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The differentiation of the gonads begins at mid-gestation when 

sex differences are first identified histologically. Prior to gonadal 

differentiaton, male and female embryos are phenotypically 

indistinguishable. After gonadal differentiation, males are identified 

by the presence of testes and females by the presence of ovaries. 

The Sry gene located on the Y chromosome has been identified as 

the testis determining gene. Evidence of 5ry's role as the testis 

determining gene being both necessary and sufficient was proven by 

t h e  d e v e l o p m e n t  o f  t e s t e s  i n  X X  f e m a l e  m i c e  t r a n s g e n i c  f o r  S r y .  

Transcription of Sry, thought to be critical for testicular 

differentiation, is hypothesized to be limited to the male gonad at 

the time of gonadal differentiation. We will demonstrate that 

transcription of Sry is not limited to the time of gonadal 

differentiation, but is detectable throughout the preimplantation 

period. Therefore, detection of transcription of Sry may be 

indicative of sex determining events occurring prior to gonadal 

differentiation in the preimplantation mouse embryo. 
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This dissertation addresses the expression and function of S r y  

in the mouse preimplantation embryo. Furthermore, this 

dissertation addresses the sex dimorphism of a faster growth rate in 

male versus female embryos and a hypothesized relationship 

between growth rate and gonadal differentiation. Our hypotheses 

are that sex determining events occur prior to gonadal 

differentiation in the preimplantation embryo and/or that Sry has 

additional developmental roles in embryogenesis. Furthermore, the 

faster growth of males predisposes the XY gonad to differentiate into 

a testis. 

My conclusions are: (1) That S r y  transcription is not limited to 

the time of gonadal differentiation, thus sex determining events may 

occur earlier. This is based on my findings that Sry mRNA is 

detectable throughout the preimplantation period and that at the 

blastocyst stage the linear Sry transcript is found on polyribosomes. 

In addition, my findings indicate that the faster growth of the male 

preimplantation embryo may contribute to the male gonad 

differentiating into a testis. (2) That Sry or Sry-like Sox genes play a 

developmental role in ovarian differentiation. This is based on my 



creation of female mice transgenic for an antisense oriented 

transgene developing supernumerary ovaries. 
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CHAPTER I 

INTRODUCTION 

Sex determination and differentiation 

Mammalian sexual differentiation is a sequential process. It 

consists of the establishment of a chromosomal sex, either XY or XX, 

followed by a gonadal sex, testies or ovaries, and ending with a 

phenotypic sex, a penis and scrotum or a clitoris and labia. 

1. Chromosomal Sex 

The chromosomal sex is the result of an X or Y bearing sperm 

fertilizing an X bearing egg. A genotype of XX will normally result in 

the development of a female sex, whereas a genotype of XY will 

normally result in the development of a male sex. The presense or 

absence of the Y chromosome is the primary determinant in 

developing a male or female sex. Even in the presence of multiple 

copies of the X chromosome, a single Y chromosome will result in 

t h e  d i f f f e r e n t i a t i o n  o f  a  m a l e  g o n a d  ( B y s k o v  a n d  H o y e r ,  1 9 8 8 ) .  S r y  

is the gene identified on the Y chromosome responsible for 

differentiation of the male gonad into a testis. Although Sry is 
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proven to be the testis determining gene, non-Y genes on the X and 

autosomal chromosomes are required for normal male development. 

(Wilson and Goldstein, 1975). Overall, the genetics of sexual 

differentiation is best described as the result of interactions between 

genes on the X, Y, and autosomal chromosomes rather than a single 

testis determining factor. 

2. Gonadal Sex 

Two pairs of genital ducts develop in early male and female 

embryos. They are called the mesonephric (or Wolffian) and the 

paramesonephric (or Mullerian) ducts. In males, the mesonephric 

duct gives rise to the vas deferens, epididymus, and the seminal 

vesicle. In females, the paramesonephric duct gives rise to the 

uterus, fallopian tubes, and upper vagina. In both sexes, the 

undifferentiated gonads appear as a bulge-like proliferation of the 

coelomic epithelium and condensation of the underlying 

mesenchymal tissue, giving rise to the genital ridges (Gilman, 1948). 

This occurs along the medial region of the mesonephros, a paired 

transient excretory organ of the early embryo. Finger-like epithelial 

cords, called primary sex cords, invade from the genital ridges into 
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the underlying mesenchyme. Germ cells migrate by pseudopodal 

movement from the primitive gut to the genital ridges and 

incorporate into the primary sex cords (Mintz, 1960). Male and 

female gonads are indistinguishable before gonadal differentiation. 

3. Testis differentiation 

The first evidence of sexual dimorphism in the gonads is the 

condensation and branching of the primary sex cords to form the 

seminiferous cords (Oilman, 1948). The seminiferous cords develop 

into tubules consisting of Sertoli cells and germ cell-derived 

spermatogonia. The fetal testis becomes an endocrine organ upon 

the differentiation of the cords into tubules and the subsequent 

production of Mullerian inhibiting substance (Josso, 1986). 

Mullerian inhibiting substance causes regression of the Mullerian 

ducts (Josso et aL, 1977; Swan et ai, 1977). Afterwards, Leydig cells 

form and begin to synthesize testosterone (George and Wilson, 

1988). Testosterone induces masculine differentiation of the 

external genitalia. 
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4. Ovarian differentiation 

Differentiation of the female ovary occurs later than testicular 

differentiation in males (George and Wilson, 1988). Differentiation 

of the ovary begins with the regression of the primary cords and 

development of secondary cords called "cortical cords" that extend 

from the surface epithelium into the underlying mesenchyme. The 

cords increase in size and incorporate the primordial germ cells. 

Follicles form from the breaking up of the cords into clusters 

consisting of oogonia-derived germ cells that become surrounded by 

follicular cells. The ovary becomes an endocrine organ by producing 

estrogen. Although the ovary develops later than the testis, both 

organs produce their respective hormones at the same time in 

development (George and Wilson, 1988). Lack of testosterone will 

cause the Wolffian duct to degenerate in the female whereas the 

Mullerian duct will persist (Jost, 1953). 

5. Phenotypic Sex 

As stated previously, the peristing mesonephric or 

paramesonephric ducts in males and females will give rise to their 

respective internal genital ducts. However, the development of the 
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external genitalia is dependent upon the presence or absence of 

testosterone. In males the masculinization of the indifferent external 

genitalia is caused by androgen production from the fetal testes 

(Jost, 1953). Prior to gonadal diffferentiation both sexes externally 

possess a genital tubercle, urogenital folds, and labioscrotal 

swellings. In the presence of testosterone the genital tubercle 

develops into a glans penis, the urogenital folds fuse with each other 

to form the penile urethra, and the labioscrotal swellings grow 

toward each other and fuse to form a scrotum. In the absence of 

testosterone (and the presence of estrogen) feminization of the 

external genitalia occurs. The genital tubercle becomes a clitoris, the 

unfused urogenital folds become the labia minora, and the unfused 

labioscrotal folds become the labia majora. 

History and Review of Literature 

1. Discover y  o f  t h e  T e s t i s  D e t e r m i n i n g  G e n e  S R Y  

The modern era of sex determination research begins in 1959 

w h e n  t h e  Y  c h r o m o s o m e  w a s  s h o w n  t o  b e  m a l e  d e t e r m i n i n g  ( F o r d  e t  

al., 1959; Jacobs and Strong, 1959; Welshons and Russell, 1959). 
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The first candidate for a potential Testes Determining Factor (TDF) 

was the male-specific histocompatibility antigen H-Y (Ohno, 1976; 

Wachtel et al., 1975). The H-Y antigen hypothesis was based on 

transplantation studies where tissue grafts from male mouse skin 

onto female mouse skin were rejected, but were not rejected when 

transplants were from female to male or male to male (Eichwald and 

Silmser, 1955). The widespread evolutionary conservation of the H-

Y antigen and serological assays associating testes with male antigen 

(Billingham and Silvers, 1960) also lent support to the hypothesis 

that the H-Y gene is the testes determining gene and that the H-Y 

antigen product is the testes determining factor. However, there 

were mice that had testes but lacked the H-Y antigen (McLaren et al., 

1984). Therefore, the hypothesis was discarded. More recently, the 

H-Y antigen in mouse has been identified as an octomer peptide 

encoded by the Selected mouse cDNA on the Y (Smcy) gene (Agulnik 

et al., 1994). In addition a second H-Y epitope has also been 

detected in mouse (Greenfield, 1996). In humans the H-Y antigen is 

an 11 peptide residue derived from the SMCY protein (Wei et al., 

1995). The SMCY gene is highly conserved on the Y chromosome in 
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man, mouse, and marsupials and is hypothesized to play a role in 

spermatogenesis (Agulnik et al., 1994; Scott et al., 1995). 

In 1987, Zinc Finger of the Y chromosome { Z F Y )  was identified 

and proposed to be the testis determining gene on the Y 

chromosome for mammals (Page et al., 1987). ZFY encodes a zinc 

finger protein of 404 amino acids. The zinc finger is a common 

motif found in some proteins that function as transcription factors. 

Both humans and mice have homologues of ZFY. In humans, there 

are both ZFY and ZFX genes with ZFX being highly homologous to 

ZFy (Schneider-Gadicke et al., 1989). In mice, there are two Y linked 

copies, Zfy-l and Zfy-2, an X linked copy Zfx and an autosomal copy 

Zfa (Mardon et al., 1989; Nagamine et al., 1990). A comparison of 

the copy numbers of the Zfy gene and its homologues between 

males and females in mice made it a promising candidate for the sex 

determining gene using a model based on simple dosage 

compensation mechanisms. However, XX males that have testes, but 

lacked the ZFY gene showed that ZFY and TDF are two separate loci 

(Palmer et al., 1989). In addition, Zfy expression patterns in mice 

also excluded Zfy-l and Zfy-2 as candidates for the mouse testis 
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determining gene (Koopman et al., 1989). Therefore, ZFYIZfy were 

both excluded in human and in mouse as the male testis 

determining gene. 

A detailed search of breakpoints in human XX males identified 

a Sex determining Region of the Y chromosome {SRY) gene (Sinclair 

et al., 1990). Similar work in mice identified a novel gene in the 

mouse Sex determining region of the Y chromosome {Sry) (Gubbay 

et al., 1990). An open reading frame within SRY/Sry encoding a 

conserved 80 amino acid motif was identified (Gubbay et al., 1990; 

Sinclair et al., 1990). The 80 amino acid motif shows strong 

similarity in yeast to the 80 amino acids at the carboxy terminal 

r e g i o n  o f  t h e  M c  p r o t e i n  e n c o d e d  b y  t h e  m a t 3 - M  r e g i o n  o f  S .  p o m b e  

(Kelly et al., 1988). The 80 amino acid motif in SRY also shows 

sequence similarity with HMG box domains in the nuclear non

histone proteins HMGl and HMG2. High mobility group (HMG) 

proteins 1 and 2 play a role in chromosome structure and gene 

expression because of their DNA binding sequences and association 

with regions of transcriptionally active chromatin (Bianchi et al., 

1992; Wright and Dixon, 1988). The domain sharing sequence 
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similarity between S R Y  and HMGl and HMG2 is the HMG box that 

also shares sequence similarity with the human nucleolar 

transcription factor hUBF (human upstream binding factor), a 

cofactor for ribosomal RNA transcription by RNA polymerase I 

(Jantzen et al., 1990). This suggests that the HMG box motif may 

represent a novel class of DNA binding domains that functions as 

transcription factors (Jantzen et al., 1990). 

S R Y  belongs to a class of HMG containing protein that often 

shows restricted tissue expression and binding to specific sequences 

with high affinity. T cell lymphocyte specific proteins, TCF-l and 

TCF-la are two well characterized members of this class that are 

expressed in lymphoid tissues and are involved in transcriptional 

regulation (Travis et al., 1991). TCF-l interaction with DNA is 

through an 80 amino acid HMG box that is found to be sufficient for 

binding to target sequences. SRY has been demonstrated to bind to 

the same sequence as TCF-I, AACAAAG (Ferrari et al., 1992; van de 

Wetering and Clevers, 1992). The binding of both SRY and TCF-la 

occurs in the minor groove and induces a bend of 130 degrees in 

target DNA (Giese et al., 1992). The sequence similarity of the HMG 
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box to the HMG family found within the S R Y / S r y  gene suggests that 

the SRY gene product is a transcription factor that could initiate a 

regulatory cascade of genetic events leading to testicular 

differentiation (Sinclair et al., 1990). Sry's role as the testis 

determining gene was demonstrated when female mice made 

transgeneic for the Sry gene developed testes rather than ovaries. In 

addition, the development of ovotestes and/or ovaries in some XY 

m a l e  m i c e  a r e  h y p o t h e s i z e d  t o  b e  d u e  t o  a  m i s e x p r e s s i o n  o f  S r y  

during the time of gonadal differentiation in the Y'^""' subspecies of 

mice (Chung and Taketo, 1994). 

2. Sex Dimorphism and the Growth Factor Y (GFY) Gene 

Recent studies show that eutherian mammals possess a sexual 

dimorphism prior to gonadal differentiation. This dimorphism is a 

difference in the rate of development between males and females 

prior to and following gonadal differentiation (Tsunoda et al., 

1985). Tsunoda et al. discovered that male preimplantation mouse 

embryos develop at a statistically faster rate than their sibling 

female embryos. This was seen in vivo and in vitro by the earlier 
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development of a blastocoel cavity in male embryos than in female 

embryos. We confirmed their findings with the mouse 

preimplantation embryo and refer to this phenomenon as the 

Growth factor Y (Gfy) effect (Zwingman et al., 1993). Male bovine 

preimplantation embryos were also shown to develop faster than 

female bovine preimplantation embryos (Xu et al., 1992). In 

addition, Xu et al. demonstrated with studies involving in vitro 

fertilization that X- and Y-bearing sperm fertilized eggs at the same 

time (Xu et al., 1992). Therefore, the difference in developmental 

rates between males and females was not due to differing rates of 

fertilization by X- and Y- bearing sperm. The Gfy effect also persists 

beyond the preimplantation stage to midgestation. For example, 

males are heavier than females at postimplantation stages in rat 

fetuses (Scott and Holson, 1977) and male mice develop more 

somites than their female sibs at day nine (Seller and Perkins-Cole, 

1987). First trimester human male fetuses are more advanced than 

1st trimester female fetuses (Fog Pederson, 1980). In addition, the 

likelihood of a live born human male from in vitro fertilization was 
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significantly greater when the more advanced embryos from culture 

were chosen for transfer (Pergament et al., 1994). 

An alternative hypothesis for the Gfy effect is that the 

maternally imprinted X (X"") of a male embryo may promote more 

rapid growth. Likewise the presence of a paternally imprinted X (X^) 

in a female embryo may have a retarding effect. To determine if the 

pregonadal differences in development rates between males and 

females were due to a difference in the X chromosome constitution 

or an effect of the Y chromosome, the same strain of mice used by 

Tsunoda et al. were crossed to confirm the growth rate difference in 

mouse preimplantation embryos (Burgoyne, 1993). The experiment 

tested the Y chromosome of the CDl strain of mice on its own X and 

autosomal inbred background, and on the background of the MFl 

inbred strain of mice. The XY embryos were found to have more 

cells than the XX embryos, confirming that the CDl Y chromosome 

does impart an accelerating effect on the mouse preimplantation 

embryo regardless of the autosomal and X chromosome background. 

The same analyses were also performed using a different Y 

chromosome, Y del RIII. Y del RIII was chosen for its easy 
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identification due to a large deletion. However, the Y del RIII 

chromosome resulted in no differences in preimplantation growth 

rates between male and female litter mates (Burgoyne, 1993). It is 

not clear why the Y del RIII mice do not have a preimplantation Gfy 

effect, but do have a postimplantation Gfy effect. Mice that have the 

entire Y RIII chromosome also do not have a preimplantation Gfy 

effect. Therefore, the deletion in the Y RIII chromosome is not the 

cause of a lack of Gfy in the preimplantation embryo. It is possible 

that the Y del RIII mouse offers evidence of a non-mediated-Sry 

mechanism for controlling the advanced growth rates in males 

during the postimplantation stage. 

Thornhill and Burgoyne proposed that the developmental rate 

differences between males and females during the postimplantation 

period is due to their X chromosome constitution (Thornhill and 

Burgoyne, 1993). The paternal X chromosome imparts a retarding 

effect on the X^X" female embryo and the X maternal chromosome 

imparts an accelerating effect on the X^Y male embryo. They 

supported this hypothesis with an earlier study where an XX female, 

heterozygous for a large inversion of an X chromosome was used as 
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a source of "O" type eggs (Burgoyne and Holland, 1983), allowing 

developmental studies comparing the growth rates of female X^O 

embryos to female X"'Xp embryos. They showed that X^O fetuses are 

retarded in development and smaller than their X^X^ litter mates, 

suggesting that the X^O differences are not due to an X dosage 

deficiency since XY fetuses are not retarded in development and are 

larger than their XX sibs. They also demonstrated that the X^O were 

not retarded due to a gene dosage event from the single X by 

generating crosses with a rearranged Y chromosome and an inverted 

X chromosome to generate a fertile aneuploid male that produced 

"O" type sperm. Crossing these males with normal females 

generated X^O daughters. A subsequent cross with a male with an X 

linked mutation led to the production of X^O and X^O fetuses within 

the same litter (Thornhill and Burgoyne, 1993). This cross allowed 

comparisons to be made between X"*© and X^O siblings testing 

whether the retarded X^O was due to a gene dosage event with the 

single X. If the retardation were due to a gene dosage event then the 

X"0 embryos would be expected to also be retarded in development. 

