








In these experiments, the stage 8 grafts were exposed to the same
environment as the normal duct progenitors from the time of their
exit from the primitive streak until their arrival in the pronephric
IM adjacent to somites 8-10, and yet they did not differentiate into
duct tissue. This result indicates that the stage 8 primitive streak
cells were not competent to respond to whatever duct-promoting
signals that might have been present in the environment of the
nephric duct precursors from the time of their exit from the
primitive streak until their differentiation.

In order to determine more precisely the time at which
competence to make duct is lost, experiments were conducted with
grafts taken from the stage 6 embryos. The stage 6 primitive streak
normally gives rise to IM cells that lie just posterior to the duct-
forming region. Transplants from stage 6 to stage 6 embryos ended
up posterior to somite 10 and rarely gave rise to duct tissue (Fig.
5A-D, 1/5 embryos). By contrast, when stage 6 mid-streak tissue
was transplanted into the stage 4 mid-streak region, the grafted
cells localized to more anterior axial levels, including the normal
duct-forming region, and differentiated robustly into nephric duct
tissue (Fig. 5E-H, 7/9 embryos). Thus, the competence to form
nephric duct appears to be lost in the primitive streak between
stages 6 and 8.

A posterior Hox gene can repress nephric duct
formation
Hox genes have been well-documented to regulate development
along the anterior-posterior (AP) embryonic axis (McGinnis and
Krumlauf, 1992; Pearson et al., 2005). Hox genes are expressed in
nested patterns along the AP axis to generate a ‘Hox code’ that is
thought to regulate many aspects of region-specific tissue formation.

As discussed above, the nephric duct forms only at a specific AP
level: the IM adjacent to somites 8-10. As the nephric duct rudiment
does not form in IM posterior to somite 10, we hypothesized that
Hox genes with an anterior border posterior to somite 10 might play
a role in preventing duct formation in more posterior locations.

We surveyed several Hox genes that were candidates for having
an anterior border in the IM near the 10th somite axial level (Burke
et al., 1995), including HoxA5, HoxA6 and HoxC5. Of these,
HoxA6 had the most suggestive expression pattern with respect to
possibly being involved in the regulation of duct formation. As
seen in Fig. 6A-E, HoxA6 expression is not detected at stage 4. At
stage 6, HoxA6 is detected in a salt-and-pepper pattern in the
primitive streak, which strengthens by stage 8 to expression
throughout the primitive streak. At stage 11+ (14 somites), HoxA6
expression has a clear anterior border at the axial level of the 12th
somite. Cross-sections of stage 11+ (14 somites) embryos reveal
that HoxA6 is expressed in the IM, somites lateral plate and neural
tube, with little to no expression in the nephric duct (Fig. 6E)
(although at later stages HoxA6 expression can be seen in posterior
regions of the duct, data not shown). Thus, from the stage 4
primitive streak until the formation of the nephric duct primordia
at stage 10-11, HoxA6 is not expressed in tissues containing duct
precursor cells. Instead, HoxA6 is expressed in more posterior IM
and its precursors, which do not contribute to duct formation.

We also examined expression of the more 3� Hox gene HoxB4
(Fig. 6F-J). In agreement with published results (Preger-Ben Noon
et al., 2009), we found that HoxB4 is expressed in the stage 4
primitive streak. At stage 11, HoxB4 has an anterior expression
border at the 6th somite axial level, and on cross-sections can be
seen to be expressed in the nephric duct as well as surrounding
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Fig. 4. The prospective IM region of the stage 8
primitive streak is not competent to form nephric
duct. (A-H)Transplants of quail stage 4 (A-D) or stage 8
(E-H) mid-primitive streak were labeled with DiI and
grafted into the equivalent area of the primitive streak
of stage 4 chick embryos. As indicated by the DiI
localization (B,F), graft cells migrated into the duct
formation region (arrows indicate somite 10). Embryos
were sectioned and stained for Lim1 (C,G, green), the
quail marker QCPN (C,G, red) and DAPI (D,H). Stage 8
grafts did not differentiate into Lim1-expressing duct
tissue (E-H), whereas stage 4 control grafts exhibited
robust duct differentiation (A-D). c, nephrogenic cord;
d, nephric duct; lp, lateral plate; nt, neural tube; psm,
presomitic mesoderm.

