
   
Normal Brain 

 
Mutant Brain 

 
     Length 

 
      15cm 

 
    17.1cm 

 
     Width 

 
      10cm 

 
    11.5cm 

 
     Depth 

 
        5cm 

  
      6.5cm 

 
Table 4.2 Dimensions of two brains. The brain from the affected mouse is 
larger than the brain of its unaffected littermate in all dimensions. All affected 
and unaffected brains followed this pattern; this example was chosen as it was 
an average example of the difference in one pair of littermate brains. Brains 
come from female littermates who were 3.5 weeks old and both were Pax3 
heterozygotes.  

 

 
 
Figure 4.4 Brain morphology differences. Antibody staining of 4-week old 
female murine brains with GFAP shows an increase in glia in the (B) affected 
brain when compared to (A) a normal brain. In addition, there are fewer cells in 
(D) the brain tissue of the hydrocephalic brain than in (C) the normal brain. CC 
= corpus callosum, Magnification: 40X; arrows indicate glia. 

 123



6. References:   
 
Aoyama, Y., Kinoshita, Y., Yokota, A. and Hamada, T. (2006). Neuronal 

damage in hydrocephalus and its restoration by shunt insertion in  
experimental hydrocephalus: a study involving the neurofilament- 
immunostaining method. J Neurosurg 104, 332-9. 

 
Assadi, A. H., Zhang, G., McNeil, R., Clark, G. D. and D'Arcangelo, G.  
 (2008). Pafah1b2 mutations suppress the development of hydrocephalus in  
 compound Pafah1b1; Reln and Pafah1b1; Dab1 mutant mice. Neurosci Lett  
 439, 100-5. 
 
Bajard, L., Relaix, F., Lagha, M., Rocancourt, D., Daubas, P. and  
 Buckingham, M. E. (2006). A novel genetic hierarchy functions during  

hypaxial myogenesis: Pax3 directly activates Myf5 in muscle progenitor  
cells in the limb. Genes Dev 20, 2450-64. 

 
Bondurand, N., Pingault, V., Goerich, D. E., Lemort, N., Sock, E., Caignec, 

C. L., Wegner, M. and Goossens, M. (2000). Interaction among SOX10,  
PAX3 and MITF, three genes altered in Waardenburg syndrome. Hum Mol  
Genet 9, 1907-17. 

 
Cantrell, V. A., Owens, S. E., Chandler, R. L., Airey, D. C., Bradley, K. M., 

Smith, J. R. and Southard-Smith, E. M. (2004). Interactions between  
Sox10 and EdnrB modulate penetrance and severity of aganglionosis in the  
Sox10Dom mouse model of Hirschsprung disease. Hum Mol Genet 13,  
2289-301. 

 
Druckenbrod, N. R., Powers, P. A., Bartley, C. R., Walker, J. W. and  
 Epstein, M. L. (2008). Targeting of endothelin receptor-B to the neural 
 crest. Genesis 46, 396-400. 
 
Goulding, M. D., Chalepakis, G., Deutsch, U., Erselius, J. R. and Gruss, P.  
 (1991). Pax-3, a novel murine DNA binding protein expressed during early  
 neurogenesis. Embo J 10, 1135-47. 
 
Hino, K., Otsuka, S., Ichii, O., Hashimoto, Y. and Kon, Y. (2009). Strain  

differences of cerebral ventricles in mice: can the MRL/MpJ mouse be a  
model for hydrocephalus? Jpn J Vet Res 57, 3-11. 

 
Hornyak, T. J., Hayes, D. J., Chiu, L. Y. and Ziff, E. B. (2001). Transcription 

factors in melanocyte development: distinct roles for Pax-3 and Mitf. Mech  
Dev 101, 47-59. 

 
Hosoda, K., Hammer, R. E., Richardson, J. A., Baynash, A. G., Cheung, J. 

C., Giaid, A. and Yanagisawa, M. (1994). Targeted and natural (piebald- 

 124



lethal) mutations of endothelin-B receptor gene produce megacolon  
associated with spotted coat color in mice. Cell 79, 1267-76. 
 

Hou, L., Pavan, W. J., Shin, M. K. and Arnheiter, H. (2004). Cell-autonomous 
and cell non-autonomous signaling through endothelin receptor B during  
melanocyte development. Development 131, 3239-47. 

 
Lang, D., Lu, M. M., Huang, L., Engleka, K. A., Zhang, M., Chu, E. Y.,  

Lipner, S., Skoultchi, A., Millar, S. E. and Epstein, J. A. (2005). Pax3  
functions at a nodal point in melanocyte stem cell differentiation. Nature  
433, 884-7. 

 
Lee, H. O., Levorse, J. M. and Shin, M. K. (2003). The endothelin receptor-B  

is required for the migration of neural crest-derived melanocyte and enteric  
neuron precursors. Dev Biol 259, 162-75. 

 
Liebau, M. C., Gal, A., Superti-Furga, A., Omran, H. and Pohl, M. (2007). 

L1CAM mutation in a boy with hydrocephalus and duplex kidneys. Pediatr  
Nephrol 22, 1058-61. 

 
Matsushima, Y., Shinkai, Y., Kobayashi, Y., Sakamoto, M., Kunieda, T. and 

Tachibana, M. (2002). A mouse model of Waardenburg syndrome type 4  
with a new spontaneous mutation of the endothelin-B receptor gene. Mamm  
Genome 13, 30-5. 

 
Metallinos, D. L., Oppenheimer, A. J., Rinchik, E. M., Russell, L. B.,  
 Dietrich, W. and Tilghman, S. M. (1994). Fine structure mapping and  
 deletion analysis of the murine piebald locus. Genetics 136, 217-23. 
 
Miller, J. M. and McAllister, J. P., 2nd. (2007). Reduction of astrogliosis and 

microgliosis by cerebrospinal fluid shunting in experimental hydrocephalus.  
Cerebrospinal Fluid Res 4, 5. 

