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Abstract:
The limb buds of the early embryo are formed at the lateral flank by an outgrowth of cells
from a layer of embryonic tissue called the lateral plate mesoderm. Shortly after this
initial outgrowth, cells from the lateral edges of adjacent developing tissue invade the
limb bud to form the muscles, nerves and vessels of the limb. The limb bud increases in
size and the individual skeletal elements are laid down along the body axis in an inner to
outer fashion. Anteroposterior patterning of the developing limb is controlled by a small
group of cells located along the postaxial limb bud border called the zone of polarizing
activity (ZPA). The secreted molecule, sonic hedgehog (Shh) is produced by the cells of
the ZPA and has been shown to play an important role in this process of pattern
formation. Grafting the cells of the ZPA onto developing host tissue induces mirrorimage limb duplication. In addition to this, exposing embryos to exogenous Shh results in
polydactyly. Polydactyly is a birth defect characterized by the presence of more than the
normal number of fingers or toes. This defect with or without associated malformation(s)
is found to be 5 to 19 in every 10000 births. To further understand the etiology of
abnormal limb development, we have generated a mutant mouse line that mis-expresses
Shh. Alcian blue staining of cartilaginous tissue shows that these mutant mice exhibit
polydactyly and other related skeletal defects. Differences in gene expression between
mutant and control mice were assessed using in-situ hybridization with probes for Fgf8,
Fgf10 and Shh.
Taken together, morphological and molecular expression analysis data supports our
hypothesis that mis-expression of Shh leads to digit duplication defects.
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Introduction:
Counting a perfect set of 10 toes and 10 fingers often provides reassurance to new
parents that their baby has been born healthy. A perfect complement of tiny fingers and
toes in a newborn intrigues the beholder. However, a great deal of intricate patterning
goes into the development of the limb.
Significance
Of all limb defects, polydactyly, which is defined as having more than 5 digits on
one or more limbs, is one of the most frequently observed congenital defects1. The
prevalence of polydactyly with or without associated malformation(s) varies between 5
and 19 in every 10,000 births2,3,4. Studies have shown the incidence of all types of
polydactyly to be 2.3 per 1000 in white males, 0.6 per 1000 in white females, 13.5 per
1000 in black males, and 11.1 per 1000 in black females5,6. Polydactyly can be generally
divided into pre- and postaxial polydactyly7. Preaxial polydactyly (PPD) is defined as
excess digits on the radial side of the limb and is subdivided into four types: Type I
(PPD-I) or thumb polydactyly is the duplication of one or more of the skeletal
components of a biphalangeal thumb; Type II (PPD-II) describes polydactyly of a
triphalangeal thumb; Type III (PPD-III) is polydactyly of an index finger; and Type IV
(PPD-IV) is also known as polysyndactyly, or webbed digits. Postaxial polydactyly is
defined as duplication of the fifth digit or the pinky in either the hand or the foot which is
further categorized as Type A and Type B. Type A postaxial polydactyly is said to exist
when the extra digit is fully developed and Type B is said to exist when the extra digit is
rudimentary8. Treatment of polydactyly usually involves corrective surgery, which is
1

advised in the first 2 years of an individual’s life to avoid psychological effects and to
give the individual more time to recover and heal7. The surgery required to repair digit
defects is expensive and recovery is often slow and painful.
Though polydactyly is not a fatal defect, it has been shown to be associated with
other more serious syndromes. Table 1 highlights several syndromes that are associated
with polydactyly. However, to understand the mechanism(s) behind the cause of
polydactyly, one must first have an understanding of normal limb development.
Limb Development
Life in the purest form begins at conception when one sperm and one egg merge
to form what is called a zygote. The zygote undergoes series of mitotic divisions to
produce a blastula followed by the reorganization of cells to form the gastrula.
Gastrulation is an important process that divides the zygote into the three distinct layers
of ectoderm, mesoderm and endoderm (Figure 1). The dorsal ectoderm then undergoes
the process of neurulation forming the neural tube and the notochord (Figure 2). Once
neurulation is complete, organogenesis begins. This process involves directing cells as to
what they will become (pattern formation), telling cells where to go (positional
information), and sealing cell fate. A cell’s fate is dependent upon on the types of signals
the cell is exposed to while acquiring functional and structural identity. This is one
reason why a foot looks different than a hand.

2

Table 1. Syndromes with associated polydactyly.

1.

Syndrome

Symptoms

Happle Tinschert

Basaloid follicular hamartomas (benign tumor like

Syndrome9

nodules), short leg, polydactyly and hypoplastic
teeth

2.

Pallister Hall Syndrome 10

Characterized by polydactyly along with
hormonal imperfections and seizures

3.

Joubert Syndrome 11

Brain malformation along with cleft palate and
polydactyly

4.

Meckel Syndrome 12

Central nervous system defects, improperly formed
brain, cystic kidneys and malformed liver with
polydactyly.

5.

Bardet-Biedl Syndrome 13

Retinitis pigmentosa associated with defining
symptoms of polydactyly and obesity

6.

Acrocallosal Syndrome 14

Macrocephaly associated with limb defects like
hand and/or feet polydactyly, syndactyly

7.

8.

Ellis-van Creveld

Rare disorder characterized by dwarfed limbs,

Syndrome15

polydactyly and correctable heart defects

Short rib polydactyly 16

Thoracic deformities along with the observation of
polydactyly

9.

VACTERL Syndrome 17

Defects observed in the vertebrae, anal region,
heart, trachea, esophagus, kidney and limb usually
being polydactyly

10.

Laurin-Sandrow

Polysyndactyly associated with nasal defects

Syndrome18
3

Figure 1: Stages of embryonic development. The morula is a solid ball of mitotically
active cells that gets compressed to form a fluid filled ball called the blastula. The
blastula then through different cell movements rearranges the cell and forms the three
distinct layers of the ectoderm, mesoderm and endoderm, known as a gastrula.

Figure 2: Formation of the neural tube and the notochord through the process of
neurulation. Somites are formed from the paraxial mesoderm on either side of the
neural tube and notochord.
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Post gastrulation and neurulation, the mesoderm lateral to the neural tube
(paraxial) separates into blocks of cells called somites19. Mature somites contain 3 major
components: the sclerotome which forms the vertebrae and rib cartilage, the myotome
which forms the musculature of the back, ribs and limbs; and the dermatome which
develops into the dermis of the back 20. Limb development in vertebrates occurs during
the mid 4th week of gestation when part of the mesoderm called the lateral plate, along
with the somites set up, what is called the limb field (Figure 3).

