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Abstract 
 

Multiple therapeutic avenues are being investigated to treat muscular dystrophies and 

myopathies but many of them are met with limitations that are hard to overcome with 

existing technology. Moreover, animal models that are commonly used to study these 

diseases do not sufficiently recapitulate the severity of the disease in humans. We have 

attempted to develop a new technique that could alleviate these issues. In utero 

transplantation has been successfully used in the treatment of hematopoietic disorders, but 

their potential to generate chimeras in other organs has been less frequently investigated. 

We utilized an ex vivo culture system for whole embryos as a proof of concept to determine 

whether in utero transplantation would be a suitable method to generate chimerism in 

muscle. We then transplanted cells in utero into the developing muscle of mouse embryos. 

We were able to detect the presence of transplanted cells up to three days post-

transplantation. ES cell derived progenitors also showed similar results. We therefore 

propose that in utero transplantation can be used to potentially generate humanized muscle 

in various animals to act as a source of cells for therapeutic transplantations or for scientific 

purposes.  
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Chapter 1 : Introduction 
 

The purpose of this thesis was to investigate the potential of in utero transplantation 

for the purpose of generating humanized muscle in animals. We therefore sought to 

investigate whether transplanted myogenic cells can survive and engraft in developing 

mouse embryos. To do this, we asked two important questions in muscle development. The 

first was whether ex vivo culture of embryos is a good method to model limb development. 

We hypothesised that embryos can be cultured ex vivo for a short period enabling us to 

answer many developmental questions in mouse limb development. The second was to 

determine whether cells could be transplanted into mouse embryonic muscle without 

causing much fatality and whether these cells engraft in the embryos to form muscle 

derived from the transplanted cells.   

There is a great need in the field of medical science to find treatments for conditions 

that arise from genetic mutations and dysfunctions. The most common inherited muscle 

disorder and the focus of many therapies is Duchenne Muscular Dystrophy (DMD)  that is 

an X-linked muscle-degenerating disorder affecting 1 in 3802 to 1 in 6291 male births.1. It 

is characterised by the complete loss of expression of the sarcoplasm stabilising protein 

dystrophin. Dystrophin connects the cytoskeleton of the muscle fibres to the extracellular 

matrix (ECM) via a protein complex known as the dystrophin associated glycoprotein 

complex (DGC) (Fig 1) and it is responsible for dissipating the forces produced during 

muscle contractions and therefore it’s loss results in contraction induced damage to the 

sarcolemma.2–4 Over time, the constant damage leads to progressive muscle weakness and 

hypotonia resulting in the symptoms of DMD. Patients are normally wheelchair dependent 

early in their teens and experience respiratory and cardiac problems due to weakening 

muscles in their late teens. As the management of cardiac symptoms has significantly 

improved, patients normally succumb to respiratory failure in their early twenties.5 
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Figure 1: Dystrophin protein with Dystroglycan complex 
Dystrophin connects the actin cytoskeleton to the extracellular matrix via the multi-

protein Dystroglycan complex (DGC)(Adapted from Fairclough et. al.)4 

 

Currently, there are no cures available for DMD. The most common treatment 

given to patients is corticosteroids to help with inflammation and slow the progression of 

the disease but it is by no means a cure and therefore a number of therapeutic avenues are 

being currently investigated. Since DMD is a genetic disorder, gene therapy is a logical 

method of treating it. Three major strategies are under investigation for restoring 

expression of the dystrophin protein. The introduction of a “micro-dystrophin” construct 

that codes for a shorter dystrophin protein delivered using Adeno-associated viruses 

(AAV). Delivering larger constructs using dual trans-splicing AAV vectors have also been 

investigated and has shown some efficacy. The use of these shorter dystrophin constructs 

may impair some of the functions of this protein. A recent study shows that dystrophin is 

transiently expressed in adult muscle stem cells, known as satellite cells, and dystrophin is 

important for the asymmetric division of satellite cells.6 These domains that are responsible 

for this function of dystrophin are omitted from these “micro-dystrophin” constructs and 

therefore may affect the therapeutic potential of this approach. The limited packaging 

capacity of the AAV which make them unfit for delivering an enormous gene like 
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dystrophin and this problem is compounded with the risk of inducing an immune response 

upon injecting large volumes of viral particles to target a large enough number of cells to 

notice any significant functional differences.7 Exon skipping has also been investigated as 

a method for skipping exons with the mutation and restoring expression of dystrophin by 

using antisense oligonucleotides (AON). To this end a phosphoramidate morpholino 

oligomer developed by Sarepta Therapeutics targeting exon 51 of the dystrophin gene has 

received accelerated  approval by the FDA to begin clinical trials for DMD. Previous 

attempts at exon skipping have however failed to show significant clinical benefits and 

have failed at the phase II/III stages of clinical trials.8 As with many other fields, 

CRISPR/Cas9 has also been investigated in vitro as a method to treat DMD. In this method 

the exon containing the mutation can be excised restoring the open reading frame of the 

dystrophin protein leading to a truncated dystrophin protein or the mutated exon can be 

repaired using homologous recombination resulting in a full-length, functional dystrophin 

protein. 9–11 These studies in mice have shown restored dystrophin expression and 

significant changes in muscle strength in Mdx mouse models. However, they are restricted 

by their dependence on AAVs for the delivery of the CRISPR/Cas9 and single guide RNAs 

(sgRNA). 

Stem cell therapies have also been explored to address some of the short-comings 

of gene therapy. Muscle is a highly regenerative tissue due to the presence of Muscle 

satellite cells that can proliferate and differentiate in response to injury. Satellite cells that 

are induced to proliferate in response to injury or exercise are known as myoblasts. 

Myoblasts then upregulate genes responsible for muscle regeneration known as myogenic 

regulatory factors (MRFs) and begin to differentiate into myotubes.12 Due to the 

regenerative properties of myoblasts, their transplantation has been investigated as a 

potential cure for DMD. Early studies by Morgan et. al. showed that transplanted muscle 

mononuclear cells can engraft and give rise to new fibres as well as fuse to existing fibres 

in recipient mice.13 Follow-up studies by the same group showed that the transplanted cells 

engrafted and were detectable 8 months after transplantation in Mdx mice (the mouse 

model of choice for studying DMD).14,15 Similar results were seen in non-human primate 

studies.16–18 However, it was soon discovered that myoblasts lack the ability to 
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continuously divide and maintain a satellite cell pool that will enable future regeneration 

and this factor contributed to the failure of many myoblast transplantation clinical trials on 

DMD patients in the early 1990s.19 This is complicated by the fact that muscle biopsies in 

humans provide a small volume of satellite cells in the first place and therefore they need 

to be greatly expanded to generate a large enough number of cells to see any therapeutic 

benefits in patients after transplantation. Moreover, satellite cells are extremely dependent 

on their niche for the maintenance of their proliferative and regenerative capacities and 

spontaneously differentiate into myoblasts when they are cultured.20 Therefore, there is a 

need to identify a method to generate an alternate source of cells for MT. 

Induced pluripotent stem cells (iPSC) have been investigated as a potential cell 

source for myoblast transplantation (MT) due to the ability to readily derive them from 

patient-derived tissue. Most commonly skin fibroblasts are used due to the ease of isolation. 