If the X^O are retarded due to a retarding paternal X, then the 
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embryo would be expected to be accelerated. As before they found 

that the X^O fetuses were retarded in development. However, the 

X!"0 fetuses were not only accelerated but equal in development to 

their normal XY sibs presumably due to their lack of a retarding X^ 

chromosome. This supports their hypothesis that a growth rate 

difference between the sexes may be due to the X chromosome 

constitution rather than a Y chromosome accelerating effect in the 

postimplantation mouse embryo. It appears that in the 10.5 dpc 

embryo that the X"" chromosome has a retarding effect on 

development in both X^O and X^X" embryos and is not the result of 

a gene dosage event between the XY or XX and XO. Their results 

support the hypothesis that the paternal X retards and the maternal 

X accelerates embryonic growth rates where X^O is slower than X^X" 

and X^X" is slower than X"*Y. However, in a separate study where 

XPO and X^O siblings were generated, there were no differences 

between X''0 and X''X"embryos in development (Omoe and Endo, 

1993). This is in contrast to Burgoyne's original studies with respect 

to a retarding paternal X chromosome effect. 
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In spite of the conflicting data, it is clear that a 

preimplantation growth rate difference exists between male and 

female embryos with the male developing faster than the female and 

the Y chromosome appears to frequently be responsible for the 

accelerating effect. Whether this Gfy effect carries on to the 

postimplantation embryo and/or there is a separate retarding effect 

occurring during the postimplantation stages remains to be 

determined. Furthermore, the identity of the Y chromosome growth 

accelerating gene remains unknown. 

3. Gonadal growth 

Mittwoch has maintained that the primary difference in 

development between the mammalian testis and the ovary is in a 

difference in growth rates with fast growth leading to development 

of a testis and slow growth leading to the development of an ovary 

(Mittwoch, 1970; Mittwoch, 1971; Mittwoch, 1976). Her hypothesis 

is that accelerated early growth of the XY embryo gives the male 

phenotype a favorable start in its development. Her hypothesis is 

based on the following studies: (1) Newborn human males generally 

are heavier than newborn females by about 100 grams (Karn and 
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Penrose, 1951). (2) A longitudinal study measuring crown-rump 

lengths and biparietal diameters of the skull in 101 human fetuses 

demonstrated that female fetuses at 8 to 12 menstrual weeks were I 

day behind male fetuses and that this difference increased to 6-7 

days by time of birth (Fog Pederson, 1980). (3) Males exceed 

females in amount of protein, weight, and rate of intake of 

radiolabeled thymidine in rats (Scott and Holson, 1977). 

Mittwoch developed a model hypothesizing that the 

development of the male indifferent gonad must reach a certain size 

within a specific time in order for it to differentiate into a testis 

(Mittwoch, 1993). This threshold model for testis development 

suggests that failure of the indifferent gonad to reach a certain size 

by a certain time would result in a gonad developing as an ovary 

(Figure l-I). Her model illustrates the combined effects of 

embryonic and gonadal growth rates on subsequent gonadal 

differentiation. In this model, a fast gonadal growth combined with 

a fast embryonic growth results in the development of a testis. A fast 

gonadal growth with a slow embryonic growth also leads to 

development of a testis, but with less of a tendency since the plot of 
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Testis differentiation 

fast embryo 

slow embryo 

fast gonad 

slow gonad Gonadal 

development 

Gonadal ridge 
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Pregonadai 
development Time after fertilization Threshold 

for testis 
development 

F i g u r e  l - l .  G r a p h  o f  M i t t w o c h ' s  t e s t e s  t h r e s h o l d  m o d e l .  

M o d e l  i l l u s t r a t i n g  g o n a d a l  d i f f e r e n t i a t i o n  i n  f o u r  d e v e l o p 

m e n t a l  s y s t e m s  d i f f e r i n g  i n  b o t h  t h e  p r e - g o n a d a l  a n d  t h e  

g o n a d a l  r a t e s  o f  g r o w t h .  T  i s  t h e  t e m p o r a l  t h r e s h o l d  f o r  t e s 

t i c u l a r  d i f f e r e n t i a t i o n ;  ( a )  F a s t  d e v e l o p m e n t  o f  p r e - g o n a d a l  

e m b r y o  f o l l o w e d  b y  f a s t  d e v e l o p m e n t  o f  g o n a d s  r e s u l t s  i n  

d i f f e r e n t i a t i o n  o f  t h e  t e s t e s ;  ( b )  F a s t  d e v e l o p m e n t  o f  p r e g o 

n a d a i  e m b r y o  f o l l o w e d  b y  s l o w  d e v e l o p m e n t  o n  g o n a d  

r e s u l t s  i n  d e v e l o p m e n t  o f  t e s t e s ;  ( c )  S l o w  d e v e l o p m e n t  o f  

p r e g o n a d a i  e m b r y o  f o l l o w e d  b y  f a s t  d e v e l o p m e n t  o f  g o n a d s  

l e a d s  t o  d e v e l o p m e n t  o f  t e s t e s ;  ( d )  S l o w  d e v e l o p m e n t  o f  

p r e g o n a d a i  e m b r y o  f o l l o w e d  b y  s l o w  d e v e l o p m e n t  o f  g o n a d  

l e a d s  t o  d e v e l o p m e n t  o f  o v o t e s t e s  o r  o v a r i e s .  T h e  m o d e l  i s  

i n t e n d e d  t o  a p p l y  t o  X Y k a r y o t y p e s .  I n  X X k a r y o t y p e s ,  s l o w 

e r  g o n a d a l  g r o w t h  r a t e s  w o u l d  b e  e x p e c t e d  t o  g i v e  r i s e  t o  

o v a r i e s  i n  m o s t  c a s e s  [ M i t t w o c h ,  1 9 9 3 ] .  
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the size of the developing gonad lies close to the temporal 

threshold point T. If both slow gonadal growth along with slow 

embryonic growth occurs, then the gonad misses the threshold 

point T and develops into a ovary. Mittwoch states that this 

threshold model does not cover all possible effects of differences in 

gonadal and embryonic growth. For example, XY phenotypic females 

lacking the Sry gene are larger than their XX sibs (Burgoyne, 1993). 

In this condition of fast embryonic growth and slow gonadal growth 

it should place the gonad within the threshold for differentiation 

into a testis. But it does not. Therefore the rate of embryonic 

development alone cannot guarantee the development of a testis, 

but rather increases the probability. Slow embryonic development 

does not necessarily prevent male development. For example there 

is no difference in size between XX sex reversed embryos who 

develop into males and XX sibling embryos who develop into 

females (Burgoyne, 1993). This finding provides evidence that 

gonadal and somatic growth are either unrelated, or at least not 

directly related, and that, thus, Mittwoch's Testis Threshold model 

should be limited to gonadal growth. The finding also suggests that 
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the Y chromosome testes determining gene, S r y ,  is not the male 

growth accelerating gene in the post implantation and later embryo. 

In addition, a genetic study of growth rate differences between XX 

and XY mouse embryos demonstrated that a deletion of the Sry gene 

did not slow down the male relative to female preimplantation 

embryo growth rates as measured by cell numbers (Thornhill and 

Burgoyne, 1993). This would indicate that Sry may not be 

responsible for Gfy in the preimplantation embryo. 

4. Gonadal environment 

A possible reason why the male indifferent gonad needs to 

differentiate earlier than the female gonad may be due to maternal 

estrogen interfering with testicular differentiation. For example, 

differentiation of the indifferent gonad in marsupials such as the 

grey short tailed opossum occurs at the time of birth. If gestation is 

prolonged by as little as 1 day the indifferent male gonad fails to 

differentiate into a testis (Baker et al., 1993). In contrast, the female 

grey short tailed opossum gonad is unaffected by prolonged 

intrauterine gestation. Thus, a prolonged exposure to the estrogen 

rich environment within the uterus may interfere with testicular 
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differentiation. In man, exposure of the indifferent fetal gonad to 

high levels of progesterone and estrogen affects the undifferentiated 

male gonad resulting in decreased sperm counts and disorders of 

the male reproductive system. These results suggest that the male 

fetus avoids developing into an XY female with gonadal dysgenesis 

by the early differentiation of its gonad (Sharpe and Skakkebaek, 

1993). The subsequent testicular production of androgens 

establishes a male sexual phenotype therefore counteracting the 

effects of an estrogen environment. In order for the eutherian male 

gonad to develop in a uterine environment for prolonged periods, it 

would have to develop a way of counteracting an estrogen 

environment that may adversely affect testes differentiation as does 

the marsupial male gonad during prolonged incubation. The female 

embryo on the other hand is already in a favorable hormonal 

environment for development of its sexual structures and, thus, did 

not have the need for fast development. 

Hypotheses and Thesis Outline: 
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As defined in the American Heritage Dictionary, sex (seks) n. 

is the property or quality by which organisms are classified as 

female or male on the basis of their reproductive organs and 

functions. This is a simplified, yet accurate definition where the 

differentiation of a gonad is believed to be the time when a sex is 

first evident. During embryogenesis, before the time of gonadal 

differentiation, the embryo is portrayed as a sex neutral or female 

body plan with an indifferent gonad whose potential for 

differentiation into a testis is totally dependent upon the expression 

of a gene on the Y chromosome. Expression of a gene important to 

testicular differentiation is expected to occur in a spatial and 

temporal window limited to the identified gonad and its time in 

development when gonadal differentiation occurs. Gonadal 

differentiation occurs later in females and is hypothesized to be due 

to the lack of a testes determining gene resulting in a default 

pathway rather than due to the presence of an ovary determining 

gene. The observation that chromosomally XX female mice made 

transgenic with the Sry gene develop testes rather than ovaries 

provided strong evidence for the role of the Sry gene as the testes 
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determining factor. The creation of transgenic sex reversed females 

fulfills the conditions for a purported role of a gene and its product 

by demonstrating that the Sry gene is both necessary and sufficient 

for the differentiation of the indifferent gonad to become a testis. 

However, much about S r y  is unknown with respect to 

molecular events leading to the differentiation of an indifferent 

gonad into a testis under the influence of the Sry gene. Genes 

upstream and downstream of Sry have yet to be identified in what is 

likely to be a cascade of events leading to gonadal differentiation. 

More importantly, however, is the confusion with what is currently 

b e l i e v e d  t o  b e  k n o w n  w i t h  r e s p e c t  t o  e x a c t l y  w h e n  e x p r e s s i o n  o f  S r y  

is important for testis differentiation. The form and expression of 

the Sry transcript does not follow a narrow temporal and spatial 

e x p r e s s i o n  p a t t e r n  l i m i t e d  t o  t h e  t i m e  o f  g o n a d a l  d i f f e r e n t i a t i o n .  S r y  

transcripts have been detected in both linear and circular forms and 

have been detected at times prior to and following gonadal 

differentiation. This implies that the role or roles of Sry as the testis 

determining gene are not well defined and, therefore, need further 

investigation. 
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Furthermore, prior to gonadal differentiation, a potential sex 

determining event manifests itself as a sexual dimorphism of growth 

rates found between male and female embryos during the 

preimplantation stages. This dimorphism has been termed the 

growth factor Y effect because a gene responsible is likely to be 

located on the Y chromosome. The association of a sex dimorphism 

with gonadal differentiation needs to be investigated to determine 

whether there is a correlation between rates of development and 

gonadal differentiation. 

The hypothesis of this dissertation is that important sex 

determining events occur prior to gonadal differentiation in the 

mouse preimplantation embryo. This hypothesis is supported by the 

detection of Sry expression in the preimplantation mouse embryo 

(Zwingman et al., 1993) and by the sex dimorphism with males 

developing faster than females in the preimplantation embryo 

(Tsunoda et al., 1985; Zwingman et al., 1993). To test our 

hypothesis we want to explore two questions: (1) Does Sry have a 

sex determining role in the preimplantation embryo? (2) Is the rate 



42 

of preimplantation embryonic growth a sex determining event (i.e. 

influences the differentiation of the indifferent gonad)? 

The first question will be addressed in chapters II and III. 

Chapter II addresses the forms of the Sry transcript, and when their 

transcription occurs in the preimplantation embryo. Chapter III 

addresses the role(s) of Sry by attempting to prevent translation of 

the Sry transcript in the male preimplantation embryo via antisense 

technology in transgenic mice. 

Chapter II will show detection of the circular S r y  transcript 

prior to the time of gonadal differentiation in the mouse 

preimplantation embryo from the 2 cell stage to the blastocyst stage 

and detection of the linear Sry transcript at the morula stage via RT-

PCR. Chapter II will also show detection of Sry expression in the 

blastocyst stage preimplantation embryo via wholemount in situ 

hybridization. Furthermore, detection of Sry transcripts were made 

within polyribosomal RNA fractions from blastocyst stage embryos 

indicating probable Sry gene expression prior to the time of gonadal 

differentiation. Chapter III will show the results of making mice 
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transgenic for an antisense oriented Sry gene possibly causing a 

phenotype of supernumerary ovaries in the transgenic females. 

The second question will be answered in chapter IV by 

addressing whether a loss or decrease of the Gfy effect correlates 

with a gain of sex reversal by timing and statistically analyzing the 

development of males in an N1 (low sex reversing) generation to an 

N5 (high sex reversing) generation. 

Chapter V is an analysis of the data presented from chapters 

II. Ill, and IV with conclusions and a future perspective for 

continuing studies with respect to sex determining events in the 

mouse preimplantation embryo. 
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CHAPTER 11 

THE FORMS AND TRANSCRIPTION OF Sry IN THE MOUSE 

PREIMPLANTATION EMBRYO. 

I n t r o d u c t i o n  

S r y  

Studies supporting S R Y / S r y ' s  role as the testes determining 

factor are; (I) The discovery of sex reversed XY females with de 

n o v o  m u t a t i o n s  i n  t h e  S R Y  g e n e  n o t  p r e s e n t  i n  t h e i r  f a t h e r s  ( B e r t a  e r  

al., 1990; Jager et al., 1990). (2) The detection of Sry expression 

limited to the male mouse gonad during the time of gonadal 

differentiation (Koopman et al., 1990). (3) The creation of 

transgenic mice with a 14 kilobase fragment of the Y chromosome 

containing the mouse Sry gene inducing testicular development in 

XX females (Koopman et al., 1991). 

Although S R Y ' s  role as the testis determining gene appears to 

be defined, its mode of action is not understood with respect to how 

differentiation of the gonad actually occurs. There are four cell 
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lineage's in the developing gonad. They are: I) migrating germ cells 

that are not required for gonadal differentiation in testes (McLaren, 

1985); 2) supporting precursor cells that become Sertoli cells in 

males and follicular cells in females; 3) precursor cells that become 

Leydig cells in males and produce testosterone, and theca cells in 

the female that produces estrogen; and 4) connective tissue cells 

including vascular tissue and tunica in both gonad types in addition 

to peritubular myoid cells in testes or stromal cells in ovaries. 

Mouse XX/XY chimera studies have suggested that the 

supporting precursor cells are particularly critical for testis 

determination because the Sertoli cells were almost exclusively 

found to be XY rather than XX (Burgoyne et al., 1988). Therefore, 

Sry expression in the predominantly XY Sertoli cells is presumed to 

be responsible for their differentiation into Sertoli cells. However, 

Sry is not essential for Sertoli cell differentiation and the 

biochemical properties and morphology of the Sertoli cell can also 

be found in XX follicle cells. This is demonstrated in Nature by 

Freemartin cattle (Jost et al., 1975), and in experiments with female 

mice expressing high ectopic levels of an AMH transgene (Behringer 
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et al., 1990). In a recent study it has been shown that, when the 

male genital ridge is removed from the mesonephros, testicular 

cords fail to form. However, testicular cords will form if explanted in 

culture with the mesenephros. Studies show that there is a 

population of cells migrating from the mesonephros into the 

developing testis after 11.5 d.p.c. that gives rise to peritubular 

myoid cells (Buehr et al., 1992). It is hypothesized that these cells 

differentiate into peritubular cells and direct the organization of the 

Sertoli cells into testis cords. This suggests that Sertoli cell 

d i f f e r e n t i a t i o n  i s  d e p e n d e n t  u p o n  o t h e r  f a c t o r s  t h a n  j u s t  S r y .  

S r y  transcripts occur in two forms, circular and linear (Capel 

et al., 1993; Jeske et al., 1995). Linear Sry expression is believed to 

occur only within a narrow window of developmental time in the 

mouse. It is also believed that only events occurring during this time 

within the indifferent gonad are important for the differentiation of 

the XY or XX gonad into a testis or ovary respectively (Jeske et al., 

1995). Our lab has previously detected linear Sry transcripts in the 

mouse preimplantation embryo at the 2 cell and morula stages 

(Zwingman et al., 1993). More recently, Sry transcripts in the late 
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blastocyst stage, well before the time of gonadal differentiation, 

have been quantitated and there were found to be between 40-100 

t r a n s c r i p t s  p e r  c e l l  ( C a o  e t  a l . ,  1 9 9 5 ) .  I n  a d d i t i o n ,  e x p r e s s i o n  o f  S R Y  

in humans is also not limited to the gonad at the time of gonadal 

differentiation (Ao et al., 1994; Clepet, 1993; Fiddler et al., 1995). 