Figure 3: Schematic of the embryo and the differentiation of the somite.
Representation of the limb field from the parietal lateral plate mesoderm which develops
into a bulge of mesenchymal cells under the ectoderm called the limb bud.

5

Limb buds consist of a condensation of cells of the lateral plate mesoderm or an
outgrowth out of it. The limb develops into 3 distinct structures that form directionally
from the body towards the digits: the stylopod, the zeugopod and the autopod (Figure 4).
The stylopod and the zeugopod give rise to bone structures and are conserved among
almost all species21. However, it’s the autopod that changes the way the limb looks in
different animals giving rise to either limbs, wings or flippers or even webbed limbs22.
Upper limbs and lower limbs have their own specific function, but they form similarly
over 3 distinct axes. The proximal-distal axis is set up from the shoulder/pelvis to the tip
of the limb which is the finger or toe. The dorsal-ventral axis sets up the palm/sole on the
ventral side and the knuckles and nails or the hard surface on the dorsal surface of the
limb. The anterior-posterior axis is the 3rd axis in the limb with the pinky (digit 5) being
on the posterior side and the thumb being on the anterior side (digit 1). The network of
these 3 axes sets up the fully functional limb (Figure 4).

Figure 4: Parts of the vertebrate limb and developmental axes.
6

Signaling Centers in the Developing Limb
There are 2 important signaling centers in the limb bud that guide limb outgrowth
and digit specification (Figure 5). The first region, known as the apical ectodermal ridge
(AER), is a thickening of the ectoderm on the distal tip of the limb bud and sets up the
proximal-distal axis23. The AER plays an important role in the induction and outgrowth
of the limb bud. Studies have shown that removal of the AER leads to cessation of limb
development, while grafting of an extra AER to an existing limb leads to the
development of supernumerary digits24. The AER functions to keep the mesenchyme of
the limb bud in constant proliferation while providing the necessary signaling molecules
required for the outgrowth25. The AER secretes (Fibroblast Growth Factor’s) Fgf’s26 and
thus Fgf’s are distalizing factors in limb developments and the cells that are not within
the range of the AERs influence remain proximal in nature27. However, the FGFs do not
function alone in bringing about changes in the limb bud.
The second important signaling region in the limb is called the zone of polarizing
activity (ZPA). The ZPA is a cluster of mesenchymal cells found in the posterior region
of the limb bud. The ZPA and the AER support each other and provide information to
set up the antero-posterior axis and proximo-distal axis28. Removal of the ZPA and
grafting it to the anterior region of the limb bud lead to the development of
supernumerary digits29. The ZPA secretes a signaling molecule called Sonic Hedgehog
(Shh) which works with the FGFs secreted by the AER to bring about limb
development30.

7

Figure 5: Longitudinal section through the limb bud showing the AER, ZPA and
limb bud mesoderm. The AER and ZPA are important areas in terms of growth and
differentiation.
Sonic Hedgehog Signaling in the Limb
Shh is a member of the hedgehog family of signaling molecules that was
identified based on its homology to the Drosophila segment polarity gene, hedgehog
(hH)31,32. In the developing limb, Shh is secreted from the ZPA and acts as a diffusible
morphogen, in that the developing limb is exposed to Shh in a gradient fashion (Figure
5)33. The posterior region of the limb, which is closest to the ZPA, receives the
maximum amount of Shh while the anterior portion develops independent of Shh
signaling33. Digits 2, 3, and 4 are exposed to varying amounts of concentrations of Shh
for varying lengths of time. The digits in the limb are created according the
concentration of Shh they receive. (Figure 6)

8

Figure 6: Development of the limb under a Sonic Hedgehog concentration gradient.
The anterior part of the limb grows under the strong influence of Shh while the posterior
part grows mostly independent.

The role of a Shh-gradient in digit specification has been investigated extensively.
Saunders and Gasseling took the ZPA and transplanted it to the anterior side of the limb
bud and found mirror image duplication of digits with an exact double of what was
normally formed34. Riddle et. al. transfected embryonic chick fibroblasts with a viral
vector containing the Shh gene, which then was expressed, translated and secreted in
these fibroblasts35. When these Shh-expressing fibroblast cells were inserted onto the
anterior ectoderm of the early chick limb bud, they induced mirror image duplications of
digits. These experiments indicate that the secretion of Shh protein is sufficient for
polarizing activity35.
9

Moreover, Lopez-Martinez et. al. showed that beads soaked in the autoproteolytic
products of Shh is capable of producing digits in the anterior portion of the limb36. They
inserted the beads soaked artificially in the amino-terminal cleavage product (N-Shh) as
well as naturally produced and they found the production of supernumerary digits. The
natural N-Shh was found to be tightly localized to the posterior side of the limb bud. In
addition to this, Stefanov et. al. digested the anterior portion of the limb bud and grafted
it into another limb bud which resulted in the formation of supernumerary digits37. Taken
together, this data supports that Shh secreted from the anterior portion of the developing
limb induces digit formation.
In contrast, when limbs grow in the absence of the Shh, the digits do not form
properly. Zhu et. al. removed Shh by using a Cre-deleter line which caused no change in
the digit identity but a progressive loss in digit number38. Thus showing Shh is required
to maintain cell number. Chiang et. al. generated Shh homozygous mutant mice which
had a single terminal phalanx with a more claw-like forelimb structure. This structure
did not have a nail bed and it had hair on the dorsal side but lacked it on the ventral
leaving a stub like structure which resembled a thumb39. Results from these types of
experiments, indicate that Shh is required for proper digit specification.
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Hypothesis
To further investigate the role of a Shh signaling gradient during development,
our laboratory has generated a mutant mouse line that ectopically expresses Shh.
Disruption of the Shh signaling gradient in these mice resulted in numerous
developmental defects; one of which was polydactyly. The experiments described in the
present thesis project were designed to further characterize the digit defect found in Pax2Cre X ShhLoxp mice and to test the hypothesis that mis-expression of Shh leads to digit
duplication defects.
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Methods and Materials:
Mice: The ShhLoxp transgenic mouse line was generated at the Mouse Genome
Engineering Facility at UNMC. The transgene used to create the ShhLoxp transgenic mice
was designed and generated in our laboratory. As shown in Figure 7, this transgene
contains a 1.8kb chicken β-actin promoter (isolated from pCAGGS-Flpe, Gene Bridges),
a 9.4kb LacZ fragment flanked by two Loxp sites (isolated from plox-nls-LacZ vector,
kindly supplied by the Beisel and Salbaum Labs), and a 2.6kb full length Shh cDNA
insert (Clonetech).

