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Abstract
Congenital defects are a major complication of diabetic pregnancy, and the leading cause of infant
death in the first year of life. Caudal dysgenesis, occurring up to 200-fold more frequently in
children born to diabetic mothers, is a hallmark of diabetic pregnancy. Given that there is also an
at least 3-fold higher risk for heart defects and neural tube defects, it is important to identify the
underlying molecular mechanisms for aberrant embryonic development.

We have investigated gene expression in a transgenic mouse model of caudal dysgenesis, and in a
pharmacological model using situ hybridization and quantitative real-time PCR. We identify
altered expression of several molecules that control developmental processes and embryonic
growth. The results from our models point towards major implication of altered Wnt signaling in
the pathogenesis of developmental anomalies associated with embryonic exposure to maternal
diabetes.

1. Introduction
Maternal diabetes is associated with increased risk for congenital abnormalities, and
congenital malformations are the leading cause of infant death in the first year (Martin et al.,
2008). The most prominent congenital malformations associated with diabetic pregnancies
are cardiovascular defects, neural tube defects and caudal dysgenesis. The malformations in
the caudal region involve lumbar and more distal vertebrae and are associated with
neurulation defects, including neural tube defects; in more severe cases, legs and anal-rectal
structures are also malformed. Caudal dysgenesis has the strongest association with diabetes,
occurring up to 200 times more frequently in infants of diabetic mothers than in other infants
(Mills, 1982). The molecular mechanisms affected by maternal diabetes in the developing
embryo are currently unknown, and thus the pathogenic processes causing the
developmental abnormalities of diabetic embryopathy are not well understood.

Recent studies in experimental animals have shown that in embryos exposed to conditions of
maternal diabetes, several developmental control genes are abnormally expressed. For
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example, decreased expression of Pax3 in embryos from diabetic dams has been linked to
neural tube defects (Phelan et al., 1997). Maternal diabetes also increased the expression of
Hoxb5 in developing lungs of rats (Jacobs et al., 1998). Embryos exposed to the
combination of maternal diabetic milieu and retinoic acid exhibit decreased expression of
Wnt3a associated with an increased incidence of caudal dysgenesis (Chan et al., 2002;
Leung et al., 2004). These results suggest a mechanism where the tissue-specific defects in
diabetic embryopathy result from altered expression of molecules that play a role in
patterning and development of those embryonic tissues.

We have recently compared gene expression profiles of diabetes-exposed and control
embryos at embryonic day 10.5, by using whole-genome Affymetrix microarrays
(Pavlinkova et al., submitted). Over 30% of genes we identified encode transcription factors,
chromatin modifying proteins and components of signaling pathways that impinge on
transcription, supporting the idea that maternal diabetes de-regulates tissue specific gene
expression programs in the developing embryo. Yet, because we did these studies on whole
embryos, they provide only limited information on the involvement of any of the identified
genes in pathogenesis of specific developmental defects in diabetic embryopathy, such as
caudal dysgenesis. We therefore used a caudal dysgenesis model, the Isl1-transgenic mouse
(Muller et al., 2003), to investigate the expression of developmentally relevant genes.
Because the initial experiments established a possible role for Wnt3a in the caudal
dysgenesis model, we also investigated the expression of Wnt signaling pathway molecules
in mouse embryos exposed to maternal diabetes during pregnancy. We included in our
analyses several genes that were not represented on the original microarrays but were
implicated in developmental defects from studies on mutant mice. Supplementing and
extending our microarray approach, the present study corroborates the involvement of the
Wnt signaling pathway in the elevated risk for the birth defects of diabetic embryopathy.

2. Methods
2.1. Experimental animals

Isl1 transgenic embryos were generated using the VP-16-based binary transgenic system
(Muller et al., 2003) (see Figure 1, Panel G). Briefly, the transactivator (TA) transgenic lines
express the viral transactivator VP16 under control of the Hoxc8 promoter, and
transresponder (TR) transgenic lines carry the cDNA from the rat Isl1 gene linked to the 360
bp fragment from the immediate early gene promoter of the ICP4 gene of herpes simplex
virus. The TR transgene is activated only when combined in the same animal with a TA
transgene. TA only animals were used as controls, and genotyping was performed as
described previously (Muller et al., 2003).