 
Nagy, A., Gertsenstein, M., Vintersten, K. and Behringer, R. (2003).  
 Manipulating the Mouse Embryo: A Laboratory Manual. Cold Spring Harbor,  
 NY: Cold Spring Harbor Press. 
 
National Institute of Neurological Disorders and Stroke. (2009).  
 Hydrocephalus Fact Sheet,  (ed.: National Institutes of Health. 
 
O'Brien, T. P., Metallinos, D. L., Chen, H., Shin, M. K. and Tilghman, S. M.  
 (1996). Complementation mapping of skeletal and central nervous system  
 abnormalities in mice of the piebald deletion complex. Genetics 143, 447- 
 61. 
 
Pavan, W. J. and Tilghman, S. M. (1994). Piebald lethal (sl) acts early to 

 125



disrupt the development of neural crest-derived melanocytes. Proc Natl  
Acad Sci U S A 91, 7159-63. 

 
Potterf, S. B., Furumura, M., Dunn, K. J., Arnheiter, H. and Pavan, W. J.  
 (2000). Transcription factor hierarchy in Waardenburg syndrome: regulation  
 of MITF expression by SOX10 and PAX3. Hum Genet 107, 1-6. 
 
Read, A. P. and Newton, V. E. (1997). Waardenburg syndrome. J Med Genet  
 34, 656-65. 
 
Rekate, H. L. (2009). A contemporary definition and classification of  
 hydrocephalus. Semin Pediatr Neurol 16, 9-15. 
 
Shin, M. K., Levorse, J. M., Ingram, R. S. and Tilghman, S. M. (1999). The  
 temporal requirement for endothelin receptor-B signalling during neural  
 crest development. Nature 402, 496-501. 
 
Takahashi, A., Shiroishi, T. and Koide, T. (2008). Multigenic factors  
 associated with a hydrocephalus-like phenotype found in inter-subspecific  
 consomic mouse strains. Mamm Genome 19, 333-8. 
 
Tapanes-Castillo, A., Weaver, E. J., Smith, R. P., Kamei, Y., Caspary, T., 

Hamilton-Nelson, K. L., Slifer, S. H., Martin, E. R., Bixby, J. L. and 
 Lemmon, V. P. (2009). A modifier locus on chromosome 5 contributes to L1  

cell adhesion molecule X-linked hydrocephalus in mice. Neurogenetics,  
[Epub ahead of print]. 

 
Tassabehji, M., Newton, V. E., Leverton, K., Turnbull, K., Seemanova, E., 

Kunze, J., Sperling, K., Strachan, T. and Read, A. P. (1994). PAX3 gene  
structure and mutations: close analogies between Waardenburg syndrome  
and the Splotch mouse. Hum Mol Genet 3, 1069-74. 

 
Town, T., Breunig, J. J., Sarkisian, M. R., Spilianakis, C., Ayoub, A. E., Liu,  

X., Ferrandino, A. F., Gallagher, A. R., Li, M. O., Rakic, P. et al. (2008).  
The stumpy gene is required for mammalian ciliogenesis. Proc Natl Acad  
Sci U S A 105, 2853-8. 

 
Zador, Z., Bloch, O., Yao, X. and Manley, G. T. (2007). Aquaporins: role in  
 cerebral edema and brain water balance. Prog Brain Res 161, 185-94. 

 
 
 
 
 
 
 

 126



 
 
 
 
 
 
 
 
 
 
 

Chapter V. 
 

CONCLUSIONS, FUTURE DIRECTIONS AND IMPLICATIONS 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 127



V. Conclusions, Future Directions and Implications 

1. Conclusions and Future Directions 

 Genetic interactions provide a complicated network of signals that modulate 

penetrance and expressivity of gene expression. To elucidate some of the most 

basic mechanisms of development is to unravel the process of multipotent 

progenitor cells determining cell fate and subsequently differentiating into highly 

specialized cells. Neural crest cells emerge as a population of multipotent cells 

that generate a diverse array of cells and tissues, among them the pigment 

cells. Melanogenic genes have been described and major melanogenic 

transcription factors identified but the study of the genetic interactions between 

the genes that modulate the differentiation of these cells is underway. To that 

regard, I have determined that interactions between Sox10 and Ednrb, and 

Pax3 and Ednrb do exist.  

 Mouse pigmentation phenotypes were used as they are an excellent system 

in which to elucidate the underpinnings of genetic interactions due to their high 

homology with the human genome and their short generation time. In chapter 2, 

I showed that progeny harboring double heterozygous mutations in Sox10LacZ 

and EdnrbS-l displayed significantly aggravated pigmentation phenotype in 

generations two and three of the crosses: in other words, animals who were 

double heterozygotes had areas of hypopigmentation significantly larger that 

the sum of the hypopigmentation of Sox10LacZ/+ and EdnrbS-l/+ areas. This 

suggests that rather than there being an additive effect of the mutations, a 

synergistic effect occurred indicating that Sox10 and Ednrb do interact in the 
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melanocyte lineage. A similar outcome was seen in the Pax3Sp/+ cross with 

EdnrbS-l/+ in which double heterozygote progeny in generations two and three 

exhibited significantly larger areas of hypopigmentation than the progeny 

harboring only one of the two mutations.  

