

















Fig. 4. Activation of transgene expression between day 7.5
and 8.5. Transgenic males were mated to NMRI mice in
two hour intervals and embryos recovered at the indicated
days of gestation and processed as described in Fig. 2.

(A) Schematic representation of a day 8.5 embryo. The
arrow indicates the direction of view in all pictures.
Abbreviations are: a, anterior; p, posterior; pr, proximal,
d, distal. Embryos were recovered at the following
approximate times after detection of the vaginal plug; 7
days and 16 hours (B), 7 days and 18 hours (C), 7 days and
20 hours (D), 7 days and 22 hours (E), 8 days (F), 8.5 days
(G).

Fig. 5. Expression of mélacZ1 in transgenic day 8 embryos.
Embryos derived from line L4 were recovered on day 8.0
(B) or day 8.5 (C,E) of gestation including the decidua,
fixed, stained with X-Gal, embedded in paraffin and
sectioned. (A) Schematic representation of a day 8.5
embryo. Abbreviations are: AL, allantois; AM, amnion; G,
foregut; HF, head fold; NF, neural fold; S, somite. (B)
Sagittal section of a day 8.0 embryo. High amounts of stain
are seen in allantois and neural plate. (C) Sagittal section of
a day 8.5 embryo. High levels of transgene activity are
detectable in allantois and neural plate, low levels in
unsegmented mesoderm in the posteriormost quarter. A
similar pattern was observed in stained cryosections. (D)
Schematic representation of a day 8.5 embryo. Levels of
sections in (E) are indicated (1,2,3). (E) Different levels of
cross section through a day 8.5 embryo. Transgene activity
can be detected in all three germ layers.

Fig. 6. Transgene expression between day 8 and 9.

(A) Lateral view of a day 8.0 L4 embryo. (B) Lateral view
of a day 9.5 L4 embryo. (C) Lateral view of a day 9.5 L4
embryo. The arrow points at presumptive migrating neural
crest cells visible in somites not expressing m6lacZ1.
Abbreviations are: a, anterior; d, dorsal; h, head,

hf, headfold; p, posterior; pn, posterior neuropore.

from line L5 showed a patchy expression on day 12
(data not shown). The reason for this is unclear.

Hoxl1.1 and transgene have identical anterior
boundaries of expression

The Hox1.1 expression pattern in day 12 embryos was
determined by in situ hybridisation of cryosections with
RNA probes and compared to sections of stained
transgenic embryos. In addition, embryos from line L4
were analysed by staining of serial cryosections.
Hybridisation with a HoxI.1-specific probe showed
high RNA levels extending from the 3rd to the 13th
thoracic prevertebrae (Fig. 3D,F). Somewhat lower
expression was seen in neural tube (Fig. 3D) and spinal
ganglia posterior to the fourth cervical ganglion
(Fig. 3B). Expression within this domain was not uni-
form. It increased gradually over prevertebrae T3 and
T4 and decreased over T11 to T13. Expression in
ganglia was first detectable above background levels in
the fifth cervical ganglion and increased to maximal
levels in the sixth cervical ganglion (Fig. 3B).

Analysis of serial sections from all transgenic em-
bryos showed that the anterior boundary of transgene
expression was the same as that of Hoxl.I (Fig.
3C,E,G,H). The intensity of staining was not uniform
along the first three ganglions. Similar to HoxI.I a

Hoxl.1 promoter in transgenic mice 439

gradient of increasing transgene activity could be seen
(Fig. 3B). Within the ganglia C5 and C6, few cells
showed high levels of B-gal activity in a background of
cells with low or no detectable staining. A similar
observation was made for the endogenous Hox1.1 gene
(Fig. 3B). There was a marked difference in intensity of
staining between the caudal and the rostral halves of the
C6 and C7 ganglion (Fig. 3C,I, and data not shown).
This difference probably reflects the origins of the
neural crest cells that gave rise to these ganglia (see
Discussion). A gradient of increasing transgene activity
was also seen in prevertebrae (Fig. 3E,G). In preverte-
brae and rib primordia, both HoxI.1 and the transgene
were not active in the centres of chondrification
(Fig. 3F,G). Many characteristics of Hox1.1 expression
therefore were reproduced by the transgene.