Fig. 5. Stage 6 primitive streak cells can
differentiate into duct tissue if placed into a duct-
forming region. (A-H)Stage 6 mid-primitive streak was
labeled with DiI and grafted into the equivalent region of
stage 6 (A-D) or stage 4 (E-H) embryos. The control
grafts migrated to positions posterior to the normal duct
forming region (B, arrow indicates somite 10), whereas
when transplanted into stage 4 embryos the graft cells
reached the duct-forming region (F; arrow indicates
somite 10). Embryos were sectioned and stained for
Lim1 (C,G, green), the quail marker QCPN (C,G, red) and
DAPI (D,H). Grafts transplanted into stage 4 embryos (E-
H) differentiated into Lim1-expressing duct tissue, in
contrast to the controls grafted into stage 6 embryos (A-
D). c, nephrogenic cord; d, nephric duct; lp, lateral plate;
nt, neural tube; som, somite. D
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tissues (Fig. 6J). Thus, starting from the time of their location in
the primitive streak, nephric duct precursor cells express HoxB4.

As HoxA6 was expressed only in IM posterior to the duct-
forming region, we investigated whether misexpression of HoxA6
in more anterior regions would influence nephric duct formation.
A vector co-expressing HoxA6 and eGFP was electroporated into
the mid-primitive streak at stage 3 and embryos were grown until
at least stage 12, when the duct had formed and had begun to
elongate. Control electroporations were performed with the same
vector expressing eGFP alone. eGFP fluorescence showed that both
vectors were expressed in a broad region, including the prospective
duct-forming region at the somite 6-10 axial level (Fig. 7 A,F). In
situ hybridization for Lim1 showed that the duct did form in most
HoxA6-eGFP-electroporated embryos, but the intensity of Lim1
staining was significantly lower than in eGFP-electroporated
controls (Fig. 7B,G; HoxA6-eGFP and eGFP-electroporated
embryos were developed in parallel and photographed under
identical conditions. Embryos in Fig. 7 are representative of 11

analyzed HoxA6-GFP and eight eGFP-electroporated embryos). In
sections, the nephric ducts in HoxA6-electroporated embryos were
seen to be thinner, but the intensity of Lim1 expression per cell was
similar to that in control embryos (Fig. 7C,H). Thus, the weaker
Lim1 expression seen in HoxA6-electroporated embryos seems to
be attributable to fewer duct cells rather than to a lower amount of
Lim1 expression in each duct cell.

One possible explanation for the reduction of the nephric duct in
HoxA6-electroporated embryos is that cells that received HoxA6
were prevented from forming duct, and that the duct in these
embryos was formed from cells that did not receive the HoxA6
expression plasmid (electroporation introduces DNA into only a
fraction of cells in the targeted region, up to 50% in our
experience). In order to test this hypothesis, HoxA6-electroporated
embryos were examined by immunofluorescence for presence of
the HoxA6-expression plasmid in the nephric duct. As see in Fig.
7I,J, the nephric ducts of HoxA6-electoporated embryos contained
a lower percentage of GFP-expressing cells than those of control
embryos (Fig. 7D,E), suggesting an incompatibility of HoxA6
expression with duct formation. The exclusion of HoxA6
expression plasmid from duct structures was not absolute, as some
GFP-expressing cells could be found in the ducts of HoxA6-
electroporated embryos (Fig. 7J).

As a further control, we examined the effects of electroporating
HoxB4, which is normally expressed in the duct-forming region
adjacent to somites 6-10 (Fig. 6I) (Preger-Ben Noon et al., 2009). As
seen in Fig. 8, electroporation of HoxB4 did not lower intensity of
Lim1 expression, or the morphology of the nephric duct in sections,
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Fig. 6. Expression of HoxA6 and HoxB4. (A-J)Whole-mount in situ
hybridization for HoxA6 (A-E) and HoxB4 (F-J) in chick embryos. (A)No
HoxA6 expression is detectable at stage 4. (B,C)At stage 6 (B) and
stage 8 (C), expression is seen in the primitive streak. (D,E)Stage 11
whole mount shows expression up to the axial level of somite 12 (D,
arrow indicates somite 10), and in cross-sections expression is seen
primarily in the somite, nephrogenic cord lateral plate and neural tube,
with little expression in the nephric duct (E). (F-H)Hox B4 expression
initiates at stage 4 in the primitive streak (F) and expands to
surrounding tissues at stages 6 (G) and 8 (H). (I)At stage 11, HoxB4 is
expressed up to the axial level of somite 6. (J)Section of stage 11
embryo shows HoxB4 expression throughout the mesoderm, including
the nephric duct. Dashed lines in D and I indicate level of sections in E
and J, respectively. c, nephrogenic cord; d, nephric duct; lp, lateral
plate; nt, neural tube; ps, primitive streak; som, somite.