 Melanocytes are derived from the NC. Given that NC cells provide 

progenitor cells for diverse tissues and organ systems throughout the 

vertebrate body, it is of no surprise that when a mutation affects NC 

development early on other cells may be compromised as well. In the case of 

Sox10 mutations, haploinsufficient mice can also develop aganglionosis or 

hearing phenotypes in addition to hypopigmentation. Other studies have shown 

an interaction between Sox10 and Ednrb but with varying results. Stanchina 

and colleagues (2006) showed aggravated phenotypes (pigmentation and 

aganglionosis) when using an Ednrb hypomorph crossed with Sox10Dom or 

Sox10LacZ while two other studies showed no effect of double heterozygosity on 

pigmentation phenotype (Cantrell et al., 2004; Hakami et al., 2006). Differences 

between these results may lie in some yet unidentified background modifier that 

is present in higher levels in some of these in-bred strains than in other in-bred 

strains. If no genetic interaction existed between Sox10 and Ednrb then all 

studies would have produced negative results; in addition, in human 

melanocytes two Sox10 binding sites have been identified on Ednrb 

(Yokoyama et al., 2006).  I do not believe that these mixed results are due to 

stochastic events but rather that gene expression and penetrance may be 

dependent on modifiers of which we are not yet aware. A clear analysis of 
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phenotypic expression and the background in which it is expressed will help 

elucidate the myriad of interactions that comprise the signals necessary for the 

process of cell fate determination and differentiation. It is this process of 

discovery that will enable us to unravel and understand how diseases vary in 

their onset and severity.  

 In chapter 3, I showed that when using a transgene to deliver additional 

Ednrb to the melanoblasts of Sox10 deficient animals, the hypopigmentation 

phenotype was rescued in all progeny. Sox10 heterozygous mice display a 

hypopigmented ventral spot approximately half of the time, yet when crossed 

with a transgenic mouse that was created to deliver additional Ednrb to 

melanocyte precursors there was a complete rescue of coat color. If Sox10 

activates the expression of Ednrb as I suspect it does, then Sox10 

heterozygous mice may have a larger belly spot than the Ednrb heterozygous 

mice due to the initial effect of Sox10 haploinsufficiency on the premigratory 

and early migratory melanoblasts in addition to the insufficient activation of 

Ednrb. Sox10 heterozygous mice survive with few, if any side effects, implying 

that the level of Sox10 in these mice is still adequate to sustain overall cellular 

function. The delivery of additional Ednrb to melanoblasts that have survived 

Sox10 haploinsufficiency appears to compensate for the lower level of Ednrb 

activation thereby rescuing the pigmentation phenotype. Interestingly, the 

transgenic addition of Sox10 to Ednrb heterozygotes did not rescue the 

hypopigmentation phenotype (Hakami et al., 2006). The delivery of additional 

Sox10 to a system with limited Ednrb provides no additional Ednrb to 
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compensate for heterozygosity. In other words, once the limited amount of 

functional Ednrb has been fully activated by Sox10 the addition of more Sox10 

does nothing because there is no more Ednrb available to be activated by 

Sox10. Conversely, the addition of Ednrb to a Sox10 limited system does what 

Sox10 would have normally done – provide sufficient levels of Ednrb signaling 

to promote proper melanoblast dispersal and thereby rescues the 

hypopigmentation phenotype of the Sox10 heterozygous mutant.  

 Pax3 and Ednrb have a more complicated relationship. Pax3 heterozygous 

mice exhibit a completely penetrant hypopigmentation phenotype and the 

transgenic delivery of Ednrb produced a partial rescue. Double heterozygous 

animals also displayed a significantly larger area of hypopigmentation as 

discussed above and in chapter 2. However, the transgene rescued the 

hypopigmentation in only 24% of the progeny and in another 10% there was a 

partial rescue. The ability of the transgene to rescue the pigmentation 

phenotype may differ due to the temporal expression of Sox10 and Pax3. 

Sox10 and Ednrb are co-expressed temporally while Pax3 expression is 

downregulated at the time when Ednrb is being upregulated. If this is the case, 

then Ednrb may be activated too late to rescue melanocyte progenitors in the 

Pax3Sp/+.  It is also possible that the insult of Pax3 haploinsufficiency is more 

devastating to the premigratory melanoblast precursors and that the additional 

Ednrb is insufficient to rescue more of the cells.  
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 In order to establish the timing of the rescue in the Sox10 heterozygous 

mice, Sox10LacZ/+ embryos with and without the transgene were evaluated at 

E11.5 (the age at which melanoblasts have first populated the entire length of 

the embryo). In situ hybridization using a Pmel17 riboprobe showed that the 

transgenic expression of Ednrb rescued the Sox10 deficient melanoblasts by 

E11.5. Pmel17 was used as its expression is not regulated by Sox10 and it is 

among the most sensitive of melanoblast markers (Loftus et al., 2009; Valencia 

et al., 2006). Once the rescue was established, the mechanism of this rescue 

came into question. Cell survival assays in E11.5 and E12.5 embryos indicate 

that the rescue is not due to the effect of the transgene on melanoblast survival. 

Proliferation and migration studies at E11.5 or earlier will help elucidate the 

answer to this question.  

 During the Pax3Sp/+ and EdnrbS-l/+ study, a novel phenotype in the progeny 

became apparent. Approximately 5% of pups born in this experiment developed 

hydrocephaly and died by 4 weeks of age. In addition to the hydrocephaly, 

some pups also exhibited skeletal abnormalities that included kyphosis of the 

thoracic region and smaller pelvic regions that appeared less ossified than the 

pelvic regions of their unaffected littermates. All affected pups except one were 

much smaller than their littermates. Interesting characteristics of this population 

include that 80% of all affected animals were Pax3Sp/+ and 75% were female. 

All except one of the affected animals were born in the second or third 

generation of the cross.  
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 All affected progeny developed severe hydrocephaly (which became 

apparent in the 4th week of life) from which they died. Brain morphology studies 

showed enlarged brains and bilaterally distended 4th ventricles in all animals. 

Many of the skulls of these animals were softer than those of their unaffected 

littermates. In addition, all affected animals were smaller than their normal 

littermates (except one) and skeletal studies confirmed that their skeletons 

were indeed smaller than usual. Also of interest was that some of the affected 

animals had kyphosis, a curvature of the spine in the thoracic region, and had a 

much smaller pelvis than normal littermates.  