Expression of the circular transcript in mouse has been 

detected in the adult testis (Capel et al., 1993). The circular 

transcript is believed to be due to the unique inverted repeat 

sequences (Gubbay et al., 1992) flanking the Sry gene causing the 

Sry transcript to form a stem loop structure. The stem loop 

structure brings a splice acceptor and a splice donor site within 

close proximity to each other so that a splicing event occurs, 

resulting in a circular transcript (Capel et al., 1993). Humans lack 

an inverted repeat flanking their SRY gene and therefore do not 

have a circular SRY transcript. The role of the circular Sry transcript 

i n  t h e  m o u s e  a d u l t  t e s t i s  i s  u n k n o w n .  E x p r e s s i o n  o f  t h e  c i r c u l a r  S r y  

transcript is presumed to be unimportant since a circular transcript 

is unlikely to be translated into a functional protein (Capel et al., 

1993). This fails to take into account the possibility that a circular 



48 

transcript may act in its RNA form as an controlling element that 

could affect the expression of another gene or transcript. 

The temporal expression of the linear transcript is not strictly 

relegated to the time of gonadal differentiation alone. This raises 

questions as to the role(s) of the linear Sry transcript upon gonadal 

differentiation and/or development. In this chapter we will extend 

our previous publication of the detection of the linear transcript of 

Sry during the preimplantation period with studies detecting 

expression of circular Sry in the preimplantation embryo. 

Experiments 

This chapter consists of three sets of experiments. (1) The 

detection of circular transcripts throughout the preimplantation 

embryo from the 2 cell stage to blastocyst stage. (2) The isolation of 

sub- and polyribosomal fractions of blastocyst stage RNA followed 

by RT-PCR with primers oriented to detect circular and linear 

transcripts separately. (3) An in situ hybridization of the blastocyst 

s t a g e  e m b r y o  w i t h  a  p r o b e  c a p a b l e  o f  d e t e c t i n g  e i t h e r  f o r m s  o f  S r y  

transcript. 
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The purpose of the three proposed experiments are to (1) 

Determine if circular Sry is detectable in the preimplantation 

e m b r y o .  ( 2 )  P r o v i d e  l o c a l i z a t i o n  o f  S r y  e x p r e s s i o n  u s i n g  a n  i n  s i t u  

hybridization with an Sry probe in a nonradioisotopic labeling 

system. (3) To determine whether the linear transcripts and/or the 

circular transcripts of Sry are being translated in the 

preimplantation embryo. 

Materials And Methods Experiment (i) 

1. Animals and embryos 

Animals were purchased from The Jackson Laboratory and the 

Harlen Sprague Dawley Laboratories or were bred from lines 

founded in our colonies. C57BL6/J x DBA Fl female mice were 

superovulated by intraperitoneal injections of 5 units of pregnant 

mare serum (PMS) gonadotropin followed by 5 units of human 

chorionic gonadotropin (HCG) 48 hours later. After the HCG 

injection, the females were placed into breeding cages with Fl stud 
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males of the same cross. Time of coitus and fertilization is estimated 

to occur during the early morning hours of the following day. 

Embryos at the 1 cell stage were isolated by tearing the 

oviduct and digesting the surrounding cumulus with a hylaronidase 

solution. The embryos were washed 3X with M2 media and then 3X 

with M16 media before being placed into a 50 |il culture droplet of 

M16 media. Embryos were incubated under conditions of 37°C and 

5% CO2 and collected in pools of 2 cell, 4-8 cell, morula, and 

blastocyst stages. 

2. Reverse Transcription of Embryonic mRNA 

Pools of 100-200 mouse preimplantation embryos at 2 cell, 4-8 

cell, morula, and blastocyst stages were collected. Poly-A+ mRNA 

was isolated using the Micro-Fast Track™ mRNA isolation kit from 

Invitrogen. The protocol from the kit was strictly followed. 

Approximately 1 p.g of RNA from each of the pools was treated with 

RNase-free DNase and added to a reverse transcription reaction to 

generate cDNA. Reverse transcription was performed with the 

Invitrogen cDNA Cycle™ Kit for RT-PCR using oligo-dT primers. The 
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protocol was strictly followed for first strand cDNA sysnthesis per 

kit instructions. Negative controls were performed with the absence, 

RT(-), of reverse transcriptase. 

3. Polymerase Chain Reactions 

For PGR analysis, 5 ^il aliquots of each cDNA synthesized from 

the RT reactions were added to a 45 ^,1 aliquot from a master 

mixture containing 50 mM KCl, 10 mM Tris-HCl pH 9.0, l.O mM 

MgCl,, 0.1% gelatin (w/v), 1% Triton X-100, 200 p.M of each dNTP, 

approximately 2.5 U Taq polymerase, and 1.0 |j,M of each primer. 

For the RT(-) controls, aliquots of the RT(-) reactions comparable to 

the RT(+) reactions were added to the PGR analysis. Amplification 

consisted of 40 cycles of 95''G for 1 minute, 56*'G for 1 minute, 72°G 

for 1 minute in a Techne PHG-thermocycler. A final extension time 

of 9.9 minutes was added at the end of the last cycle. A 10 |il aliquot 

was electrophoresed through a 4% NuSieve agarose TAE gel. The 

primer pair sequence used for the circular form of Sry was 

5'AGATATGATGTGGCTGTAGG3'(Gubbay et al., 1990) and 

5'GATTGTCGACTGTAGTGAC3'(Y41A (Capel etal., 1993)). These 
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primers are directed away from each other in the linear transcript 

but towards each other in the circular transcript. These primers will 

amplify a 69 bp PGR product for a circular transcript. The PGR 

reactions using linear Sry transcript primers were done under the 

same conditions as the aforementioned except that the annealing 

temperature was 60°G rather than 56''g. The sequence of the linear 

Sry primers were 5'AATATGAGCGTGATGGGAGG3' and 

5'AAGGTCATGTGCACACGTCG3' (bp 315-335 and bp 455-475, 

(Gubbay et al., 1990)). The primers oriented for amplifying the 

linear Sry transcript will yield a 160 bp PGR product. Additional PGR 

analyses were made of the RT(+) and the RT(-) samples with and 

without RNase A treatment. 10|il of RT(+) and RT(-) samples were 

taken up in 200 |j,l of 10 mM Tris 1 mM EDTA solution and 2 |il of a 

10 mg/ml RNase A solution was added and incubated at 37°G for I 

hour. The RNase A treated samples were then extracted with 

phenol/chloroform, precipitated with 100% ETOH using 10 {ig of 

carrier tRNA, and resuspended in sterile dH^O. Aliquots of RT(+) and 

RT(-) samples with RNase A treatment were analyzed directly by PGR 
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following the same conditions and primer pairs as stated above for 

detecting circular and linear Sry transcripts. 

Materials And Methods Experiment rii) 

1. Isolation of sub and polvribosomal fractions 

Microscale fractionation of embryos into subribosomal (less 

than SOS) and polyribosomal (greater than SOS) ribonucleoprotein 

fractions of mRNA is based on the technique of DeSousa (DeSousa et 

al., 1993) and performed with minor modifications. Approximately 

500 embryos at the blastocyst stage were collected from culture and 

washed with ice cold Ca'"^- Mg"+- free phosphate buffered saline 

containing 0.3% Polyvinylpyrrolidone (PBS-PVP). Embryos were 

transferred in a 20 ill aliquot and homogenized in a 300 jil solution 

of 0.4% sodium deoxycholate, 1% NP-40, 500 units/ml of RNasin, 10 

|ig/ml cyclohexamide, and 20 ng of rRNA in TSM/EGTA buffer 

(20mM magnesium acetate, 10 mM EGTA, 40 mM Tris-HCL, 150 mM 

NaCl, and 10 mM dithiothreitol, pH of 7.5). The homogenate was 

transferred to a thin walled polyallomer ultracentrifuge tube and 
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centrifuged at 22,000 X g at 4^C for 3 minutes in a TLS-55 swinging 

bucket rotor. The pellet contained nuclei and mitochondria. The 

supernatant was removed and divided into 4 aliquots of equal 

volume. Each aliquot was layered over 1.5 ml of a 40% gradient 

sucrose solution in TSM/EGTA and centrifuged at 100,000 X g at 4°C 

for 1 hour in a swinging bucket rotor. The subribosomal fraction 

remained in the supernatant and the polyribosomal fraction was 

collected as a pellet at the bottom of the centrifuge tube. The 

polyribosomal pellets were dissolved in 64 |il of solubilization 

solution (10 mM Tris-HCl, 1 mM EDTA, pH 8.0, 100 units/ml RNasin, 

and 10 mM dithiothreitol) with 10 ng of carrier E. coli rRNA and 

added to 340 ^,1 of solution D (4M guanidinium thiocyanate, 25 mM 

sodium citrate, pH 7.0, 0.5% Sarkosyl, and 100 mM 6-

mercaptoethanol). The nucleic acid in the subribosomal fractions 

was precipitated with 100% ETOH. The subribosomal fractions were 

centrifuged in a high speed table top centrifuge for 20 minutes at 

4°C to pellet the ETOH precipitated RNA. The subribosomal RNA 

pellet was then dissolved in 64 |i.l of solubilization solution and 

added to 340 p.1 of solution D. The two fractions of subribosomal 
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and polyribosomal RNA in solution D were then separated in a CsCl 

gradient centrifuged at 250,000 g for 4 hours at 20°C in a TLS-55 

swinging bucket rotor. After centrifugation, the polyribosomal 

pellet was removed from the bottom of the tube and the 

subribosomal fraction from the CsCl gradient. The RNA fractions 

were dissolved and precipitated with 3M NaOAc pH 5.2 and 95% 

ETOH followed by centrifugation to pellet the RNA fractions. The 

pellets were washed twice with 70% ETOH, dried, and resuspended 

in 11.5 |il of sterile nuclease free H2O. 

2. RT of sub and polyribosomal RNA fractions 

Reverse transcription of all samples was performed via an 

Invitrogen cDNA Cycle^^ Kit for RT-PCR. Random primers and AMV 

Reverse Transcriptase were used to generate first strand cDNA 

synthesis for PCR. The protocol from kit was strictly followed. Both 

the sub and polyribosomal fraction RNA from pooled blastocyst 

stage embryos were reverse transcribed. In addition, approximately 

1 |ig amounts of sub and polyribosomal fractions of RNA from adult 
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mouse testes provided by Dr. Norman Hecht were also reverse 

transcribed. 

3. PGR of sub and polyrihosomal RNA fractions 

PGR analysis of the sub and polyribosomal RNA fractions was 

identical to the PGR conditions and primers used in experiment (i) 

with the exception that there were no RNase treatment of the 

samples. Each PGR product was electrophoresed through a 3% 

NuSieve agarose TAE gel, stained with EtBr and visualized via UV 

light. 

Materials And Methods Experiment nii) 

1. Probe Synthesis 

The DNA template to synthesize the antisense RNA probe is 

plasmid p422.04. Plasmid p422.04 contains a 2.96 kb pBluescript II 

K S +  v e c t o r  a n d  a  3 8 0  b p  f r a g m e n t  a t  p o s i t i o n s  8 2 0 7 - 8 5 7 9  o f  t h e  S r y  

gene. The 380 bp insert contains the entire HMG box. The insert was 

ligated into the Bgll and PstI sites of pBluescript. T3 RNA 
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polymerase was used to synthesize an antisense oriented probe of 

the Sry gene (Figure 2-1). 

Plasmid 422.04 was linearized with Xba I. A run-off type 

transcription reaction using T3 RNA polymerase was used to 

synthesize a 489 nt antisense probe. The transcription reaction 

consisted of a 20 [il reaction containing 1.0 \iLg oi Xba 1 linearized 

p422.02, 2 mM NTP mix of digoxigenenin UTP in a 6.5 : 3.5 ratio 

with ddUTP, 1 X transcription buffer, and 15 Units of T3 RNA 

polymerase in sterile RNase free dHiO. The reaction was incubated 

for 2 hours at room temperature, followed by DNase treatment to 

remove the DNA template. Ethanol was added to precipitate the 

synthesized antisense RNA probe. Five microliters of the probe was 

electrophoresed through a 0.9% agarose TAE gel. The probe was 

then stored at -20°C until time of hybridization. 

2. In situ hybridization 

Embryo preparation: The in situ hybridization of wholemount 

mouse embryos of both sexes at the blastocyst stage was performed 
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T7, 

8207 
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8286 8551 

BamHI Sense Sry 

8579 

'A-
Pstl 

T3 

Figure 2-1. So^ template for synthesizing probe for in situ 
hybridization of of biastcyst stage embryos 
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with minor modifications from the protocol of Rosen and 

Beddington (Rosen and Beddington, 1993). All steps were performed 

in a deep well depression glass slide. Following in vitro culture of 

approximately 200 F1 embryos from a DBA X C57BL6/J cross to the 

blastocyst stage, embryos were removed from the culture medium 

and washed 3X in cold PBS solution. 

Embryo fixation: Embryos were fixed overnight in a 4% 

formaldehyde solution in PBS. The following day the embryos were 

washed twice with cold PBT (PBS, 0.1% Tween-20). The embryos 

were then dehydrated through one change each for 5 minutes of 

25%, 50%, and 75% methanol-PBS and then in two changes of 100% 

methanol. 

Embryo pretreatment: Following fixation, embryos were re-

hydrated on ice through 75%, 50%, and 25% methanol-PBS and 

washed 3X with PBT at room temperature. Embryos were then 

washed 3X for 30 minutes per wash at room temperature in three 

changes of RIPA (Detergent mix: 150 mM NaCl, 1% Noniodet P-40, 
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0.5% sodium deoxycholate, 0.1% , 1 mM EDTA, and 50 mM Tris pH 

8.0). Embryos were post fixed for 20 minutes in PG-PBT (4% 

formaldehyde, 0.2% glutaraldehyde in PBT) at room temperature. 

The embryos were then washed 5X with PBT, 5 minutes per wash at 

room temperature. 

Embryo prehvhridization and hybridization: Following 

pretreatment, embryos were washed for 15 minutes with a 50:50 

mix of HB (Hybridization Buffer: 50% formamide, 5 X SCC pH 4.5, 50 

[ig/ml heparin, and 0.1% Tween-20) and PBT at room temperature 

followed by one wash with HB at room temperature. Embryos were 

then prehybridized for 1.5 hours in HB containing 100 fig/ml of 

tRNA and 100 (ig/ml of sheared herring sperm DNA. During this 

time the probe was thawed and denatured by heating at 95°C for 5 

minutes and then placed on ice. Two microliters of denatured probe 

was added to the embryo containing prehybridization mixture and 

hybridization was done overnight at 70°C in a chamber humidified 

with 50% formamide in water. Embryos were then washed IX with 

HB at 70°C for 10 minutes then 2X with SSC-FT (2 X SCC pH 4.5, 50% 

formamide, and 0.1% Tween-20) at room temp for 5 minutes per 
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wash followed by 3 washes at 65°C for 30 minutes per wash with 

SSC-FT. Embryos were then cooled to room temperature and washed 

three times with IX TEST ( Diluted from a 10 X stock: 137 mM NaCl, 

2.7 mM KCl, 0.25 M Tris pH 7.5, and 1% Tween-20). 

Embryo/antibody incubation: A 10% solution of sheep serum 

in TEST containing 10 mg of mouse liver derived acetone powder 

was heat inactivated at 56°C for 1 hour. Then 1 |i 1 of anti-

digoxigenin Fab-alkaline phosphatase conjugate was added to the 

heat inactivated sheep serum/acetone powder solution and 

incubated for 1 hour at 4°C for preabsorbtion of the conjugate. 

Next, the sheep serum/acetone powder solution was spun briefly to 

pellet the acetone powder, the supernatant was removed and 

diluted 50:50 with TEST. Embryos were blocked by incubating for 1 

hour at room temperature in 10% heat inactivated sheep serum and 

then added to the antibody conjugate supernatant and incubated 

overnight at 4°C. 

Embryo washing and color development: Following the probe 

hybridization to Sry transcripts and antibody conjugate binding to 

the hybridized probe, embryos were washed 3X for 5 minutes per 
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wash and 4X in 30 minutes with TBST. Next, embryos were washed 

3X in 10 minutes with APB (Alkaline Phosphatase Buffer: 100 mM 

NaCl, 50 mM MgC12, 0.1% Tween-20, and 100 mM Tris pH 9.5). 

Embryos were then incubated in a solution of 4.5 jil of NBT (4-

Nitroblue tetrazolium chloride: Stock is 75 mg per ml in 70% DMF 

(N,N-dimethyl formamide)) and 3.5 |xl of BCIP (5-bromo-4-chloro-3-

indoyl-phosphate: (stock is 50 mg per ml in 100% DMF) in 1 ml of 

APB solution. Embryos were placed at room temperature under 

darkness and the color reaction was monitored every 5-10 minutes. 

The reaction was stopped after 1.5 hours by washing embryos with 

three changes of 1 mM EDTA in PBS solution. Photos of embryos 

were taken and individual embryos were isolated, both colored and 

non-colored, for PCR sexing. An additional in situ hybridization was 

performed with embryos ranging from the 2 cell stage to the 

blastocyst stage following the same protocol and reagents. 