Fig. 7. HoxA6 misexpression represses nephric duct formation.
(A-J)Embryos were electroporated with an empty pMes-GFP vector (A-
E) or pMes-HoxA6-GFP expression vector (F-J) and analyzed by whole-
mount in situ hybridization for Lim1 (B,C,G,H) or by
immunofluorescence for Lim1 and Gfp (D,E,I,J). In HoxA6-
electroporated embryos, Lim1 expression was weaker than controls
(compare B with G) and the nephric duct was typically smaller (compare
C with H). When analyzed by immunofluorescence, GFP-expressing
cells (indicative of electroporation) were found with lower frequency in
the nephric duct of HoxA6-electroporated embryos (I,J) when
compared with controls (D,E), despite the fact that they are abundant
in the surrounding tissues in both situations. Arrows indicate somite 10.
d, nephric duct; lp, lateral plate; nt, neural tube; som, somite.
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when compared with eGFP-electroporated control embryos. Thus,
the duct-repressing effects of HoxA6 misexpression do not appear to
be a general consequence of Hox gene overexpression, but rather a
specific effect of misexpressing HoxA6.

DISCUSSION
Timing of nephric duct specification and
implications for mesodermal patterning
Although the molecular signs of overt nephric duct differentiation
are first detectable in the IM of the pronephric region (adjacent to
future somites 8-10 at stage 9 in the chick embryo), the current study
found that duct precursors are already determined much earlier,
before they have migrated away from the primitive streak (Figs 2,
3). Conversely, prospective IM from the primitive streak of older
embryos (which normally contribute only to more posterior, non
duct-forming regions of the IM) did not differentiate into duct tissue
even if it was exposed to the same environment as the endogenous
duct precursors from the time of its exit from the primitive streak
until its coming to lie in the duct-forming region adjacent to somites
8-10 (Fig. 4). Thus, the patterning of the prospective IM with respect
to whether or not it is competent to give rise to nephric duct is
already fixed before cells have left the primitive streak.

The design of the transplantation experiments in these studies
was isotopic/heterochronic (Garcia-Martinez and Schoenwolf,
1992; Schoenwolf et al., 1992), i.e. tissues were taken from the
prospective IM region of the primitive streak of one embryo and
moved to the same position in the primitive streak of an older or
younger embryo. At the end of the experiment, the transplanted
tissues ended up in more posterior or anterior regions of the IM,
respectively, but always within the IM and surrounding regions.
We and others have previously reported the results of the
converse type of experiment – heterotopic/isochronic – wherein
cells were transplanted between the IM-forming region and other
regions of the streak in embryos of the same age (Garcia-
Martinez and Schoenwolf, 1992; James and Schultheiss, 2003).
In those transplantations, the fate of the transplanted tissues was
found to be changeable. Prospective IM regions of the primitive
streak differentiated into somites or lateral plate if transplanted
into more anterior or posterior parts, respectively, of the
primitive streak of embryos of the same stage. Conversely,

prospective somite or lateral plate regions of the primitive streak
differentiated into IM if placed into the IM region of the
primitive streak. Taking the current and past results together, one
is led to the conclusion that the regionalization of the IM
(whether to make duct or non-duct types of IM) is fixed before
cells are even committed to make IM at all.

Although this conclusion may seem somewhat
counterintuitive, it is consistent with previous studies of the
patterning of the skeleton in avian embryos. Transplants of the
paraxial presomitic mesoderm between thoracic and lumbar axial
levels resulted in vertebral morphologies (e.g. presence or
absence of ribs) that were characteristic of the donor tissue and
not the host (Kieny et al., 1972). However, studies from our lab
(James and Schultheiss, 2003; James and Schultheiss, 2005) and
others (Tonegawa et al., 1997) have found that at this stage of
development the presomitic mesoderm can still be diverted to an
intermediate mesoderm or lateral plate fate by transplantation or
by manipulation of levels of BMP signaling. Thus, in agreement
with the current findings with respect to the IM, the potential of
the paraxial mesoderm to generate one or another type of
vertebral morphology has already been fixed before the identity
of the mesoderm as paraxial mesoderm has been determined. In
addition, Iimura and Pourquié have reported that the timing of
ingression of prospective paraxial mesoderm cells into the
primitive streak, and hence their eventual position along the AP
axis, is already fixed before ingression (Iimura and Pourquié,
2006), which is before the fixation of their identity as paraxial
mesoderm (James and Schultheiss, 2003).