 The founders used to create this Pax3Sp/+::EdnrbS-l/+ population originally 

came on different backgrounds and were backcrossed (independently) for 

several years prior to being used in this study. The Pax3 mutant mice came on 

a C57BL/6J background and the Ednrb mutant mice were originally on an LLE 

background and were later transitioned to a C57BL/6J background. We have 

many different lines of mice on the C57BL/6J background and on other 

backgrounds as well, and we have created double and triple mutants of some 

of these lines and have never seen hydrocephaly develop in any of these 

progeny. In this study however, it was apparent early on that some unknown 

interaction was occurring inducing hydrocephalus and intermittently inducing 

skeletal deformities. This was the first time in the history of our lab that the 

Pax3Sp/+ animals were crossed with EdnrbS-l/+ animals and this tangential 

finding was intriguing. Eighty percent of the affected animals were Pax3 

heterozygotes while 20% were not. So the question remains as to what kind of 
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modifier lies in the Ednrb background that, when in the presence of Pax3 

haploinsufficiency, increases the incidence of hydrocephaly and skeletal 

deformities?  

 The complexity of illuminating genetic cascades and networks is a 

monumental task that will undoubtedly take years of research. DNA analyses to 

determine candidate genes, single polymorphisms and microarray analyses 

could be used to begin to identify potential genes that are being modified by a 

mutation in Pax3. 

2. Implications 

 One of the mysteries of medical science is that individuals who harbor the 

same mutations can vary tremendously in the course of the disease and in how 

much they suffer. Gene expression and penetrance varies according to the 

presence or absence of other genes, or to background modifiers that were 

previously undetected. The four types of Waardenburg’s syndrome bring to light 

some of the difficulties of studying genetic interactions: (1) similarity of signs 

and symptoms despite defects in different genes; and, (2) differences in 

severity and penetrance of the disease between families as well as within 

families. These complexities arise from the myriad of genes involved in every 

transaction that occurs along the developmental path. To make matters even 

more difficult, genes typically function in a nonlinear fashion and may be 

affecting expression of more than one gene at any given time.  

 It should be of no surprise that genetic networks contain a level of 

unprecedented complexity given the intricate and delicate balance of 
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developmental pathways, biochemical cycles, immunological responses and 

the many other highly sophisticated systems that integrate to become a living 

organism. Phenotypic expression is anchored in gene expression and it is a 

matter of time and patience until the underlying connections and mechanisms 

are uncovered. Elucidation of genetic interactions will help us understand how 

the mutated gene is modulated, with the intention of one day being able to 

provide gene therapy to individuals in need.  
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APPENDIX I.  
 
A. Isolation of DNA from Tail Biopsies 
 

Animal is briefly anesthetized using a few drops of Isoflurane (Abbott). 
Working quickly, a numbered ear tag is placed in the right ear and the tip of the 
tail is clipped (0.5cm). The tail is briefly cauterized to prevent bleeding. Each tail 
is placed in 500µl of tail lysis buffer (100mM Tris-Cl pH 8.0, 5mM EDTA pH 8.0, 
200mM NaCl, 0.2% SDS; Fisher Scientific) and 5µl of proteinase K (10mg/ml; 
Promega) and placed in a 55-60ºC water bath overnight.  
 

Digested tails were cooled with 167µl 5M NaCl (Fisher Scientific) for 10 
minutes. Samples were then centrifuged for 10min at 4ºC; supernatant 
transferred to clean microcentrifuge tubes and 1 volume of cold 100% EtOH 
(Florida Distillers Co.) added. Solution was shaken vigorously (DNA strands 
became visible) and centrifuged for 10min at 4ºC. Supernatant was poured off 
and the remaining pellet  was dissolved in 1X TE (100mM Tris-Cl pH 8.0, 
10mM EDTA pH 8.0; Fisher Scientific) (Miller et al., 1988). 
 
B. Genotyping of Mouse Mutants 
 

DNA extracted from tails was used to genotype mice. Individual PCR 
reactions (10µl total volume/reaction) were set up for each of the genes being 
tested.  
 

PCR reaction for Ednrb consisted of 1µM of each primer (Ednrbf: 5’-
AATGTATGGGCATGTGCGTG-3’; and Ednrbr: 5’-
GAGATAGTCAACCAAAACAA-3’; Invitrogen), 1X buffer, 1.5mM MgCl, 1 unit of 
Taq (Promega), 2.5mM of each of the four deoxynucleotides (dNTPs; 
Invitrogen). Reactions were cycled 30 times at 94ºC for 30s, 58ºC for 30s and 
72ºC for 30s. Amplified DNA was visualized on a 15% polyacrylamide gel made 
from 30% acrylamide/bis-acrylamide with 10% of 5X TBE, 1% ammonium 
persulfate (Fisher Scientific) and 0.1% TEMED (Sigma). All gels were run at 
350volts for 3.5 hours at 4ºC. Ethidium bromide (Fisher Biotech) was used to 
visualize DNA. 
 

To genotype Pax3Sp mice, the point mutation was amplified with primers: 
P3in3F (5’-GAGAGGGTTGAGTACGTTAGCTGG-3’) and P3ex4 (5’-
CTCGCTCACTCAGGATGCC-3’; Invitrogen). The reaction protocol and 
thermocycler program are identical to that of Ednrb (listed above). Products are 
visualized on a 15% polyacrylamide gel resulting in a single band around 230bp 
for a wildtype and a heteroduplex band at this same site for the heterozygote. 
 