RFJ^m^TS 

Expression of circular Sry transcripts from 2 cell to blastocyst 

s t a g e  e m b r y o s .  I n  a d u l t  m o u s e  t e s t e s  t h e  p r e d o m i n a n t  S r y  



63 

transcript detected was one with 3' sequences located in a 5' 

position (Capel et al., 1993). It was determined that this was due to 

large inverted repeats flanking the Sry gene creating a stem loop 

structure. The stem loop structure is hypothesized to undergo a 

splicing event creating a circular Sry molecule. However, the Capel 

et al. paper's detection of circular Sry transcripts by RT-PCR was 

confusing. They used an oligo-dT primer to prime a non-existant 

poly-A^ tail during the reverse transcription reaction. We decided to 

repeat the Capel et al. experiment to determine whether there were 

circular Sry transcripts in the preimplantation mouse embryo and to 

determine how detection was made using an oligo-dT primer. To 

test this we performed RT-PCR with poly-A"" mRNA isolated from 

pools of preimplantation embryos at 2 cell, 4-8 cell, morula, and 

blastocyst stages. To insure that the Sry transcripts detected were 

circular and not linear we used primers flanking the splice site 

oriented such that only a circular transcript would be amplified by 

PCR. Amplification of a circular transcript would yield a 69 bp PCR 

product. 
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Our RT-PCR results demonstrated circular S r y  transcript from 

all stages. However, our negative controls, RT(-) that lacked reverse 

transcriptase also amplified a 69 bp PGR product (Figure 2-2). 

Genomic DNA contamination from the mRNA isolation could not 

have been the cause of the false positives because the genomic DNA 

sequence codes for a linear message and therefore would not be 

amplified by the circular oriented primers. 

In addition, a 69 bp PGR product was not expected in the RT-

PGR reactions with reverse transcriptase, RT(+) either, because a 

circular transcript lacks a poly-A^ tail and an oligo-dT primer was 

used to prime the reverse transcription reaction. Nor should there 

have been circular mRNA isolated due to lack of a poly-A^ tail. A 

probable explanation for the presence of circular RNA was that the 

mRNA isolation kit did not completely enrich for RNA with a poly-A"^ 

tail. Also, a possible explanation for the amplified PGR product in all 

samples was that the reverse transcriptase enzyme did not make 

cDNA in either the RT(+) or RT(-) reactions, but that the Taq 

polymerase had reverse transcribed the circular mRNA in the RT(+) 

and RT(-) reactions during the PGR followed by amplification. Taq 



Figure 2-2. RTPCR detecting circular Sry express1on from 2 cell to 
blastocyst stage embryos. 
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A 3% NuSieve agarose T AE gel electrophoresed with the PCR product 
from a RT -PCR detecting circular transcript of .Sa from the 2 cell to 
blastocyst stage embryos. Right arrow indicates PCR product of 69 
bp. 

Lane m: DNA marker 
Lane 1: RT(+) 2 cell stage embryonic RNA. 
Lane 2: RT(-) 2 cell stage embryonic RNA. 
Lane 3: RT( +) 4-8 cell stage embryonic RNA. 
Lane 4: RT(-) 4-8 cell stage embryonic RNA. 
Lane 5: RT(+) morulla stage embryonic RNA. 
Lane 6: RT(-) morulla stage embryonic RNA. 
Lane 7: RT(+) blastocyst stage embryonic RNA. 
Lane 8: RT( -) blastocyst stage embryonic RNA. 
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polymerase has been reported to have reverse transcription abilities 

(Jones and Foulkes, 1989; Tse and Forget, 1990). 

To test this possibility, both the RT(+) and the RT(-) reactions 

were treated with RNase A prior to PGR amplification. PGR was 

performed with primers oriented to amplify both circular and linear 

Sry transcripts. Primers oriented to amplify a linear transcript were 

chosen because the linear Sry transcript has a poly-A"^ tail and is 

expected to undergo reverse transcription with an oligo-dT primer 

in the RT reaction and therefore can be used as a positive control. 

The linear oriented Sry primers will amplify a 160 bp PGR product. 

This experiment would determine whether the RT(+) reactions 

were positive because they contained cDNA and that the RT(-) 

reactions were positive because of a source of PGR contamination, or 

whether the Sry transcripts in both the RT(+) and the (RT-) 

reactions were being reverse transcribed and amplified by the Taq 

polymerase. For both linear and circular primers: if cDNA were 

present in the RT(+) reaction then RNase A treatment would have no 

affect on the reaction and PGR product would be amplified. If the 
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RT(+) reaction did not have cDNA, only mRNA, then the RNase A 

treatment would prevent amplification. If the RT(-) reaction did 

have cDNA or DNA contamination then RNase A treatment would 

have no effect and PGR product would be amplified. If the RT(-) 

reaction did not have cDNA or DNA contamination, then the RNase 

A treatment would prevent Taq polymerase from reverse 

transcribing and amplifying the mRNA. Therefore, if the RT-PCR 

results illustrated in figure 2-2 are due to the reverse transcription 

abilities of Taq polymerase then we would expect to see amplified 

PGR product in the RT(+) reactions with and without RNase A 

treatment and in the RT(-) reaction without RNase A treatment 

u s i n g  l i n e a r  o r i e n t e d  S r y  p r i m e r s .  W i t h  t h e  c i r c u l a r  o r i e n t e d  S r y  

primers we would only expect to see amplified PGR product with the 

RT(+) and RT(-) reactions without RNase A treatment, and not with 

RNase A treatment. My results of RT-PGR with and without RNase A 

treatment demonstrate that the RT(+) reactions with and without 

RNase A treatment amplified PGR product of 160 base pairs using 

the linear oriented Sry primers (Figure 2-3). The RT(+) and RT(-) 



Figure 2-3. Detection of linear and circular Sry expression 1n 
morulla and blastocyst stage embryos. 
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3% NuSieve agarose TAE gels electrophoresed with the PCR product 
from RTPCRs treated with and without RNase A in detecting linear 
and circular Sry transcripts from morulla and blastocyst stage 
embryos. 

Gel A: Detection of linear Sry transcripts 1n morulla stage RNA. 
Arrow indicates 160 b p . 
Lane 1: RT( +) without RNase A treatment. 
Lane 2: RT(-) without RNase A treatment. 
Lane 3: Negative control. 
Lane 4: RT(+) with RNase A treatment. 
Lane 5: RT(-) with RNase A treatment. 
Lane 6: Negative control. 
Lane m: DNA marker. 
Gel B: Detection of circular Sry transcripts in blastocyst stage RNA. 
Arrow indicates 69 bp. 
Lane 1: RT(+) without RNase A treatment. 
Lane 2: RT(-) without RNase A treatment. 
Lane 3: Negative control. 
Lane 4: RT( +) with RNase A treatment. 
Lane 5: RT(-) with RNase A treatment. 
Lane 6: Negative control. 
Lane m: DNA marker. 
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reactions without RNase A treatment were the only reactions with 

the circular oriented Sry pimers that amplified a 69 bp PCR product. 

These results demonstrate that the oligo-dT primer did not 

prime the circular Sry transcript during the RT reaction and that 

amplification illustrated in figure 2-2 was due to the reverse 

transcriptase abilities of Taq polymerase. Likewise, these same 

results explain how that Capel et al. (Capel et al., 1993) were able to 

detect circular Sry message in adult mouse testes using an oligo-dT 

primer in their RT reaction when there should have been no cDNA 

synthesized for PCR amplification. Furthermore these results 

demonstrate that from the 2 cell to the blastocyst stages, 

p r e i m p l a n t a t i o n  m o u s e  e m b r y o s  h a v e  b o t h  c i r c u l a r  a n d  l i n e a r  S r y  

transcripts. 

Detection of linear and circular Sry transcripts in sub and 

polyribosomal RNA fractions from blastocyst stage embryos and 

adult mouse testes. Detection of linear Sry transcripts has 

previously been reported to be limited to the genital ridges during 

the time of gonadal differentiation (Koopman et al., 1990). We have 



70 

detected linear transcripts of S r y  in the 2 cell and morula stages 

(Zwingman et al., 1993) and, circular Sry transcripts from the 2 cell 

to blastocyst stages (Boyer and Erickson, 1994). In addition, linear 

Sry transcripts have been quantitated to be 40-100 copies per cell in 

the blastocyst stage embryo (Cao et al., 1995). We were interested in 

showing that Sry expression is not limited to the gonads at the time 

of gonadal differentiation and hypothesized that it may have a role 

in development and/or gonadal differentiation in the 

preimplantation embryo. To support our hypothesis we decided to 

determine whether linear and/or circular Sry were translated into 

protein at the blastocyst stage. 

Antibodies specific for detection of mouse5rv protein during 

the preimplantation stages were not avaliable during this 

dissertation's experimental execution. Attempts were made in our 

lab to detect Sry expression during the preimplantation period in 

mouse with antibodies specific for human SRY. However, our results 

were inconclusive. 

In place of antibody studies, we decided to determine whether 

Sry may be translated in the preimplantation embryo by isolating 
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sub and polyribosomal fractions of total RNA from pooled blastocyst 

stage embryos and performing RT-PCR. If Sry transcripts were 

detected bound to polyribosomes this would indicate that Sry is 

probably being translated. We also performed RT-PCR on sub and 

polyribosomal fractions of RNA isolated from adult mouse testes. 

Amplification of linear Sry transcript will appear as 160 bp PCR 

product. Amplification of circular Sry transcript will appear as 69 

bp PCR product. 

Our results shown in figure 2-4 demonstrate that PCR product 

of the expected 160 bp size for the linear Sry transcript was 

amplified in both subribosomal and polyribosomal fractions of RNA 

from blastocyst stage embryos. This indicates that the linear 

transcript of Sry is probably being translated at the blastocyst stage. 

PCR product of 160 bp was also amplified in the subribosomal, but 

not in the polyribosomal fractions of RNA from adult testis. This 

indicates that in the adult testes the linear Sry transcript is not 

likely to be translated. 

Our results shown in figure 2-4 demonstrate that 

amplification of the expected 69 bp size was detected for circular 
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Figure 2-4. Detection of linear and circular Sry expression In sub 

and polyribosomal RNA fractions from blastocyst stage embryos and 

adult testes. 

3% NuSieve TAE agarose gels electrophoresed with RT -PCR product. 
Gel A: Detection of linear Sry . Arrow indicates 160 b p. 
Lane 1: Blastocyst stage polyribosomal RT -PCR. 
Lane 2: Blastocyst stage subribosomal RT -PCR. 
Lane 3: Adult testes subribosomal RT -PCR. 
Lane 4: Adult testes polyribosomal RT -PCR. 
Lane 5: Negative control. 
Lane 6: DNA marker. 
Gel B: Detection of circular Sry. Arrow indicates 69 bp. 
Lane 1: Blastocystr stage polyribosomal RT -PCR. 
Lane 2: Blastocyst stage subribosomal RT -PCR. 
Lane 3: Adult testes subribosomal RT-PCR. 
Lane 4: DNA marker. 
Lane 5: Adult testes polyribosomal RT-PCR. 
Lane 6: Negative control. 
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S r y  transcript in the adult testes subribosomal RNA fraction, but 

not in the polyribosomal RNA fraction. This indicates that the 

circular Sry transcript is not likely to be translated in adult testes. In 

addition, there was no amplification of the expected 69 bp PGR 

product in either the sub or polyribosomal RNA fractions from 

blastocyst stage embryos. The presence of smaller bands in all 

samples shown in figure 2-4B is likely to be primer dimer 

amplification as the negative water control also shows this same 

banding pattern. The lack of the 69 bp PGR product indicates that 

the RT-PGR of the sub and polyribosomal RNA fractions of blastocyst 

s t a g e  e m b r y o s  a r e  i n c o n c l u s i v e .  T h i s  i s  b e c a u s e  c i r c u l a r  S r y  

transcripts have previously been demonstrated to be present at the 

blastocyst stage, therefore amplification of a 69 bp PGR product is 

expected at least in the subribosomal RNA fraction. A possible 

explanation may be that the level of circular Sry transcript may be 

too low to detect by a multi-step sub/polyribosomal RNA isolation 

followed by RT-PGR as opposed to a direct RT-PGR of RNA. 
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Detection of linear and circular Sry transcripts in blastocyst stage 

e m b r y o s  v i a  i n  s i t u  h y b r i d i z a t i o n .  E x p r e s s i o n  o f  l i n e a r  S r y  

transcripts was shown to be limited to the genital ridges during the 

time of gonadal differentiation (Koopman et al., 1990). We have 

detected linear Sry transcripts in the 2 cell and morula stages and 

circular Sry transcripts in the 2 cell to blastocyst stages by RT-PCR 

(Boyer and Erickson, 1994; Zwingman et al., 1993). We decided to 

determine where the Sry transcripts may be localized in the 

prerimplantatoin embryo. Also, we wished to determine whether we 

could detect linear and circular Sry by a technique less sensitive 

than RT-PCR for detecting gene expression. Therefore, we decided to 

test the location and detection of Sry transcripts by the less 

sensitive method of in situ hybridization with a non-radioisotopic 

probe. 

In situ hybridization was performed on in vitro cultured 

blastocyst stage embryos. The pooled blastocyst stage embryos are 

expected to be approximately equal numbers of both sexes. Our 

results demonstrate that Sry transcripts were detected via in situ 

hybridization with approximately 50% of the blastocyst stage 



75 

embryos (Figure 2-5). Localization of the Sry transcripts is in the 

trophoblastic cells of the embryo and possibly concentrated within 

the inner cell mass. Four colored and four non-colored embryos 

were sexed by PGR demonstrating that only male embryos were 

hybridized to the antisense oriented Sry probe. 

nrscussiON 

The S r y  gene has been proven to be both necessary and 

sufficient to induce testicular differentiation of the indifferent 

gonad in female mice made transgenic for Sry (Koopman et al., 

1991). The temporal and spatial expression of Sry was determined 

to be limited to the male mouse gonad at the time of gonadal 

differentiation at days 10.5-12.5 post coitus (Koopman et al., 1990). 

However, other studies have determined that Sry transcription is 

not limited to the male gonad and it is transcribed much earlier in 

the preimplantation mouse embryo (Boyer and Erickson, 1994; Cao 

et al., 1995; Zwingman et al., 1993)]. Moreover, the molecular 

mechanisms of how Sry induces testicular differentiation are not 

understood. Therefore, an examination of the transcription and 



Figure 2-5. Detection of Sry expression 1n blastocyst stage embryos 
v1a 1n situ hybridization. 
Panels A-D: Low & high magnification of colored and non-colored 
blastocyst stage embryos. Colored blastocysts are male and non
colored blastocysts are female as confirmed by PCR. 

76 
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translation, of S r y  prior to gonadal differentiation should lead to an 

increased understanding of Sry's role in gonadal differentiation and 

development. 

Sry transcripts are likely to be expressed in the preimplantation 

mouse embryo. The primary purpose was to determine whether 

there were circular Sry transcripts in the preimplantation embryo 

from the 2 cell to the blastocyst stages. A secondary purpose was to 

repeat the experiments of Capel et al, with preimplantation embryos 

rather than adult testes, to try to determine how a circular 

transcript lacking a poly A tail was detected via RT-PCR using oligo 

dT as a primer in the RT reaction. 

We detected a circular transcript of S r y  from the 2 cell stage to 

the blastocyst stage (Figure 2-2) and showed that its detection can 

be made in the absence of reverse transcriptase enzyme due to the 

reverse transcription properties of Taq polymerase during PCR 

(Figure 2-3) (Jones and Foulkes, 1989; Tse and Forget, 1990). 

We confirm that the preimplantation embryo expresses both 

linear and circular transcripts of Sry. When an RT reaction is 
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performed, only cDNA results from the linear transcript. A circular 

transcript does not yield cDNA from an RT reaction using an oligo-

dT primer because the circular transcript lacks a poly-A tail. 

However, circular RNA can be reverse transcribed into cDNA by Taq 

polymerase during a polymerase chain reaction (Figure 2-3). This 

was shown by treating RT(-) control samples with RNase A after the 

RT reaction, before PGR. The isolation of poIy-A^ RNA was likewise 

dependent upon the presence of a poly-A"^ tail. It is possible that the 

circular RNA partially co-purified and contaminated the poIy-A"*" 

RNA when isolated with the Micro-Fast Track^^' mRNA isolation kit 

from Invitrogen. Previously, circular Sry transcript in adult testes 

was detected by RT-PCR (Capel et al. 1993) using an oligo-dT 

primer. This detection is probably due to the reverse transcriptase 

ability of Taq polymerase during the PGR. 

The role(s) of both linear and circular forms of S r y  

transcript s  i n  t h e  p r e - i m p l a n t a t i o n  e m b r y o  i s  n o t  k n o w n .  S i n c e  S r y  

has been shown to be the testes determining gene, either one or 

both of the two forms may initiate a cascade of gene expression 

involved in early sex determination. The circular transcript has a 
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open reading frame with a potential ATG start codon six bases 

upstream from the HMG box domain. If translated, this would yield 

a protein of 393 amino acids. In addition, two other methionines are 

present that could begin translation of two additional 12 and 29 

amino acid smaller proteins within the same open reading frame 

(Capel et al., 1993). Recently it has been discovered that, in 

Eucaryotes, it is possible for translation to occur within a circular 

transcript by internal initiation (Chen and Sarnow, 1995; Macejak 

and Sarnow, 1991). A balance of the two forms of Sry could be 

responsible for initiation of sex determination through alternatively 

spliced variant(s) of circular Sry controlling the linear transcript at 

the expression level. For example. Sex-lethal (Sxl), a primary gene in 

sex determination in Drosophila, regulates protein expression via 

splicing variants (Samuels et al., 1991). Sxl facilitates the sex specific 

splicing of its own transcript and that of downstream genes Tra-1 

and Tra-2 in the sex determination pathway (Bell et al., 1991). An 

additional possible gene target could be a growth factor involved in 

the developmental rate differences found between male and female 
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pre-implantation embryos (Tsunoda et al., 1985; Zwingman et al., 

1993). 