An outline for iPSC based therapy for DMD patients has been proposed by Hotta where 

mononuclear cells are isolated from the patient and subjected to gene correction. These 

cells are then reprogrammed into iPSC and expanded. Following expansion, the cells are 

differentiated into myogenic cells and transplanted back into the patients.21(Fig 2) Since 

these cells are derived from the patient, there is little chance of immunological 

complications. However, efficient myogenic differentiation and scale-up of myogenic 

differentiation remain elusive. It is therefore essential to develop a method to obtain large 

numbers of satellite cells or myoblasts if the potential of myoblast transplantation as a 

therapeutic method is to be realised.      

The generation of humanized organs in a host animal is a potential approach for 

regenerative medicine to repair muscle in patients suffering from myopathic diseases. For 

the creation of humanized organs in animals, it is essential to selectively knockout genes 

in the blastocysts that are critical for organ development.22 MRFs or Pax3 mutant mice 

provide an ideal model since mice carrying mutations in these genes exhibit a complete 

absence of muscle or at the level of the limb respectively and can provide the empty niche 

for myogenesis.23,24 However, since the injection of human stem cells into pre-gastrulation 

embryos has been met with a lot of ethical debate over the contribution of these cells to the 

central nervous system (CNS),25 in utero transplantation of stem cells into post-gastrulation 
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genetically modified mouse embryos is a potential approach for generating humanized 

organs. This approach allows the production of humanized muscle via in utero injection of 

iPSCs in to mutant mouse embryos that are developmentally vacant of limb musculature. 

These mice will serve as an animal model to study human muscle diseases, and responses 

to pharmacological agents. In addition, muscle engineered in these strategies holds 

potential as a source for muscle stem cell transplantation for patients suffering from 

myopathic diseases.   

 

 

Figure 2: Cell therapy for DMD 
Skin fibroblasts can be isolated and reprogrammed to iPSC. The gene can be corrected and 

the cells expanded as iPSCs. The expanded cells are then converted to myoblasts or 

myofibres and then transplanted into the patient.(Adapted from a review by Hotta. 21) 

 

We therefore investigated whether in utero transplantation of muscle stem cells can 

be potentially used to generate humanised muscle in animal models. We hypothesised that 

the transplantation of cells in an embryonic environment would provide a suitable 

environment for the proliferation and engraftment of donor cells without the risk of 

immune rejection as the immune system is still developing and naïve at this stage. In utero 

transplantation is not a novel approach and stems from observations made by Owen on 

dizygotic bovine twins where both animals showed haematopoietic chimerism with its 
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twin.26 These observations showed that cells that engrafted in a foetus early in development 

could functionally contribute to the adult animals without generating immunological 

consequences. Since then in utero transplantation has been investigated for a number of 

diseases caused due to mutations in important genes, especially in the haematopoietic 

system.27 Studies in mice have shown that donor-derived cells can be isolated from 

peripheral blood even six months post in utero transplantation in NOD/SCID mice and 

anaemic mice.28,29 It was initially thought that genetically deficient mice were required for 

high levels of chimerism, but a highly sensitive PCR assay developed by Carrier et al 

showed that similar levels of engraftment could be achieved in non-deficient mice with the 

induction of tolerance to skin grafts from the mice from which the donor cells were 

obtained.30 Since then, in utero transplantation of human cells has been shown to be 

successful in dogs31,32, monkeys33,34 and sheep35. Clinically, in utero transplantation has 

been used in humans in the treatment of X-linked Severe Combined Immunodeficiency 

Syndrome (SCID)36–39 and Osteogenesis Imperfecta40. We therefore sought to develop a 

technique for the in utero transplantation of mouse myogenic progenitors into the 

developing limb buds of mice and evaluate their potential to engraft post-transplantation.  

In order to determine the right embryonic stage at which the transplantations should 

be performed, it is crucial to understand embryonic limb development in the mouse. During 

development, myogenic progenitors arise from segmented structures called somites that 

form from the paraxial mesoderm on both sides of the neural tube in a rostro-caudal manner 

around E8 in the mouse. Cells from the dorso-medial lip of the somite, upon receiving cues 

from surrounding tissue, form the dermomyotome where all myogenic progenitors of the 

body arise.(Fig 3a) From the myotome, these progenitors migrate towards the limbs in two 

to three waves.(Fig 3b) The first wave occurs from E9.5 to E14.5. These cells differentiate 

to form primary fibres that act as a scaffold for the successive myogenic progenitors that 

arrive in the second wave which begins at E14.5.41 These fibres continue to mature 

postnatally to form fully functional skeletal muscle. We chose to inject myogenic 

progenitors into the embryos around E12.5-E13.5 in order to  
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Figure 3: Developmental Myogenesis (Adapted from Sambasivan and Tajbaksh) 41 

(A)  Presomitic mesoderm gives rise to somites which later leads to the formation 

of the dermomyotome based on signals from surrounding tissues. The myotome 

is the origin of all myogenic progenitors in the body. 

(B) Muscle forms in waves during myogenesis. The first wave occurs around E9.5-

E14.5 and forms primary fibres that act as a scaffold for the subsequent waves 

of progenitors to for secondary and tertiary fibres on.  

 

give them enough time to adjust to the new microenvironment before having an opportunity 

to migrate with the second wave of muscle progenitors. The site of the injections was at 
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the base of the limb bud so cells could migrate into the limb with other migrating cells. 

This also gave the primary fibres time to develop without interference from injected cells.  

Before we injected cells into the developing embryos, we wanted to validate the 

injection procedure and make sure that the adult myoblasts we inject can survive in an 

embryonic environment. To do this, we attempted to develop an ex-vivo short term culture 

method for the development of post-implantation embryos. Ex vivo culture of post 

implantation embryos has been used for short term studies of mammalian development42–

46 as well as for testing the effects of pharmacological agents on development.47 In order 

to culture the embryos, we adapted a serum-free culture technique described by Kalaskar 

and Lauderdale48. Embryological cultures of mid-gestation embryos are normally 

performed using a rolling culture apparatus that we did not possess at our lab and therefore 

we used a 6 well plate that was placed on a rocker inside an incubator to facilitate 

penetration of oxygen and nutrients. In order to enable easy detection of our cells post 

transplantation, we used adult myoblasts isolated from Myf5nLacZ/+ mice where the LacZ 

gene is knocked into one of the alleles in the Myf5 locus. As the Myf5 gene is expressed by 

activated satellite cells and myoblasts and is downregulated after the initiation of 

differentiation. However, for our work to be clinically relevant, it is important to know if 

pluripotent stem cells such as embryonic stem cells (ESC) or induced pluripotent stem cells 

(iPSC) can be used instead of adult myoblasts for transplantations. To this end we utilised 

mouse ES cells developed in our lab in that contains an inducible Pax3 gene. The gene was 

inserted using an inducible cassette exchange plasmid developed by Iacovino et al.49 The 

construct allows the insertion of a transgene into the genome of the ES cells after induction 

using doxycycline.(Fig 4) The transgene is also induced by doxycycline so its expression 

can be controlled by removing doxycycline from the culture medium. These cells have 

been shown to be myogenic and engraft and differentiate upon transplantation into adult 

mice by Darabi et al.50 They transplanted the cells into Pax7-/- mice and found donor-

derived satellite cells in the mice showing the functionality of these cells. We therefore 

infected these cells with an adenoviral vector containing LacZ to enable their detection and 

transplanted them into mouse embryos determine if they can contribute to the developing 

limb.  
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Figure 4: Inducible Cassette Exchange Vector (Adapted from Iacovino et. al.)49 

Pax3 was inserted into the gene-x region of the cassette and electroporated into P2LoxP 

ES cells. The introduction of Dox induced recombination in between the cassette and the 

ES cell genome and led to the insertion of the Pax3 gene behind the tetracycline 

Response Element (TRE).  