Sox10LacZ/+ is a knock-in mutant and requires 3 primers: 5’ Sox10 (5’-
CAGGTGGGCGTTGGGCTC-3’); 3’ Sox10 (5’-CAGAGCTTGCCTAGTGTCTT-
3’); and 3’ LacZ (5’-TAAAAATGCGCTCAGGTCAA-3’). In addition to the 1µM of 
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each primer (Invitrogen), 1X buffer, 2mM MgCl, 1 unit Taq (Promega), 5% 
DMSO (Fisher Scientific), 2.5mM of each dNTP (Invitrogen) and 1µl DNA. 
Thermocycler conditions were 94ºC for 30 s, 55ºC for 30 s, and 72ºC for 30 s 
for 32 cycles. Products were visualized on a 2% agarose (Fisher Scientific) gel 
resulting in a 500bp band for wildtype and a 600bp for the mutated allele. 
Animals homozygous for Sox10 are embryonic lethal, typically by E13.5. 
 
 
              

 
 
Figure A.1 Possible results of gel electrophoresis of mice tail DNA genotyping. 
Ednrb genotyping of tail DNA can result in either homozygous (Ednrbs-l/s-l), 
heterozygous (Ednrbs-l/+) or wildtype identification of animals. Sox10 and Pax3 
genotyping of tail DNA results in either heterozygous (Sox10LacZ/+ or Pax3Sp/+) 
or wildtype animals. Both Sox10 and Pax3 null mutants are embryonic lethal by 
E13.5-14.5). 
 
C.  Buffers 
 
Tris Acetate EDTA (TAE) (typically made as 50X solution) 
40mM Tris-acetate 
1mM EDTA 
    (24.2g Tris, 5.7ml Glacial Acetic acid, 10.0ml 0.5M EDTA pH 8.0, bring 
volume up to 100ml with dH20 and autoclave.) 
 
Tris Borate EDTA (TBE) (typically made as a 5X solution) 
45mM Tris-borate 
1mM EDTA 
    (54g Tris, 27.5g Boric acid, 20ml 0.5M EDTA pH8.0, bring volume up to 1 
liter with dH20 and autoclave.) 
 
Tris EDTA (TE) (typically made as a 10X solution) 
10mMTris, pH 7.5 
1mM EDTA pH8.0 

(10ml 1.0M Tris, 2ml 0.5M EDTA pH 8.0, bring volume up to 100ml with 
dH20. Adjust pH to 8.0 and autoclave.) 
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APPENDIX II. 
 
A. Staging and Harvesting of Embryos 
 
 Mice were mated overnight and staged embryos were dated as 0.5d noon 
the day the vaginal plug was observed. Embryos were harvested at E11.5 and 
E12.5 by euthanizing the pregnant dam via cervical dislocation and dissecting 
embryos through a transverse abdominal incision. Embryos were immediately 
placed in PBS (the pH of which was determined by the subsequent procedure, 
see Appendices II.D and II.H) and yolk sacs were saved for DNA extraction 
(Appendix II.B). Those destined for double staining with LysoTracker Red and 
LacZ, were immediately started on that protocol (Appendix II.I). Embryos for in 
situ hybridization were dehydrated through a methanol (MeOH; Fisher 
Scientific) series (25%:75% MeOH:PBS; 50%:50%; 75%:25% MeOH:PBS for 
5min each) and stored in 100% MeOH at -20ºC. 
 
B. Isolation of DNA from Tail Biopsies or Embryonic Yolk Sacs 
 
 Isolation of DNA from tail biopsies was achieved using the protocol listed in 
Appendix I.A. To genotype embryos, yolk sacs were harvested by taking the 
innermost of the 3 embryonic membranes surrounding the developing embryo. 
This membrane was placed in 250µl of yolk sac buffer (10mM Tris-Cl pH 8.0, 
10mM EDTA pH 8.0, 100mM NaCl, 0.5% SDS; Fisher Scientific) plus 10µl of 
Proteinase K (10mg/ml; Promega) and placed in a 55-60ºC water bath 
overnight. 
  

Digested yolk sacs were cooled with 200µl 5M NaCl (Fisher Scientific) 
for 10 minutes. Samples were then centrifuged for 10min at 4ºC; supernatant 
transferred to clean microcentrifuge tubes and 1 volume of cold 100% EtOH 
(Florida Distillers Co.) added. Solution was shaken vigorously (DNA strands 
became visible) and centrifuged for 10min at 4ºC. Supernatant was poured off 
and the remaining pellet  was dissolved in 1X TE (100mM Tris-Cl pH 8.0, 
10mM EDTA pH 8.0; Fisher Scientific) (adapted from Miller et al., 1988). 
 
C. Genotyping of Mouse Mutants 
 
 Sox10, Pax3 and Ednrb mutant animals were genotyped as described in the 
materials and methods section of Chapter 2 and Appendix I.B. Sox10LacZ/LacZ 
are embryonic lethal at approximately E13.5, hence Sox10 embryos were 
harvested at E11.5 and E12.5 enabling the possibility of examining 
developmental changes in the Sox10 homozygous condition. DNA amplification 
of embryos homozygous for Sox10 generates a 600bp band while wildtype 
embryos generate a 500bp band; heterozygous embryos produce both bands. 
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Dct-Ednrb transgenic animals were generated in our laboratory (Avner 
Ittah, FIU dissertation 2005). The full length Ednrb cDNA (1958bp, genbank 
accession # U32329) obtained from pmET-B (Hosoda et al., 1994) was inserted 
into the vector pmDct that contains 3431 bp of the mouse Dct promoter and the 
BGH poly adenylation signal (Hornyak et al., 2000). Dct-Ednrb transgenic mice 
were generated by microinjection of the transgene into FVB F1 zygotes. The 
studies presented here were carried out with a line that initially had 150 copies 
of the transgene. This line was crossed for over 10 generations with C57BL/6J 
mice from our colony.  Mice were genotyped using 1µM of each primer Dct-
Ednrbf (5’-ACAAGGAAGACTGGCGAGAA-3’); and, Dct-Ednrbr  (5’-
TCCTCCCCCTTGCTGTCCTGC-3’; Invitrogen), 1X buffer, 2mM MgCl, 1 unit 
Taq (Bioline), 5% DMSO (Fisher Scientific), 2.5mM of each dNTP (Invitrogen) 
and 1µl DNA. The amplified DNA was visualized on a 1% agarose gel resulting 
in a 2217bp band (Appendix I).The PCRs were performed for 35 cycles under 
the following conditions: 94C for 30 s, 57C for 30 s, and 72C for 2 min.   
 