These results can be considered in the framework of mesodermal
patterning along the anterior-posterior and medial-lateral axes.
Moving cells between different positions within the streak at a
particular developmental stage results in their eventual occupation
different places on the medial-lateral axis (equivalent to the dorsal-
ventral axis in round embryos such as Xenopus), while moving
cells between embryos of different ages but in the same relative
streak position results in their occupying different places along the
anterior-posterior axis but in the same medial-lateral position
(Garcia-Martinez and Schoenwolf, 1992; James and Schultheiss,
2003; Psychoyos and Stern, 1996). Integrating the current and past
results, one comes to the conclusion that fixation of the anterior-
posterior pattern of the mesoderm appears to occur prior to fixation
of its medial-lateral pattern. In other words, it appears that in the
primitive streak it is not yet determined whether a cell will become
intermediate mesoderm; however, if a cell does become
intermediate mesoderm, then the type of intermediate mesoderm
that it will form (duct or non-duct) appears to be already
determined. The same framework would also seem to apply to the
patterning of the paraxial mesoderm (Iimura and Pourquié, 2006;
Kieny et al., 1972; Tonegawa et al., 1997).

This early fixation of the anterior-posterior character of the
mesoderm may be connected to the mechanism of the
establishment of Hox gene expression patterns. In the model of
Durston and co-workers (Wacker et al., 2004), sequential waves of
Hox gene expression are activated in the non-axial mesoderm and
are stabilized by signals from the organizer. This model is
consistent with the data in the current report: the Hox pattern of
stage 4 or 8 primitive streak donor tissues would have already been
stabilized and thus refractory to repatterning by transplantation into
stage 8 or 4 embryos, respectively. This fixation of the Hox gene
expression pattern would in turn influence the competence of the
primitive streak tissue to differentiate into different types of IM
derivatives.

4149RESEARCH ARTICLENephric duct specification

Fig. 8. HoxB4 misexpression does not repress nephric duct
formation. (A-F)Embryos were electroporated with an empty pCIZ-
GFP vector (A-C) or pCIZ-HoxB4-GFP expression vector (D-F) and
analyzed by whole-mount in situ hybridization for Lim1 (B,C,E,F). The
nephric duct appeared similar under the two conditions. Arrows
indicate somite 10. d, nephric duct.
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Regulation of IM regionalization by Hox genes
There is accumulating evidence that proper Hox expression is crucial
for kidney development and that Hox genes play a role in regulating
AP patterning of the IM. Genes of the Hox11 paralogous group are
expressed in the metanephric but not more anterior regions of the IM
(Mugford et al., 2008) and have been found to be essential for
formation of the metanephros (Wellik et al., 2002). Misexpression of
HoxD11 in the mesonephros results in mesonephros expansion and
activation of some features of metanephric-type gene expression,
including expression of Six2 and distal nephric markers (Mugford et
al., 2008). Swapping of the homeodomain of HoxA11 with that of
HoxA4 resulted in severe metanephric kidney malformations, further
pointing to the importance of proper Hox gene activity for normal
kidney development (Zhao and Potter, 2002). In addition, HoxB4 has
been reported to regulate the position of the anterior border of the
pronephros (between somites 6 and 7) in avian embryos (Preger-Ben
Noon et al., 2009).

The current study found that a Hox gene (HoxA6) with an anterior
border of expression just posterior to the duct-forming region of the
IM could repress duct formation if misexpressed in more anterior
regions of the IM. In the framework of the large literature on Hox
gene function, this could be considered a posterior transformation
(Kessel and Gruss, 1990), wherein an anterior region of the IM,
which normally forms a nephric duct, acquires a characteristic of
more posterior IM (the inability to form a duct). One would therefore
conjecture that HoxA6, and perhaps other posterior Hox genes,
repress expression of a nephric duct differentiation program, either
directly or indirectly. Reports of mouse loss-of-function mutations of
HoxA6 and other paralogous group 6 Hox genes have not described
alterations in nephric duct formation (Chisaka and Capecchi, 1991;
McIntyre et al., 2007). However, this is not surprising, as Hox gene
loss of function would be predicted to possibly cause an
anteriorization and thus a potential broadening of the duct-forming
rudiment posteriorly into regions where the duct does not normally
form. As the duct rudiment extends posteriorly as part of its normal
development, any posterior broadening of the duct rudiment as a
result of Hox gene loss of function would be likely obscured by the
normal posterior extension of the duct rudiment. Misexpression
studies of HoxA6 or other Hox group 6 genes in more anterior
regions in mice have not been reported. Preger-Ben Noon et al. have
reported that misexpression of HoxB4 in regions anterior to the
pronephros causes an expansion of Lim1 expression into the region
anterior to somite 6 (Preger-Ben Noon et al., 2009). Although that
study did not examine expression of other duct markers or duct
morphology, this result suggests that anterior Hox genes may play
an active role in specifying the duct-forming region of the IM.

