryos can induce neural differentiation in animal
explants and can induce secondary axis formation when ectop-
ically expressed in the ventral side of whole embryos'®.

The mouse homologue of Xlim-1, Liml, has been clone
It shares 92% similarity with X/im-1 at the amino-acid level and
is expressed in the node, the developing kidney and portions of
the central nervous system. To determine whether Lim/ has an
essential role in organizer function, we generated Lim/-null mice
by gene targeting in embryonic stem (ES) cells. We found that
Lim1™’~ embryos lacked anterior head structures but that the
remaining body axis developed normally. The mutant embryos
lacked forebrain and midbrain because of the absence of an
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organized node, head process and prechordal mesoderm in
embryonic day (E) 7.5 embryos. Disruption of the early organiz-
ing region also caused a partial anterior secondary axis to
develop in some mutant embryos. These results show that Lim]
is an essential regulator of the vertebrate head organizer.

Early Lim1 expression

To define more precisely the expression pattern of Liml during
early gastrulation, E6.5-7.0 embryos (pre-streak to late-streak
stages) were examined by whole-mount RNA in situ hybridiza-
tion. At the very early streak stage, Liml was expressed in a
small focused region of the epiblast where the primitive streak
forms (Fig. la). At the early and mid-streak stages, Liml was
expressed in the mesodermal wings and in the primitive streak
(Fig. 1b, ¢). By the mid-streak stage, Lim/ expression could also
be detected in the anterior mesoderm. At the late-streak stage,
Lim1 was expressed in the primitive streak and in the prechordal
mesoderm (Fig. 1d). Expression of Liml at the site in the epi-
blast where the primitive streak forms and in the migrating meso-
dermal wing, which comes to lie in the future head region,
appears to be analogous to the expression of X/im-1 in the dorsal
lip and the anteriorly migrating dorsal mesoderm during Xen-
opus gastrulation.

Lim1 phenotype

A Liml null allele was generated by gene targeting in ES cells
using a replacement vector that contained 5.5 kilobases (kb) of
homology to the LimlI locus (Fig. 2a). Correct targeting results
in the replacement of the entire Liml coding region with
PGKneo, thereby creating a null allele. Forty-one of 384 G418/
FIAU-resistant clones were correctly targeted, as verified by
Southern blot analysis (Fig. 2b). Eight independent targeted
clones were injected into C57BL/6 blastocysts and two clones,
3B! and 4G3, gave rise to chimaeric mice capable of transmis-
sion of the targeted allele through the germ line.

Lim1™’~ embryos from both lines 3B1 and 4G3 had identical
phenotypes. The analysis reported here is primarily of the 3B1
mice. Mice heterozygous for the targeted mutation appeared
normal and were intercrossed to produce homozygous (—/—)
embryos (Fig. 2¢, top panel). Southern blot analysis using a
Liml complementary DNA fragment confirmed that the
expected Liml coding sequences were deleted (Fig. 2¢, lower
panel). Embryos from heterozygous intercrosses were initially
examined at E9.5. Liml~’~ embryos lacked head structures just
anterior to the otic vesicle (Fig. 3a). The rest of the body axis,
however, appeared normal. Somites were present in the trunk
and tail, and a beating heart was observed in most Liml™’~
embryos. Subsequent crosses of F, females with F; males yielded
E9.5 Liml~’~ embryos that were smaller than wild-type
embryos, had not completed embryonic turning and sometimes
had kinks in their spinal cords (Fig. 4f/). In some of these
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FIG. 1 Expression of Lim1 from early to late primitive-streak stages
revealed by whole-mount RNA in situ hybridization. a, Very-early-streak-
stage embryo showing focused expression in the epiblast where primi-
tive streak formation occurs (arrow). b, Early-streak stage. Lim1 expres-
sion is present in the mesodermal wings (arrow) and in the primitive
streak (short arrow). ¢, Mid-streak stage. Expression is present in the
primitive streak, mesodermal wings and in the anterior mesoderm
(arrow). d, Late-streak stage. Lim1 expression is present in the primitive
streak (short arrow) and in the prechordal mesoderm (arrow) which
underlies the anterior portion of the future head.