                                  

2217bp 

600bp 
500bp 

 
Figure A.2 Possible results of gel electrophoresis of mice tail or yolk sac DNA 
genotyping. Dct-Ednrb results either in a positive 2217bp band indicating 
presence of the transgene, or no band at this level indicating that the transgene 
was not transmitted. Other bands are non-specific. Sox10 gel shows a 600bp 
band for Sox10LacZ/LacZ (-/-), 600bp and 500bp bands for Sox10LacZ/+ (+/-) and a 
500bp band for the wildtype (+/+). 
 
D. In Situ Hybridization of Mouse Embryos  
 
 In situ hybridization took 4 days to complete. Day 1 (pretreatment and 
hybridization): Embryos were rehydrated via a MeOH series using PBT* (PBS** 
plus 0.1% Tween-20 Fisher Scientific) 5min for each of the following steps:  
75%:25% MeOH:PBT; 50%50%; 25%:75% MeOH:PBT and two washes in 
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100% PBT. Embryos were then bleached in 6% H2O2 (Fisher Scientific) in PBT 
for 1hr at RT and then permeabilized using 10µg/ml proteinase K (Promega) in 
PBT (15min for E11.5 and 18min for E12.5). To neutralize this reaction, 2mg/ml 
glycine (Fisher Scientific) in PBT was added for 10min at RT and then washed 
twice with PBT. Embryos were postfixed with 4% paraformaldehyde (Fisher 
Scientific), 0.2% gluteraldehyde (Sigma) in PBT for 20min. Pre-hybridization 
was accomplished by adding 1ml hybridization solution (50% formamide, 
5xSSC pH4.5 1% SDS, Fisher Scientific; 50µg/ml yeast tRNA, Sigma; 50µg/ml 
heparin, Sigma) and incubated in a 70ºC water bath for 1hr. The pre-
hybridization solution was removed and fresh hybridization solution containing 
2µl pMel17 riboprobe per ml of hybridization solution added and left overnight 
in the 70ºC water bath. 
 
 Day 2 (washing and antibody addition): Embryos briefly rinsed in solution 1 
(50% formamide, 5xSSC and 1%SDS; Fisher Scientific) and then washed 3 
times more with solution1 (30min each time in a 70ºC water bath). Washing 
was continued, 3 more times, using solution 2 (50% formamide and 2xSSC; 
Fisher Scientific) and placed in a 65ºC water bath for 30min each time, followed 
by washing with TBS plus 0.1% Tween-20 (TBST) 3 times for 5min each time. 
Blocking of embryos in 10% goat serum (Fisher Scientific) in TBST for 2hrs, 
rocking at RT, during which time the preabsorb anti-digoxigenin antibody was 
prepared by adding a pinch of embryo powder to microcentrifuge tubes 
containing 0.5ml TBST (1 microcentrifuge tube/embryo) and placed in 70ºC 
water bath for 30min. Microcentrifuge tubes were removed from water bath, 
vortexed and cooled prior to the addition of 5µl of 100% goat serum and 1µl 
anti-digoxigenin antibody (Roche) and rocked at 4ºC for 1hr. After centrifuging 
for 5min, the supernatant was collected and 1.5ml of 1% goat serum in TBST 
per microcentrifuge tube was added. When embryos were ready, the blocking 
solution was removed, the antibody solution added and embryos were left 
rocking overnight at 4ºC.  
 
 Day 3 (washing the antibody): Embryos were briefly rinsed in TBST and 
then washed 4 times in TBST for 1hr each time at RT. Levamisole (2mM; 
Sigma) was added to a 5th TBST wash and left overnight, rocking at 4ºC.  
 
 Day 4 (detection): Embryos were washed in NTMT (100mM NaCl, 100mM 
Tris pH9.5, 50mM MgCl2, 0.1% Tween-20; Fisher Scientific; 2mM levamisole; 
Sigma) 3 times for 10min each time. While protecting from light, 45µl 4-Nitro 
blue tetrazolium chloride (NBT; Roche) and 35µl 5-Bromo-4-chloro-3-indolyl-
phosphate (BCIP; Roche) were added to 10ml NTMT and added to each 
embryo. Still protected from light, embryos were monitored every 30min to 
control the level of antibody development (Wilkinson 1998).  
 
*All water used for solutions was Diethylpyrocarbonate (DePC; Sigma) treated 
water and therefore RNase-free. 
***All PBS used in this protocol was 0.05M, pH7.4. 
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E. Pmel17 Template and Riboprobe Preparation 

 
 Bacterial Transformation: 2.5µl of Pmel17 plasmid was added to 50µl of 
DH5α competent Escherichia coli and incubated on ice for 30min, heat shocked 
for 20sec at 37ºC and then immediately placed in ice for 1min. 950µl Luria 
Broth (LB) was added and mixture was incubated for 1hr at 37ºC (30min into 
the hour 30µl Ampicillin was added). An LB plate containing Ampicillin was 
inoculated and left to incubate overnight at 37ºC. 
 
 Glycerol Stock of Pmel17 Plasmid: Inoculated 5ml LB with isolated colonies 
from LB plate and incubated overnight at 37ºC shaking at 250rpm. 750µl of 
freshly grown transformed bacteria was added to 750µl sterile glycerol stock 
and stored at -80ºC. 
 