On day 12 the domain of transgene expression is
extended relative to Hox1.1

In marked contrast to Hoxl.1, there was no posterior
limit of transgene expression. Staining extended uni-
formly to the posterior end of the day 12 embryo
(Fig. 3A). Within this domain transgene expression was
not limited to prevertebrae, ganglia and neural tube.
High levels of stain could be found in epidermis,
connective tissue and some myotome derivatives
(Fig. 3A,G). These tissues do not contain detectable
levels of endogenous Hox1.1 RNA (Fig. 3F; Mahon et
al. 1988; Dressler and Gruss, 1989) and therefore
represent ectopic sites of transgene expression.

In summary, the transgene was expressed during
embryogenesis in a specific region of the body. The
expression domain of mélacZl was colinear at the
anterior boundary with Hox1.1 but not restricted at the
posterior end. Expression was extended not only pos-
teriorly but also to many mesodermally derived cells.
Hox!.1 is initially expressed in a broad region of the
embryo and expression is progressively shut off in most
mesodermal tissues (Mahon et al. 1988). This process
might not take place for mélacZ1 resulting in wide-
spread transgene expression. To test this possibility
transgene expression in early stages of development
was analysed.

Transgene expression is activated and expressed
identical to Hoxl1.1 at early stages of development

Line L4 was chosen for an extensive analysis of trans-
gene expression at various stages of development.
NMRI mice were mated to transgenic males and
embryos dissected out at different stages of develop-
ment, fixed and incubated with a staining solution
containing X-Gal. Timed matings yielded 100 trans-
genic embryos at approximately two hour intervals
between day 7.5 p.c. and day 8.5 p.c. Embryos younger
than 7.5 days were not analysed.

Transgene expression was activated in a strict tem-
poral and spatial order in embryonal tissues. Ex-
pression was first detectable on day 7.5 to 7.75 (Fig. 4B)
in the allantois. Expressing cells appeared at the tip of
the allantoic bud and subsequently increased continu-
ously in number in the following two to four hours
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exclusively in the allantois (Fig. 4C,D). The first
stained cells in the embryo appeared in the neuroecto-
derm when already all cells in the allantois expressed
mélacZ1 (day 7.8) (Fig. 4E).

During the following approximately 2 to 4 hours of
development, the number of stained cells in the neur-
oectoderm increased continuously (Figs 4EF,
5B,C,E). Activation within this region apparently oc-
curs randomly in individual cells. No obvious regular
pattern of activation within a germ layer is detectable
during this period. Cells positive for lacZ were confined
to an area in the posterior part of the embryo (Fig. 5C).
Serial sections showed a higher amount of stain in the
posterior part of the neural plate (Fig. SB,C). Thus, as
has been observed for the HoxI.1 and Hoxl.3 genes
(Dressler and Gruss, 1989), expression at early stages
was strongest at the caudal end of the embryo and
decreases cranially. At day 8.0 p.c. all cells within a
defined region of the neural plate expressed the trans-
gene (Figs 4F, 6A). Starting at day 8.0, the transgene
was activated in mesodermal cells (day 8.0 to 8.5)
(Fig. 4G). As observed in allantois and neuroectoderm
activity spread from posterior to anterior, the anterior
border of expression initially being diffuse in contrast to
the very defined border from day 9.5 on (Figs 4G, 6B).
The apparent anteroposterior movement of transgene
expression reflects the growth of the mesoderm by
addition of cells to the presomitic mesoderm. Serial
sections showed that all three germ layers, ecto- meso-
and endoderm, were positive for lacZ expression at day
8.5 (Fig. 5C). The pattern and time course of transgene
activation coincides with that of HoxI.1 as far as it has
been described (Mahon et al. 1988; Dressler and Gruss,
1989). The early pattern of lacZ expression described
for L4 was identical to that found in embryos of the
lines L3 and L5 (data not shown). Therefore, the early
developmental regulation of mélacZ1 in the embryos
described was due to the cis-acting sequences present in
the transgene and not the result of the integration sites.