The specific molecular mechanism whereby expression of
HoxA6 represses duct formation is not currently clear. The
observation that HoxA6-expressing cells tend not to be included in
the nephric duct in HoxA6-electroporated embryos (Fig. 7J)
indicates that ectopic HoxA6 may inhibit duct formation on a cell-
autonomous basis. However, this does not rule out additional non-
cell autonomous effects, such as alterations in environmental
signals that are crucial for duct formation. The fate of HoxA6-
electroporated duct precursors that are prevented from forming duct
is also not clear. It is possible that a proportion of these cells died,
although an excess of apoptotic cells was not observed in the IM
of HoxA6-electroporated embryos (data not shown). One
interesting possibility is that they may be capable of differentiating
into more posterior IM derivatives. However, with the current
embryo culture system it was not possible to grow the embryos
long enough to determine whether HoxA6-electroporated cells
contributed to mesonephric tubules or other posterior IM structures.

Factors that regulate nephric duct formation
Although HoxA6 appears to inhibit duct formation, little is known
about specific factors that promote duct formation. The current
findings indicate that the region adjacent to somites 8-10 where
duct markers are first activated does not provide specific
information that is essential to promote duct formation, as
transplanted duct precursors will differentiate into duct in more
posterior locations. It is of interest that the transplanted duct
precursors differentiated into duct only in the position where the
duct normally forms, i.e. in the IM region and not more medially
or laterally. This suggests that there may be environmental factors
present in the region of the IM in general that are required for
activation of a duct differentiation program. The difference
between prospective duct cells and prospective non-duct cells may
be in their competence to activate duct genes in response to this
general IM environment. HoxA6 and other Hox genes may
modulate the response to such IM factors, such that only
presumptive IM from the stage 4 primitive streak can initiate duct
differentiation, analogous to the concept developed in Drosophila
of selector genes that modify cellular responses to embryonic
signals (García-Bellido, 1975). A similar situation has been
reported in the studies of the border between the kidney and non-
kidney-forming regions of the IM (located at the border between
somites 6 and 7), where HoxB4 has been proposed to regulate the
competence of cells to activate IM genes in response to general
signals originating from axial embryonic structures (Barak et al.,
2005; Preger-Ben Noon et al., 2009). Notch signaling has also been
found to play a role in the decision to differentiate as nephric duct
versus tubule in the Xenopus pronephros (McLaughlin et al., 2000).
Future studies of the molecular differences between the prospective
IM regions of the stage 4 and stage 8 primitive streak may help to
shed light on the molecular mechanisms whereby Hox genes
regulate competence to form the nephric duct.

Nephric duct formation and A-P patterning of the
IM in evolutionary context
Repression of duct formation may have played an important role
during vertebrate kidney evolution. In the embryo of the hagfish,
considered to be the most primitive extant vertebrate, the IM does
not become regionalized into a pro-, meso- and metanephros, but
instead produces a single holonephros, which consists of one
nephron per body segment (Dean, 1899; Schultheiss, 2007; Torrey,
1965). Each of these nephrons is thought to generate a small part
of the nephric duct, which then connects to the duct regions from
the immediately anterior and posterior body segments to generate
a single continuous nephric duct. Thus, in hagfish embryos, duct
formation is not confined to the most anterior part of the
intermediate mesoderm, but instead occurs throughout a much
wider anterior-posterior extent of the IM. In more derived
vertebrates, the IM is typically more regionalized: the ability to
form duct is confined to the pronephros and appears to have been
lost from more posterior regions of the IM. This change may have
come about in response to the need to reserve posterior IM in order
to generate different types of kidney tissue to meet the metabolic
needs of different phases of the life cycle, e.g. aquatic versus
terrestrial environments (Schultheiss, 2007). It will be interesting
to determine whether repression of duct-forming ability in posterior
regions during vertebrate evolution is regulated by the acquisition
of duct-repressing functions by posterior Hox genes.
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