 

A major limiting factor in the study of DMD is the lack of a suitable animal model. 

The most common animal model used is the mdx mouse that has a mutation in the Dmd 

gene that recapitulates the loss of the dystrophin protein. However, the mice do not have 

as severe a phenotype as human patients and have significantly longer proportional life 

spans. They do not exhibit severe respiratory and cardiac symptoms as has been observed 

in DMD patients and the muscle weakness is not as pronounced.51 In order to overcome 

this dystrophin/utrophin double knock out mice have been used that more closely mimic 

DMD but they have a disadvantage in that they do not have the same etiology which might 

confound clinical relevance.52 Humanising the muscle in the mice has been reported to 

recapitulate the severity of DMD and therefore could be a better model to study the disease 

in an animal model. If our studies show positive results we can use the method to derive 

patient-specific animal models to screen for treatments thus bypassing the need for inferior 

mouse models. We therefore propose a new model for myoblast transplantation therapy for 

muscular dystrophies based on deriving transplantable cells through in utero 
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transplantation into an animal host that can be allowed to grow. The animal can then be 

sacrificed to isolate patient-derived cells for transplantation. 

 

 

Figure 5: Flowchart of proposed therapeutic applications 

(1) Isolate skin fibroblasts from patient (2)Correct gene and convert to iPSCs 

(3)Differentiate iPSC to myogenic progenitors (4)Transplant into desired animal with 

Pax3 knocked out (5)Allow the embryo with the patient derived muscle to develop into 

an adult or juvenile animal (6)Use animal as patient-specific disease model for drug 

screening and studying disease pathogenesis (7) Isolate patient-specific satellite cells 

from limb muscle of the animal (8)Transplant back into patients as therapy 

 

 In this thesis, we develop a short term ex vivo culture system for short term limb 

development and utilised this method to validate whether adult myoblasts can survive in 

an embryonic environment post micro-injection. We then transplant the same cells into 

developing mouse embryos at around E12.5-E13.5. Our studies showed that the 

transplanted cells engraft in the developing embryo and contribute to the developing 

1 

2 
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muscle. We also utilised myogenic progenitors derived from ES cells containing an 

inducible Pax3 gene and found that these cells can engraft in the embryos as well.  
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Chapter 2 : Methods 
 

Myoblast Culture and Collection 

Myf5+/nLacZ myoblasts were thawed from frozen stocks stored in liquid nitrogen. 

The cells were expanded in Ham’s F10 medium (Invitrogren) with 10% Fetal Bovine 

Serum (FBS, Fisher Scientific), 2.5 ng/mL basic fibroblast growth factor (bFGF, R&D 

Systems) and 50 μg/mL Penicillin/Streptomycin (Gibco) on 100mm collagen  (BD 

Biosciences) coated tissue culture plates (Sarstedt) containing 8mL of the myoblast 

medium. The plates were placed in an incubator at 37°C with 5% O2 and 5% CO2. The 

myoblast medium was changed every 48 hours.  

When the myoblasts reached 45-55% confluency, they were passaged into new 

plates. The media was aspirated off the plates and 5 mL of Phosphate Buffered Saline 

(PBS) was used to rinse the cells. PBS was aspirated and the plates were incubated with 

1mL of Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) containing 0.25% 

trypsin at 37°C for 3 minutes. The cells were then re-suspended in 4 mL of DMEM with 

2% FBS. To ensure that the majority of the cells were collected, the DMEM was pipetted 

up and down rotating the plate to ensure cells from all sides were collected. The DMEM 

with the cells were then pipetted into a 15mL tube and 10 μL of this suspension was used 

to count the cells in a haemocytometer. The cells were pelleted by centrifuging at 1000 

rpm for 5 minutes. The cells were re-suspended in myoblast medium at a concentration of 

5x105 cells/mL. To plate the cells, 1mL of this cell suspension was added to 7mL of 

myoblast medium in 100mm collagen coated plates. Excess myoblasts were frozen down 

in myoblast medium with 10% Dimethyl Sulfoxide (DMSO, Sigma-Aldrich) and aliquoted 

into 2 mL cryotubes. The cryotubes were placed in a sealable container with an isopentene 

bath and placed in -80°C for 48 hours before placing the tubes in liquid nitrogen for long 

term storage. 

For injections, myoblasts from an individual plate were harvested following the 

same protocol as for passaging, however, instead of re-suspending them in myoblast 

medium, they were re-suspended in PBS to a final concentration of 1x105 cells/μL and 
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Trypan Blue (Sigma) was added to a final concentration of 10% to act as a tracker for the 

injection. 

 

ES Cell Culture and Collection 

ES cells with an inducible Pax3 gene (iPax3 ESC) were generated by Dr. Yusaku 

Kodaka and available in our lab. To culture the ES cells, neomycin resistant mouse 

embryonic fibroblasts were plated one day before plating of the ES cells on 35 mm plates 

coated with a 0.1% gelatine solution for 5 minutes. The feeder cells were grown in DMEM 

with 10% FBS and 1% penicillin/streptomycin. The next day iPax3 ESCs were thawed and 

collected by centrifuging them in 4 mL of ES cell medium which comprises of Knock out 

DMEM (Gibco) containing 20% Knockout Serum Replacement (Thermo Fisher 

Scientific), 0.1% penicillin/streptomycin, 0.1% GlutaMax (Gibco), 0.1% non-essential 

amino acids (Hyclone) and 0.0007% 2-mercaptoethanol (Sigma). mLIF is added before 

culture to a final concentration of 0.1%. The cells are centrifuged at 1000 rpm for 5 minutes 

in a 15 mL tube. The supernatant was aspirated and the cells were re-suspended in 2 mL 

of ES cell culture medium with LIF (Millipore). After the cells reached 50-60% 

confluency, they were harvested to form embryoid bodies (EB) in order to derive 

mesoderm progenitors. The cells were rinsed twice with PBS before incubating them with 

300 μL of 0.25% trypsin in DMEM for 3 minutes at 37°C. The cells were then collected 

using 4 mL of DMEM into a 15 mL tube and counted using a haemocytometer. The cells 

were centrifuged and the pellet was re-suspended using EB medium which comprised 

DMEM containing 10% FBS, 5% Horse serum (Gibco), 1% Glutamax, 50 μg/mL 

Penicillin/Streptomycin, 1% Non-esssential amino acids (Hyclone) and 0.0007% 2-

mercaptoethanol (Sigma). Cells were diluted to a final concentration of 105 cells/mL and 

transferred to a trough for easy pipetting. A special plate with low adherence to cells was 

used to form the EBs using the hanging drop method. 20 μL of the cell suspension were 

pipetted onto the plate forming droplets of medium using a multipipetter with eight tips. 

The droplets were spaced equidistant from each other. After all the droplets were pipetted 

onto the plate, the plate was inverted making sure the droplets remained in place and 
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cultured in 37°C for three days. After three days the EB are collected by adding more 

medium into the plate and they are cultured in suspension for another three days. 

To induce the cells down a myogenic lineage, the EBs were collected and plated 

onto 35 mm culture dishes coated with 0.1% gelatine for 5 minutes. The gelatine was 

aspirated and 3 EBs per plate were seeded. The EBs were cultured using EB medium. To 

induce the expression of Pax3, doxycycline was added to the medium (0.05% final 

concentration). The EBs were cultured with doxycycline for 10 days. On the ninth day, the 

cells were infected with adenovirus containing the LacZ gene were used to infect the cells. 

The virus was added and left overnight to infect the cells. The next day, the cells were 

collected by trypsinization and re-suspended in PBS with 10% Trypan blue for injections. 