Diabetes was induced in female FVB mice (aged 7–9 weeks) before pregnancy by two
intraperitoneal injections of 100 mg/kg body weight Streptozotocin in 50 mM sodium citrate
buffer at pH 4.5 (STZ; Sigma, St. Louis, MO) within a one-week interval. Glucose levels in
whole blood were measured using a Glucometer (Bayer, Tarrytown, NJ); the animals had ad
libitum access to a standard diet (Harlan-Teklad LM-485). The dams were set up for mating
no earlier than 7 days after the last injection, and the day of detection of a vaginal plug was
counted as day 0.5 of gestation. All embryos used for the experiments were isolated from
dams that were classified as diabetic when the blood glucose levels exceeded 250 mg/dl
from the day of mating through the day of embryo harvest. The average blood glucose levels
were 148 mg/dl (±18) before STZ treatment, 337 mg/dl (±79) on the day of mating, and 528
mg/dl (±70) on the day of embryo harvest (n=11). The sizes of litters at E10.5 from diabetic
dams were not significantly different from controls (10.06 ± 1.103 n=17 vs. 9.636 ± 0.8557
n=11; ns).
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2.2. Quantitative Real-time PCR
Quantitative Real-Time PCR (qRT-PCR) was performed using an ABI Prism 7000
instrument (Applied Biosystems, Foster City, CA) on cDNA samples from individual whole
diabetes-exposed embryos (5 litters) and controls (4 litters) or pools of 4–5 control embryos
(each pool consisted of individuals from only one litter) isolated at E10.5. Total RNA was
isolated using TrizolR (Invitrogen, Carlsbad, CA). RNA samples (5 μg) were subjected to
reverse transcription using Superscript II (Invitrogen, Carlsbad, CA). The PCR reactions and
quantifications were described previously (Kruger et al., 2006) with the following
modifications: the initial AmpliTaq activation at 95°C for 10 minutes was followed by 40
cycles at 95°C for 15 seconds and 1 minute at 60°C. The values for detection above
threshold level (Ct) for each gene were determined relative to measurements of Polymerase
Σ 4 (PolΣ4) cDNA in independent reactions with aliquots of the same sample. Normalized
Ct values (CtGENE − CtPolΣ4) were compared between groups of diabetes-exposed and
control embryos using an unpaired two-tailed t-test with assumption of unequal variance
(Microsoft Excel Analysis Pack). Primer sets were designed to exclude amplification of
potentially contaminating genomic DNA by positioning of the amplicons across exon-exon
junctions. Primer sequence positions are listed in Table 1.

2.3. In situ hybridization
In situ hybridizations were performed using whole embryos at E10.5 and E9.5 (free of any
extraembryonic membranes) as described (Hogan et al., 1994). Briefly, embryos were fixed
in 4% Paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at 4°C for 24 hours.
Embryos were incubated with riboprobes at 63°C for 24 hours. After washing, the bound
digoxigenin-labeled riboprobe was detected by antidigoxigenin-antibody coupled to alkaline
phosphatase (AP; Roche Applied Science, Indianapolis, IN) and BM Purple as the substrate
for AP (Roche Applied Science, Indianapolis, IN). Tissue staining in embryos was
photographed using a Leica MZ9.5 stereomicroscope and Kodak M290 camera.

3. Results and Discussion
Although the teratogenic effects of maternal diabetes are well documented, the causes of
specific developmental anomalies in diabetic embryopathy remain elusive. Diabetes-induced
morphogenetic defects have been associated with diverse processes, including increased
apoptosis (Gareskog et al., 2007; Reece et al., 2005), altered lipid metabolism (Wentzel et
al., 1999), oxidative stress (Loeken, 2004), and changes in gene expression (Phelan et al.,
1997; Reece et al., 2006) in the embryo and yolk sac (Reece et al., 1994). Experimental
animal models to date have focused on type I diabetes, but it is possible that some
mechanisms may be shared in type II diabetes, since, at least in human type II diabetic
pregnancies, similar birth defects have been reported. The current study provides a detailed
examination of the expression of developmentally important molecules, which play a role in
the patterning and development of specific embryonic tissues.