Linear Sry transcripts are probably translated in blastocyst stage 

embryos. The results from the RT-PCR of sub and polyribosomal 

fractions of RNA from pooled blastocyst stage embryos indicates 

that the linear Sry transcript is probably being translated at the 

blastocyst stage (Figure 2-4). This indicates that Sry expression can 

occur at the blastocyst stage and may have a role either in early sex 

determination or in non-gonadal development. 

However, it is inconclusive whether the circular S r y  transcript 

is also translated. The circular transcript was not detected in either 

the subribosomal or polyribosomal RNA fractions. This result is in 

conflict with our previous detection of circular Sry transcript in the 

preimplantion embryo from the 2 cell stage to the blastocyst stage 

(Boyer and Erickson, 1994). Failure to detect the circular transcript 

in the subribosomal fraction is most likely due to the level of 

expression being too low to detect or loss of sample following the 

multi-stepped isolation of the of subribosomal RNA. 
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Our RT-PCR results show detection of linear and circular S r y  

(Figure 2-4) in the adult testis subribosomal but not the 

polyribosomal RNA fractions, demonstrating that it is likely that 

both forms of Sry are transcribed but not translated. 

Linear and circular Sry transcripts are detectable in blastocyst stage 

embryos via in situ hybridization. Our in situ hybridization 

demonstrates that Sry transcripts are transcribed in approximately 

50% of the pooled blastocyst stage embryos (Figure 2-5). 

Transcription is localized in the trophoblastic cells and may also be 

concentrated within the inner cell mass. The results indicate that 

Sry is being transcribed at levels high enough for detection via a 

colorimetric reaction, supporting the findings of Cao (Cao et al., 

1995) that at the blastocyst stage, Sry is transcribed at significant 

levels prior to the time of gonadal differentiation. 

However, S r y  transcripts were not detected at stages prior to 

the blastocyst stage in the in situ hybridization. This is in contrast 

to our previous findings where Sry was detected at the 4-8 cell stage 

and morula stages by RT-PCR. This may be due to that the levels of 
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S r y  transcript are too low to be detected by the in situ 

hybridization, yet high enough for detection by the more sensitive 

RT-PCR technique. 

Since S r y  is the testis determining gene, the transcription of 

Sry suggests that Sry may be important prior to the time of gonadal 

differentiation. Its localization in the trophoblastic cells may be 

indicative that it is important to male development aside from 

gonadal differentiation. Its possible concentration in the inner cell 

mass likewise may indicate that Sry expression may occur in the 

preimplantation embryo and that sex determining events do occur 

prior to gonadal differentiation. 
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CHAPTER III 

TRANSGENIC ANTISENSE KNOCKING OUT OF SRY EXPRESSION IN 

THE MOUSE PREIMPLANTATION EMBRYO. 

Introduction 

Sxy 

Expression of a gene important to testicular differentiation is 

expected in a spatial and temporal window limited to the identified 

gonad and its time in development when gonadal differentiation 

occurs. Gonadal differentiation occurs later in females and is 

hypothesized to be due to the lack of a testes determining gene 

resulting in a default pathway rather than due to the presence of an 

ovary determining gene. The fact that chromosomally XX female 

mice made transgenic with the Sry gene develop testes rather than 

ovaries provided strong evidence for the role of the Sry gene as the 

testes determining factor. The creation of transgenic sex reversed 

females fulfills the conditions for a purported role of a gene and its 

product by demonstrating that the Sry gene is both necessary and 
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sufficient for the differentiation of the indifferent gonad to become 

a testis. 

However, much about S r y  is unknown with respect to 

molecular events leading to the differentiation of an indifferent 

gonad into a testis under the influence of the Sry gene. Genes 

upstream and downstream of Sry have yet to be identified in what is 

likely to be a cascade of events leading to gonadal differentiation. 

More importantly, however, is the confusion with what is currently 

b e l i e v e d  t o  b e  k n o w n  w i t h  r e s p e c t  t o  e x a c t l y  w h e n  e x p r e s s i o n  o f  S r y  

is important for testis differentiation. The form and expression of 

the Sry transcript does not follow a narrow temporal and spatial 

e x p r e s s i o n  p a t t e r n  l i m i t e d  t o  t h e  t i m e  o f  g o n a d a l  d i f f e r e n t i a t i o n .  S r y  

transcripts have been detected in both linear and circular forms and 

have been detected at times prior to and following gonadal 

differentiation. This implies that the role or roles of Sry as the testis 

determining gene are not well defined and, therefore, need further 

investigation. 
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Experiments 

This chapter consists of a single experiment attempting to 

knockout the expression of Sry in the mouse preimplantation 

embryo. The purpose of the experiment was to test whether or not 

transcription of Sry in the preimplantation embryo is of importance 

by preventing its translation. This was attempted using an antisense 

oriented Sry message driven by an inducible promoter as a 

construct in a transgenic male mouse. 

Materials And Methods 

Animals and embryos 

Refer to chapter II Materials and Methods subsection on 

animals and embryos. 

Construct creation 

Plasmid pMGH is an 8.9 kb transgenic construct made up of 

2.4 kb of plasmid vector pBR322 and 1.7 kb of the mouse 

metallothionein promoter fused to a 4.8 kb sequence of rat growth 

h o r m o n e .  D i g e s t i o n  o f  t h i s  c o n s t r u c t  w i t h  B g l l  a n d  B a m H I  

restriction enzymes yielded a 5.0 kb injection fragment that, when 
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gene injected into early mouse embryos, yielded a transgenic line of 

mice that developed with a dramatic increase in body size due to 

the rat growth hormone (Palmiter et al., 1982). This construct was 

provided to our lab by Dr. Palmiter and used in the creation of a 

construct fusing the mouse metallothionein promoter with a 3.5 kb 

Sry sequence oriented in the antisense direction. Construct pMGH 

was digested in our lab with restriction enzyme Xhol located within 

the metallothionein sequence downstream of its regulatory sites. A 

second digestion was performed with the Apal restriction enzyme 

that removed all of the rat growth hormone sequence except for the 

last axon, exon V, and its downstream polyadenylation sequence. A 

3.5 kb Sry sequence from plasmid p422 (Gubbay et al., 1990), 

provided by the lab of Dr. R. Lovell Badge was digested with 

r e s t r i c t i o n  e n z y m e  E c o R I  a n d  w a s  b l u n t  e n d  l i g a t e d  t o  t h e  X h o l  /  

Apal digested pMGH construct. This created a 10.82 kb transgene 

construct with the zinc-inducible metallothionein promoter fused to 

an antisense oriented Sry sequence containing the HMG box (Figure 

3-1). 
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Figure 3-1. Transgenic construct pMGH and its derivative 
pASSry#l3. 
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Transggnesi?> 

Mice made transgenic for the antisense oriented S r y  sequence 

with a zinc inducible metallothionein promoter, hereafter referred 

to as ASSry #13, were achieved via gene injection of a 6.98 kb size 

f r a g m e n t  f r o m  t h e  A S S r y  # 1 3  c o n s t r u c t .  A  d o u b l e  d i g e s t  o f  A S S r y  

#13 with BamHI and Bgll yielded 3 fragments of the expected sizes 

of 1.48, 2.36, and 6.98 kb. The desired 6.98 kb injection fragment 

was electrophoresed to separate it from the rest of the digest 

byproducts, extracted from a 1% agarose gel, and purified via DNA 

columns. The injection fragment was further purified via dialysis 

through several changes of injection buffer (10 mM Tris, 0.15 mM 

EDTA, pH 7.4). The concentration of the injection fragment was then 

adjusted to approximately 7 ng/^l and analyzed via agarose gel 

electrophoresis for size and concentration prior to a final dilution 

for gene injection. A dilution of 1:6 was made of the injection 

fragment with gene injection buffer to a final concentration of 1.0 

ng/|il concentration. 

Gene injection 



Gene injection was performed on pools of FI embryos from 3 

inbred strains: DBA x C57BL/6J, SJL x C57BL/6J, and DBA x ICR. 

Gene injection was performed in the larger of the two pronuclei 

before fusion at the one cell stage. Injection was controlled to the 

point of causing a noticeable swelling of the injected pronuclei. 

After gene injection, embryos were washed in M16 media and then 

transferred to a culture drop of M16 media and incubated at 37°C 

and 5% CO^ overnight. Surviving embryos were afterwards 

transferred the following day into foster females possessing a 

seminal plug from mating with sterile stud males. Approximately 8 

surviving, gene-injected embryos were transferred per oviduct. 

Pseudopregnant females were monitored for the next 3 weeks for 

pregnancies and births. At 3 weeks of age, potential transgenic pups 

were weaned and genomic DNA isolated from their tail tips while 

being ear tagged for future identification. Detection of transgenic 

founders was made via PGR analysis of tail tip genomic DNA using 

primers spanning the metallothionein promoter and its fusion to the 

antisense oriented Sry gene. PGR analysis was made from 100 ng of 

tail tip DNA added to a 50 |i,l aliquot of a PGR master mix containing 
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50 mM KCl, 10 mM Tris-HCl pH 9.0, 1.0 mM MgCh, 0.1% gelatin 

(w/v), 1% Triton X-100, 200 (iM of each dNTP, 2.5 Units Taq 

Polymerase, and 1.0 jiM of each primer. Amplification consisted of 

36 cycles. Amplification cycle parameters for the ASSry #13 

construct were 95°C for 1 minute, 54"C for 1 minute, and 72°C for 1 

minute. A final extension time of 9.9 minutes and 72°C was added at 

the end of the last cycle. Sequences of primer pair #8579 and #8580 

used for detection of ASSry #13 construct were 

5'TGTGGTTGGCATCTCATG3' and 5TCACTTACTCCGTAGCTCC3' 

respectively. The primers amplify a 592 bp PGR product. PGR was 

also performed with primers to detect the male specific Z/v-1 gene 

to insure that genotype matched phenotype should sex reversal 

occur with the transgenic positive mice. In addition. PGR was done 

with primers to amplify the shared-sex Zfa gene as a control to 

monitor the integrity of the PGR. PGR conditions are identical to 

those for detecting the ASSry #13 transgene. The primer pair 

sequence used for the Zfy-I gene were 

5 ' C T G C T G A T G G A C A A A C T T T A C G T G T C 3 '  a n d  

5'AAAGAGTGTATGGTTTGTGGGAGTGG3'. The ZJy primers amplify a 
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617 bp product. The primer pair sequence of the Zfa gene are 

5'CTCACTGCTGGTGAGCACTGCA3' and 

5'CAATCGACCAGGTAGTTCCAT3' (Ashworth et al., 1991). The 

primers for Zfa amplify a 421 bp PGR product. A 15 aliquot of 

each PGR product was electrophoresed through a 3% NuSieve 

agarose TAE gel. 

Mating and Gestation Conditions 

Matings were performed between transgenic founders and 

nontransgenic C57BI/6J mice to create transgenic lines from each 

founder. Transgenic progeny were crossed and fed 76 mM ZnCU in 

their water supply just prior to, during mating, and throughout 

their pregnancies. There were also matings and gestations 

performed without the influence of ZnCU as a control. Pups born 

were either immediately dissected for gonadal analysis, allowed to 

develop till day 4 and then dissected, or allowed to develop to 

adulthood to mate, and then dissected for gonadal analysis. All 

matings and gestations were performed under the influence of zinc 

chloride in their water supplies unless otherwise noted. 

Gonadal Analysis 



Wholemount identification of gonads was made by the 

location of the gonads and their morphology. Male gonads from 

newborns, 4 day old, and adult mice were removed intact from the 

scrotal region and placed in a dish of PBS and observed under a 

dissecting microscope for the presence of spermatogenic cords. In 

newborn and 4 day old mice, the spermatogenic cords are identified 

through the transparent testis. Ovaries were identified by following 

the uteri from the urogenital sinus cranially to the fallopian tubes. 

In adult females the ovaries are easily recognized and can be 

dissected intact and placed into a dish of PBS. In newborns, the 

ovaries are not easily visible due to their small size and thus are 

dissected intact within a mass of fat and mesentery. They are then 

placed into a dish of PBS and the fat and mesentery carefully 

dissected away exposing the newborn ovaries for observation. 

Newborn and 4 day old female pup ovaries are not transparent as 

testes are, thus ovarian morphology is distinct compared to 

newborn and 4 day old male pup testes. 

Histological Analysis 
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Following wholemount observation of the gonads under a 

dissecting microscope, gonads were identified as being either 

phenotypically normal or abnormal. Abnormal gonads from both 

sexes were placed in Bouins solution for fixation and histological 

sectioning and staining with hemotoxylin and eosin. Analysis was 

made of the sectioned and stained tissues for evidence of sex 

reversal in the male testes. 

RNase Protection Assays 

Whole bodies from newborn mice were frozen away using an 

ETOH dry ice bath for quick freezing of the tissues prior to storage 

in a -70°C freezer. RNA was later isolated from the tissues using RNA 

Stat-60™ total RNA/mRNA isolation reagent. Isolated RNAs were 

then used for RPA analysis using a RPA II™ Ribonuclease Protection 

Assay Kit from Ambion. The suggested protocol was strictly followed 

for the standard procedure. Isolated total RNA was hybridized with 

an RNA probe oriented antisense with respect to a region of the 

transgene spanning the metallothionein/5ry fusion region of the 

construct used for the creation of the transgenic mice. The probe 

template was synthesized using a PCR amplified portion of the 
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transgenic construct spanning the metallothionein/5ry fusion 

cloned into a PCRScript vector. Synthesis of a 662 nt probe was via a 

MAXIscript™ In Vitro Transcription Kit from Ambion as a run-off 

type transcription reaction using probe template linearized with a 

BarnHI digest and transcribed with T3 RNA polymerase (Figure 3-2). 

The probe was labeled with ^"P dUTP during the transcription 

reaction and will protect a 592 nt region of the expressed transgene. 

The protocol from the kit was strictly adhered to. In addition, a 

positive control using a mouse beta actin probe was also hybridized 

with all samples to insure patency of the RNA samples. The mouse 

beta actin probe was 304 nt long and will protect a 250 nt region in 

the RPA. A negative control using sense oriented AS5ry#l3 probe 

was also used. 

RFi>inTS 

The development of testes in female S r y  transgenic mice 

p r o v e d  t h a t  S r y  i s  t h e  t e s t i s  d e t e r m i n i n g  g e n e  ( K o o p m a n  e t  a l . ,  

1991). However, the expression of Sry is not limited to the gonads 

during gonadal differentiation. In order to determine whether 
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Bam HI T3 

MT-1 
PCRScript 

MT-1 

6 ̂ ^ 

Srf I 
592 bp 

64 bp PCRScript 

Srf I 

Figure 3-2. Template for synthesizing a probe 
complementary to the transgene to detect 
expression in transgenic mice via RPA. 
A BamHl digest followed by transcription with 
T3 RNA polymerase yields a 662 nt probe. 



96 

expression of S r y  during the preimplantation period, as opposed to 

the postimplantation and later periods, is necessary for testis 

d i f e r e n t i a t i o n ,  w e  a t t e m p t e d  t o  k n o c k o u t  e x p r e s s i o n  o f  t h e  S r y  

transcripts using antisense Sry transgene message. Mice were made 

transgenic with a 6.98 kb fragment of a transgene construct 

containing a mouse Sry gene oriented antisense with a zinc 

inducible metallothionein promoter. The purpose of using an 

inducible promoter was to selectively turn on the antisense Sry 

transgene during preimplantation development and then turn it off 

afterward for the remainder of the gestation. This would allow us to 

test whether Sry expression was necessary during the 

preimplantaion period for testis differentiation. Table 3-1 lists the 

pertinent transgenic mice and their phenotypic findings described 

in the following sections. Non-transgenic mice in Table3-1 are 

indicated with an asterisk. 

Founders Created 

Six founders transgenic for the antisense S r y  construct were 

created. They are listed as #212 female, #213 female, #236 female, 

#237 male, #238 female and #240 male. Out of the 6 founders only 
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#212, #237, and #240 generated transgenic lines for this 

study. Numbers 213, 236, and 238 were either infertile or became 

infertile and did not produce transgenic offspring for study. 

Founders Phenotvpe 

All female founders were tested for potential sex reversal by 

PGR amplifying the male specific Z/v gene to insure that phenotypic 

sex matched genetic sex. Sex reversal was not detected in any of the 

female founders. All six founders were phenotypically normal with 

the exception of obesity in numbers 212, 213, 236. and 238. The 

average weight of an adult mouse is 25 grams. Numbers 212 and 

213 weighed 55 and 73 grams respectively (Figure 3-3). Numbers 

236 and 238 also grew to obesity, but their weights were not 

measured. Numbers 237 and 240 have normal weight. Dissection of 

the obese mice showed extremely large deposits of fat covering the 

abdominal organs including the ovaries. Fertility problems 

experienced with some of the founders were likely to have been due 

to the obesity. 