Figure 7: Schematic of the ShhLoxp transgene plasmid.
Pax2-Cre mice were supplied by Dr. Garrett Soukup (Creighton University) and
have been described previously40. B6.129S4-Gt (ROSA) 26Sortm1Sor/J reporter mice
were purchased from The Jackson Laboratory. This R26R line contains a loxP-flanked
DNA STOP sequence preventing expression of a downstream LacZ gene. When crossed
with the Pax2-Cre transgenic strain, the STOP sequence is removed and LacZ is
expressed in tissues where Cre is expressed. All mice were maintained in the Creighton
University Animal Resource Facility, and all experiments were performed in accordance
12

with procedures approved by the Creighton University Institutional Animal Care and Use
Committee.
Embryo Dissection and Genotyping: Embryos were dissected from the uterus in 0.1M
Phosphate Buffer (PB) and were perfused with 4% paraformaldehyde [pH 7.4] (PFA).
Tails or embryonic sacs were isolated from each embryo and used for genotyping.
Embryonic tissue was digested in 500μL of Tail Digestion Buffer and 6μL Proteinase K
(Applied Biosystems/Ambion) overnight at 55oC. The next day after digestion,
microcentrifuge tubes containing embryonic tissues were cooled to room temperature,
3μL of RNase A was then added and tubes were incubated at 37oC for 30 minutes to 1
hour. Next, 250μL of Saturated NaCl Solution was added and then tubes were mixed by
inverting several times rapidly. The tubes were then refrigerated or placed on ice for 30
minutes or longer until a precipitate was formed. Tubes were then centrifuged at
13000rpm for 5-10 minutes at room temperature. Following centrifugation, the
supernatant was removed and placed in a new microcentrifuge tube with 500μL of
Isopropanol and inverted several times to mix solutions. After centrifugation at
13000rpm for 10 minutes, the supernatant was poured off. The remaining pellet was then
washed with 500μL 70% Ethanol and centrifuged at 13000rpm for 10 minutes. After the
supernatant was again removed, the pellet was allowed to air dry at room temperature.
Dry pellets were resuspended in 100μL of 0.1 x TE [TE is a mixture 1 mM Tris of pH
8.0, 0.1 mM EDTA diluted in npDI water from 1M Tris pH8 (Fisher Scientific) and from
0.5M EDTA (Fisher Scientific)] suspension was assisted by incubating tubes at 55 co for
5-10 minutes followed by vortexing to mix. Genotyping of embryos was then performed
13

using primers for Shh and Cre to distinguish between control and mutant embryos.
(Primers were purchased from Integrated DNA Technologies) Shh Primers: Forward: 5'
GTT CGG CTT CTG GCG TGT GAC 3', Reverse: 5' GGC ATG CAA GCT CCT ATA
ACT TC 3'; Cre Primers: Forward: 5' GCC TGC ATT ACC GGT CGA TGC AAC GA
3', Reverse: 5' GTC GCA GAT GGC GCG GCA ACA CCA TT 3'. For the PCR
Reaction, we used RedTaq ReadyMix PCR Reaction Mix (Sigma). The reaction
mix/sample included 12.5µL Red Taq (Sigma), 10.5µL nuclease free water (Sigma),
0.5µL Forward Primer, 0.5µL Reverse Primer, 1µL sample DNA. The PCR program
used for genotyping embryos were as follows: Stage 1 - 1 cycle: 94ºC - 6 Min, 55ºC - 1
Min, 72ºC - 2 Min. Stage 2 - 35 cycles: 94ºC - 30 Sec, 55ºC - 30 Sec, 72ºC - 1 Min.
Stage 3 - 1 cycle: 72ºC - 10 Min. Stage 4 - 4ºC Hold.
Cre-Lox Transgenic System: In the transgenic Cre-Lox design, ShhLoxp mice carry a
LacZ reporter driven by the strong β-actin promoter, which is ubiquitously expressed in
all cell types41. In the absence of Cre, the LacZ reporter gene is active, but expression of
the Shh transgene, which is proceeded by a STOP codon, is turned “off”. When ShhLoxp
mice are crossed with mice from the Pax2-Cre line, Cre excises the LacZ reporter
construct and STOP codon and turns “on” ectopic expression of Shh. When embryos
from this cross are stained for -galactosidase activity, tissue that carries the Loxp-Shh
transgene stains blue in the absence of Cre. In contrast, embryos that carry both the
Loxp-Shh transgene and the Pax2-Cre transgene, will lack blue staining in tissues that
express Cre. Figure 8 shows a schematic diagram of this cross.
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Figure 8: Schematic of the cross generating the transgenic mouse: Pax2-Cre X
Loxp-Shh.
β-galactosidase Staining: To determine β-galactosidase activity, embryos were fixed in
4% paraformaldehyde (PFA) (Electron Microscopy Sciences) in 24 well plates for 1
hour, and then placed in 0.1M Phosphate Buffer (PB) for a 10 minute wash. For each
milliliter of staining solution, 0.948mL 0.1M PB, 10μL 0.5M K3Fe(CN)6, 10μL 0.5M
K4Fe(CN)6, 2μL 1M MgCl2, 10μL 1% Deoxycholic Acid, 10μL 1-2% NP-40, and 10μL
X-gal (Sigma -100mg/ml) was prepared.