3.1 Wnt gene expression in the Isl1 transgenic model of caudal dysgenesis
Our group has previously generated the Isl1 transgenic mice that exhibit profound caudal
growth defects, resembling human caudal dysgenesis syndrome (Muller et al., 2003). To
analyze the relationship between the caudal dysgenesis phenotype in our transgenic mouse
model and caudal dysgenesis in diabetic embryopathy, we investigated the expression of two
molecules for which preliminary measurements by quantitative RT-PCR had indicated
altered expression: Somatostatin mRNA appeared increased, and Wnt3a mRNA decreased
in caudal regions dissected from Isl1-transgenic embryos at 10.5 days of development
(Treece, Kruger and Kappen, unpublished observations).
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Isl1, a LIM homeodomain transcription factor, is required for normal embryonic
development, since embryos lacking Isl1 die by embryonic day 10.5 (Pfaff et al., 1996).
Loss-of-function studies in the mouse revealed crucial roles for Isl1 in motor neuron, cardiac
and limb development (Cai et al., 2003; Pfaff et al., 1996).

Furthermore, Isl1 is required for the development of the mesenchyme of the dorsal
pancreatic bud and for endocrine cell differentiation in the pancreas (Ahlgren et al., 1997).
In somatostatin producing rat islet cell lines, Isl1 binds to the somatostatin gene enhancer,
and together with CREB, regulates somatostatin gene transcription (Leonard et al., 1992;
Vallejo et al., 1992). Thus, in Isl1-transgenic embryos, increased Somatostatin (Sst)
expression is consistent with the Sst locus being a target for the Isl1 transcription factor.
Wnt3a has previously been demonstrated in mouse mutants to have a role in caudal
development, and it was reported as downregulated in embryos exposed to maternal diabetes
and retinoic acid, and may be responsible for the increased rate of tail defects under these
conditions (Chan et al., 2002; Shum et al., 1999).

To determine whether the misregulation of Sst and/or Wnt3a could be responsible for the
caudal growth defects in Isl1-transgenics, we performed in situ hybridizations. Figure 1
shows that Isl1, as expected when driven off Hoxc8 regulatory sequences (Muller et al.,
2003), is expressed in the posterior region, in particular caudal to the hindlimb bud, at higher
levels in the transgenic compared to the control embryo (Panels A, D). Yet, there did not
appear to be a region-specific increase in Sst expression in the posterior; instead, the in situ
hybridization signals for Sst appear to be more intense throughout the Sst expression domain
in the transgenics (Panels E, H) compared to control (Panel B). While this makes a primary
involvement of Sst in the caudal growth defects in Isl1-transgenics unlikely, the overall
increased Sst levels may explain the reduced size of Isl1-transgenic embryos, as Sst plays a
role in developmental and cellular growth regulation (reviewed in (Anderson et al., 2004)).

Wnt3a expression was clearly reduced in Isl1-transgenic embryos (Panels F, J),
preferentially in the region posterior to the hindlimb. Although not completely repressed, the
reduced Wnt3a expression coincided with reduced tail length (compare transgenics in Panels
F and I to controls in Panels A and C), and, in the embryo with the highest transgene
expression, was associated with defective neural tube closure in the posterior region (see
inset J). This is consistent with the finding that in the skeleton, severity of the Isl1-induced
phenotype was also dependent on transgene dosage (Muller et al., 2003). Thus, reduced
Wnt3a expression in the Isl1-transgenic embryos could be responsible for the developmental
defects seen in these mice (Muller et al., 2003), namely shortened tails, absent tails, and
spina bifida, which occurs with a frequency of 9/97 (3.3%) at E11.5. Taken together our
results suggest that Isl1-induced reduction of Wnt3a expression, and hence decreased
activity of the Wnt signaling pathway, may play a major role in Isl1-induced developmental
defects that resemble caudal dysgenesis syndrome. These results prompted us to further
investigate the expression of genes involved in posterior development and/or Wnt signaling
in embryos exposed to the conditions of maternal diabetes during pregnancy.