 

Micropipette Pulling and Grinding 

Micropipettes were pulled using a P-97 Micropipette puller (Sutter Instruments) 

and G-100 Capillary tubes (Narishige). The capillary tubes were carefully fixed into the 

grooves of the pulling arms of the micropipette puller making sure not to touch the filament. 

The ramp value of the capillaries was found using the built-in program in the machine. 

This was used to determine the optimal heat required to pull the capillaries. For pulling the 

capillaries, the parameters (Heat, Pull, Velocity, Time and Pressure) needed to be 

optimised to yield micropipettes that had tips that were of the optimum length and diameter 

for our injections. Over 40 combinations were tried before settling on the following values: 

Table 1: Parameters Used for Pulling Micropipettes 

 

Heat Pull Velocity Time Pressure 

Ramp 0 30 0 250 

 

The tips of the pulled capillaries were then broken off at a distance of around 75% the 

length of the tip from the base. They were then sharpened using an EG-45 micropipette 

grinder (Narishige). The tips were ground to an angle of 20° for an hour. The capillaries 

were lowered onto the grinder carefully using a dissecting microscope making sure that 

they are not lowered too fast to prevent breaking the tip. The sharpened capillaries were 
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transferred to a dish with tape to act as an adhesive and stored in 70°C chambers to reduce 

chances of contamination.  

 

Animals 

Mice used in the experiments were housed in an SPF environment and were 

monitored by the Research Animal Resources (RAR) staff of the University of Minnesota 

until they reached experiment age. The animals were provided access to drinking water 

and standard chow ad libitum and monitored daily prior to the experiments. All protocols 

were approved by the Institutional Animal Care and Usage Committee (IACUC) of the 

University of Minnesota. The animals were euthanized by appropriate means (CO2/O2 

inhalation or KCl injection after being anesthetized with IP injection of Avertin 

(Tribromoethanol, Aldrich). These methods are consistent with the recommendations of 

the Panel of Euthanasia of the American Veterinary Medical Association. 

 

Timed Pregnancies 

Mouse embryos that were cultured and injected with cells had to be at a specific 

developmental time point. In order to obtain embryos at the right time points, pregnancies 

had to be timed and monitored. Up to five female mice were caged together away from 

male mice to synchronise their oestrous cycles and extend the dioestrus phase of the cycle. 

During mating, 3 pregnant females per male mouse were transferred to a cage and allowed 

to mate overnight. The synchronisation of the oestrus cycle allowed mating to take place 

within two to three days and therefore embryos of identical time points could be obtained.  

In order to check for successful mating, mice were examined the following morning 

for the presence of a vaginal plug that was formed by secretions from the male mouse. To 

check for the plug, mice were held by the base of the tail and the vaginal orifice was 

examined for the presence of a sticky white mass. It was important to check for the plug in 

the morning as the plug could fall off after activity was resumed leading to missed 

pregnancies. The morning when the plug was observed was taken as 0.5 days post coitus 

(dpc). The presence of a plug did not guarantee pregnancy but signified the occurrence of 
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sexual activity and therefore the mice had to be monitored to look for signs of pregnancy 

by feeling for the embryos through the abdominal wall. 

 

Embryo Isolation and Culture 

Embryos were cultured at E10.5, E11.5 and E12.5 to evaluate the best time point 

for successful cultures. In order to isolate the embryos, female mice at the desired time 

points in their pregnancies were sacrificed by cervical dislocation and the abdominal wall 

cut open to expose the uterus. The uterus was dissected out and rinsed in a dish containing 

PBS at 37°C. The following steps were conducted under a dissecting microscope to ensure 

precision. The uterus was transferred to fresh PBS at 37°C and the cut into single embryos. 

The uterine wall was cut open carefully, ensuring the yolk sac was not punctured, to expose 

the embryos. The embryos along with the placenta were detached from the uterine wall 

using fine forceps. Alternatively, Forceps could be used to carefully rip the uterine wall 

apart. The excised embryos were transferred to a plate containing fresh PBS at 37°C. The 

decidua and placenta were carefully removed by teasing them from the yolk sac using 

forceps. A small hole could be observed at the point where the placenta was attached to the 

yolk sac. Using this hole as the entry point, the yolk sac was torn apart just enough to 

enable the embryo to be extracted from the sac. The sac was left attached to the umbilical 

cord and care was taken not to rupture any of the large blood vessels on the yolk sac. The 

amniotic sac was similarly ripped open to expose the embryo to the surroundings. The 

embryo was then transferred to Fresh PBS and placed in 37°C while the other embryos 

were being dissected. Care was taken to maintain the temperature as close to 37°C as 

possible. The embryos that were waiting to be dissected were placed in an incubator at 

37°C to keep them at physiological temperature. 

After all the embryos were successfully dissected, they were cultured in 6 well 

plates with 2 ml of serum-free embryo culture media adapted from Kalaskar and 

Lauderdale.48 The medium contained Knock-out DMEM (Gibco), 10% Knock-out Serum 

Replacement, 2% Bovine Serum Albumin (BSA, Sigma-Aldrich), 50μg/mL 

penicillin/streptomycin and 1.25μg/mL fungizone (Amphotericin B). The plate was then 
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placed on a rocker in a 37°C incubator at around 30 rpm. The embryos were cultured for 

two days and the medium was changed every 24 hrs. 

To perform cell injections, isolated embryos were transferred to warm embryo 

culture medium and cells were prepared as described above. The cells were loaded into 

micropipettes attached to a Hamilton syringe. The embryos were gently held in place using 

forceps and the cells were injected into the base of the limb buds. The embryos were 

cultured for two days and then fixed in PFA before staining with x-Gal.  

 

Figure 6: Schematic of Embryo Culture Experiment 

 

 

In utero Transplantation of Myogenic Cells 

Pregnant mice at E12.5 or E13.5 were selected for in utero injection. The mice were 

weighed on a digital weighing balance to calculate the dose of Avertin (Tribromoethanol, 

Aldrich) required to anesthetise them. The avertin was injected sub-cutaneously on the 

dorsal side of the mouse to prevent toxicity to the embryos. The cells were harvested as 

describe while the mouse was allowed to drift off into an anesthetised state. Once the mouse 

was sufficiently anesthetised as determined by a tail pinch and also by loss of the righting 

reflex, 200 μL of Ketoprofen (Zoetis Inc.) was administered sub-cutaneously as an 

analgesic. The hair on the abdomen was shaved using a clipper or removed using a hair 

removal lotion followed by a quick ethanol wipe. The abdomen was then swabbed with 

betadine (Purdue Products) to sterilise the skin and an incision was made along the midline 

to minimise blood loss. A similar incision was made in the abdominal muscle along the 

midline. If done properly, there was no bleeding. Care was taken not to puncture any 
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internal organs such as the bladder and colon that are located close to the surface of the 

abdominal cavity.  

The embryos were carefully manipulated using blunt forceps and removed from the 

abdominal cavity. The number of embryos on each side were counted for record-keeping. 

The side having the greater number of embryos was selected for injections. The embryos 

from the opposite side were returned to the abdominal cavity. PBS at 37°C was used to 

keep the uterine wall moist to prevent drying and also ensuring tautness of the uterine wall 

that made penetration easier. The PBS was squirted on the embryos using a sterile transfer 

pipette.  