Embryos were incubated in 2ml/well of

staining solution and monitored every 2-3 hours until a reaction (blue color) was seen
(~approx 24 hours). After staining was complete, tissue was then stored in 4% PFA.
Pictures of the stained embryos were taken at varying magnifications using both a
Fisherbrand Stereomaster dissecting microscope with Adobe Photoshop CS2 software
and LeicaS8AP0 microscope with an Olympus DP71 camera with Olympus DP
Controller and DP manager software.
Alcian Blue Staining: Embryos were dissected from the uterus in 0.1M Phosphate
Buffer (PB). If the embryos were younger than embryonic day 14 (E14), the visceral
organs were not removed. If embryos were older than E14, the viscera were removed
during dissection so that the blood and dark color of the organs would not interfere with
15

staining and photographing. Following dissection, embryos were fixed in Bouin’s
solution for 2 hours and then were rinsed in 70% ethanol and 0.1% Ammonium
Hydroxide (NH4OH) for 6-8 washes until they appeared white. Each wash was for at
least 3-4 hours. Embryos were then washed 2 times in 5% acetic acid for 1 hour each.
Embryos were then stained for 2 hours (or more for larger embryos) in 0.05% Alcian
Blue (Acros) in 5% acetic acid. Alcian Blue is a dye that forms complexes with anionic
glycoconjugates (AG) such as proteoglycans (PG) and glycosaminoglycans (GAG).
Cartilage consists mainly of chondroitin sulfate, which is a sulfated glycosaminoglycan
(GAG) usually found attached to proteins as part of a proteoglycan. Because of this,
Alcian Blue can be used to stain embryonic cartilage and study skeletal morphology44.
Once the embryos were stained blue, they were then washed twice in 5% acetic acid for 1
hour each wash. Embryos were then cleared in 100% methanol, twice for 1 hour each.
Embryos were then transferred into polyethylene scintillation vials and incubated in 2:1
benzyl benzoate: benzyl alcohol overnight. Pictures of stained embryos were taken using
a Fisherbrand Stereomaster dissecting microscope with Adobe Photoshop CS2 software.
Whole Mount In-Situ Hybridization: Whole mount RNA in-situ hybridization was
performed using digoxigenin-UTP-labeled riboprobes for Shh, Cre, Fgf-8, and FgF-10.
Prior to the experiment, embryos of desired stage were dissected out in 1X PB and fixed
in 4% PFA at room temperature (RT) or 4°C. Embryos that had been fixed for 1 week or
longer were then dehydrated in 100% methanol and stored at -20°C. Prior to beginning
in-situ hybridization (ISH), embryos stored in 100% methanol were rehydrated at room
temperature (RT) in 75% methanol for 5 minutes, 50% methanol for 5 minutes and
finally in 25% methanol for 15 minutes or until the embryo sinks to the bottom of the
16

tube. All of the following steps described for ISH were done in 2ml Eppendorf tubes
using 2ml total volume of solution per tube, unless otherwise indicated. After
rehydration, embryos were washed in Phosphate Buffer Saline (PBS), 3 times at RT for 5
minutes each. Embryos were then digested in 10ug/ml of Proteinase K at RT for varying
amounts of time depending on embryo age: 6 minutes for embryonic day 8.5 (E 8.5), 10
minutes for E 9.5, 13 minutes for E 10.5, 15 minutes for E 11.5, 17 minutes for E12.5.
Following Proteinase K digestion, embryos were immediately fixed in a mixture of 0.2%
Glutaraldehyde and 4% paraformaldehyde for 5 minutes and washed 3 times at 5 minute
intervals in PBS. Embryos were then incubated in 1.8ml pre-hybridization buffer (PreHybridization Mix: 50% Formamide by volume, 50% 2X Sodium Saline Citrate by
volume, 6% Dextran sulfate by mass) for 1 hour in a rotation hybridization oven at 60°C.
Following prehybridization, 200ul of denatured salmon sperm DNA (Applied
Biosystems/Ambion) was added to each sample along with 100ng of riboprobe.
Riboprobes used for ISH were generated in the laboratories of Drs. Garrett Soukup and
Sonia Sanchez (Creighton University). The primers used for riboprobe generation were
as follows: Shh Forward: 5' GTT GGA CAG CGA GAC CAT GC 3', Shh Reverse: 5'
TAA TAC GAC TCA CTA TAG GGC AGG AGA GGA ATG CGG AGG T 3'; Cre
Forward: 5’ GCC TGC ATT ACC GGT GGA TGC AAC G 3’, Cre Reverse: 3’ GTG
GCA GAT GGC GCG ACA CCA 3’; Fgf8 Forward: 5’ CTG CCT GCT GTT GCA CTT
G 3’, Fgf8 Reverse: 5’ TAA TAC GAC TCA CTA TAG GGT TGA GGA ACT CGA
AGC GCAG 3’; Fgf10 Forward 5’ CAC ATT GTG CCT CAG CCT TTC 3’, Fgf10
Reverse: 5’ TAA TAC GAC TCA CTA TAG GGT CCT CTC CTG GGA GCT C – 3’.
Embryos were incubated overnight in the hybridization mix at 60C in a rotation
17

hybridization oven. After 24 hours, the hybridization mix was removed and replaced
with Sodium Saline Citrate (SSC) for 10mins at 60C. The same step was repeated 3
times and then incubated for an hour at 60°C in a heat bath. The embryos were washed
with PBS for 5mins at RT. PBS was discarded and fresh PBS along with 2ul of RNAse
enzyme (Sigma) was added and the embryos were incubated for 1 hour at 37°C. The
PBS – RNAse mix was then discarded and embryos were washed twice in 1X Wash
(DIG Wash and Block Buffer Set - Roche) for 10 minutes. Next they were incubating in
fresh 1X Wash Buffer for 1hr at 70°C. Wash Buffer was discarded and 1X Block Buffer
(diluted with Maleic acid-DIG Wash and Block Buffer Set - Roche) was added and the
embryos were incubated for 1 hour at RT. After 1 hour the Block Buffer was removed
and 2ml of fresh Block Buffer (previously diluted with Maleic acid) containing 1ul of the
Antidegoxigenin antibody (Roche) was added to the samples and incubated overnight at
RT. After 24 hours, the Antidegoxigenin antibody/Block Buffer solution was discarded
and embryos were washed with the 1x Wash Buffer 5-7 times a day for one hour each
and left in the final wash at RT overnight. The next day embryos were rinsed with the
1X Detection Buffer (DIG Wash and Block Buffer Set - Roche) for 10 minutes at RT and
upon completion, BM Purple (Roche) was added to the embryos in a 6 well plate and
wrapped in aluminum foil to protect the reaction from light. Embryos were then
monitored every 1 hour until staining was obtained. After staining, samples were stored
at 4C in 4% PFA. Photographs were taken on a Fisherbrand Stereomaster Dissecting
microscope with Adobe Photoshop CS2 software and on a LeicaS8AP0 microscope with
an Olympus DP71 camera with Olympus DP Controller and DP manager software.
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Results:
Crossing the ShhLoxp mice with the Pax2-Cre line resulted in embryos with morphological
defects in several tissues. Figure 9 compares the gross morphological appearance of a
representative mutant resulting from the Pax2-Cre x ShhLoxp with a wildtype littermate.
Mutants from the ShhLoxp x Pax2-Cre cross exhibited inner ear, cephalic, and craniofacial
defects, as well as polydactyly.