Figure 3-3. A comparison of obese adult transgenic mtce #212 & 
#213 to non-obese adult transgenic mice #3904 & #394 7. 
Panels A & B: #212 (55 g) compared to #3904 (25 gm). 
Panel C: #213 (73 gm) compared to #3947 (28 gm). 
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Obesity in line #212 

Line #212 was the only line shown to demonstrate obesity 

from one generation to the next. Figure 3-4 illustrates the pedigree 

of some affected and non-affected transgenic mice within the 212 

line. Numbers 219, 255, 258, and 3919 weighed 55, 59, 62, and 63 

grams respectively. Numbers 219 and 3919 are shown in 

comparison with non-obese adult transgenic mice #3947; 28 grams 

and #3904: 28 grams (Figure 3-5). 

Abnormal gonads in line #212 

From the 212 line, #3911 female was mated with #3917 male 

(Figure 3-4). Prior to, during mating, and throughout the 

pregnancy, both mice were fed ZnCU in their water. Seven pups were 

born to the 391 1 x 3917 mating, 4 males and 3 females. All four 

male pups were dissected and their testes removed and analyzed for 

sex reversal. Male pups #1, #4, and #7 had normal appearing testes. 

However, male pup #2 did not have identifiable spermatogenic 

cords. Testes from all four pups were fixed in Bouins solution, 

sectioned, and stained with hemotoxylin and eosin. Histology of 

male pup #1, #4, and #7 showed normal testis development. 
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3919 

242 

3917 3911 

C57 
BL6/J 

C57 
BL6/J 

212 

212 

219 

258 

Figure 3-4. Pedigree of the #2 12 line illustrating 
c r o s s e s  g e n e r a t i n g  a f f e c t e d  a n d  n o n - a f f e c t e d  t r a n s 
g e n i c  m i c e .  A s t e r i s k  i n d i c a t e s  t h a t  b e t w e e n  t h e  
b r a c k e t s  i s  o n e  c o m p l e t e  l i t t e r .  O t h e r  l i t t e r s  w e r e  
b o r n  b u t  n o t  i l l u s t r a t e d  i n  t h i s  p e d i g r e e .  



Figure 3-5. A comparison of obese adult transgenic mouse #219 & 
#3919 to non-obese adult transgenic mouse #394 7 & #3904. 
Panel A: #219 (55 gm) compared to #3947 (28 gm). 
Panel B: #3919 (63 gm) compared to #3904 (28 gm). 
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Histology of male pup #2 showed that the gonads failed to 

develop well defined spermatogenic tubules. A comparison of an 

abnormal testis in newborn male pup #2 and a normal testis in 

newborn male #7 is illustrated in Figure 3-6. PGR analysis showed 

t h a t  m a l e  p u p s  # 1 ,  # 2 ,  a n d  # 7  w e r e  t r a n s g e n i c  f o r  t h e  a n t i s e n s e  S r y  

construct whereas male pup #4 was nontransgenic. We did not 

dissect the ovaries from the 4 female pups, because only males were 

expected to be affected by the antisense Sry transgene. 

Approximately 100 subsequent male progeny of various 

crosses within the #212 and #240 lines were dissected for their 

testes. We did not detect any additional abnormal testes. PGR 

analysis showed that phenotype matched genotype with respect to 

sex in all mice tested. Therefore sex reversal was not detected in any 

transgenic males. However, after discontinuing the #212 and #240 

lines, dissection of female #3911 revealed an abnormal ovarian 

phenotype in transgenic females. It was observed that there was a 

significant difference in size between the two ovaries (Figure 3-7). 

Histological analysis of #3911's ovaries demonstrated that aside 

from their differences in size, both appeared normal containing 



Figure 3-6. Histology sections of abnormal and normal testes from 
newborn transgenic male pups #2 & #7. 
Testis from pup #2 illustrates failure of tubule formation. 
Testis from pup #7 illustrates normal tubule formation. 
Panel A: Low magnification of abnormal testis pup #2. 
Panel B: High magnification of abnormal testis pup #2. 
Panel C: Low magnification of normal testis pup #7. 
Panel D: High magnification of normal testis pup #7. 
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Figure 3-7. A comparison of the pair of ovaries from #3911 transgenic adult female. 
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visible ova and several corpus lutei. We decided to analyze the 

ovaries of newborn and adult female mice from the remaining 

transgenic line #237. 

Abnormal ovaries in line #237 

Figure 3-8 illustrates the pedigree of the #237 line where adult 

and newborn mice will be referred to in the following descriptions 

of whole gonads and histological sections. 

I.Cross 263 x 3940 F1 newborn pups. From a cross between 

transgenic male #263 and transgenic female #3940, nine pups were 

born in a single litter and their gonads dissected from both sexes. 

The pups were labeled as #91-#99. PCR analysis showed that pups 

#92, #95, #97, and #99 were transgenic. Male pup #97 was normal, 

however, within this litter 3 females, #92, #95, and #99 were 

discovered to have three ovaries each. One ovary was on one side 

and two ovaries were on the other side. The location of extra ovaries 

were not specific to any single side of abdomen. The ovaries were 

fixed in Bouins solution, sectioned, and stained with hemotoxylin 

and eosin. Newborn female pup #92 had one ovary on one side and 

two ovaries slightly attached to each other on the other side (Figure 
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3-9). Newborn female pup #95 has one ovary on one side and two 

separate ovaries on the other side. Newborn female pup #99 has one 

abnormal appearing ovary on one side with an extra ovarian lobe 

and two separate normal appearing ovaries on the other side (Figure 

3 - 1 0 ) .  

2. Cross 4656 x 4659 F1 4 day old pups. From a cross between 

transgenic male #4659 and transgenic female #4656, eight pups 

were born in a single litter (Figure 3-8). These 8 pups were 

sacrificed and dissected for their gonads 4 days after birth. They are 

labeled as 4 day old pups #l-#8. Of the eight pups, 4 day old female 

pup #2 and #7 were transgenic and had three ovaries each. Both 

pups had one ovary on one side and two ovaries attached to each 

other on the other side (Figure 3-11 & 3-12). Wholemount images 

and histological sections were taken of all three ovaries from each 4 

day old female pup #2 and #7. Ova were visible in all ovaries with a 

possible exception of the second of two attached ovaries from 4 day 

old female pup #2 illustrated in figure 2-16 E & H. 



Figure 3-9 A & B. Histological sections of all three ovanes from 
newborn female pup#92. 
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Panel A: Low magnification of the attached ovary pair found on one 
side. 
Panel B: Low magnification of single ovary found on other side 
representative of a normal newborn pup ovary. 
Panel C: High magnification of the attached ovary pair illustrating 
the connection between the two ovaries. 
Panel D: High magnification of single ovary found on other side. 



Figure 3-1 Oo Histology sections of 3 ovanes found in newborn 
female pup #990 
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Panels A & D: Low and high magnification of 1 of 2 ovaries found on 
one side pup #99 0 
Panels B & E: Low and high magnification of 2nd of 2 ovaries found 
on one side of pup #99 0 
Panels C & F: Low and high magnification of single ovary found on 
other side of pup #990 Extra ovarian lobe from this ovary was lost 
during histology 0 



Figure 3-11. Wholemount images and histology sections of all 3 
ovaries from 4 day old female pup #2. 
Panel A: All 3 ovaries from pup #2. 
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Panel B: Another view of the attached ovary pair from pup #2. 
Panels C & F: Low & high magnification of the single ovary found on 
one side. 
Panels D & G: Low & high magnification of 1 of 2 ovaries found on 
the other side. 
Panels E & H: Low and High magnification of the second of 2 ovaries 
found on the other side. 



Figure 3-12. Wholemount images of the three ovanes from 4 day 
old female pup #7 and histology section of attached ovary pair. 
Panel A: All 3 ovaries illustrated from pup #7. 
Panel B: Another view of the attached ovary pair from pup #7. 
Panel C: Histology section of the attached ovary pair from pup #7. 
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Adult transgenic mice 

Several adult female mice from the #237 line were dissected 

and their gonads analyzed. Comparisons were made between aduit 

transgenic siblings demonstrating that not all transgenic female 

mice within the same line were affected with large dysmorphic 

ovaries. In addition, comparisons were made between a transgenic 

and a nontransgenic sib from the zinc chloride minus control mice 

demonstrating that the metallothionein promoter was active even in 

the absence of zinc chloride in the diet. 

Variation within the line #237 

Transgenic sibling adult mice #4904 and #4905 were dissected 

for their gonads (Figure 3-13). Both were transgenic and from the 

same litter but their ovaries differed significantly in size. Number 

4904 had normal appearing ovaries that were dwarfed by the larger 

and dysmorphic ovaries of its sibling transgenic adult #4905 (Figure 

2-18). Histology sections showed that both #4904 and #4905 had 

corpus lutei demonstrating ovulation. 



Figure 3-13. Comparison of ovary pairs between sibling transgenic 
mice #4904 & #4905 and between sibling non-transgenic mouse 
#4912 & transgenic mouse #4915. 
Ovary pairs #4904 & #4912 are normal in size and morphology 
whereas ovary pairs #4905 & #4915 are large and dysmorphic. 

114 
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Zinc chloride minus control 

We compared ovary pairs from same litter transgenic and non-

transgenic adult mice #4915 and #4912 from a zinc minus control 

pregnancy (Figure 3-13). Number 4912 is non-transgenic and 

#4915 is transgenic. This litter pair of adults came from a control 

mating and gestation where ZnCU treatment was withheld. The 

ovaries from transgenic #4915 are much larger and dysmorphic 

compared to its non-transgenic sibling #4912. This demonstrates 

that only transgenic mice are affected with the abnormal ovary 

phenotype and that the zinc chloride inducible metallothionein 

promoter was active in the absense of zinc chloride in the diet. 

RPA Analysis 

To determine whether the abnormal testes seen in transgenic 

newborn male pup #1 and the abnormal ovary phenotype seen in 

several transgenic females was due to the antisense Sry, RNase 

protection assays (RPA) were performed on RNA isolated from the 

dissected carcasses to detect antisense Sry expression. The RPAs 

were performed on RNA isolated from newborn male pups #2 and 



116 

#7 and 4 day old female pups #2 and #7. Male pup #2 was a 

transgenic male with gonadal dysgenesis and male pup #7 was a 

transgenic male with normal testes. Female pups #2 and #7 were 

both transgenic mice with multiple ovaries. A negative control using 

a sense oriented ASSry #13 probe and a positive control using an 

antisense oriented beta actin probe were performed on all samples. 

The undigested ASSry #13 probe is 662 nucleotides in length and 

will protect a transgene RNA fragment of 592 nucleotides. The 

positive control, a full length beta actin probe is 304 nucleotides in 

length and will protect a beta actin RNA fragment of 250 

nucleotides. The negative control sense oriented ASSry #13 probe is 

662 nucleotides in length and is not expected to protect any RNA 

message. Although lanes #1, #2, and #4 appear to be positive with 

the sense oriented Sry negative control probe, close examination 

shows that this is artifactual. If lanes #1, #2, and #4 were truly 

positive they would migrate further than the undigested sense 

probe shown in lane #9. It is probable that the signals seen are a 

result of using a too large of excess of probe to target ratio. The Beta 

actin protected regions in lanes #1, #2, and #4 migrated below that 
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of the undigested Beta actin probe shown in lane #10. Beta actin 

expression was detected in newborn male pups #2 and #7 and 4 day 

old female pups #2 and #7 demonstrating the patentcy of the RPA 

c o n d i t i o n s  a n d  s a m p l e s  ( F i g u r e  3 - 1 4 ) .  E x p r e s s i o n  o f  a n t i s e n s e  S r y  

was detected in the affected 4 day old female pup #2 and in the 

affected 4 day old female pup #7 as expected. Expression was not 

detected in the unaffected newborn male pup #7. However, 

expression was not detected in the newborn male pup #2 with 

abnormal testes. Therefore, detection of expression of the transgene 

in affected transgenic female mice supports our contention that the 

AS Sry #13 transgene causes the multiple ovary phenotype in female 

mice. Whether the abnormal testes from male pup #2 is due to the 

transgene is inconclusive. 

DISCUSSION 

Antisense inhibition of gene expression at the translational 

level has been reported in procaryotic systems (Simons and 

Kleckner, 1988). More recently, endogenous antisense inhibition of 
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1 2 3· 4 5 6 7 8 9 10 

Figure 3-14. RPA autoradiogram of newborn male pups #2 & #7 and 
4 day old female pups #2 & #7. 

Right arrows indicate sizes of undigested transgene and beta actin 
probes of 662 nt & 304 nt respectively. Left arrows indicate digested 
probe protected transgene and beta actin expression of 592 nt and 
250 nt resp.ectively. Beta actin is detected in all 4 pups. Trans gene is 
detected only in female pups #2 & #7. 

Lanes 1-4: Sense transgene probe control. Lanes 5-8: Antisense 
trans gene probe. Lane 1: 4 day old female pup #7. Lane 2: 4 day old 
female pup #2. Lane 3: Newborn male pup #7. Lane 4: Newborn 
male pup #2. Lane 5: 4 day old female pup #7. Lane 6: 4 day old 
female pup #2. Lane 7: Newborn male pup #7. Lane 8: Newborn 
male pup #2. Lane 9: Undigested sense oriented ASSry#13 probe. 
Lane 10: Undigested antisense oriented AS~#13 and beta actin 
probes. 
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gene expression has also been detected in eucaryotes (Kimelman 

and Kirschner, 1989). In eucaryotes the mechanism of action is 

hypothesized to act by modifying the sense message in the area of 

overlap between the sense and antisense message duplex causing 

base modification. Presumably this results in the targeting and 

degradation of the sense message (Bass and Weintraub, 1988; 

Kimelman and Kirschner, 1989; Savage and Fallon, 1995). We expect 

o u r  a n t i s e n s e  o r i e n t e d  S r y  t r a n s g e n e  m e s s a g e  t o  l i k e w i s e  i n h i b i t  S r y  

gene translation by causing degradation of the Sry transcript. 

Attempts to knockout S r y  expression with a transgene 

consisting of an inducible promoter driving an antisense oriented 

Sry sequence have shown unexpected results. Expected results were: 

(1) Expression of the transgene would knockout the Sry transcript in 

males and cause sex reversal. This would allow a timed knockout 

study using the inducible promoter of the antisense Sry transgene to 

selectively turn on and off its expression during preimplantation 

development. The purpose of this study was to determine whether 

Sry expression is important in the preimplantation embryo. (2) 
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Failure of sex reversal in the transgenic males would occur due to 

misexpression of the transgene or its failure to hybridize and 

knockout the sense message. In addition, failure of sex reversal may 

also result due to levels of antisense message being too low. A 20 

fold excess of antisense to sense fibroblast growth factor was 

quantitated throughout early development in Xenopus (Kimelman 

and Kirschner, 1989). Likewise a 10-20 fold excess of antisense 

message was needed to inhibit actin expression (Izant and 

Weintraub, 1985). 

Only one transgenic male pup was detected with abnormal, 

but not sex reversed testes (Figure 3-6). However, numerous 

transgenic females were detected with an abnormal ovary 

phenotype of supernumerary ovaries in newborn pups (Figures 3-

9,10,II,& 12) and large dysmorphic ovaries in adults (Figures 3-7 & 

3-13). 

The lack of sex reversed male transgenic pups could be due to 

the possibility that not enough antisense Sry was transcribed from 

the transgene construct. However, because there were affected 
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female transgenic pups with supernumerary ovaries, this indicates 

that there was enough antisense Sry to inhibit a gene product 

expressed at a lower level. We hypothesize that a Sox gene 

(Stevanovic et al., 1993; van de Wetering et al., 1993; Wright et al., 

1993) is a candidate for inhibition by the antisense Sry. If Sry and 

5ry-like (Sox) gene products act as inhibitors of ovarian 

development, then antisense Sry expression may have been too low 

to affect males, but enough to cause an effect in females. If Sr\ and 

some Sox gene products act equivalently, then the ovarian 

inhibition in males would be stronger than in females. Therefore 

more antisense Sry transcript is required in males than females to 

produce an effect. 

An alternative explanation is that S r y  expression is controlled 

by an antisense Sry transcript, and that the antisense Sry transgenic 

message augmented the endogenous antisense Sry's actions toward 

testicular differentiation. However, this explanation is unlikely 

b e c a u s e  t r a n s g e n i c  f e m a l e  m i c e  w e r e  s e x  r e v e r s e d  w i t h  a  s e n s e  S r y  

transgene alone. In addition, RNase protection assays using sense 



122 

oriented S r y  probes failed to detect any evidence of endogenous 

antisense Sry message being present. 

An additional phenotype of obesity was seen in some 

transgenic mice of both sexes. The results found with affected 

females are not proven to be directly attributable to the action of an 

antisense Sry message. What can be said with certainty is that only 

transgenic females developed multiple or abnormal ovaries and that 

RPA analysis detected transgene expression in affected females. 

However, there was no correlation between adult female mice with 

abnormal ovaries and the obesity phenotype since not all adult 

transgenic mice with dysmorphic ovaries became obese or vice 

versa. We do not know how obesity occurred in some transgenic 

mice but the obesity phenotype was seen in 4 out of the 6 founders 

and observed to appear in subsequent generations in the #212 line. 