3.2. Expression of developmental regulatory genes in embryos from diabetic pregnancies
The occurrence of phenotypes that resemble diabetic embryopathy, namely neural tube
defects and caudal dysgenesis, in Isl1-overexpressing mice suggested to us that one potential
mechanism by which maternal diabetes might be causing developmental defects could be
through the upregulation of pancreatic transcription factors, of which Isl1 is one example.
We therefore assayed, in embryos exposed to conditions of maternal diabetes during
pregnancy, the expression of Isl1 and two other prominent pancreatic transcription factors,
Pax4 and Pax6. Pax4 and Pax6 play important roles in pancreas organogenesis (Sosa-Pineda
et al., 1997; St-Onge et al., 1997), and dysregulation of Pax4 and Pax6 are correlated with
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diabetes and developmental defects. In humans, mutations in the Pax4 gene are associated
with type 2 diabetes (Mauvais-Jarvis et al., 2004; Shimajiri et al., 2001; Shimajiri et al.,
2003), and mutations in Pax6 are linked to glucose intolerance (Yasuda et al., 2002), and
dysregulation of Pax6 leads to a reduction of islet cells in the pancreas and diabetes (Ashery-
Padan et al., 2004; Yamaoka et al., 2000). Using qRT-PCR, we measured the expression of
these Pax genes and Isl1 in whole diabetes-exposed embryos at E10.5. The expression of
Pax4 and Pax6 was not significantly different in diabetes-exposed embryos compared to
controls (Figure 2). For Isl1, the comparison did not reach statistical significance; however,
significantly increased (P=0.009) expression (by 1.7-fold) was observed in subsequent
microarray assays (Pavlinkova et al., submitted). Thus, with the exception of potentially
upregulated Isl1 expression, maternal diabetes does not appear to lead to generalized
activation of pancreatic transcription factors at the E10.5 timepoint assayed here. However,
it is still possible that maternal diabetes could affect pancreatic transcription factors at earlier
stages of development, or that interference with development of the pancreas as a metabolic
organ in the embryo at later stages (Jensen, 2004) may contribute to “fetal origins of adult
disease” (Barker et al., 1993; Eriksson et al., 2006; Fall et al., 1998), in particular diabetes.

Interestingly, our assays demonstrate increased expression levels for Somatostatin mRNA in
diabetes-exposed embryos by 2.2-fold, and recent microarray data (2.1-fold increase,
P=0.008) agree with this finding. This would be consistent with increased Isl1 expression,
although due to the variation in measurements within the diabetes-exposed group, direct
correlations at the level of individual embryos could not be made (data not shown).
Nevertheless, the finding of increased Sst expression is intriguing, since progeny that were
exposed to maternal diabetes during pregnancy are also smaller at birth, although they
eventually grow to the same size as unexposed age matched controls (data not shown). Thus,
the overall decreased growth, without overt developmental delay, could be mediated by
elevated levels of somatostatin. Although there were no developmental defects reported for
somatostatin-deficient mice (Low et al., 2001; Zeyda et al., 2001), somatostatin is a well-
known inhibitor of cellular growth in normal and tumor cells (Pyronnet et al., 2008).
Because changes in Sst levels are detected downstream of maternal diabetes and
downstream of Isl1 in the transgenic model, our results implicate Somatostatin either as a
causal effector or predisposing factor in the pathogenesis of phenotypes associated with
diabetic embryopathy. Predisposition could involve gene-gene or gene-environment
interactions, such as aberrant expression of other genes, e.g. Wnt3a, prolonged metabolic
imbalance, or altered placental function in diabetic pregnancy (Salbaum and Kappen,
unpublished observations).