Figure 9: Gross Morphology of ShhLoxp x Pax2-Cre mutant mice as compared to
littermate control. Embryos were harvested and fixed at E15.5. Asterisks indicate
tissues where morphological defects were observed: *inner ear; **exencephaly in cranial
region; ***cleft palate [inset]; and ****polydactyly on the hind limb. (2.5x)
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Figure 10 shows X-gal staining results in control and mutant embryos from the
Pax2-Cre x ShhLoxp cross. Control embryos from this cross exhibit staining throughout
the entire embryo showing ubiquitous LacZ expression (Fig. 10A) and (Fig. 10C). In
contrast, Pax2-Cre X ShhLoxp mutants and lack staining in the inner ear (Fig. 10B* and
D*), midbrain (Fig. 10B** and D**), craniofacial region (Fig. 10B*** and D***), and
limbs (Fig. 10B**** and D****).
To examine Cre expression in the Pax2-Cre line, we crossed Pax2-Cre mice with
a homozygous mice Rosa26R (R26) line. The results of this cross are shown in Figure
11. Cre activity, as measured by X gal staining, was present in the midbrain, inner ear,
craniofacial region and limbs. In addition to this, we directly measured Cre expression
by in-situ hybridization in Pax2-Cre x ShhLoxp mice. The results, shown in Figure 12,
confirm that Cre transcript is present in the limbs and expression is stronger in the
forelimb as compared to the hind limb (see both Fig. 11 B and D and Fig. 12B and D).
Based on these results showing Cre expression in the limbs of the Pax2-Cre line, we
decided to further investigate polydactyly in our mutants using both morphological and
genetic approaches.
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Figure 10: β-galactosidase staining of Pax2-Cre X Shh-Loxp mutant mice as
compared to littermate control. Embryos were harvested and fixed at E15.5. X-gal
staining was performed as described in Materials and Methods. Asterisks indicate the
tissues of interest in mutants (B) and (D) with absence of X-gal (blue) staining as
compared to the controls (A) and (C). Lack of X-gal (blue) staining in the mutant as
compared to control was seen in the inner ear (B,D*), midbrain (B,D**), palatal region
(B, D***) and limbs (B, D****). (2.5x)
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Figure 11: Pax2-Cre X Loxp-Rosa β-galactosidase staining. Embryos were harvested
and fixed at E 15.5.
Methods.

X-gal staining was performed as described in Materials and

Arrows in (A) highlight tissues where X-gal (blue) staining was strong:

midbrain, inner ear, craniofacial region and upper and lower limbs (2.5x). (B), (C) and
(D) show X-gal (blue) staining in the craniofacial region and limbs at higher
magnification (4x).
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Figure 12: In-situ Hybridization of a representative Pax2-Cre X ShhLoxp mutant
mouse as compared to littermate control. Embryos were harvested and fixed at E11.5.
In-situ hybridization with the Cre probe was performed as described in Materials and
Methods. There is no Cre staining in the control embryo limbs as indicated by the arrows
(A) and close up in (C). In comparison, Cre mRNA is present in the limbs of the Pax2Cre x ShhLoxp mutant limbs (arrows in B) and close up in (D). (2x: A, B); (3.5x:C, D).
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Morphological Analysis:
To further characterize limb defects seen in Pax2-Cre x ShhLoxp mice, we
examined limb morphology using Alcian Blue staining. Figures 13 and 14 show
representative Alcian Blue stained control and mutant embryos at stages E13.5, E14.5,
E15.5 and E16.5. A total of 87 embryos from 12 Pax2-Cre x ShhLoxp litters were stained
for morphological analysis. Forelimbs and hind limbs from each of these embryos were
removed via microscopic dissection and photographed individually. Figures 15 and 16
show close-up views of representative control and mutant Pax2-Cre x ShhLoxp forelimbs
and hind limbs with the various bones labeled. The number of digits present on each
limb was counted using these magnified photographs. Digit counts revealed that out of
87 embryos examined, 21 exhibited polydactyly on one or more limbs, while 66 had the
normal number of digits on each limb (Figure 17). For these experiments, polydactyly
was defined as having one or more extra digits on any of the four limbs. Table 2 shows
the breakdown of polydactyly by embryonic stage examined.
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Figure 13: Alcian blue staining of Pax2-Cre X ShhLoxp mutant mice as compared to
littermate controls. Control and mutant embryos were harvested and fixed at E13.5 (A,
B) and E14.5 (C,D). Alcian Blue staining was performed as described in Materials and
Methods. (1x)
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Figure 14: Alcian blue staining of Pax2-Cre X ShhLoxp mutant mice as compared to
littermate controls. Control and mutant embryos were harvested and fixed at E15.5 (A,
B) and E16.5 (C,D). Alcian Blue staining was performed as described in Materials and
Methods. (1x)
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A

B

Figure 15. Alcian Blue Staining of E15.5 Pax2-Cre X Loxp-Shh Forelimbs. Control
and mutant embryos were harvested and fixed at E15.5. Alcian Blue staining was
performed as described in Materials and Methods. (A) Right control forelimb, removed
and magnified (2.5x) showing 5 normal digits. (B) Right mutant forelimb, removed and
magnified (2.5x) showing a total of 9 digits, 4 more than normal.
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.

A

B

Figure 16. Alcian Blue Staining of E15.5 Pax2-Cre X Loxp-Shh Hind limbs. Control
and mutant embryos were harvested and fixed at E15.5. Alcian Blue staining was
performed as described in Materials and Methods. (A) Right control hind limb, removed
and magnified (2.5x) showing 5 normal digits. (B) Right mutant hind limb, removed and
magnified (2.5x) showing a total of 7 digits, 2 more than normal.
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Figure 17: Digit Count Analysis in Pax2-Cre x ShhLoxp embryos using Alcian Blue
staining. 87 embryos ranging from stages E13.5 to E16.5 were stained with Alcian Blue
and examined for digit duplications as described in Materials and Methods.