 DNA Isolation and Purification: 5ml LB was inoculated with glycerol stock of 
Pmel17 plasmid (stored in -80ºC) and incubated overnight at 37ºC at 250rpm. 
Wizard Plus SV Mini Prep: DNA Purification System (Promega catalog #A1460) 
was used for the following steps. 2ml of fresh culture was centrifuged and pellet 
was resuspended in 250µl Resuspension Solution. To this, 250µl Cell Lysis 
Solution was added, inverted 4 times followed by the addition of10µl Alkaline 
Protease Solution and again inverted 4 times to mix gently, then incubated at 
room temperature for 5min. 350µl Neutralization Solution was added, 
centrifuged for 10min and the clear lysate was decanted into the spin column 
and centrifuged again for 1min. Flowthrough was discarded and 750µl Wash 
Solution added, centrifuged for 1min, 250µl Wash Solution, centrifuged for 2min 
and transferred to spin column to remove Wash Solution. Finally, 50µl of 
nuclease free H2O was added and stored at -20ºC. 
 

Template Preparation: 10µl of Pmel17 plasmid was digested with 2µl of 
the restriction enzyme KPN1 (Promega), 2µl buffer J and 6µl UVH2O at 37ºC 
for 2hrs. Linearized template was then cleaned via phenol-chloroform (Fisher 
Scientific) extraction and ethanol (Florida Distillers Co.) precipitation and 
resuspended in H2O to a concentration of approximately 1µg/µl.  
 

Riboprobe Synthesis: 5µl template was added to 4µl 5x transcription 
buffer (Roche), 2µl nucleotide tri-phosphate (NTP) labeling mix (Roche), 2µl T3 
polymerase (Promega), 1µl RNase inhibitor (Promega) and 6µl DePC H2O and 
incubated at 37ºC for 2hrs. At this point, 2µl 0.2M EDTA, 2.5µl 4M LiCl and 
75µl EtOH were added to precipitate riboprobe; pellet was then washed in 70% 
EtOH, resuspended in 22.5µl DePC H2O, 2.5µl 4M LiCl and 75µl EtOH to 
precipitate again and a final wash in 70% EtOH. This pellet was dissolved in 
20µl DePC H2O and 80µl hybridization solution and stored at -20ºC. 
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F. Embryo Powder 
 

12.5-14.5 day old embryos were homogenized in cold PBS pH7.4. Four 
volumes of acetone were added and mixture was incubated on ice for 30min, 
then centrifuged for 10min at 4ºC. Supernatant was discarded, the pellet 
washed again in cold acetone and spun down for another 10min. Supernatant 
was again discarded and pellet was macerated into a fine powder and air-dried. 
Embryo powder was stored at 4ºC. 
 
G. Cell Counts of Pmel17 labeled Melanoblasts 
 
 Cells labeled with Pmel17 that were located in the torso from the fore limb to 
the hind limb were counted from a picture taken of the area at 3.2x 
magnification. The angle of lines drawn to define the area, lighting and 
magnification were kept constant for all pictures taken. 
 
 
 

 
 
Figure A.3 Defining the area for cell counts of Pmel17 positive cells. Lines 
were drawn that intersect the posterior most aspect of the forelimb and the 
anterior most aspect of the hindlimb. E11.5 Sox10 heterozygote.  
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H. Lysotracker Red and LacZ Double Staining of Mouse Embryos 
 
 Embryos were dissected and rinsed in cold 0.05M PBS* and placed in 5µM 
LysoTracker Red DND-99** (Invitrogen) at 37ºC for 30min. Embryos were 
washed twice in PBS, 2% paraformaldehyde (PF; Fisher Scientific) for 1hr at 
room temperature (RT), washed twice more with PBS and then left overnight at 
30ºC in LacZ solution (5µM ferricyannide, 5µM ferrocyannide, 2mM MgCl2, 
0.01% sodium deoxycholate (Fisher Scientific), 0.02% nonidate p-40 (Roche) 
and 1mg/ml X-gal (Invitrogen). Rinsed twice in PBS to stop reaction and a 10% 
sucrose (Fisher Scientific) solution was added to embryos for overnight 
incubation at 4ºC, rocking gently. Finally, embryos were placed in 20% sucrose 
solution for 4-6hrs and embedded in Tissue-Tek Tissue Freezing Medium 
(Sakura). Embryos were stored at -80ºC. 
 
*All PBS used in this protocol was pH7.2. 
**From this point on, all embryos and solutions were protected from light at all 
times. 
 
I. Counts of Lysotracker Red and LacZ+ Cells 
 
 Transverse cryosections of 10µm were taken of embryos from the brachial 
nerves to the sciatic nerve. Every third section was kept in E11.5 embryos while 
every 4th section was kept in E12.5 embryos. Of these sections, 30 equally 
spaced sections (e.g. every other section) were selected for counting. Cells that 
were blue (LacZ+), elongated and appeared to be traveling along the 
dorsolateral pathway were counted and checked for double labeling with 
Lysotracker Red. 
 
J. Buffers and Solutions 
 
DePC H2O 
0.1%DePC in 1liter dH2O mixed for a minimum of 2hrs on the stir plate in the 
hood with an open top; autoclaved and left venting in hood with loose cap. 
 
Glycerol Stock 
100% glycerol was added in equal volumes to dH2O and autoclaved. 
 
Luria Broth (done in hood) 
1% Tryptone powder 
0.5% Yeast Extract powder 
1% NaCl 
Brought up to 100ml with dH2O, calibrated to pH 7.0, autoclaved, cooled and 
added 50µl of 100µg/ml Ampicillin. Stored at 4ºC. 
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Luria Broth Agar Plates (done in hood) 
10g Tryptone powder 
  5g Yeast Extract 
10g NaCl 
15g Agar 
Brought up to 1liter with dH2O, autoclaved, cooled slightly to add 250µl of 
100µg/ml Ampicillin and poured plates. Once set, stored at 4ºC. 
 