METHODS. Whole-mount RNA in situ hybridization was done as
described*® using a 2.4-kb Lim1 cDNA fragment containing the entire
Lim1 coding region. Embryos from outbred mice (Swiss) were collected
at several time points between E6.5 and E7.0 and staged according to
ref. 44.

embryos the allantois was shorter than normal and abnormally
distended (data not shown). As the analysis was of
129 x C57BL /6 hybrid mice, the differences between F, and F;
embryos could have been due to genetic background. But the loss
of head structures just anterior to the otic vesicle was completely
penetrant in all crosses.

When embryos from heterozygous intercrosses were examined
at E10.5, LimiI~/~ embryos in the process of being resorbed
were found. This suggested that LimI ™'~ embryos died at ~E10.
Surprisingly, however, four headless Lim!~’~ pups were deliv-
ered stillborn from the ~1,000 pups generated by intercrossing
Lim1 heterozygotes. With the exception of the head, the Liml ™/~
stillborn pups appeared to be normal (Fig. 3b). Necropsies
revealed that they lacked kidneys and gonads (data not shown)
but all other gut structures, organs and tissues were present and
appeared to be normal.

To confirm that LimI~'~ embryos were not surviving until
birth only to be immediately cannibalized by their mothers, we
killed pregnant females between days 10.5 and 14.0 of pregnancy
and found no viable headless embryos in 14 litters, indicating
that most Liml '~ embryos died around E10.

Anterior neural-tissue formation

To determine whether or not anterior neural tissues are present
in LimI~’~ embryos, we examined the expression of three neural

426

markers: Otx2, En (Enl and En2) and Krox20. At E8.5, Otx2
is expressed in the forebrain and midbrain region in wild-type
embryos™ (Fig. 4a). E8.5 LimI /~ embryos did not express Otx2
(Fig. 4b). At earlier stages, there was no expression of Otx2 in
E7.5 headfold-stage Liml ™/~ embryos but expression could be
detected in the anterior portion of streak-stage LimI~/~ embryos
(data not shown). As Orx2 is initially expressed in the entire

a

WILD-TYPE ALLELE
RV E HH BH BRVEB H H B HsB B RV
[ I S I AENl Ll | 11 |
12kb .
43kb TARGETING
VECTOR
MCITK PGKneo
MUTANT ALLELE
RV E RV E RV
B E— J
5' probe PGKneo 3' probe
— =1kb
b
8kb-|
(Wild-type)
=10 kb (Mutant)
‘ [~ 8.7 kb (Wild-type)
28kb-|
(Mutant)
C
8 kb-[
2.8kb-| ==

+ 0 '
Genotype T 4 F 3 F O} 4 %

Phenotype Wt M Wt M Wt Wt M Wt

FIG. 2 Targeted deletion of the Lim1 gene. a, Schematic representation
of targeting. The 5.4-kb Lim1-coding region (W.S. and R.B. unpublished)
was replaced with the PGKneobpa cassette*® and flanked by 1.2 kb of
5’ Lim1 homology and 4.3 kb of 3’ Lim1 homology (thick black lines).
The MCLTKpA herpes simplex virus thymidine kinase expression
cassette*® was inserted outside the short arm of homology for negative
selection’. Correct targeting should resuit in the deletion of the entire
Lim1 protein-coding sequences. The neo cassette introduces novel
EcoRI and EcoRV sites that allow genotyping by Southern analysis. B;
BamHi|, E; EcoRl H; Hindlll RV; EcoRV. b, Southern blot analysis of two
targeted ES cell clones 3B1 and 4G3. DNA from G418- and FIAU (1-(2'-
deoxy-2'-fluoro-f-p-arabinofuranosyl)-5-iodouracil)-resistant clones was
digested with EcoRlI for hybridization with the 5 probe and with EcoRV
for hybridization with the 3’ probe. AB1 ES cell DNA was included as a
control. ¢, Southern blot analysis of DNA isolated from the yolk sacs of
E9.5 embryos derived from a Lim1 heterozygous intercross. Yolk sac
DNA was digested with EcoRIl and analysed by Southern blotting using
the 5’ probe (top). The Southern blot was stripped and rehybridized with
a 1.2-kb Kpni—EcoRI Lim1 cDNA fragment containing the entire protein-
coding region of the gene apart from the first LIM domain (lower panel).
METHODS. Genomic DNA from a 129 genomic library was used to con-
struct the targeting vector. The linearized vector was electroporated into
1 x107 AB1 ES cells that were then selected for resistance to G418
and FIAU*®. G418- and FIAU-resistant clones were screened for correct
targeting by Southern analysis*®. Targeted ES cell clones were injected
into C57BL/6 blastocysts to generate chimaeric mice*®.
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FIG. 3 Headless phenotype in Lim1~/~ mice. a, Lim1™/~ phenotype at
E9.5. The wild-type embryo (Lim1*/* or Lim1*/7) is shown on the left
and the mutant (Lim1~/") embryo on the right. The mutant embryo
lacks head structures just anterior to the otic vesicle (asterisk), but the
trunk and tail regions are well formed. Somites are present in the trunk
and tail of the mutant embryo. b, Lim1~/~ phenotype at birth. Two
Lim1™'" pups born on the same day from different litters are shown on
the left, and a wild-type pup (+/+) on the right. Only four headless
stillborn pups have been found from >1,000 pups generated by
intercrossing Lim1 heterozygotes. The Lim1™’~ pups are about the
same size as the (+/+) pup and, with the exception of the head region,
appear to be normal. The ear pinnae (arrows) are located at the extreme
anterior end of the Lim1™/~ pups and lie ventrally. The wild-type pup
used here for comparison had its tail cut for DNA extraction in a separ-
ate experiment.