Total # of Embryos
Examined

# of Embryos with 5
Digits per Limb

E13.5

15

11

# of Embryos with
Polydactyly on One
or More Limbs
4

E14.5

25

19

6

E15.5

29

21

8

E16.6

18

15

3

Total

87

66

21

Stage

Table 2. Breakdown by embryonic stage of Pax2-Cre X ShhLoxp embryos examined
for digit duplication by Alcian Blue staining.
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The next step in our morphological analysis of Pax2-Cre x ShhLoxp mutant limbs
was to categorize defects according to the number of duplications present on individual
limbs and to determine if duplications were preaxial or postaxial. Analysis of digit
duplication location revealed that there were twice as many incidences of polydactyly on
the forelimb as compared to the hind limb and all mutant digit duplications were found
on the preaxial side of the limbs. This data is summarized in Table 3 and Figures 18-21.

Stage

R. Forelimb

L. Forelimb

R. Hind limb

L. Hind limb

E13.5

4

4

0

0

Pre: 4
E14.5

Post: 0

Pre: 4

6
Pre: 6

E15.5

Pre: 6

8

E16.5

2

Total

Pre: 6

Post: 0

Post: 0

Pre: 3

Pre: 21

Pre: 4

Post: 0

Pre: 2

Pre: 3

Pre: 12

Post: 0
1

Post: 0

Pre: 1

12
Post: 0

Post: 0
3

2
Post: 0

Post: 0
4

Post: 0

Pre: 4

21
Post: 0

Pre: 0

4

3

20
Pre: 20

Post: 0

Pre: 8

Post: 0
6

8
Post: 0

Pre: 2

Pre: 0

6
Post: 0

Pre: 8

Post: 0

Post: 0
8

Post: 0

Pre: 8

Post: 0

Table 3. Location and type of digit duplications observed over stages E13.5 to
E16.5.
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Figure 18: Incidence of polydactyly in Pax2-Cre X ShhLoxp mutant mice on forelimbs
and hind limbs.
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Figure 19. Type of digit duplications observed in Pax2-Cre X ShhLoxp mutants.
examined.
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Figure 20: Representative Alcian Blue staining results of Pax2-Cre X ShhLoxp control
and mutant forelimbs from E13.5 to E16.5. This figure shows that polydactyly is
observed in both the right and left forelimbs but always on the preaxial thumb (digit I), or
radial side of the limb* (2.5x).
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Figure 21: Representative Alcian Blue staining results of Pax2-Cre X ShhLoxp control
and mutant hind limbs from E13.5 to E16.5. This figure shows that polydactyly is
observed in both the right and left hind limbs (with the exception of the hind limb in
E13.5) but always on the preaxial big toe (digit I), or tibial side of the limb* (2.5x).
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Molecular Analysis
Alcian Blue staining of Pax2-Cre x ShhLoxp limbs revealed preaxial extra digits
observed in mutants were morphologically similar to the normal digits. To confirm this,
we examined expression of two limb markers in mutant embryos: Fgf8 and Fgf10.
Figure 22 shows that in both mutant and control embryos at stages E10.5 and E11.5,
FgF8 transcript is found in the AER. In addition to this, Figure 23 shows that Fgf10
expression in the limb bud from E10.5 to E12.5 is the same in both mutant and control
embryos.
Next, we compared Shh expression in the limbs of mutant and control embryos
during the process of limb development. At very early stages of limb development, E8.5
– E9.5, we observed little to no difference in Shh expression patterns (Figure 24). At
E10.5, there was strong Shh expression in the ZPA in the limbs of both control and
mutant embryos (Figure 25A and Figure 25B, arrows). At E11.5, we observed an
absence of Shh expression in the forelimb (Figure 25C, asterisk) and fading expression of
Shh in the ZPA of the hind limb (Figure 25C, arrows) in the control embryo. In contrast,
the E11.5 mutant embryo had persistent Shh/ZPA expression in the forelimb and hind
limbs (Figure 25D, arrows). At E12.5, Shh expression in both the control and mutant
embryos was gone (Figure 25E and Figure25F, asterisk). This data prompted us to look
at Shh expression more closely at E11.5 in a severe Pax2-Cre x ShhLoxp mutant.
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Figure 22: Fgf8 expression in Pax2-Cre x ShhLoxp embryos. Control and mutant
embryos were harvested and fixed at E10.5 and E11.5. In-situ hybridization with an Fgf8
riboprobe was performed as described in Materials and Methods. Arrows highlight the
staining in the AER in the limb bud in both control and mutant embryos. (3.5x)
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Figure 23: Fgf10 expression in Pax2-Cre x ShhLoxp embryos. Control and mutant
embryos were harvested and fixed at E10.5, E11.5, E12.5 and E13.5. In-situ
hybridization with an Fgf10 riboprobe was performed as described in Materials and
Methods. Arrows highlight staining in the limb bud of both control and mutant embryos
at E10.5 and E11.5. Individual digits in both control and mutant embryos at E12.5 and
E13.5 express FgF10 at the distal tips at this stage. Note the presence of extra digits in
the E12.5 and E13.5 mutant. (3.5x)
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Figure 24: Shh expression in Pax2-Cre x ShhLoxp embryos at pre-limb development
stages. Control and mutant embryos were harvested and fixed at E8.5 and E9.5. In-situ
hybridization with a Shh riboprobe was performed as described in Materials and
Methods. Expression of Shh in controls at mutants at these stages is similar. (4x).
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Figure 25: Shh expression in Pax2-Cre x ShhLoxp embryos during limb development.
Control and mutant embryos were harvested and fixed at E10.5, E11.5 and E12.5. In-situ
hybridization with a Shh riboprobe was performed as described in Materials and
Methods. Arrows indicate expression of Shh in the ZPA of the forelimb and hind limbs.
Asterisks highlight absence of Shh expression in the limbs. Note the persistent
expression of Shh in the ZPA of the forelimb of the E11.5 mutant (D) as compared to the
control (C). (2.5x)
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Examination of Shh expression in a severe Pax2-Cre x ShhLoxp mutant at E11.5
revealed an ectopic region of Shh expression in the forelimb (Figure 26). This extra
source of Shh was located in the anterior (thumb/big toe) region of the developing limb
bud (see Fig. 27**), opposite of the normal Shh-expressing ZPA (see Fig. 27*). In
addition to this, we observed an expanded region of Shh in the hind limb of the severe
mutant (see Fig. 27***).