However, we found significant effects of diabetes-exposure on gene expression levels for
several other genes: the expression of Pax3 was significantly decreased in exposed embryos
by an average 1.5-fold, consistent with the reduction of Pax3 at E8.5 reported by others
(Phelan et al., 1997), and supporting our hypothesis that expression of developmental
control genes is altered by maternal diabetes. Consistent with this idea, we found that
exposure decreased by 1.6-fold on average the expression levels for Hoxc8, a patterning
gene involved in development of ectodermal and mesodermal derivatives in the posterior
region (LeMouellic et al., 1992). The decreased levels of Hoxc8 may be causally involved in
or predispose to posterior defects, such as caudal dysgenesis. In this regard, it is of
significance that we consistently detect decreased levels (by 3.1-fold) of Wnt3a, a gene well
known to be required for proper caudal development, defects of which are highly
characteristic for diabetic embryopathy. Mice with null mutation of Wnt3a (Takada et al.,
1994), or with a hypomorphic allele of Wnt3a (in the vestigial tail mutant, vt (Greco et al.,
1996)), exhibit axial truncations associated with extensive caudal cell death. Thus, we have
identified two known developmental regulatory molecules for posterior development as
altered in their expression in the embryo by maternal diabetes. These results, for the first
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time, provide evidence for potential molecular mechanisms involved in caudal growth
defects in diabetic embryopathy.

3.3. Expression of Wnt pathway genes in embryos exposed to maternal diabetes
The implication from our results of Wnt3a signaling in both the caudal dysgenesis and the
diabetic embryopathy models led us to investigate other components of the Wnt signaling
pathway: Wnt5a was selected because its deficiency is associated with caudal dysgenesis
(Yamaguchi et al., 1999), and Lrp5 is a Wnt co-receptor with Lrp6 (Kelly et al., 2004),
whose targeted mutation phenotype also includes axis truncation (Pinson et al., 2000).
Dickkopf 1, an inhibitory ligand for Lrp6 (Niehrs, 2006), was chosen as it can act as an
inhibitor of Lrp5-mediated Wnt signaling during gastrulation (MacDonald et al., 2004), and
a hypomorphic allele of Dkk1 ameliorates the axis truncations with loss of Lrp6
(MacDonald et al., 2004). Apc is a known signal transducer in the canonical Wnt pathway
(Huelsken and Birchmeier, 2001; Logan and Nusse, 2004), which leads to stabilization of β-
catenin and its translocation into the nucleus where it, together with proteins of the TCF
family (Brantjes et al., 2002), acts as a transcription factor and regulates the read-out at the
transcriptional level of Wnt signaling (Willert and Jones, 2006). Our initial microarray
analyses indicated that β-catenin, Frzb, and Apc transcripts were decreased in embryos
exposed to maternal diabetes (Table 2), while probes for Wnt3a, Wnt5a, Lrp5, and Dkk1
were either not present on the microarray chip, or the signal was below detection in
diabetes-exposed embryos.

Interestingly, with the exception of Dkk1, all components of the Wnt signalling pathway
exhibit lower expression levels in diabetes-exposed embryos. This suggests that the signal
transduction cascade is de-regulated at many steps in the pathway and implicates multiple
genes in the Wnt signaling pathway in predisposition or effector function in birth defects in
diabetic embryopathy. The levels of expression were reduced on average by 3.1-fold for
Wnt3a, 1.6-fold for Wnt5a, 2.8-fold for Lrp5, and 1.6-fold for Apc. Transcription of beta-
catenin was reduced by 1.44 fold on average, and this would be expected to aggravate low
β-catenin levels due to protein instability. Thus, our results show that extra- as well as intra-
cellular components at all levels of the Wnt signal transduction cascade are transcriptionally
de-regulated in embryos affected by maternal diabetes, and thus implicate Wnt signaling as
a major mechanism in the pathogenesis of diabetic embryopathy.