epiblast®®, Orx2 expression in streak stage Lim/ ™/~ embryos may
represent residual expression. The second marker, En, is first
expressed at E8.0 and marks the presumptive boundary between
the midbrain and hindbrain®* (Fig. 4c). Like Otx2, no En expres-
sion was observed in mutant (—/—) embryos (Fig. 4d). Krox20
is expressed in rhombomeres 3 and 5 of the hindbrain between
E8.5 and E9.5 (ref. 25) (Fig. 4¢). In LimI~'~ embryos, Krox20
expression corresponding to rhombomeres 3 and 5 was evident.
The region expressing rhombomere 3 was located at the extreme
anterior end of the embryo and was reduced in size (Fig. 4f).
These neural marker studies indicate that Lim7 ™/~ embryos lack
forebrain and midbrain but have a portion of the hindbrain,
and that the neural truncation occurs just anterior to thombo-
mere 3.

Node and axial mesoderm formation

As Liml expression is associated with the initiation of gastrula-
tion, we examined Liml ™/~ embryos for the presence of a node,
head process and prechordal mesoderm. A morphologically
distinct node was present in E7.5 LimI™/* and LimI*’~ neural-
plate and headfold-state embryos (Fig. 54, ¢). In contrast, no
morphologically distinct node was present in any of the E7.5
Liml~/~ embryos (Fig. 5b, d). These embryos were usually
immediately recognizable because the embryonic portion of the
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egg cylinder was smaller and a constriction existed between the
embryonic and extraembryonic regions.

To find out whether Lim/ '~ embryos express node- and
axial mesoderm-related genes, we examined the expression of
Brachyury and HNF3p. At E7.5, Brachyury is expressed in the
node, the head process and the primitive streak™ (Fig. 5a). In
Liml™’~ embryos, Brachyury was expressed in the primitive
streak but did not extend to the distal tip of the embryo. Node-
and head-process-related expression were absent (Fig. 5b). At
E7.5, HNF3pis expressed in the node, head process and prechor-
dal mesoderm'®!"¥" (Fig. S5c¢). In Liml~’~ embryos, HNF3p
expression was detected weakly in three of eight embryos near
the posterior third of the embryo (Fig. 54). Anterior expression
corresponding to the head process and prechordal mesoderm
was not detected.

We also analysed the expression of the node-specific marker
nodal®*°. In E7.5 wild-type embryos, nodal is expressed in cells
that lie at the periphery of the node (Fig. 5e). In E7.5 Lim/™"~
embryos, weak expression was observed in four of five embryos
near the posterior third of the embryo (Fig. 5/). The staining
was diffuse and not restricted to cells at the periphery of the
node as in wild-type embryos. In addition, we also examined
the expression of goosecoid, which is evident in cells that have

FIG. 4 Whole-mount analysis of anterior neural markers in Lim1~/~
embryos between E8.0 and E9.5. a, ¢ and e, Lim1™/* or Lim1*/~
embryos; b, d and f, Lim1™/~ embryos. Embryos are all oriented so that
anterior is to the left and dorsal is up. a and b, Otx2 expression in E8.5
embryos. Otx2 is expressed in the forebrain and midbrain (arrow) of
wild-type embryos (a) but is not present in Lim1~’~ embryos (b). ¢ and
d, En (En1 and En2) expression in E8.0 embryos. In wild-type embryos
En is expressed at the presumptive midbrain/hindbrain boundary (¢)
but is absent in Lim1™/~ embryos (d). € and f, Krox20 expression in
ES.5 embryos. Krox20 is expressed in a region corresponding to
rhombomeres 3 (white arrow) and 5 in both wild-type (¢) and Lim1~/~
embryos (f). The size of the Krox20 expression domain in rhombomere
3 of the Lim1~'~ embryo appears smaller. Krox20 expression is also
present in neural crest cells migrating from rhombomere 5 and the
spinal ganglia®® (black arrows).