Figure 26: Pax2-Cre X ShhLoxp mutant with severe defects harvested and fixed at
E11.5. In-situ hybridization with a Shh riboprobe was performed as described in
Materials and Methods. The head region of this mutant embryo does not have many
recognizable features and the brain tissue is exposed. The jaw, forelimb and hind limb are
labeled to provide reference as to where the head and tail region of the embryo are
located. (4x)
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***

Figure 27: Close-up of Forelimb and Hind limb from Pax2-Cre X ShhLoxp mutant
with severe defects harvested and fixed at E11.5. Mutant embryo exhibits the presence
an ectopic region of Shh expression in the forelimb on the anterior (thumb/big toe) side
of the developing limb bud (**), opposite of the normal Shh-expressing ZPA (*). In
addition to this the ZPA in the hind limb (***) is expanded as compared to controls (See
Figure 25 for comparison). (4.5x)
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Discussion:
To drive ectopic expression of Shh, our laboratory created a transgenic mouse line
that carries a silent floxed LacZ-stop-Shh transgene. When this ShhLoxp line is bred to
mice that expresses Cre recombinase, the Cre protein excises the LacZ reporter section of
the transgene and turns on expression of Shh in any tissue that expresses Cre. We
originally crossed the ShhLoxp mice with a Pax2-Cre line to drive ectopic expression of
Shh in the developing inner ear. Expression of Cre-recombinase in the Pax2-Cre line is
driven by the Pax2 promoter, which has been shown elsewhere to be one of the earliest
markers of inner ear development 42.
Ohayama et al. characterized Cre expression in the Pax2-Cre line showing it is
expressed in the midbrain-hindbrain boundary, kidney, optic vesicle, spinal cord, nasal
placode and otic placode40. When we crossed our ShhLoxp mice with the Pax2-Cre line,
we observed defects in several of these tissues. On a gross level, Pax2-Cre/ShhLoxp
mutant mice were easily identified because they suffered from exencephaly, which is a
type of cephalic disorder wherein the brain is located outside of the skull. Another
graduate student in the lab examined the inner ears of Pax2-Cre/ShhLoxp mutant mice
observed that the semicircular canals were improperly formed. Since Pax2 is expressed
in the midbrain-hindbrain boundary and the otic vesicle, cranial and otic defects were
expected in our cross. However, in addition to these expected defects, Pax2-Cre/ShhLoxp
mutants exhibited other gross morphological defects, such as cleft palate and polydactyly.
Cleft palate is a common birth defect when the roof of the mouth doesn’t close properly
during development. Polydactyly is defined as having more than 5 digits in any of the
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four limbs. These two defects were unexpected based on the fact that; (1) Pax2 has not
previously been shown to be involved in the development of either of these tissues43 and
(2) Cre activity had not been previously reported to be active in either of these tissues in
the Pax2-Cre transgenic line40.
To further investigate this, we examined LacZ reporter activity in embryos
resulting from the ShhLoxp x Pax2-Cre cross. For these assays, we were interested in
mutant tissue that lacked Xgal staining as compared to controls. Results from these
experiments showed that most tissue in control embryos stained positive for Xgal, while
mutants lacked blue X-gal staining the midbrain region, inner ear, craniofacial region and
limbs. Lack of X-gal staining in the inner ear and midbrain was expected based on
previously published Pax2-Cre data38, but lack of X-gal staining in the limbs and
craniofacial region of mutants was unexpected for the same reasons listed above.
Because X-gal staining was present in the same tissues in which we observed
unexpected gross morphological defects, we next examined Cre expression in the Pax2Cre line. These results showed that Cre activity, as measured by X gal staining, was
present in the midbrain, inner ear, craniofacial region and limbs. To create the Pax2-Cre
line, Ohayama isolated a bacterial artificial chromosome (BAC) clone containing 101 kb
upstream of the mouse Pax2 coding region and a 20-kb region including the first three
exons of the Pax2 gene. This data showing Cre expression in tissues that do not
endogenously express Pax2 suggests this line is not specific to Pax2-expressing tissues
and is ‘leaky’. Because of this, when we crossed this Cre line to our ShhLoxp mice, Shh
was ectopically expressed in the limbs, which is why these mice develop polydactyly.
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Pax2 has not been previously shown to be expressed in the limb and thus this defect is
unrelated to endogenous Pax2 expression. However, we decided to take advantage of the
leaky Pax2-Cre line to further investigate the role of Shh in limb development.
To do this, we examined limb morphology using Alcian Blue cartilage staining.
A total of 87 embryos from 12 Pax2-Cre x ShhLoxp litters between the ages of E13.5 and
E16.5 were stained for morphological analysis. The bones in the limbs are recognizable
and it is possible to count digits and identify polydactyly at stages E13.5 and older. The
reason embryos were not all examined at the same stage was because it was not possible
to consistently schedule dissections at one time point for all 12 litters. The mouse
gestation period is between 18 and 21 days and we chose not let Pax2-Cre x ShhLoxp go
beyond E16.5 because the exencephaly observed in mutants was so severe.
Alcian Blue digit count analysis revealed that out of 87 embryos examined,
21.14% (21/87) exhibited polydactyly on one or more limbs, while 75.86% (66/87) had
the normal number of digits on each limb. These numbers correlated with the fact that
both mouse lines – Pax2-Cre and ShhLoxp were heterozygous. Crossing these 2
heterozygous mouse lines produces offspring with the following genotypes: Cre+/Shh+
(control); Cre+/Shh- (control); Cre-/Shh+ (control); and Cre-/Shh- (mutant). Therefore, it
was expected that any given litter from the Pax2-Cre x ShhLoxp would result in a 3:1 ratio
of controls to mutants. This ratio matched with the number of controls (66) to mutants
(21) observed in the Alcian Blue experiments.
In addition to counting digits, we also categorized defects according to the
number of duplications present on individual limbs and determined if duplications were
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preaxial (extra digits are located on the side of the hand or foot by the first digit) or
postaxial (extra digits are located on the side of the hand or foot by the fifth digit). Our
data shows that forelimb duplications in mutants (41 total) are twice as common as hind
limb duplications (20 total) and digit duplications on the right forelimb (20 total) are just
as common as on the left forelimb (21 total). This data correlates with the fact that we