After day 8.5, Hoxl.1 and transgene expression
diverge

At day 8.5 mé6lacZ1 expression was established in a
specific region of the embryonic body. In the following
5 days of development expression was maintained in
most tissues derived from mesodermal and ectodermal
cells within this region.

Starting at day 8.5 p.c. expression in the allantois was
diminishing (Fig. 4G). After closure of the anterior
neuropore, expression was detectable at day 9.5 in
neural tube, epidermal ectoderm and all mesodermal
tissues in a region extending from the level about 6 to 7
somites posterior to the anterior border of mélacZ1
expression in neural tube to the posterior end of the
embryo (Fig. 6B). In the region of this offset of
expression between neural tube and somites, some
stained cells are visible within or between adjacent
somites (Fig. 6C). Presumably these are migrating
neural crest cells that will give rise to the spinal and
sympathetic ganglia developing at these positions.

Between day 10.5 p.c. and day 12.5 p.c. the pattern

and the boundaries of mélacZ1 activity do not change
(data not shown).

Discussion

Region-specific expression during embryogenesis is the
most conspicuous feature of mammalian Hox genes
and, together with their homology to developmental
genes in Drosophila, is evidence for a potential function
in the specification of positional information along the
anterior—posterior axis. Independent of a functional
characterisation, these genes permit analysis of gene
regulation depending on positional information.

To identify sequences responsive to positional cues,
Hoxl.1 promoter sequences were linked to a marker
gene, the E. coli lacZ gene, and its spatiotemporal
expression pattern analysed in transgenic mice. Using
3.6kbp Hoxl.1 promoter sequences and 1.7kbp
Hoxl.1 3' sequences, we obtained transgenic mice that
showed lacZ expression in a specific region of the
embryo. The ease and high resolution of S-galactosi-
dase detection allowed a more precise analysis than
previously possible by in situ hybridisation. As the
expression pattern of the transgene was identical to that
of the endogenous gene early in development it was
possible to analyse the establishment of the pattern in
detail.

Regulation of Hoxl1.1 expression occurs in two phases

The activation of mé6lacZ1 parallels the endogenous
HoxI.1 gene in a strict temporal and spatial manner
early during development. Beginning at day 7.5 lacZ
expression is first detectable in the allantois and sub-
sequently in neural ectoderm. Activation in embryonic
mesoderm is both delayed and more posterior along the
body axis. Expression in presomitic mesoderm is first
detectable when the cells corresponding to the first
somites expressing HoxI.] are added to the presomitic
mesoderm. The subsequent expansion of expressing
mesodermal cells reflects the growth of the mesoderm
by recruitment of cells first from the primitive streak
and later from the tail bud. A different observation has
been made for one other Hox-gene. The Xenopus
XIHboxl1 gene is initially expressed in a narrow band in
ectoderm and mesoderm sharing the same anterior and
posterior boundaries (De Robertis et al. 1989). Sub-
sequent morphogenetic movements, however, lead to
an offset of expression between mesoderm and neural
tube. Based on the early expression pattern of XI1H-
boxl, homeogenetic induction across germ layer
boundaries (De Robertis er al. 1989) was proposed as a
mechanism to account for the precise alignment of
expression in different germ layers. Although HoxI.1 is
not a paralog of XIHboxI, it is possible to conclude that
the proposed mechanism can not be a general one. At
least, our data exclude this model for the murine
Hoxl.1 gene.