It is possible that the antisense Sry message may have disrupted 

gene expression of a similar HMG box containing gene involved in 

hormonal regulation and therefore led to obesity, but the existence 

of such a gene is unknown. However, there are multiple genes 

containing an HMG box domain similar to Sry that are of unknown 
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function (Stevanovic et al., 1993; van de Watering et al., 1993; 

Wright et al., 1993). 

Multiple ovaries have on rare occasions been detected and 

reported in man and some animals (Cruikshank and Van Drie. 1981; 

Printz et al., 1973; Wharton, 1959), but not in mice. Observations by 

other investigators support the findings that the multiple ovary 

phenomenon is unknown in mice (Dr. M. Lyons & Dr. S. Conway 

personal communications). In addition, our detection of dysmorphic 

ovaries in adults from two separate lines indicates that the 

abnormal ovarian phenotype seen in transgenic females is not likely 

to be a chance strain phenotype. 

Histological analysis illustrates that the extra ovaries in 

newborn and 4 day old mice contain ova and are of normal 

morphology. The large dysmorphic ovaries seen in adult mice show 

that the ovaries are functionally normal as seen by the presence of 

ova, corpus lutei, and fertility. The adult mouse ovaries were large 

and dysmorphic but not detected as three separate ovaries as seen 

in the newborn and 4 day old mice. Our data suggests that extra 

ovaries arise from separate multiple gonadal ridges along the 
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mesonephros. The normal morphology seen in these ovaries 

indicates that the extra ovary may be from a separate genital ridge 

rather than from a partitioning of a shared genital ridge. As 

neighboring ovaries along the mesonephros develop, they begin to 

fuse with each other, as appears in one of the newborns and in two 

of the 4 day old pups (Figures 3-9, 11, & 12). As the mice mature 

and become adults, their ovaries continue to grow and fuse and 

appear as large dysmorphic, yet still fully functional adult ovaries. 

The following could also explain the large dysmorphic ovaries 

found in our transgenic mice: (1) The large dysmorphic adult 

ovaries are the result of hyperovulation causing the ovary to appear 

larger and dysmorphic from the extra corpus lutei. (2) The large 

adult ovaries are really polycystic ovaries. (3) There exists in nature 

an asymmetry in organs including the gonads in many animals. 

However, arguments against the above explanations are made 

as follows: (I) Hyperovulation causing an assymetry between paired 

ovaries is possible (Casida et al., 1935; Casida et al., 1966; Rasweiler, 

1988), however, the presence of extra separate ovaries in newborns 

and the lack of finding separate extra ovaries in the adults is 
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compelling. In addition, the morphology of the grossly dysmorphic 

ovary pairs seen in transgenic adult mice #4905 and #4915 appear 

to be due to more than just simple hyperovulation (Figure 3-13). (2) 

Histology shows that these are noncystic ovaries. (3) It is true that 

there does exist in nature an asymmetry in size between paired 

ovaries in several species (Bleier and Ehteshami, 1981; Sorenson, 

1992). However, this has not been observed to be the case with 

ovaries in mice (Mittwoch and Buehr, 1973). 

It is not clear that the multiple ovary phenotype is directly 

attributable to the antisense Sry message knocking out a sense 

oriented Sry or 5rv-like endogenous message. The following reasons 

argue toward the likelihood that the antisense Sry transgene has an 

artifactual as opposed to a real affect on gonadal development: (1) 

Only one male was detected with abnormal gonads and the RPA 

results did not detect transgene expression in this mouse. Therefore, 

the abnormal gonads seen in the newborn male pup #2 is likely to 

be a chance event. (2) Not all of the transgenic mice within the same 

line or litter were affected. (3) Females do not possess the Sry gene. 

(4) The transgenic mice with multiple ovaries were the result of a 
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chance integration of the transgene disrupting normal ovarian 

development rather than the antisense message knocking out an 

endogenous message. 

Responses to these arguments are: (1) Although only one male 

was detected with dysmorphic testes it may be that not enough 

males were analyzed. And, although the RPA was negative in 

detecting transgene expression in newborn male pup #2, it is 

possible the expression occurred earlier during gonadal 

differentiation and not after birth. Additional affected male pups 

and RPAs are needed to resolve this finding. (2) Recent studies show 

that there are often variations in phenotype in transgenic lines with 

affected and nonaffected transgenic mice. This variation is believed 

to be caused by the copy number of the transgene and/or its 

locations or a combination of both from one mouse to another 

within its line and litter (Dobie et al., 1997). The transgenic founder 

mice in this study were generated by injecting the transgene into 

the pronuclei of a fertilized egg. This allowed integration of the 

transgene into potentially numerous chromosomes at varying 

locations and copy numbers. In addition, crosses between dissimilar 
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transgenic parents would result in a variety of combinations of the 

transgene within a litter. Therefore, variation in phenotype between 

transgenic sibs is possible. (3) Although female mice do not have an 

Sry gene, there are Sox genes that both males and females share 

(Stevanovic et al., 1993; van de Wetering et al., 1993; Wright et al., 

199 3). The HMG box region is highly conserved between Sry and 

some Sox genes and has DNA binding activities. It is possible that in 

females the antisense Sry transcript is knocking out an HMG box 

carrying Sox gene(s) that may be involved in ovarian development. 

A knockout of the same Sox gene in males could either have no 

effect or may be dosage dependent since circular Sry message may 

be "soaking up" some of the antisense message in transgenic males. 

Evidence supporting the possibility of our transgene knocking out a 

5ry-like Sox gene comes from a recent finding from the lab of Dr. 

Murray Brilliant that Sox 6 mutant mice exhibit a phenotype of 

severe growth retardation and shaking (personal communication) 

similar to some mice we observed in some of our transgenic litters. 

(4)There was the same phenotype of large dysmorphic adult ovaries 
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found in two separate lines, thus it is unlikely to be due to chance 

events such as insertion sites. 

Additional experiments are needed to characterize the 

multiple ovary phenotype seen in our transgenic mice. The creation 

of additional transgenic lines with an antisense Sry construct to 

determine if the results of the multiple ovary phenotype is 

repeatable would give strength to the hypothesis that the antisense 

Sry message has a direct affect in the phenotype. Studies detecting 

multiple regions of genital ridges in our transgenic mice by staining 

for the alkaline phosphatase activity of germ cells would further 

support the multiple ovarian phenotype and ovary fusion 

hypothesis. 

The affected female phenotype of supernumerary ovaries may 

provide insight into elucidating Sry's role in sex determination and 

differentiation. However, it is possible that the affected phenotype 

in transgenic females has little or nothing to do with Sry and its role 

as the testis determining gene. If this is true then the affected 

transgenic females may be evidence of the existence of ovary 

determining genes. The creation of a XX mouse made doubly 
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transgenic carrying the testes determining gene S r y  and the 

antisense Sry construct used by the author to generate potential sex 

reversed females with multiple testes or hermaphrodites could be 

informative. Such a transgenic phenotype may increase our 

understanding of Sry and its role in sex determination and 

differentiation by demonstrating whether testis and ovarian 

differentiation are genetically separate developmental events. 
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CHAPTER IV 

ANALYSIS OF LOSS OF THE GROWTH FACTOR Y EFFECT AND GAIN 

OF THE yDo m sEX REVERSAL PHENOMENON BETWEEN 

GENERATIONS N1 AND N5 IN THE Y°°'' X C57BL6/J BACKCROSS. 

Introduction 

Growth factor Y 

Recent studies show that eutherian mammals exhibit a sexual 

dimorphism prior to gonadal differentiation. This dimorphism is a 

difference in the rate of development between males and females 

prior to and following gonadal differentiation (Tsunoda et al., 

1985). Tsunoda et al. discovered that male preimplantation mouse 

embryos develop at a statistically faster rate than their sibling 

female embryos. The development of a blastocoel cavity appears 

earlier in male embryos than in female embryos both in vivo and i n 

vitro. We confirmed their findings in the mouse preimplantation 

embryo and refer to this phenomenon as the Growth factor Y (Gfy) 

effect (Erickson, 1997; Zwingman et al., 1993). In in vitro 
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fertilization studies where X- and Y-bearing sperm fertilized eggs at 

the same time Xu et al. demonstrated that male bovine embryos 

developed faster than female bovine embryos (Xu et al., 1992). 

Therefore, the difference in developmental rates between males and 

females was not due to differing rates of fertilization by X- and Y-

bearing sperm. The growth factor Y effect has also been shown to 

persist beyond the preimplantation stages to midgestation. For 

example, males are heavier than females at postimplantation stages 

in rat fetuses (Scott and Holson, 1977) and male mice have more 

somites than their female sibs at day 9 in development (Seller and 

Perkins-Cole, 1987). First trimester human male fetuses are more 

advanced than first trimester female fetuses (Fog Pederson, 1980). 

In addition, the likelihood of a live born male from in vitro 

fertilization was significantly greater when the more advanced 

embryos from culture were chosen for transfer (Pergament et al., 

1994). 

- -Dom 
X. effect 
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In eutherian mammals, a delay in gonadal differentiation of a 

presumptive testis may be the cause of the development of ovotestes 

i n  X Y  m a l e s .  T h e  d e v e l o p m e n t  o f  o v o t e s t e s  i n  s o m e  c r o s s e s  o f  M u s .  

mils. musciiliis by Mus. mus. domesticus sub-species of male mice is 

called the Y^^^effect. sex reversal of a chromosomally XY male 

mouse to female phenotype was first reported in 1982 (Eicher et al., 

1982). The sex reversal was the result of backcrossing a Mus. mus. 

domesticus subspecies derived Poschiavinus Y (Y''"""') chromosome 

onto a C57B16/J genetic background. In addition, with increasing 

numbers of backcross generations, there is an increase in the 

occurrence of XY progeny developing ovotestis or ovaries within a 

litter. Adult C57B16/J. mice exhibit a range of sexual 

phenotypes including fully sex-reversed XY females, true 

hermaphrodites, and normal males, although some of the males 

have small testes and are of low fertility (Eicher et al., 1982). Some, 

but not all Mus. mus. domesticus derived Y chromosomes will also 

generate XY females on a C57BI6/J background with variable 

degrees of sex reversal (Biddle and Nishioka, 1988). 
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The mechanism of the effect is unknown. One hypothesis 

is that the Mus. mus. domesticus Y carries a testes determining allele 

(Tdy) that acts later than that of the Mus. mus. musculus derived 

Tdy in the C57B16/J inbred strain (Burgoyne and Palmer, 1991). 

This delay in the testis determining gene action of the Mus. mus. 

domesticus Y'^" chromosome when placed on a Mus. mus. musculus 

C57B16/J autosomal background enables the process of ovary 

determination to pre-empt Y action. To explain the requirement for 

a C57B16/J background it was suggested that a recessive autosomal 

allele Tda-1 is carried by the C57B16/J strain. This Tda-1 allele in 

t u r n  i s  t h o u g h t  t o  b e  i n c o m p a t i b l e  f o r  i n t e r a c t i o n s  w i t h  t h e  M u s .  

mus. domesticus Y to form a normal testis (Eicher and Washburn, 

1986). If there are one or more autosomal genes involved in testis 

differentiation, then the Tda-1 hypothesis would explain the 

increase in incidence of sex reversal when the autosomal 

background becomes predominantly C57B16/J with increased 

backcrossing (Eicher and Washburn, 1986; Eisner et al.. 1996). If the 

Tda-1 autosomal gene is part of the cascade of genes involved in 

testes determination acting in conjunction with a Tdy allele, then a 
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timing mismatch with a late acting T d y  allele could cause ovary 

determination to pre-empt testis determination (Burgoyne, 1988; 

Burgoyne and Palmer, 1991). Therefore, a minor difference in the 

timing of expression of these two major genes could cause the range 

of gonadal phenotypes seen in sex reversed mice (Eicher and 

Washburn, 1986). To determine if a delay in gonadal differentiation 

occurs with the Y®""" effect due to a Tdy gene, consomic C57B16/J 

males with either the Miis. miis. miisciitiis derived C57B16/J Y 

chromosome or the Mus. miis. domesticiis derived Poschiavinus Y 

chromosome were outcrossed to females of inbred and outbred 

strains (Palmer and Burgoyne, 1991). The gonads of the 12.5 dpc 

XY''"^^'' and XY^^' fetuses were analyzed for the presence of testicular 

cords. The fetuses had a later onset of testicular development 

than the XY*^'^ fetuses. The growth rate of the testes in the xy''"""" 

embryos were delayed by about 14 hours compared to the XY^^^ 

testes. However, there was no difference in somatic growth such as 

in limb development between the XY''"""' and the XY^'^ fetuses. This 

supports Mittwoch's model of variations in gonadal growth in that 

normal embryonic somatic growth alone does not guarantee testes 
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in males. (Mittwoch, 1970; Mittwoch, 1971; Mittwoch, 1976). Palmer 

et al. concluded that the delay in onset of differentiation of the 

Xy'' '""' ' '  testes is due to allelic differences in Tdy between the two Y 

chromosomes (Palmer and Burgoyne, 1991). 

Experiments 

We hypothesize that the Gfy effect is a sex determing event 

that predisposes the indifferent male gonad to differentiate into a 

testis. This is supported by the fact that ovarian differentiation 

occurs later than testicular differentiation and by the findings that 

the fetus in a C57BL6/J background has a delayed 

developmental onset of testicular development leading to ovarian 

development. This study addresses the question "Will an increase in 

the number of backcrosses of the chromosome onto a 

C57BL6/J background lead to decreasing differences in 

developmental rates between male and female siblings with each 

backcross?" The experimental plan was to measure the Gfy effect 

with each backcross and determine if the effect and the Gfy 

effect demonstrate a relationship. 
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The backcrossing of the chromosome onto the C57BL6/J 

background and subsequent analysis of the Gfy effect in each 

backcross is expected to yield the following results: (1) If the Gfy 

effect is not decreased with each backcross, then the Gfy effect and 

YDom effect are not related. This result would also indicate that the 

Gfy effect may not be involved in testis determination and therefore 

it is not a sex determining event. (2) If the Gfy effect decreases with 

each backcross, this would indicate that the Gfy effect and Y''"'" 

effect could be related. This result would support the hypothesis 

that the Gfy effect is involved in testis differentiation and is a sex 

determining event. 

MATERIALS AND METHODS 

1. Animals and embryos 

A Peru-Coppock derived PERC/Ei male from The Jackson Labs 

that has a Y chromosome indistinguishable from the Poschiavinus Y 

chromosome in regards to the Y''"'" effect was used as the original 

founder male for the subsequent backcrosses. Progeny from the 
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C57BL6/J female X PERC/Ei male constitute the FI generation. 

Males selected from Fl generation were mated with C57BL6/J 

females to create the Nl generation. Backcrossing continued to the 

point of reaching the N5 generation. By the N5 generation the 

chromosome was theoretically in a > 97% C57BL6/J autosomal 

background. Fl males and N4 generation males were individually 

mated with C57BL6/J females. Time of coitus and fertilization 

generally occurs at midnight. Females with a seminal plug were 

sacrificed by cervical dislocation and dissected for their oviducts. 

2. Collection, culturing. and timing of embrvos 

Embryos at the I cell stage were isolated by tearing the 

oviduct and digesting the surrounding cumulus with a 

hyalunronidase solution. The embryos were washed 3X with M2 

media and then 3X with M16 media before placing embryos into a 

50 |il culture droplet of M16 media. Embryos were incubated under 

conditions of 37°C and 5% COj. After reaching the blastocyst stage, 

embryos were timed and numbered. The embryos were then frozen 

individually in 25 |xl of sterile dH^O to determine the sex by PCR. 
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3. Sex determination of timed embrvos 

Embryos frozen in 25 of sterile dH^O were thawed and 

mixed with 10 |il of a 20% Chelex solution. The blastocyst mixture 

was then boiled for 10 minutes, spun for 30 seconds to 

pellet the Chelex and a 25 |il aliquot was removed. PGR was 

performed on the 25 |il aliquot. PGR amplification consisted of a 50 

(il mixture of 50 mM KGl, 10 mM Tris-HCI pH 9.0, 1.0 mM MgCL, 

0.1% gelatin (w/v), 1% Triton X-100, 200 ^iM of each dNTP. and 1.0 

jiM of each primer. The reaction was overlaid with 50 |il of light 

mineral oil and spun briefly. Then the tube was preheated at 85" C 

for 5 minutes prior to the addition of 2.5 Units of Taq polymerase. 

Amplification consisted of 38 cycles using a Techne PHC-

thermocycler. Amplification cycle parameters for the Zfa and Zfy-1 

primer pairs can be referenced in chapter 111 in Material and 

Methods under the Gene Injection subsection. A 15 |il aliquot of 

each PGR product was electrophoresed through a 3% NuSieve 

agarose TAE gel, stained with EtBr, and visualized under UV light. 
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4. Statistical analysis of timed and sexed emhrvos 

a. Chi Square 

Statistical analysis of the timed/sexed embryos was performed 

in two ways. The first, a Chi square analysis comparing male and 

female embryos to the relative categories of being either fast 

developing or slow developing as was done in the Tsunoda et al. 

study (Tsunoda et al., 1985). This was done with both generations 

Nl and N5 separately. The embryos were divided into categories of 

fast, medium, and slow based on the observation of embryos 

reaching developmental stages in groups within their litter relative 

to each other. The categories of fast and medium were separated by 

a developmental time gap of 1.25 to 7.5 hours and the categories of 

medium and slow were separated by a developmental time gap of 

2.5 to 7.3 hours. The length of these gaps are a reflection of the 

differences litter by litter of the range of times it took all embryos 

within a litter to reach the blastocyst stage. The ranges were from 7 

hours to 24 hours. 

h. ANQVA 
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The second statistical analysis is an ANOVA type of regression 

analysis that has the power to detect an interaction between 

multiple variables. Due to the relative value involved in categorizing 

embryos within a litter as being fast, medium, or slow, this analysis 

used the recorded hours of development from the time the first 

embryo formed a blastocoel to the time the last embryo formed a 

blastocoel within a litter. This time length is the dependent variable. 