METHODS. For whole-mount in situ hybridization, digoxigenin-tabelled
RNA probes for Otx2 (ref. 22) and Krox20 (ref. 24) were used. En marker
was analysed by whole-mount immunohistochemistry using an antibody
recognizing both Enl and En2 (ref. 50). Embryos at E8.5 and ES.5 were
genotyped by Southern analysis of DNA isolated from the yolk sac. E8.0
embryos were genotyped by the polymerase chain reaction (PCR) using
yolk sac DNA. The primers used for genotyping were 5-CGTCCCAAC-
TCACTACTAGAAACCG-3' (1.2 kb, short arm), 5'-CTGTCAGAAGTCAAAGT-
GCATCTGC-3’ (deleted region) and 5-AATCCATCTTGTTCAATGGCCGA-
TC-3' (ref. 45; neo). The size of the amplified products from the wild-
type allele and mutant allele are 177 bp and 608 bp, respectively.
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FIG. 5 Whole-mount analysis of node and axial mesoderm markers
in Lim1™/" embryos. a,c, e, g, i and k, Lim1™'" or Lim1*/~ embryos;
b, d,f, h,jand !/, Lim1l '~ embryos (anterior is to the left and posterior
to the right). @ and b, Expression of Brachyury in E7.5 embryos at the
neural-plate stage. Brachyury is expressed in the primitive streak, the
node (curved arrow) and head process (straight arrow) in wild-type
embryos (a). In mutant embryos, Brachyury expression is only in the
primitive streak region. Short arrow marks the anterior extent of the
streak, and the longer arrow the abnormal constriction between the
embryonic and extraembryonic regions (b). ¢ and d, Expression of
HNF3p in E7.5 embryos at the headfold stage. in E7.5 wild-type
embryos, HNF3f is expressed in the node (curved arrow) and head
process (straight arrow) (c). In Lim1~'~ embryos, there was either no
expression or weak expression (3 of 8 mutant embryos) in a small patch
in the posterior third of the embryo (arrow) (d). e and f, Expression of
nodal in E7.5 embryos. The wild-type embryo (early headfold stage) is
oriented so the neural plate is facing the viewer (e). The Lim1™/~
embryos is oriented so anterior is to the left (f). The nodal staining
region in both embryos is marked with arrows in e and a short arrow
in f. g and h, goosecoid expression in E6.5 embryos. In the wild-type
embryo (mid-streak stage) (g), goosecoid is expressed in the anterior
portion of the primitive streak (arrow). In Lim1~/~ embryos, goosecoid-
expressing cells (arrow) are present between the embryonic and extra-
embryonic portions of the embryo (arrow) (h). i and j, Expression of
HNF3pf in the node region of E8.5 embryos. HNF3f expression was
observed in the node (arrow) of wild-type (i) and Lim1~'~ embryos (j)
(dorsal views). k and I, Brachyury expression in E8.5 embryos. Brachyury
is expressed in the notochord in the trunk (arrow) and tail in both wild-
type (k) and Lim1~/~ embryos (/) (ventral views).

METHODS. Brachyury, nodal and goosecoid expression were detected
by whole-mount RNA in situ hybridization; HNF3f expression was
detected by whole-mount immunohistochemistry. The 630-bp nodal
probe?® and the HNF3 antibody were obtained from B. Hogan; pme68S
(Brachyury) was from B. Herrmann. The goosecoid probe used was a
905-bp Hincll/Pstl genomic fragment containing a portion of exon 2
and exon 3 (ref. 5).

organizer activity before the formation of a definitive node’. In
E6.5 wild-type embryos (mid-streak stage), goosecoid is
expressed in the anterior portion of the primitive streak’ (Fig.
5g). In E6.5 Liml~’~ embryos, goosecoid was expressed, but
goosecoid-expressing cells were localized to the region between
the embryonic and extraembryonic portions of the embryo
(Fig. 5h). The goosecoid-expressing region also appeared to be
enlarged relative to the region of expression in wild-type
embryos.