In order to investigate whether the alterations in expression can be assigned to specific
tissues in the developing embryo, we performed in situ hybridization analysis in embryos
from diabetic and normal pregnancies. For Wnt3a, we detected decreased expression along
its expression domain in the dorsal nervous system of exposed embryos, and, in one
specimen, we observed delayed closure of the hindbrain (Figure 3 Panel F). The extent of
the expression domain of Wnt3a in the tail bud of exposed embryos appeared to be slightly
reduced (compare Panels A and E). The development of these tissues is frequently affected
in diabetic embryopathy, and decreased expression of Wnt3a in these tissues might increase
the predisposition to neural tube or caudal defects associated with diabetic embryopathy. For
Somatostatin, the hybridization patterns in normal embryos were very comparable (see
Panels C and D) while two different patterns of hybridization signals were found in
diabetes-exposed embryos: there was either a broadening of the expression domain within
the nervous system in the midbrain and cervical regions of the nervous system and an
extension of expression towards the posterior in the caudal region (see Panel G), or a
relative reduction of expression in these same regions (see Panel H). This appeared to be
unrelated to developmental progression of the embryos (note comparable cranial ganglia and
brain vesicle development in all 4 Sst-hybridized specimen), but likely reflects the variation
between individuals in quantitative levels of gene expression as measured in the quantitative
RT-PCR assays (see Figure 2). A functional role for somatostatin in development of the
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nervous system at midgestation has not been investigated, but our results suggest that cells
of the developing nervous system are the likely source of altered somatostatin production in
the embryo under conditions of exposure to maternal diabetes.

4. Summary and Future Directions
Using the Isl1-transgenic model of caudal dysgenesis, we identify the Wnt signaling
pathway as a potential pathogenic mechanism in the caudal growth defects, and altered
Somatostatin expression as a possible contribution to the risk for diabetic embryopathy.
Based upon this animal model, we had originally hypothesized that hyperglycemia in the
mother during diabetic pregnancy might activate Isl1 and other pancreatic transcription
factors, and that such deregulation might play a role in developmental abnormalities. Our
quantitative measurements of gene expression levels for the pancreatic transcription factors
Pax4 and Pax6, however, indicate that their expression in the embryo is unaffected by
maternal diabetes, and therefore, do not support this proposition. Instead, we identify the
developmental control genes Pax3 and Hoxc8 as altered in the diabetes-exposure paradigm.
Homozygous mutations in Pax3 result in severe neural crest and neural tube closure defects
in the Splotch mouse (Epstein et al., 1991), and decreased expression would likely
predispose embryos to a higher risk for birth defects. Decreased expression of Pax3 at E8.5
in embryos exposed to maternal diabetes has been reported previously (Phelan et al., 1997),
and our findings at E10.5 are consistent. A direct test for the hypothesis that Pax3 reduction
elevates the risk for neural tube defects was performed by exposing Pax3 mutant
heterozygotes, whose expression level is genetically reduced, to maternal diabetes, and
indeed, elevated incidence of neural tube closure defects was demonstrated (Machado et al.,
2001). Mechanistic studies on the role of Hoxc8 in diabetic embryopathy are lacking to date,
and the functional role of altered Somatostatin expression during embryogenesis in the
diabetic pregnancy paradigm also remains to be investigated.

The major outcome of this study is the implication of impaired Wnt signalling downstream
of Isl1 and in conditions of maternal diabetes. Wnt-signaling is known to be critical for
caudal development (Catala, 2002; Takada et al., 1994), and a reduction of Wnt3a
expression was previously reported to sensitize mice for caudal defects when retinoic acid is
administered (Chan et al., 2002; Shum et al., 1999). Our results show for the first time that
Isl1 overexpression in the caudal region critically affects this pathway. It is currently
unknown whether Wnt3a expression can be directly regulated by binding of Isl1 to
regulatory regions in the Wnt3a locus and repression of transcription. Alternatively, reduced
Wnt3a expression in our transgenic model may reflect the increased cell death in the
posterior region of these transgenic mice (Muller et al., 2003). Interestingly, Wnt3a has
recently been shown to exert a stimulatory effect for self-renewal and inhibitory effect on
differentiation of Isl1-positive progenitor cells in the cardiovascular system (Qyang et al.,
2007). Thus, it is also possible that reduced Wnt3a levels reduce proliferation of the Isl1-
expressing cells in the posterior region.

Hoxc8 has also been shown to be involved in regulation of cell proliferation (Lei et al.,
2006; Maulbecker and Gruss, 1993), and its downregulation in embryos exposed to maternal
diabetes points to the intriguing possibility that a feedback regulatory loop may exist
between the regulation of cell proliferation and Wnt3a expression in caudal growth of the
embryo. Hyperglycemia during pregnancy can then be hypothesized to disrupt the balance
of signals in this feedback loop, and this hypothesis will be experimentally tested in future
experiments.