The interaction between the generation (N1 or N5) and the sex of 

the embryo and their possible effect upon the dependent variable 

(hours to formation of a blastocoel) is what is determined. 

Additional variables during culture were taken into account. These 

additional variables and their order and rationale are as follows: 

-1st is Litter; If there is a main effect for litter, this would show that 

there are significantly different rates of development between males 

and females between litters. Including Litter would control for 

between litter differences. 

-2nd is Sex; If there is a main effect for sex, then male (or female) 

embryos reach the blastocyst stage more rapidly than the other sex. 
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Embryo sex has already been associated with increased speed in 

development at the blastocyst stage. 

-3rd isNl/N5; The generations of NI and N5 from the backcrosses. 

If this is a significant difference in male/female developmental 

rates, then this means that the number of backcrosses has an effect 

on the speed in development. Sex has priority over NI/N5 because 

imposing a specific Y chromosome onto a non-endogenous 

autosomal background is artificial in Nature. 

-4th is MalePer; Percent of males per litter. A significant effect of 

developmental rate differences due to the percent of males per litter 

would indicate a hypothesized male growth factor or hormone. This 

growth factor or hormone could have effects on sibling males but 

not necessarily female sibs within the litter. Percent male follows 

generation since the percent male to female ratios are expected to 

be statistically constant. 

-5th is LitTot; The total number of embryos per litter. Litter size is 

entered after percent male and sex so that it doesn't nullify the 

potential variance that may be associated with percent male and 

sex. Litter size may be associated with the sex distribution of the 
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litter. This variable is not theoretically primary, and therefore is 

entered last. 

RRSIJITS 

We hypothesized that the Gfy effect is a sex determining event 

that predisposes the indifferent male gonad to differentiate into a 

testis. In order to determine the association of speed of development 

in the preimplantation embryo to gonadal differentiation we 

measured the development rate of cultured embryos. Then we 

statistically analyzed the data to determine whether a loss of Gfy 

correlated with a gain of the sex reversal in backcrossed 

generations N1 and N5. The following analyses were used: 

Chi squares analysis. We used Chi square analysis to 

determine whether male embryos developed relatively faster than 

female embryos in the Nl and N5 generations separately. This was a 

blinded observation since the sex of the embryo was determined 

after its categorization for speed of development. Nl generation Chi 

Square analysis yielded P values of P<0.02 indicating that there is a 

statistically significant difference between male and female embryos 
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in tiieir rates of development. The male embryo develops more 

rapidly than the female embryo in the Nl generation (Table 4-1). 

N5 generation Chi Square analysis yielded P values of P>0.80 

indicating that there is no statistically significant difference between 

male and female embryos developmental rates (Table 4-1). 

ANOVA analysis #1. Using ANOVA analysis of absolute times to 

development of a blastocoele, we wanted to determine whether male 

(or female) embryos developmental rates differed between 

backcross generations Nl and N5. In analysis #l Litter effect is 

taken into account is to make all litters within a generation 

approximately equal because there are differences in the range of 

times of blastocoel formation seen litter by litter. The variable order 

is Litter, N1/N5, Sex, MalePer, and LitTot. The measured 

interactions listed in table 4-2 are between NI/N5 Generation and 

Sex, Percent Male and Sex, Litter Total and Sex, and. Percent male 

and Litter Total. The interactions between N1/N5 Generation and 

Sex determines whether male or female embryos developmental 

rates differ between generations Nl and N5. Analysis #1 

demonstrates that there is no statistically significant difference of 
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Table 4-1. Chi Square analysis of timed 
embryos  in  the  N1 & N5 generat ions .  

GENERATION FAST 
(M/F)  

MEDIUM 
(M/F)  

SLOW 
(M/F)  

CHI- P 
VALUES 

Nl  23/15 16/19 1 0/2 1 0.01937 
N5 8/1 0 15/19 :12/13 0.81762 

The I" backcross (Nl) generation is statistically significant (shaded 
numbers) with respect to male preimplantation embryos developing 
faster than female preimplantatoin embryos. The 5"^ backcross (N5) 
generation was not statistically significant. 
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Table 4-2. ANOVA determination of analysis #1. 

SOURCE DEGREES TYPE I MEAN F PIb>F 
FREEDOM SS SQUARE VALUE 

Litter 23 1292.97 1292.97 2.7 1 0.0002 
N1N5 0 0.00 N/A N/A N/A 

Sex I 234.85 234.85 I 1.30 0.0010 
MalePer 0 0.00 N/A N/A N/A 
LitTot 0 0.00 N/A N/A N/A 
NlNSSex 1 77.28 77.28 3.72 0.0556* 
MaleNlN 
5 

0 0.00 N/A N/A N/A 

LitNlNS 0 0.00 LN/A N/A N/A 
MaleSex .1 0.1436 0.1436 0.01 0.9338 
LitSex .1 14.99 14.99 0.72 0.3969 
MaleLit 0 0.00 N/A N/A N/A 

Shaded numbers indicate statistically significant numbers. 
Asterisk (*) indicates the statistically insignificant number from 
testing NIN5 generations against Sex. 
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the interaction between the generation of the embryos and their sex 

in their developmental rates indicated by a p value of 0.0556. In 

addition, changing the order of the variables MalePer and LitTot 

did not change the results of ANOVA analysis #1. 

Table 4-2 illustrates that there are statistically significant 

differences litter by litter with a p value of 0.0002. There were also 

statistically significant differences between the sexes with a p value 

of 0.0010, in their developmental rates. The statistical significance 

of differences between litters and between sexes supports our 

observations of differences from one litter to the next in the range 

of times for all embryos within a litter to reach the blastocyst stage 

during culture and the sex of those reaching the blastocyst stage 

first. 

ANOVA analysis #2. Using ANOVA analysis we wanted to 

determine whether male (or female) embryos developmental rates 

differed between backcross generations N1 and N5. In analysis #2: 

Litter effects are not taken into account and therefore timed data 

from litter to litter allows the wide range of formation of blastocoel 

time differences seen from litter to litter within a generation. The 
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measured interactions are between N1/N5 and Sex,  MalePer  and 

N1/N5, LitTot and N1/N5, MalePer and Sex, LitTot and Sex, 

and, MalePer and LitTot. The interactions between NI/N5 

Generation and Sex determines whether male or female embryos 

developmental rates differ between generations NI and N5. Analysis 

#2 demonstrates that there is no statistically significant difference 

of the interaction between the generation of the embryos and their 

sex in their developmental rates indicated by a p value of 0.1231 

(Table 4-3). In addition, changing the order of the variables 

MalePer and LitTot did not change the results of ANOVA analysis 

#2.  

Analysis #2 demonstrates that there are statistically significant 

differences between the sexes and their developmental rates shown 

with a p value of 0.0190. It also demonstrates that, with the between 

litter effects taken into consideration, the percentage of males per 

litter is also statistically significant with a p value of 0.0100. The 

ratio of males to females per litter differs significantly with the 

number of females overall being higher than the number of males in 

both generations. The interaction of the total number of embryos 
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Table 4-3. ANOVA determination of analysis #2. 

SOURCE DEGRF.F.S TYPE I MEAN F PR>F 
FREEDOM SS SQUARE VALUE 

N1N5 I 2.94 2.94 0. 12 0.728 1 
Sex I 136.3 I 136.3 1 5.61 0.0190 
MaiePer I 164.75 164.75 6.78 0.0100 
LitTot 53.73 53.73 2.21 0.1387 
NlNSSex 58.35 ,58.35 .2.40...., 0.123 1* 
MaleNlNS 26.44 ,26.44 1.09 0.2983 
LitNlNS 1 196.24 196.24 8.08 0.0050 
MaleSex I 0.8 I 0.8 1 0.03 0.8557 
LitSex 1 12.83 12.83 0.53 0.4685 
MaieLit  I 12.44 12.44 0.5 1 0.4752 

Shaded numbers indicates statistically significant numbers. 
Asterisk (*) indicates the statistically insignificant number from 
testing NIN5 generations against Sex. 
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per litter and the generation is also statistically significant 

when between litter effects are allowed. This indicates that there is a 

difference between the generations in the total number of embryos 

per litter. The N1 generation averaged 7.42 embryos per litter and 

the N5 generation averaged 7.70 embryos per litter. 

DISCUSSION 

By grouping the timed embryos into categories of fast, 

medium, and slow as described by Tusonada et al. (Tsunoda et al., 

1985) and applying Chi Square analysis, there is a Gfy effect seen in 

the N1 generation that disappears by the N5 generation. This 

indicates that there is a relationship between the rate of 

development of the preimplantation embryo and the differentiation 

of the gonad. However, the less sensitive ANOVA analysis (since it 

looks at more variables at one time) does not demonstrate a 

statistically significant difference in developmental rates between 

the N1 and the N5 generations. 

Although the results of the two analyses appear to be in 

conflict it should be noted that with the ANOVA analysis there was 



150 

approximately only a 30% chance of detecting a statistically 

significant effect if one really existed. This is due to the low number 

of data points of timed and sexed embryos from the Nl and N5 

generations used in the ANOVA analyses. ANOVA analysis for this 

study would require approximately 1000 timed embryos to reach a 

statistically confident result. A potential problem in the ANOVA 

analyses could also have been the choice and order of variables to 

account for differences seen within and between litters. Little is 

known about just how well in vitro development can be compared to 

in vivo development in the preimplantation stage embryos. Subtle 

differences in culturing conditions of pH, growth factors, 

temperatures, etc... could potentially alter embryonic growth rates 

(Barnett and Bavister, 1996). 

From these analyses we conclude that a Gfy effect does exist in 

the preimplantation mouse as demonstrated in other species (Avery 

et al., 1992; Pergament et al., 1994; Seller and Perkins-Cole, 1987; 

Tsunoda et al., 1985; Xu et al., 1992). Both the ANOVA analysis and 

Chi Square analysis yielded statistically significant differences in 

growth rates between male and female preimplantation embryos 
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with the males developing faster. Whether the rate of growth of the 

indifferent gonad is germane to the differentiation of the gonad 

remains to be determined. However, from our Chi square analysis it 

is likely that the developmental speed of the preimplantation 

embryo does play a role in gonadal differentiation. 

In any event it is probable that the indifferent gonad may lie 

on a developmental threshold where multiple factors or pressures 

can influence its choice of differentiation. This is seen in other 

species where temperatures and hormones can effect gonadal 

differentiation (Dorrizzi et aL, 1991). If the mammalian gonad does 

lie on a developmental threshold then it would seem reasonable for 

timing to be one of those influences. Therefore, our detection of 

differences in rate of development between generations N1 and N5 

demonstrated by the Chi square analysis demonstrates a 

relationship between the rate of development and gonadal 

differentiation. 
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Chapter V 

SUMMARY 

In the beginning of this dissertation, we hypothesized that 

important sex determining events occur prior to gonadal 

differentiation in the mouse preimplantation embryo. This 

hypothesis was supported by our detection of Sry expression and by 

our confirmation of the sex dimorphism of males developing faster 

than females in the preimplantation embryo (Boyer and Erickson, 

1994; Zwingman et al., 1993; Zwingman et al.. 1994). This 

hypothesis raised two questions: (1) Does Sry have a sex 

determining or other developmental role in the preimplantation 

mouse embryo? (2) Is the growth rate of the preimplantation 

embryo a sex determining event influencing the differentiation of 

the indifferent gonad? 

Underlying the two questions was the link of whether or not 

Sry may be the growth factor Y gene that causes male embryos to 

develop at a faster rate than female embryos. If Sry was the 
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determinant of Gfy in the preimplantation embryo, the answer to 

both questions would be yes. However, during this dissertation's 

studies, a genetic study of growth rate differences between XX and 

X Y  e m b r y o s  i n  m i c e  w i t h  a  d e l e t i o n  o f  t h e  S r y  g e n e  s u g g e s t s  t h a t  S r y  

is not the Gry gene and that it has minimal contribution to the Gfy 

effect in the mouse preimplantation embryo (Thornhill and 

Burgoyne, 1993). Therefore, this dissertation addressed both 

questions separately. 

The first question, does S r y  have a sex determining role in the 

preimplantation embryo, was addressed in chapters II and III by 

analyzing the forms and transcription of Sry, and attempts at 

antisense knocking out of Sry expression in the preimplantation 

embryo. The major findings of these experiments were: (1) 

Transcription of the circular Sry transcript is detectable by RT-PCR 

from the 2 cell stage to the blastocyst stage. In addition, the linear 

Sry transcript was also detected by RT-PCR in the morula stage 

mouse preimplantation embryo. (2) Sry transcription is located in 

the trophoblast, and possibly concentrated in the inner cell mass of 

blastocyst stage embryos. In addition, Sry transcripts were 
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detectable by the less sensitive than RT-PCR non-radioisotopic in 

situ hybridization techique in the blastocyst stage but not earlier. 

(3) The linear Sry transcript is detected in polyribosomal RNA 

fractions at the blastocyst stage. (4) Female mice made transgenic 

for an antisense oriented Sry transgene driven by a zinc inducible 

metallothionein promoter induced the development of supernumery 

ovaries. However, how this occurs is not clear. 

Detection of linear and circular S r y  transcription in the 

preimplantation embryo from the 2 cell stage to the blastocyst stage 

demonstrates that probably Sry expression is not limited to the 

gonads at the time of gonadal differentiation, but much earlier than 

previously believed. The location of the Sry transcripts in the 

trophoblast indicates that Sry may have developmental roles in the 

male preimplantation embryo separate from that of gonadal 

differentiation. In addition, Sry transcription is shown to be 

expressed at levels detectable via in situ hybridization with a non-

radioisotopic probe demonstrating that significant Sry transcription 

is occuring during the blastocyst stage. And, the detection of the 

linear Sry transcript in polyribisomal RNA fractions indicates that 
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S ry is probably translated in the blastocyst stage embryo. We 

conclude that expression of Sry in the preimplantation mouse 

embryo is significant and likely to have a role in development. 

The phenotype of supernumerary ovaries in female mice 

transgenic for an antisense Sry construct mice may be indicative of 

a preimplantation or a pregonadal role for Sry or an 5ry-Iike gene. 

However, further studies are needed to determine whether the 

association of the supernumerary phenotype is linked to an 5rv-Iike 

gene, an ovary determining gene, or is coincidental. 

Chapter IV addresses the second question with two separate 

statistical analyses made of the timed data of back crossed 

generations Nl and N5 to determine whether there was a loss of Gfy 

effect with an increase in the Y''"'" effect. The Chi square statistical 

analysis demonstrated that there was a Gfy effect in the Nl 

generation that was lost by the N5 generation. The ANOVA 

statistical analysis demonstrated that there was not a statistically 

significant difference in the Gfy effect between generations Nl and 

N5. Both analyses have their limitations. The Chi square data with 

its inherent relativeness of categorizing embryos as being fast. 
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medium, or slow as opposed to a measurable value. However, the 

selection of embryos into categories of fast, medium, and slow were 

performed in a blinded study and therefore relativeness of 

categorization may not be an issue of significance. The ANOVA 

analysis suffered from the dearth of data points needed to 

accurrately calculate the statistical significance of the timed 

embryos. 

However, both analyses were in agreement that there was a 

statistically significant difference in the growth rates between male 

and female preimplantation embryos with the male being faster. 

Therefore, we conclude that a Gfy effect does exist in mice and it 

may have an association with gonadal development. This association 

may be a relationship acting as a small influence in conjunction 

with other influences that together direct the differentiation of an 

indifferent gonad. 

Nature has demonstrated repeatedly that there is more than 

one way to make a testis and, thus, that male gonadal differentiation 

is of ancient origin. Whether it be due to a single gonad determining 

gene or a balancing act between multiple genes and their expression 
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remains a possibility. It is likely that there are multiple paths 

leading to the differentiation of the indifferent gonad, each of 

differing strengths of influence. The Sry gene is a strong influence, 

yet not the only one. In addition, there is possibility of ovary 

determining genes as evidenced by the supernumerary phenotype 

with the antisense Sry transgenic mice. 

Future studies in elucidating the role or roles of S r y  will likely 

require a transgenic approach. The study of other HMG box 

containing genes such as the Sox genes may be important in 

understanding Sry and its apparent lack of evolutionary 

conservation for its role as a primary gonad determining gene. 

I would propose future studies characterizing the 

supernumerary ovary phenotype observed in our transgenic female 

mice. The possibility of creating sex reversed male mice with 

supernumerary testes or the inability to do so could be informative 

in understanding the induction and differentiation of the genital 

ridges from the coelomic epithelium. A potentially informative area 

to research may be during the origin of the indifferent gonad 

primordium. Finally, the supernumerary ovary transgenic female 
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mouse may be the touchstone needed to further understand 

developmental events leading to induction of the genital ridges on 

the mesonephros. 
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