molacZl and HoxI.1 are regulated in parallel early in
development during the period when expression is
established (day 7.5 to 8.5). Expression patterns di-



verge, however, when within this region HoxlI.Il ex-
pression becomes restricted. Although the anterior
boundary of mélacZ1 expression (Sth cervical ganglion
and 3rd thoracic prevertebrae) is identical to that of
Hoxl.1, there is, in contrast to Hox1.1, no posterior
boundary. In addition, in marked contrast to Hox1.1,
expression is not restricted to a subset of mesodermally
derived tissues, the sclerotomes. Thus the second regu-
latory process is not executed by mélacZl. Some
aspects of this later regulatory process, however, are
executed, since the transgene, like HoxI.1, is not
expressed in the chondrification centres of preverte-
brae. The Hoxl.1 sequences present in mélacZ1 are not
sufficient to specify all aspects of HoxI.1 expression.
Sequences further 5’ or 3’ or internal sequences like the
intron removed to construct mélacZ1 could contain this
information. Peak levels of expression in each germ
layer are initially found in the posterior part of the
expressing domain (days 8.5 to 9.5) but shift anteriorly
later during development (day 12.5).

A highly specific activity has also been reported for
Hox1.3 promoter sequences (Zakany et al. 1988).
However the spatial and temporal profile of this pattern
does not correlate with the described distribution of
HoxI.3 mRNA (Dony and Gruss, 1987; Dressler and
Gruss, 1989). The Hox1.3/lacZ transgene is expressed
in only a small subset of cells expressing HoxI.3. In
addition transgene activity is first detectable at day 11,
about four days later than Hox!.3 is first expressed. It
has still to be determined if this difference reflects
different mechanisms of position-specific regulation or
if the Hox1.3 element regulates just one aspect of the
late expression pattern of Hox1.3 (days 11 to 13).

Hox1.1 expression as a positional marker in
neuroectoderm

Hox1.1 and the transgene m6lacZ1 are expressed at day
8.5 in a specific region of the neural plate. The neural
crest cells originating from this region will form spinal
ganglia expressing Hoxl.1 (Mahon et al. 1988) and
mé6lacZ] later during development. In day 9.5 embryos
these neural crest cells are readily detectable by X-Gal
staining. The differential expression of mélacZl in
neural crest cells along the anteroposterior axis indi-
cates that the migrating neural crest cells must have
acquired position-dependent properties. It is not clear,
however, if these properties are stable or if they can be
changed by interacting with a different cellular environ-
ment. Once spinal ganglia are formed, some ganglia
(C6 and C7) show nonuniform transgene activity in
anterior and posterior halves. In the chick, a single
spinal ganglion arises from the neural crest cells orig-
inating from two somitic levels (Teillet et al. 1987). Thus
different populations of neural crest cells seem to
contribute to the halves of the ganglion also in the
mouse.

The limits of HoxI.1 expression in Fig. 3 differ
slightly (by one segment) from a previous report
(Mahon et al. 1988) which sets the anterior boundary at
the 4th cervical ganglion. We do not know the reason
for this difference. One possibility is that the C2
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ganglion has been mistaken for the C1 ganglion, which
degenerates at day 11 of development (Dawes, 1930).
This agrees with our observations as we have not
detected a ganglion between the C2 ganglion and
Froriep’s ganglion in three serial sectioned day 12
embryos (Fig. 3H and data not shown).

Conclusions

The identification of position-responsive promoter se-
quences not only enables dissection of the responsible
cis-acting elements but also, by the use of lacZ as a
marker, allows detailed analyses of the establishment
and development of the specified pattern. Analysis of
the development of the mé6lacZl expression pattern
compared to HoxI.I suggests that at least two phases of
regulation can be distinguished. In the period from day
7.5 to 8.5, the initial pattern is established. Modifying
this pattern, the final distribution of the gene product is
obtained by selective persistance of expression in
specific subpopulations of cells. The identification of
regulatory elements necessary for this process will
uncover the molecular mechanisms defining regions of
HoxI.1 expression along the anterior—posterior axis.
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