Phosphate Buffered Saline (PBS) (typically made in a 10X solution) 
For pH7.4:  11.2ml of 1M Potassium Phosphate Monobasic (KH2PO4) 

38.8ml of 1M Potassium Phosphate Dibasic (K2HPO4) 
Brought up to 100ml with dH2O and autoclaved 

 
For pH7.2:  16.8ml of 1M Potassium Phosphate Monobasic (KH2PO4) 

34.2ml of 1M Potassium Phosphate Dibasic (K2HPO4) 
Brought up to 100ml with dH2O and autoclaved 

 
Phosphate Buffer Saline with 0.1% Tween-20 (PBT; made fresh) 
1µl of 100% Tween-20 added for each ml of PBS 
 
Tris Buffered Saline with 0.1% Tween-20 (TBST; made fresh) 
1µl of 100% Tween-20 added for each ml of TBS 
 
SSC 
20xSSC: 175.3gNaCl and 88.2g NaCitrate, volume brought up to 1liter; pH  
               adjusted to 7.0. 
10xSSC, pH4.5: 250ml 20xSSC + 30ml citric acid + 220ml DePC H2O 
 
 
 
 
References:  
 
Miller, S. A., Dykes, D. D, and Polesky, H. F. 1988. A simple salting out 

procedure for extracting DNA from human nucleated cells. Nucleic Acids 
Res. 16, 1215. 

 
Sambrook, J., Russell, D.W. 2001. Molecular Cloning: A laboratory manual, 

3rd ed. Cold Spring Harbor Press, NY. 
 
Wilkinson, D. 1998. In Situ Hybridization: a Practical Approach, 2nd ed. IRL  
 Press, Oxford. 

 
 
 

 

 145



VITA 
 

MARCIA K. LOWENSTEIN 
  
 

EDUCATION:   
 
2009 Doctoral Candidate in Biology 
   Florida International University, Miami, FL 
 
1992 Intensive Course in Maternal Nutrition 
   Department of Obstetrics and Gynecology 
   University of Florida, Gainesville, FL 

 
1988 Intensive Course in Pediatric Nutrition 
   University of Iowa Children’s Hospital 
   Iowa City, Iowa 
 
1984 Masters of Science in Nutrition and Dietetics 
   Florida International University 
   Miami, Florida. 
 
1983 Bachelor of Science in Human Nutrition and Food Science 

University of Florida, Gainesville, Florida. 
 

PRESENTATIONS:   
 
March 2009.  Interaction between the transcription factor Sox10 and 

Endothelin receptor B in the melanocyte lineage. Poster presentation 10th 
Annual Biology Symposium, Florida International University, Miami FL. 

 
December 2008. Interaction between the transcription factor Sox10 and 

Endothelin receptor B in the melanocyte lineage. Poster presentation 48th 
Annual Meeting American Society for Cell Biology, San Francisco, 
California. 

 
February 2008.  Interaction between the transcription factor, Sox10, and 

Endothelin receptor B in the melanocyte lineage. Tenth Annual Florida 
International Biology Symposium, Kampong Gardens, Miami, Florida. 

 
March 2007.  Interactions Among Endothelin Receptor B and Transcription 

Factors, Sox10 and Pax3, in Melanocyte and Glial Lineages. Biological 
Diversity: Cellular and Molecular Interactions. Biomedical and 
Comparative Immunology Symposium. Florida International University, 
Miami, Florida. 

 146



 147

March 2006. Transgenic Expression of Ednrb Rescues the Spotting 
Phenotype of Sox10 Mutant Mice.  Annual Scholarly Forum, Graduate 
Student Association. Florida International University, Miami, Florida. 

 
October 2005. Transgenic Expression of Ednrb Rescues the Spotting 
 Phenotype of Sox10 Mutant Mice. MBRS-Rise (Minority Biomedical  
 Research Initiative for Scientific Enhancement) Mini-symposium, Florida 
 Internation University, Miami, Florida. 
 
September 2005. Transgenic Expression of Ednrb Rescues the Spotting  
 Phenotype of Sox10 Mutant Mice. Plenary speaker,  Developmental  
 Biology 1: Melanoblast/RPE Specification, Development, Survival and  
 Apoptosis. International Pigment Cell Conference, Reston VA.  
 
Fall 2004. The Effect of Endothelin-3 Signaling on Early Schwann Cell  
 Development.  MBRS-Rise (Minority Biomedical Research Support 
 Research  Initiative for Scientific Enhancement) Mini-symposium, Florida  
 International University, Miami, Florida. 

 
PUBLICATIONS:  
 
Martinez, J., Lowenstein, M. and Munois, W.  "Nutrition and Substance Use 

in The Adolescent Male Football Player".  International Pediatrics, Dec. 
1993 (vol. 8, no. 4). 

 
Lowenstein, M.K.  "How to Help America Eat Right". Miami Medicine, 

March, 1993. 
 
Lowenstein, M.K. and Field, T.  "Maternal Depression Effects on Infants. 

Analise Psicologica, Jan. - March, no.1, 1992. 
 
Lowenstein, M.K. and Field, T.  "Maternal Depression Effects on Infants. 

Devenir, Sept., no. 3, 1990. 
 
Lowenstein, M.K.  "Family Dynamics Profile: Identifying Factors 

Contributing to Disordered Eating Patterns." Dietitian's Patient Education 
Manual, ASPEN Publishers; vol.1, 1991. 

 
Lowenstein, M.K.  "Weight Reduction Techniques in the Pediatric 

Population". Topics in Clinical Nutrition, 2:1, 1987. 
 
Lowenstein, M.K., Blackburn, S.A., Curry, K. and Easton, P.  "Integrated 

Diet Therapy and Dietary Counseling: An Alternative Educational 
Technique". Journal of The American Dietetic Association, 86:44, 1986. 

 
 