FIG. & Development of an anterior secondary axis in a Lim1™’~ embryo.
a, An E8.5 wild-type embryo (top) and Lim1~/~ embryo (bottom) tested
for Krox20 and Mox1 expression. In the wild-type embryo Krox20 (pur-
ple) is expressed in rhombomere 3 and 5 and Mox1 (brown) is
expressed in the somites. In the Lim1™'~ embryo, two neural axes could
be discerned and are marked with large solid white arrows. The neural
axes join in the mid-trunk region (curved arrow) and approach one
another at the anterior end of the embryo. Two rhombomere-5 domains
of Krox20 expression are present on each side of the embryo and an
enlarged rhombomere-3-staining region is also evident. Two columns
of partially fused somites are seen on the right side of the embryo and
a third column of somites (small white arrow) is present on the extreme
lateral left side of the embryo. b, A transverse section through the
anterior region of the mutant embryo in a, stained with haematoxylin
and eosin. The neuroepithelium (asterisk) extends the width of the
embryo and folds back on itself at the side of the embryo.

METHODS. Double-labelling was done by in situ hybridization for Krox20
(ref. 25) followed by whole-mount immunohistochemistry using a Mox1
antibody (provided by C. Wright).
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As the trunk and tail regions of LimI~’~ embryos formed
essentially normally, we considered that an organized node
might develop after E7.5. We therefore examined E8.5 embryos
that had not yet completed embryonic turning for node-specific
expression of HNF3f. At this stage in development, the node is
located in the tail**. HNF3p expression in the node of Liml '~
embryos was indistinguishable from expression in wild-type
embryos (Fig. 5i, ). At E8.5, Brachyury serves as a marker for
the notochord® (Fig. 5k). In Liml™’~ embryos, Brachyury
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expression was detected along the midline of the trunk and tail
(Fig. 51).

Secondary axis formation

Of the ~60 Liml ™/~ embryos examined between E8.5 and E9.5,
three had a partial secondary axis. Secondary axis formation
has not been observed in any LimI*'* and Liml™/~ embryos.
Although the axial duplications were slightly different between
the three embryos, all three embryos lacked anterior head struc-
tures but had anterior neural duplications whose axes joined in
the mid-trunk region. To visualize the secondary axis more
clearly, one of the embryos was subjected to whole-mount in
situ hybridization with a Krox20 RNA probe, followed by
whole-mount immunohistochemical analysis with an antibody
against the somite-specific marker Mox1 (ref. 32) (Fig. 6a). In
this Liml~’~ embryo, two independent Krox20 rhombomere-5
domains of expression were located on each side of the embryo
which formed an almost continuous band across the back of the
embryo. Anteriorly, the neural axes converged at the end of the
embryo and an enlarged Krox20-expressing region correspond-
ing to rhombomere 3 was present. The Mox] staining pattern
showed that three columns of somites were present: one column
of somites on the extreme lateral left side of the embryo and
two columns that were partially fused on the right side of the
embryo. In the anterior portion of the embryo, the columns of
fused somites were located between the two neural axes. Histo-
logical sections from the anterior region of the embryo revealed
a single neuroepithelium that spanned the width of the embryo
and folded back on itself at the sides to form the neural axes
initially observed (Fig. 6b). The notochord could not be conclus-
ively identified in the sections.

Discussion

Our results demonstrate that Lim/ is essential for head forma-
tion during mouse embryogenesis. Liml! '~ embryos lacked
anterior head structures but the trunk and tail regions developed
normally. This was most graphically demonstrated by the birth
of several headless pups that were otherwise morphologically
normal. Following the organizer experiment', Spemann*® classi-
fied the organizer into a head organizer responsible for head
formation and a trunk organizer responsible for body axis for-
mation. The head organizer was composed of cells in the dorsal
blastopore lip that initiate gastrulation and form head meso-
derm; the trunk organizer was composed of cells that involute
from the dorsal blastopore lip at the late gastrula stage and form
notochord. This hypothesis was supported experimentally by the
observation that organizer transplants of early gastrula dorsal
lip regions, containing prospective head mesoderm, tended to
give rise to secondary axes with head and brain structures, and
transplants of late gastrula dorsal lip regions, containing pro-
spective posterior mesoderm, tended to give rise to trunk and tail
structures™. Qur results indicate that LimI~/“embryos lacked an
organized early node, head process and prechordal mesoderm
but did develop an organized node structure by E8.5 and had a
notochord. Because Liml~’~ embryos lacked head structures
but their body axes developed normally, we propose that Lim/
is a regulator of the head organizer.