In order to inject, the embryos were held in between the thumb and forefinger 

gently. Excess pressure ruptured the amniotic sac and kill the embryos. The forelimb or 

hindlimb could be seen through the uterine wall and the embryos were maneuvered using 

the thumb and forefinger to bring the target limb as close to the surface as possible. The 

cells were then injected using a glass capillary attached to a Hamilton syringe (Hamilton) 

using an adaptor. 1-2μL of cell suspension were injected into the base of the limb. Only 

one limb was injected in each embryo for this experiment.  

After the embryos were injected, they were returned to the abdominal cavity and 

warm PBS was squirted into the cavity to replace some of the fluids lost during the surgical 

procedure. The abdomen was then sutured and the mouse was allowed to recover on a 37°C 

heat mat. Once the mouse showed signs of awakening, it was transferred back to its cage.  

While handling the embryos it was important not to rupture any of the arteries 

connecting them to the mother as the blood loss could have caused death to the mother and 

the embryos. The mouse was sacrificed after 2-3 days by cervical dislocation and the 

abdominal cavity was cut open. The uterine horns were dissected out and rinsed in PBS. 

The embryos were removed by cutting open the uterus. The placenta, yolk sac and amniotic 

sac were removed and the umbilical cord was cut. The embryos were rinsed one final time 

in PBS to remove any blood and were then transferred to a 15 mL tube containing freshly 

prepared 4% PFA. The embryos were fixed for 30 minutes and then rinsed once in PBS. 

They were then transferred into a dish containing PBS. The skin was peeled off from the 

embryos using forceps to enable better penetration of X-gal. The embryos were then cut in 



 

 19 

half sagittally and the internal organs were removed. The halves of the embryos were then 

returned to the tube and rinsed once with PBS to remove any blood and debris. They were 

then incubated in X-gal staining buffer for half an hour with constant rocking to maximise 

penetration of the buffer. The rinse in the buffer was repeated twice more to ensure proper 

penetration of the buffer. After the washes, the buffer was exchanged for the Lac-Z staining 

solution that contained staining buffer to which 10mM Potassium Ferrocyanide (MP 

Biomedicals), 10mM Potassium Ferricyanide (Sigma-Aldrich) and 25 mg/mL X-gal 

(Sigma) in dimethylformamide to final concentrations of 1%, 1% and 2% respectively were 

added. The embryos were then placed in a humidified incubator at 37°C overnight with 

rocking to enable penetration of the substrate into the muscle.  

The next day, the staining solution was removed and the embryos were rinsed in 

the staining buffer. More buffer was added and the embryos were placed in 4°C to allow 

the colour to intensify. The embryos were then imaged after a few hours using a dissecting 

microscope. 

 

Figure 7: In utero Transplantation 

Embryos are exposed through an incision in the abdomen and the cells are transplanted 

into the limbs through the uterine wall 

 

Sectioning and Immunostaining 

To prepare the embryos for sectioning, they needed to be equilibrated in sucrose 

that acts as a cryo-protectant. They were first equilibrated by rocking in PBS containing 

10% sucrose for an hour followed by 30% sucrose for an hour. The embryos were then 

frozen in Tissue-Tek Optimal Cutting temperature solution (OCT)(Sakura Finetek USA 

Inc.). Moulds were made using aluminium foil and one end was sealed by crimping to 
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ensure there was no leakage of fluids. The mould was then filled with OCT. The embryos 

were dabbed dry on a paper towel and were then lowered into the OCT in the desired 

orientation. The embryos were then placed into a cup of isopentene that was placed in a 

Styrofoam trough containing liquid nitrogen. The isopentene needs to be cold and should 

be frozen around the edges. The isopentene was stirred before immersing the mould with 

the embryo in it to ensure even temperature distribution. The isopentene enabled a slower 

rate of cooling of the OCT and prevented the formation of cracks. Care was taken not let 

the isopentene come in direct contact with the OCT. Once the OCT was completely frozen, 

it was placed on dry ice while the remaining embryos were frozen. The embryos were then 

placed in -80°C for at least 24 hours to ensure they were completely frozen. 

The frozen embryos were then be used for sectioning. The cryostat was set up by 

lowering the internal temperature to -25°C and the temperature of the mount to -22°C. The 

rate of cooling was sped up by placing some dry ice cubes within the cryostat. The frozen 

embryo was then carefully unwrapped from the mould and mounted on the cryostat stage 

using OCT. The OCT was allowed to set for a few minutes in the cryostat and the 

temperature of the embryo was allowed to equilibrate with the cryostat temperature for a 

few minutes. The extra OCT was shaved off in the cryostat till the embryo could be cut. 

The embryo was cut into 8 μm sections and collected on charged glass slides. 

To immuno-stain, a hydrophobic pen (PAP pen) was used to mark off the edges of 

the slides. This prevented any fluids from leaking off the edges of the slides and also 

reduced the amount of reagents required to cover all the sections. The sections were fixed 

using 2% PFA in PBS for 5 minutes. The slides were then rinsed twice using 0.01% Triton 

X-100 in PBS to remove all traces of PFA. The sections were then incubated for an hour 

using 1% BSA to prevent off-target binding of the primary antibody. 200 μL of the primary 

antibody solution were used for each slide. The slides were incubated with the antibodies 

overnight at 4°C. Slides were rinsed and then incubated with secondary antibodies diluted 

in 1% BSA. The slides are incubated with the secondary antibodies at room temperature 

for 2 hours. When Horseradish Peroxidase (HRP) conjugated antibodies were used, the 

slides needed to be stained using diaminobenzidene (DAB) as a substrate in the presence 

of nickel chloride, that darkened the stain, and hydrogen peroxide. Care was taken while 
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handling DAB as it is extremely carcinogenic. To prepare the staining solution, staining 

jars were filled with PBS. A small amount of DAB and NiCl2 was dissolved in the PBS by 

stirring. 3 μL of H2O2 was added to the solution and stirred. The slides to be stained were 

then placed into the grooves of the staining jar and allowed to stain. The slides were 

examined under a microscope every 15 s to check the intensity of staining. Staining was 

stopped by rinsing the slides in another jar containing PBS once the desired intensity was 

reached. Staining took between 3 to 15 minutes. The slides were then incubated with 200 

μL of DAPI for twenty minutes before mounting. To mount, 2-3 drops of fluorescent 

mounting solution (Dako) was added to the slide and a cover slip was gradually lowered 

ensuring no air bubbles formed. The edges of the slides were sealed using nail varnish to 

prevent drying out of the slides and also fixing the cover slips in place.  

 

Whole Mount Immunostaining 

Whole embryos were fixed in a 4:1 mixture of pure methanol and DMSO overnight 

at 4°C with rocking. DMSO was used to permeabilize the embryos. After fixation, the 

embryos were transferred to a freshly prepared solution of methanol, DMSO and hydrogen 

peroxide in a ratio of 4:1:1 to remove any peroxidase activity. The embryos were rocked 

for 5 to ten hours in this solution and then transferred to 100% methanol in which they can 

be stored at -20°C till future use. For immunostaining, the first step was to prepare the 

reagents required. PBSMT containing 2% of Skim milk powder (Organic Valley) and 0.5% 

of Triton X-100 (Ricca Chemicals) in PBS was prepared by rocking overnight to ensure all 

the milk powder was dissolved and there are no aggregates. PBT was prepared with 0.2% 

of BSA and 0.5% of Triton X-100 in PBS with overnight rocking to completely dissolve 

the BSA. The fixed embryos were transferred to 5 mL tubes to sequentially rehydrate them 

in 50% methanol:PBS for 30 minutes with rocking followed by PBS for thirty minutes and 

then PBSMT for thirty minutes. Rocking was performed at an intermediate speed to avoid 

breaking up the embryos. The embryos were then incubated with primary antibodies in 

PBSMT and rocked overnight at 4°C for full penetration. The next day, the embryos were 

washed with PBSMT twice at 4°C and then washed thrice at room temperature with 
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rocking. Each rinse was performed for 60 minutes. Following the washes the embryos were 

then rocked with HRP-conjugated secondary antibodies overnight in PBSMT. The 

embryos were washed again as described above and then used for staining with DAB. The 

embryos were rocked in PBT for twenty minutes and then with freshly prepared DAB and 

NiCl2 dissolved in PBT for thirty minutes for full penetration of the substrates. A few drops 

of H2O2 was then added to the solution for the reaction to take place. The embryos were 

carefully monitored during this step as the staining can take from 2 -20 minutes. Once the 

desired staining levels were achieved, the embryos were rinsed in PBT and transferred to 

4% PFA for post-fixation.  