Our results implicate reduced expression of various components of the Wnt signaling
pathway at extra- and intra-cellular levels and in regulation of β-catenin dependent
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transcription. In this regard, it is intriguing that in a second independent microarray
experiment that included a much larger number of genes on the chip (Pavlinkova et al.,
submitted), we have identified additional components of Wnt signaling as altered in
diabetes-exposed embryos (Table 3). While not yet validated by independent expression
assays, all results implicate reduced gene expression, consistent with our RT-PCR data.
These findings, combined with our results reported here, position Wnt signaling as a major
intersection of abnormally regulated pathways in diabetic embryopathy. In summary, our
results suggest several possible molecular pathways that may be involved in mediating the
increased susceptibility to congenital malformations associated with diabetic pregnancies
through altered expression of developmental control genes.
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Figure 1. Expression of Sst and Wnt3a in Hoxc8-Isl1 transgenic embryos
The expression patterns of Isl1, Sst and Wnt3a in the E10.5 transgenic embryos were
analyzed using whole mount in situ hybridization. Panels A–C: control embryos transgenic
for the TA transgene. Panels D–F and H–J: Isl1-transgenics generated according to the
breeding scheme in Panel G. Signals for Sst expression were more intense in the transgenic
embryos (Panels E, H, compared to Panel B), and this appeared throughout the entire Sst
expression domain. Wnt3a expression was decreased in the tail bud and the neural tube in
transgenic embryos hemizygous for both TA and TR (TA/+ TR/+, Panel F) compared to
controls transgenic for transactivator only (TA/+ +/+, Panel D). Compound transgenic
embryos with transgenic loci in excess of hemizygosity (TA/TA TR/+, Panel I) exhibited
greater reduction of Wnt3a expression compared to TA/+TR/+ embryos (Panel F). Green
stippled lines mark the posterior region in Isl1 hybridized embryos (Panels A and D);
increased signal intensity in the posterior region of the Isl1-transgenic embryo indicates
overexpression of the Isl1-transgene, as expected. Black stippled lines mark length of
distance between hindlimb bud and tip of tail; in both Isl1-transgenic embryos, the tail
region is shorter (as previously published in Muller et al., 2003). Panel J depicts defective
neural tube closure in the lumbar region of the embryo shown in Panel I.

Pavlinkova et al. Page 11

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2010 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Expression of selected developmental control and Wnt pathway genes in diabetes-
exposed embryos
Expression levels were measured by quantitative Real-Time PCR in relation to the
expression levels of the reference gene Polymerase Σ 4 in the same samples. Samples were
from independent diabetes-exposed embryos without overt developmental defects, and
control samples were pools of 4–5 embryos from normal pregnancies. Each open circle
represents an individual diabetes-exposed embryo; each closed circle represents a
measurements for a control sample. Greater values on the axes reflect lower levels of
expression; hence, data points towards the top of each graph represent lower expression of
the gene of interest, data points towards the bottom of each graph represent higher
expression levels. For the majority of genes where a statistically significantly different
distribution of data points was observed (P-values from two-tailed t-tests are noted) between
diabetes-exposed and control embryos, expression levels are reduced under conditions of
maternal diabetes; the exception is Sst, whose expression levels are increased in diabetes-
exposed embryos. Expression levels were normalized to expression levels of PolΣ4 for
calculation of the fold magnitude of change (see text).
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Figure 3. Decreased expression of Wnt3a in diabetes-exposed embryos
Expresssion patterns of Wnt3a (Panels A, B, E, F) and Sst (Panels C, D, G, H) were
visualized by in situ hybridization on whole mounts specimen of diabetes-exposed and
control embryos at E10.5. Wnt3a expression was reduced in both the tail bud and the neural
tube of embryos from diabetic pregnancies compared to control embryos. Two patterns were
observed for Sst expression in diabetes-exposed embryos: Panel G shows increased
expression in midbrain, cervical and caudal areas (marked by black stippled line) relative to
other regions in the embryo; Panel H shows relative decrease of Sst expression in those
areas. Closure of the hindbrain appears delayed in Panel F.
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