Abnormalities in Liml~/~ embryos are apparent shortly after
the onset of gastrulation, as demonstrated by the abnormal loca-
tion of goosecoid-expressing cells in E6.5 Liml ™/~ embryos. The
presence of goosecoid-expressing cells between the embryonic
and extraembryonic portions of the embryo suggests that an
organizing region was formed but that early gastrulation move-
ments were affected. This observation is of particular interest
because the truncation of anterior head structures in Lim{ ™/~
embryos is similar to the phenotypic effects observed in Xenopus
embryos when gastrulation movements are blocked by the injec-
tion of polysulphonated compounds such as trypan blue or
suramine®’. Abnormal gastrulation movements of cells with
altered organizing abilities may also explain why a secondary
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axis was observed in ~5% of E8.5 Liml/~ embryos. The self-
regulative capacities of the embryo may account in part for the
low frequency of secondary axis formation.

An organized node structure does not form in E7.5 Limi™""
embryos. This may be because the initial organizer region is
not specified correctly or because gastrulation movements are
abnormal. At E7.5 the primitive streak had extended about half
way down the posterior side of Liml ™/~ embryos, as demonstra-
ted by the presence of Brachyury expression. Expression of
Brachyury in a node structure at the end of the streak was not
seen, although weak HNF3B and nodal could sometimes be
detected in this region. nodal expression in Liml /~ embryos
was present as a diffuse region instead of being present on the
periphery of the node as in wild-type embryos. These results
imply that a node was present but that it was not organized
correctly. As the head process is believed to be derived from the
anterior portion of the primitive streak at the late-streak stage®,
the absence of the head process in LimI ’~ embryos is not unex-
pected. The fate of the head process is not clear, although it may
give rise to the notochord®’, prechordal mesoderm®® and part of
the gut endoderm®. We did not examine endoderm or gut mark-
ers in Liml™’" embryos, but the normal gut structure in the
headless newborn pups suggests that the formation of definitive
endoderm was unimpaired.

Classical experiments* suggest that the mesoderm anterior to
the notochord is responsible for the induction of the forebrain,
whereas the notochord is responsible for the induction of the
hindbrain, spinal cord and possibly the midbrain. As HNF3f is
also expressed in the prechordal mesoderm region at E7.5 (refs
10, 11, 27), the absence of HNF3f expression at the anterior
end of Lim] ™/~ embryos suggests that the prechordal mesoderm
is absent. Although planar signals from the organizer region
may also be involved in neural induction and patterning in Xeno-
pus, the lack of eye development in exogastrulae and Keller
explant experiments suggests that vertical signals from the pre-
chordal mesoderm could be necessary for forebrain
development®'. Our results provide genetic evidence that the pre-
chordal mesoderm is required for forebrain development, but
also that it may be required for midbrain development as well.

Two groups have reported the effects of targeted mutations
in HNF3p (refs 27, 42). HNF3 '~ embryos lack a notochord,
have abnormal dorsal-ventral patterning of the neural tube and
defective foregut morphogenesis. The primary defect in
HNF3B~'" embryos, like Liml ™'~ embryos, is the absence of a
organized node and head process, causing the head region to
develop abnormally. One significant difference between Liml
and HNF3p mutants is that, despite the absence of a defined
head process, some HNF3B~/~ embryos express the anterior
neural marker genes Otx2 and En, but the reason for this differ-
ence is not known. Although the head process may give rise to
prechordal mesoderm™, the early expression pattern of Lim! in
the mesodermal wings and thén in the prechordal mesoderm
suggests that cells in the mesodermal wings contribute at least
in part to the formation of the prechordal mesoderm. One expla-
nation for the expression of anterior neural markers in
HNF3B /'~ embryos is that, despite the absence of a defined
head process, some Liml-expressing cells from the mesodermal
wings may be present in the anterior of the embryo. However,
no obvious anterior expression of Liml has been detected in
HNF3B~/~ embryos (S.-L. Ang, personal communication).