 

Table 2: List of Primary Antibodies Used 

Antibody Dilution Manufacturer Host 

MyoD (M318) 

1:800 (iPax3) 

1:500 (Embryo 

culture) 

Santa Cruz Rabbit 

MyHC (MF 20) 1:50 Hybridoma Bank Mouse 

Pax7(MAB1675) 1:800 R&D Systems Mouse 

c-Myc(PA3-981) 1:800 Thermo Scientific Sheep 

 

 

 

Table 3: List of Secondary Antibodies Used 

Antibody Dilution Manufacturer Host 

Anti-mouse Alexa 

fluor-488 (A21202) 
1:1000 Life Technologies Donkey 

Anti-Sheep Alxa 

fluor 647 (A21448) 
1:1000 Life Technologies Donkey 
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Anti-rabbit Alexa 

fluor 568 (A10042 
1:1000 Life Technologies Donkey 

Anti-mouse HRP 

Conjugated (170-

6516) 

1:1000 Bio-rad Goat 

Anti-rabbit HRP 

Conjugated (7074) 
1:1000 Cell Signalling Goat 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 : Results 

 

Ex vivo Cultured Embryos Show Morphological Changes and Express Myogenic 

Factors 

In order to evaluate whether our cells can endure the injection procedure and 

survive in the embryonic environment, we decided to develop a short term ex vivo culture 
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method and injected the cells into the limb buds of these embryos. The embryos were then 

cultured for two days and four days in six well plates on a rocker with serum-free medium 

as described by Kalaskar and Lauderdale.48 No significant difference in size and 

morphology were observed between the two days and four days cultured embryos and 

therefore we restricted future cultures to two days.  

The cultured embryos showed changes in morphology when compared to freshly 

isolated ones. Although the changes in morphology did not completely reapitulate typical 

embryogenesis, signs of growth were observed in peripheral tissues (Fig. 8A). The 

midbrain, forebrain and branchial arches showed the most growth. The limbs showed signs 

of progression through the developmental ontogenesis as well, while expansion of the trunk 

was also observed in most embryos. The most notable observation was the formation of 

digits on the embryonic forelimbs of embryos cultured from E12.5 which shows 

progression through limb development to a stage similar to what is seen at E13.5.  

We next wanted to check if myogenic markers were still expressed after the 

culturing process. We performed whole mount immunostaining on the embryos to see if 

the markers were showing different patterns of expression when compared to freshly 

isolated embryos at the initial stage. We stained for MyoD and MyHC in cultured and 

uncultured embryos and were able to detect the proteins after two days of culture (Fig. 8B). 

The embryos cultured at E10.5 showed strong expression of these markers at the somites 

whereas embryos cultured at later stages showed more diffused expression of MyoD 

indicating that the myogenic progenitors have migrated from the somites. The more caudal 

somites stained strongly for MyoD as they were developmentally behind the more rostral 

somites since they formed later during somitogenesis. MyHC staining for  
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Figure 8: Ex vivo cultured embryos show morphological changes and express 

myogenic factors 
(A)  Embryos cultured at three diffeent time points E10.5, E11.5 and E12.5 show gross 

morphological changes post culture. Magnified insets show developmtn of the limb 

and formation of digits after 2 days of ex vivo culture. 

(B) Whole mount immunostaining for the presence of myogenic markers post-culture; 

Upper panel: Staining for MyoD; Lower panel: Staining for MyHC  

Arrows point to somites 

Scale bar: 1 mm 

 

E11.5 cultured emryos still showed localisation to the somites as it is a marker of terminally 

differentiated muscle. The migrating myogenic progenitors did not express MyHC and this 
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staining pattern recapitulated what is expected developmentally.  A total of 47 embryos 

were cultured of which 7 embryos exhibited digit formation.(Table 4) 

Table 4: Number of Embryos Used for Ex vivo Culture 

 

Total Number of 

Embryos Cultured 

Number of Embryos 

Exhibiting Morphological 

Changes 

Number of Embryos 

Exhibiting Digit Formation 

47 33 7 

 

Sections Show Evidence of Developmental Progression 

To get a better idea of the actual extent of limb development, we cut the embryos 

into sections and stained the sections for MyoD (Fig. 9A) and MyHC (Fig. 9B). We used 

freshly isolated embryos at E11.5 and E13.5 to see the expression patterns at the starting 

and end points and compared the expression in embryos cultured for two days beginning 

at E11.5. At E 11.5, at the limb bud, many MyoD positive cells were observed. These cells 

represented migrating myogenic progenitors and would lead to the formation of the 

primary muscle fibres at later stages. E13.5 embryos showed a large number of MyoD 

positive cells in the trunk and limb and had a more defined limb structure. These cells 

represented the primary myofibres that would form the foundation for future myogenic 

progenitors in the secondary wave of myogenesis. The cultured embryos showed a pattern 

intermediate between the two points indicating that development did not progress at the 

same rate as in vivo development. The limb bud was more elongated and MyoD postive 

cells could be detected in the limb bud indicating that the myogenic cells were migrating 

through the developing limb. 

When we compared MyHC staining, a more pronounced difference could be 

observed between the stages. For E11.5, almost no MyHC positive cells could be observed 

near the limb bud as it is a very early stage in myogenesis. However, MyHC positive cells 

were observed near the somites where the muscle is more mature. The E13.5 embryo 

showed a large number of MyHC positive cells in the limb that looked like 
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Figure 9: Sections Show Evidence of Developmental Progression 

Freshly isolated embryos at E11.5 and E13.5 as well as embryos cultured for 48 hours 

beginning at E11.5 were frozen and cut into 8 μm thick sections. The sections were stained 

for MyoD and MyHC. 

(A) Sections stained for MyoD (Violet). The cultured embryo shows an intermediate 

number of cells when compared to the controls.  

(B) Sections stained for MyHC (Violet). The cultured embryo shows intermediate 

number of cells compared to the controls.  

Insets are magnified images of regions indicated by smaller squares. 

Arrows: Arrows indicate positively stained cells; Scale bar: 76 μm; 20 μm (insets) 
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elongating myotubes indicating that these cells are more mature. In comparision, the 

cultured embryos showed fewer MyHC positive cells than E13.5 embryos that were more 

circular than elongated and therefore less mature than the E13.5 cells. When compared to 

the E11.5 embryos the limb bud was again more elongated and contained more mature 

cells as indicated by the MyHC positive cells. Together these results show that the isolated 

embryos progress through development in our culture system. The developmentis slower 

than what is seen in vivo but it provided a platform to evaluate our injection procedure ex 

vivo. 