found stronger Cre expression in the forelimb as compared to the hind limb. The most
striking observation made during our morphological analysis was that all 61 incidences of
polydactyly were preaxial, in that the duplication was present on the anterior (thumb/big
toe/digit I) side of the limb.
Alcian Blue staining of Pax2-Cre x ShhLoxp limbs also revealed extra digits
observed in mutants were morphologically similar to the normal digits. To confirm this,
we examined expression of two limb markers in mutant embryos: Fgf8 and Fgf10. Fgf8
is normally expressed in the developing limb bud between E10 and E12 46 and in the
apical ectodermal ridge (AER). Fgf10 is one of the earliest markers of limb development
with expression beginning at E11.5 and ends around E13.5 and E14.5 for the hindlimb45.
We compared expression of both Fgf8 and Fgf 10 expression in mutant and control
embryos over the course of limb development. Results from these experiments showed
that Fgf8 was expressed in the apical ectodermal ridge of both mutant and control limbs
at E10.5 and E11.5. In addition to this, FgF10 was expressed broadly in all 4 limb buds
at E10.5 and E11.5 and then confined to the distal tip of the developing digits at E12.5 in
control and mutant embryos. Taken together this data suggests that supernumerary digits
on Pax2-Cre x ShhLoxp mice developed normally and expressed the appropriate limb
markers, there were just more of them in number.
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Once we established supernumerary digits in Pax2-Cre x ShhLoxp mutant mice
exhibited normal morphology and expressed appropriate developmental markers, we
sought to further investigate the source of Shh that was potentially inducing extra digits.
As mentioned previously, Shh is secreted from a small region of mesenchyme in the
developing vertebrate limb bud, called the zone of polarizing activity (ZPA) and digit
identity is specified based on the amount of Shh to which the tissue is exposed (see
Figure 6 for review). Shh has been shown to be expressed in at E10 in the ZPA of the
forelimb and hind limb and expression in both limbs ceases at E12.548. We compared
Shh expression in the limbs of mutant and control embryos during the process of limb
development. Results from these experiments showed no difference in Shh expression in
mutant and controls at early stages of limb development – E8.5, E9.5 and E10.5.
However at E11.5, mutant embryo had persistent Shh/ZPA expression in the forelimb and
hind limbs as compared to littermate controls. Then, at E12.5, Shh expression in both the
control and mutant embryos was gone. This data suggested that Shh was misexpressed in
our mutant limbs somewhere between E11.5 and E12.5. Based on this, we examined Shh
expression more closely at E11.5 in a severe Pax2-Cre x ShhLoxp mutant. Examination of
Shh expression in a severe Pax2-Cre x ShhLoxp mutant at E11.5 revealed an ectopic region
of Shh expression in the forelimb, located in the anterior (thumb/big toe) region of the
developing limb bud, opposite of the normal Shh-expressing ZPA. In the E11.5 mutant
hind limb, the ZPA was expanded as compared to controls. This correlated with
morphological data that all the extra digits were all on the thumb side (preaxial
polydactyly) and the ISH-Cre expression.
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Conclusions:
Our laboratory generated a mutant mouse line using the inducible Cre-Lox
system. Mutants resulting from this cross exhibited defects in both expected and
unexpected tissues. Based on Pax2-Cre expression38, we predicted and found that Pax2Cre/ShhLoxp mutant mice have both inner ear and cephalic defects. Unexpectedly, we
also observed defects in tissues that had not been previously shown to express Pax2-Cre:
the craniofacial region and the limbs. Defects seen in the limbs of Pax2-Cre x ShhLoxp
mutants were of interest to our laboratory because polydactyly is the most frequent
congenital limb defect observed at birth1. Because polydactyly is common and often
associated with other more serious syndromes (see Table 1 for review), we designed a
series of experiments to further characterize the digit defect found in our mice and to test
the hypothesis that mis-expression of Shh leads to digit duplication defects.
Pax2 has not previously been shown to be involved in the development of the
limb and the original paper describing the Pax2-Cre mouse line does not report
expression of Cre in the limb38, yet when we examined -galactosidase staining in
embryos resulting from the Pax2-Cre x ShhLoxp cross, we clearly saw a lack of X-gal
(blue) stain in the limbs. In-situ hybridization also confirmed that in Pax2-Cre x ShhLoxp
mutants, Cre transcript is present in the limbs. From these experiments, we were able to
conclude that Cre is present in the limbs of Pax2-Cre mice at critical time points during
limb development.
Morphological analysis of mutant and control limbs revealed that 21% exhibited
polydactyly on one or more limbs, while 76% had the normal number of digits. These
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analyses revealed duplications were found more frequently in the forelimb as compared
to hind limb and that 100% of the duplications observed in Pax2-Cre x ShhLoxp were on
the preaxial side of the limb. Overall, we saw no differences in Fgf8 and Fgf10
expression between mutant and control embryos – even in extra mutant digits. This
confirmed the fact that the extra digits observed were ‘normal’ and that there were only
more of them.
Limb development in vertebrates involves a great deal of intricate patterning, yet
the tiny limb bud contains all the information needed to develop into a fully functional
organ over 3 separate axes. The zone of polarizing activity (ZPA) is a cluster of cells
found in the posterior region of the limb bud that is involved in setting up digit identity
along the antero-posterior axis of the limb. The ZPA secretes Shh which acts as a
morphogen during limb development. The digits of the forelimb and hind limb develop
according to the concentration of Shh they receive (see Figure 6 for review). Because our
Cre-lox transgenic system was designed to introduce ectopic expression of Shh in areas
where Cre was expressed, we directly examined Shh expression in the limbs of mutant
and control embryos during the course of limb development. Results from these
experiments revealed that at E11.5 Pax2-Cre/ShhLoxp mutant mice had an ectopic region
of Shh expression in the forelimb, located in the anterior (thumb/big toe) region of the
developing limb bud. This ectopic expression was opposite of the normal Shh-expressing
ZPA. The ZPA in the mutant hindlimb was expanded as compared to controls.
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Taken together our results support the hypothesis that misexpression of Shh leads
to digit duplication. Future studies should involve looking at expression of downstream
Shh targets such as Patched and Gli50,51.
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