In the Lim/™’~ mice that were born, necropsy revealed the
absence of kidneys and gonads. As Lim/ is expressed in the
developing kidney*>*', the absence of these structures is unlikely
to be secondary to the node defects. Because most Liml /™
embryos died around E10, we have not yet been able to analyse
the urogenital phenotype thoroughly. Lim/ /= embryos prob-
ably died at E10 because the allantois was short and distended
and did not fuse with the chorion.

In summary, Liml-deficient mice show that Lim/ is required
for formation of an early organized node and anterior axial
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mesoderm during mouse embryogenesis. Their headless pheno-
type indicates that Lim/ is an essential regulator of the head
organizer. These mice will be an important genetic tool for the
molecular and cellular analysis of axis formation and neural
induction during vertebrate embryogenesis. O
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Detecting intergalactic
maghnetic fields using time
delays in pulses of y-rays
R. Plaga

Max-Planck-Institut fir Physik, Féhringer Ring 6,
80805 Munich, Germany

INTERGALACTIC magnetic fields (IGMFs) can be produced by a
number of mechanisms, but are expected to be weak and have not
so far been detected. ‘Primordial’ magnetic fields might have been
produced in the very early Universe, either by quantum fltuctuations
during the ‘inflationary’ period'-” or through the decoupling transi-
tions of the fundamental forces™*. The much later ejection of mag-
netized plasma into intergalactic space from galaxies and active
galactic nuclei should also produce IGMFs, though it is possible
that some fraction of the Universe retains its ‘primordial’ field®.
Previous studies® have placed an upper limit of 10~ gauss on the
strength of an IGMF (with a coherence length of 1 Mpc), but the
strength may be much less than this, posing a formidable challenge
to current observational capabilities. Here I propose a highly sensi-
tive method for probing weak IGMFs by exploiting their effect on
the arrival times of y-rays from extragalactic sources. The delay
in arrival owing to the action of intergalactic magnetic fields on
electron cascades caused by scattering of the y-ray photons might
be used to measure fields as weak as 10~ >* gauss. I suggest that
this effect may already have been seen in the arrival times of high-
energy photons after the main burst of a y-ray burster’.

The y-rays emitted by extragalactic sources suffer photon-
photon collisions in diffuse electromagnetic background radia-
tion fields, leading to particle pair production®. At y-ray energies
from ~100 GeV to 100 TeV pair production involving infrared
background radiation (the intensity of which is not well known)
dominates. The mean free path length is comparable to the dis-
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tance of the farthest objects in the Universe for photons of
~100 GeV and falis at higher energies (for example, to 10-
300 Mpc at 100 TeV) depending on the intensity of the infrared
background®. The particle pairs produced scatter elastically off
photons of the 2.7 K microwave background radiation boosting
their energy via the inverse Compton effect, so that a pair—pho-
ton cascade develops'®.

Electrons and positrons (called collectively ‘electrons’ below)
drifting through IGMFs are deflected. An extragalactic source
of y-rays with short, well defined periods of greatly enhanced
luminosity (‘pulses’ of y-rays) will therefore be characterized
by: (1) a prompt pulse of y-rays which does not interact with
background photons to form charged particles, and which there-
fore does not suffer any deflection; (2) a delayed ‘after pulse’
(called FID for ‘field-induced delay’) of cascade photons arising
from the inverse Compton scattering of electrons deflected by
the IGMF. ‘Cascade’ photons have to cross a larger distance to
reach the observer than do photons arriving directly from the
source, and so arrive correspondingly later.

If the FID is much larger than the duration of the prompt
pulse, it will be possible to study the events in the FID exclus-
ively. At energies above ~0.01 GeV, the photons of the pair-
photon cascade can form a significant fraction of the total signal
from cosmological sources with source spectra extending to very
high energies’. It is in this energy range that one should look
for the FIDs.

There are two classes of sources of ‘y-ray pulses’ in this energy
range, which cover a wide range of pulse durations. Objects
related to active galactic nuclei (for example, the quasar 3C279
exhibited'' flaring activity on a timescale of days to months in
1991-92), and y-ray bursters (GRBs) which exhibit intensity
variations on timescales from milliseconds to minutes'”. In the
former case, it is certain that some have spectra extending into
the very-high-energy region (VHE) above ~10GeV as the
nearby active galactic nucleus Markarian 421 has been detected "’
at energies of up to 3 TeV. Currently the most favoured hypo-
thesis is that GRBs are located at cosmological distances'®. As
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