 

Injected Myoblasts Persist in Ex vivo Cultured Embryos 

 Myf5nLacZ/+ myoblasts were transplanted into the base of the limb buds of isolated 

embryos and cultured for two days in our system. Following culture, embryos were fixed 

and stained using X-gal. Robust staining was observed in all injected embryos at the sites 

of injection (Fig. 10) indicating that the cells survived the injection procedure and that the 

embryonic environment can support the cells. This experiment provided the basis for us to 

transition to in vivo experiments.  

 

In Utero Transplanted Cells Survive in the Developing Embryo 

 The in vitro experiments provided us with a good proof of concept to transition in 

to in vivo transplantations. We first evaluated the feasibility of the transplantation process 

using trypan blue injections. Trypan blue was loaded into syringes and injected into the 

base of the limb bud of E12.5 embryos. The birth of a pup post-injection with trypan blue 

that showed a blue spot at the shoulder region (Data not shown) confirmed that the injection 

process is not fatal to the embryos and allowed us to move forward with the embryos. 

We then wanted to see if similar survival could be seen with cell injections. We 

first decided to inject Myf5nLacZ/+ myoblasts into the base of the limb bud of E12.5-E14.5 
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Figure 10:Injected Myoblasts Persist in ex vivo Cultured Embryos 
Myf5nLacZ/+ myoblasts were injected into the base of the limb buds of E12.5 and E10.5 

embryos. Embryos were cultured for two days and then stained with x-Gal. Upper panel: 

E12.5 embryos injected at the base of the limb bud. Lower panel: E10.5 embryos injected 

at the base of the limb bud.  

Insets show magnified images of x-Gal positive cells. 

Scale bar: 1 mm 

 

mouse embryos. Since this is around the time the primary wave of limb myogenesis has 

occurred, wanted to see if the secondary wave could carry some of our myoblasts with 

them into the developing limb. Micropipettes were loaded with the cell suspension having 

around 104 cells/μL with 10% Trypan blue that acts as a tracer. The embryos were allowed 

to develop for 2 to 3 days in vivo after which the mother was sacrificed and the embryos 

isolated for staining with X-gal. A small number of individual cells could be seen in most 

embryos that were injected. However, large clusters of cells could be seen in only a few 

embryos (Fig. 11A and B). Cells were always seen near the site of the injection (around 

the shoulder of the fetus or the upper thigh of the hindlimb) and did not migrate into the 

limbs as we had hoped. 

To characterize the Lac-Z positive cells, the area around the positive cells were 

dissected out of the embryo and then cut into 8 μm thick sections for immunostaining. The 

sections were stained for MyHC. All Lac-Z positive cells showed positive staining for 
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MyHC (Fig. 11C) indicating that they were differentiating to form mature muscle post-

transplantation. 

 

 

Figure 11: In utero Transplanted Cells Survive in the Developing Embryo 
 

(A) Embryo injected at E13.5 and allowed to develop for 2 days in vivo. Blue dots 

signify LacZ positive myoblasts. 

(B) Embryo injected at E14.5 and allowed to develop for 3 days in vivo. Blue dots 

signify LacZ positive myoblasts. 

(C) Sections of muscle containing cells stained with x-Gal. The sections were stained 

for MyHC. 

Scale Bars: (A-B) 1 mm (C) 19 μm 

 

 The main challenge in conducting these experiments was the high mortality rate 

(Table 5) of the embryos. Initial experiments had almost a 100% mortality. However, as 
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the injection procedure improved and better capillaries were developed, survival eventually 

increased to 70-80%. 

 

Table 5: Overall Percentage of Embryos that Survived In utero Transplantations 

 

Number of Injected Embryos Number of Embryos that 

Survived Transplantations 

Percentage of Embryos that 

Survived Transplantations 

132 59 44.69% 

 

 

ES Cell Derived Myogenic Progenitors Persist in the Embryo After In utero 

Transplantation 

 Although not as robust as we would have wanted, the previous experiments show 

that adult myoblasts injected into developing embryos can survive and differentiate post-

transplantation in the embryonic environment. Consequently, we wanted to evaluate a more 

therapeutically relevant protocol and therefore evaluated the potential of pluripotent cell 

derived myogenic progenitors to engraft in to embryos at similar stages. We utilized a 

mouse ES cell line developed in our lab that contains a doxycycline inducible Pax3 gene 

with a Myc tag to enable its detection. These cells have been shown to generate Pax7 

positive myogenic progenitors post culture with doxycycline. For our studies, we chose to 

inject the cells after 10 days in culture with doxycycline as they were shown to express 

Pax7 at this point (Fig. 12B). The cells were infected with Adenoviral vectors containing 

the LacZ cells one day before injection and injected into the base of the forelimb bud or 

hindlimb bud of E13.5 embryos based on accessibility of the limb bud.  

 To check whether the infected cells still expressed LacZ three days after injection, 

we fixed and stained the cells with x-Gal. Almost all of the infected cells stained positively 

for LacZ indicating that these cells can be detected robustly after transplantation into 

embryos. (Fig 13A) 

Embryos were then isolated 3 days after transplantation and stained. LacZ positive 

cells were observed in one embryo in the folds between the hind limb and trunk (Fig. 13B) 
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indicating the iPax3 ES cell derived myogenic progenitors persisted in the embryos. 

Further characterisation of the cells is required to confirm whether they differentiated into 

muscle. 

 

Figure 12: ES Cell Derived Myogenic Progenitors Express Pax7 (Courtesy of Dr. 

Yusaku Kodaka) 

iPax3 ES cells were differentiated according to the protocol described above. The cells 

were then stained for various myogenic markers. 

(A) Timeline for the derivation of myogenic progenitors from ES cells 

(B) Immunostaining of ES cell derived progenitors using Pax7 (Green), Myc 

(Magenta), MyoD (Red) and Dapi (Blue). Pax7 expression coincides with Myc 

expression indicating the progenitors were derived from Pax3 expressing ES cells 

(Courtesy of Dr. Yusaku Kodaka). 
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Figure 13: ES Cell Derived Myogenic Progenitors Persist in the Embryo After In 

Utero Transplantation 

ES cell derived myogenic progenitors infected with and adenoviral vector containing LacZ 

were injected into hindlimbs of E13.5 mouse embryos. The embryos were allowed to 

develop for 3 days before they were isolated and stained with x-Gal. 

  

(A) LacZ activity was determined 4 days post infection to ensure the expression levels 

do not reduce after few days of growth. Most cells express LacZ after 4 days of 

infection. 

(B) ES cell derived myogenic progenitors were transplanted into E13.5 mouse embryos 

and stained after 3 days. Blue dots indicate the injected cells. 

Scale bars: (B) 50 μm; (C) 100 μm; (D) 1 mm  
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Chapter 4: Discussion 

In this project, our findings demonstrate that the embryonic environment can support the 

transplanted myogenic cells during muscle development in mouse embryos. We used two 

different methods to validate our findings, whole embryonic cultures and in utero cell 

transplantation.  

We first isolated and cultured mouse embryos (E10.5 to 12.5) ex vivo for 2 days 

using a novel culture method which has not been previously described. In our system, we 

utilized a simple culture method using rocking 6 well plates with 5% CO2 and 20% O2 

without using rotator-type bottle culture system with high (90-95%) oxygen.42,45–48 In our 

culture conditions, the embryos exhibited gross changes in both morphology and size. 

However, the embryos did not grow normally: outgrowths were observed in the peripheral 

organs such as the brains, limbs and branchial arches. Such changes were observed in 

embryos from all three time points used in our studies. Especially, we could observe 

progressive digit development at limb buds during 2 days of whole embryo culture. E11.5 

and E12.5 embryos showed better developmental efficiency than E10.5 embryos contrary 

to our expectations since most previous whole mouse embryonic cultures were done using 

E10.5 or earlier.42,43,45,47,48,53,54 The reason could possibly be that the greater support the 

tissues at these stages compared to E10.5. Our whole embryo culture system involves 

vigorous rocking of the plate for better aeration, and therefore the embryos are constantly 

being thrust against the walls of the wells. The impact might cause some stress and 

malformations in the architecture of the tissues at these early stages of development when 

the tissue is still soft and pliable. This could be a contributing factor to the malformations 

observed in our study as well. Another contributing factor could be the lack of sufficient 

oxygen penetration into the embryos. Embryos at this stage of development are relatively 

normally when cultured in a rotating-bottle incubator with 90-95% oxygen to improve 

penetration to the deeper tissues. However, we did not have such an incubator in our 

facility, and therefore the embryos were cultured in a normal incubator with an oxygen 

concentration of 20%. The tissues on the surface therefore receive sufficient oxygen to 
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grow and develop, while tissues on the inside may not receive enough oxygen, and 

therefore the development of the embryos became abnormal. Recently, the use of oxygen 

releasing compounds have been investigated for the purpose of tissue engineering. The 

incorporation of inorganic compounds such as calcium peroxide, magnesium peroxide and 

sodium carbonate that release oxygen upon dissolution in water have been shown to 

increase dissolved oxygen levels in media as well as helped improve oxygen availability 

on tissue seeded on scaffolds.55–57 They have been shown to sustainably release oxygen at 

a constant rate over periods of time and have the advantage of controlling the rate of release 

by altering the material they are encapsulated in. Using these compounds in our culture 

system may improve the oxygen availability to the embryos and improve development.  

In order to determine whether myogenic cells could survive transplantation into 

embryonic tissue, we utilised our embryo culture system as a proof of concept study to 

show that murine myoblasts can survive in the embryonic environment post 

transplantation. We utilised Myf5nLacZ/+ myoblasts and injected them into the base of the 

limb buds of these embryos. We were able to detect a large number of cells following two 

days of whole embryo culture via x-Gal staining. This result indicated that the cells 

survived the transplantation process and were able to survive in the embryonic environment 

for the duration of the culture and maintained myogenic properties since they continuously 

expressed Myf5-reguated LacZ gene. 

Following these results, we wanted to determine if similar survival could be 

observed in in vivo developing mouse embryos. We therefore performed in utero 

transplantation of these Myf5nLacZ/+ myoblasts into developing mouse embryos. In utero 

transplantation has been investigated extensively in the haematopoietic field as a substitute 

for post-natal bone marrow transplantation due to the ability to bypass the harmful radio-

ablative treatment required before bone marrow transplantation. It also requires a smaller 

quantity of cells as the embryo is much smaller than an infant.58 Our goal was to determine 

if cells could be transplanted into developing limb muscle and contribute to the developing 

limb and ultimately generate animals having patient-derived limbs musculature that can 
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act as a source of cells for myoblast transplantation or behave as animal models to study 

the disease. We therefore performed in utero myogenic cell transplantations into 

embryonic muscle. When we injected adult myoblasts into shoulder muscles in E12.5-13.5 

embryos, some engraftment was observed. We also showed that these transplanted 

myoblasts could contribute to muscle development since the transplanted cells also co-

expressed MyHC, indicating that transplanted cells underwent terminal differentiation after 

engraftment. To the best of our knowledge, this is the first time adult myoblasts have been 

transplanted into embryonic muscle in utero and have shown contribution to embryonic 

myogenesis. 

However, our studies have only been conducted for a few days. Whether these cells 

remain in the mouse and contribute to adult muscle is left to be seen. The main issue with 

in utero cell injection technique was the high embryonic lethality in the initial stages of our 

study (Table 5). Unsharpened capillaries and prolonged surgical procedures could be the 

reason for this high lethality. After we optimised the parameters for pulling capillaries and 

sharpened the capillaries adequately (Table 1), the survival rate has been significantly 

improved. This coupled with shorter surgical procedures improved the viability of the 

embryos from around 10% at the beginning of the experiments to 70-80% recently (Table 

5). However, the critical issue is the number of cells that engrafted in the tissue after 

injection. Even though LacZ expressing cells can be detected near the site of 

transplantation in many embryos, only a few embryos show clusters of cells indicating that 

most transplanted cells were lost by three days after transplantation. The reason for this is 

still unknown. The transplanted cells may have undergone significant stresses: 

trypsinization and injection through a microcapillary combined with their incubation in 

PBS on ice during the process of injection may reduce their viability and fitness leading to 

lower levels of engraftment. This may also reduce their proliferative capacity when 

compared to the endogenous muscle cells and they are therefore outcompeted by these 

cells. We have seen that prolonged exposure to trypan blue and incubation on ice lead to 

increased cell death and lysis during the process of injection. Therefore, utilizing a gentler 

process to detach cells from the plates during dissociation and using DMEM instead of 
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PBS for the injection suspension may improve their survival rate. By contrast, a larger 

number of transplanted cells was detected when injected into embryos used for whole 

embryo cultures. These cells underwent the same processing as in utero cell injection, and 

therefore there may be other contributing factors. Presumably, the endogenous cells in the 

cultured embryos are not as healthy as their in vivo counterparts and therefore the 

transplanted cells have a better chance to proliferate. Moreover, studies on myoblast 

transplantation have also shown that the transplanted cells engraft better in the mdx mouse 

where they have a distinct survival advantage over the endogenous cells.15 The muscle 

fibers formed from these cells are not prone to degeneration as the endogenous cells are 

and therefore proliferate and repopulate the muscle. We therefore hypothesize that the use 

of an animal with a more permissive niche would enable greater engraftment. The Pax3-/- 

mouse has been shown to lack limb musculature24 since Pax3 is required for migration of 

myogenic progenitors into the limbs during embryonic myogenesis.59 This is similar to the 

early studies conducted on blastocyst complementation where Pdx1 knockout animals were 

used to create a niche for pancreas development.60 The lack of limb musculature should 

reduce the competition to the transplanted cells and therefore the cells should have more 

space to proliferate and differentiate.  

Adult myoblasts may not have the required phenotype to engraft robustly and 

migrate in an embryonic environment. We therefore examined the potential of using ES 

cell-derived myogenic progenitor cells that are generated by overexpression of the Pax3 

gene. Although there is not sufficient data to support these cells are a better cell type for 

transplantation, they may be more adapted to this embryonic environment. We have shown 

that these ES cell-derived myogenic progenitor cells can engraft in the embryonic 

environment. Further characterization of these cells has to be performed to determine 

whether they are able to form large amount of muscle post-transplantation.  

While our study is in the early stages, it shows promise in becoming a technique 

that could potentially be used to address some of the challenges encountered in the study 

and treatment of DMD in today’s world. We therefore propose a workflow (Fig 5) that 

could be used to derive satellite cells for treatment or derive patient-specific animal models 



 

 38 

that can be used to study the progression and pathogenesis of DMD in a patient-specific 

manner. The animal models can also be used for patient-specific drug screening making 

sure the drugs administered will work in the patients as a personalized medicine. As 

discussed before hematopoietic chimerism is easily achieved through in utero 

transplantation but other tissues that are not as regenerative will be harder to derive. The 

scope of this technique is not limited to DMD but other muscular dystrophies, myopathies 

and other organs can also be studied using this technique.  
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