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A Deletion Truncating the Gonadotropin- 
Releasine Hormone Gene Is Responsible for 

~ q ~ o ~ o n a d i s m  in the hpg ~ o u s e  

Hereditary hypogonadism in the hypogonadal (hpg) 
mouse is caused by a deletional mutation of at least 33.5 
kilobases encompassing the distal half of the gene for the 
common biosynthetic precursor of gonadotropin-releas- 
ing hormone (GnRH) and GnRH-associated peptide 
(GAP). The partially deleted gene is transcriptionally 
active as revealed by in situ hybridization histochemistry 
of @& hypothalamic tissue sections, but imrnunocyto- 
chemical analysis failed to show the presence of antigen 
corresponding to any part of the precursor protein. 

T HE CENTRAL REGULATION OF REPRODUCTIVE COMPE- 

tence in mammals is mediated by the activity of hypothalam- 
ic neurons and relies on the correct expression of a single 

distinguishing gene that encodes the precursor protein for the 
decapeptide GnRH (gonadotropin-releasing hormone) and the 56- 
amino acid peptide GAP (GnRH-associated peptide) (1, 2). These 
biosynthetically linked hypophysiotropic peptides are released at 
intervals into the portal circulation where they stimulate the pulsatile 
release of gonadotropins and suppress prolactin secretion from the 
anterior pituitary (1-3). Failure in this system may lead to the 
common reproductive disorder of hypogonadism, which is often 
associated with hyperprolactinemia (4). 

The hypogonadal (bpg) mouse, first described in 1977 (5), is an 
appropriate animal model to study this disorder. In this mouse, an 
isolated deficiency in pituitary gonadotropin secretion leading to a 
failure of testes and ovaries to develop postnatally is genetically 

linked to an autosomal recessive mutation. The primary genetic 
lesion seems to lie within the structural gene for GnRH or in a gene 
or genes required for its correct expression since GnRH cannot be 
detected in bpg mouse brain, although bpg mouse pituitary gonado- 
trophs are responsive to the decapeptide (6). Phenotypic reversal of 
the bpg disorder was achieved by grafts from preoptic parts of the 
normal fetal brain, which restored functional GnRH- (and presum- 
ably GAP-) secreting hypothalamic neurons (7). 

To determine whether and how the GnRH gene is altered in the 
48 mouse, we isolated this gene locus from normal and bpg mice. 
Detailed analysis revealed a deletion in the bpg genome of at least 
33.5 kilobases (kb); this deletion removed the two GnRH gene 
exons that encode most of the GAP peptide, resulting in a transcrip- 
tionally active, but translationally incompetent, truncated gene. 

The GnRH-GAP gene from mouse. To provide a basis for 
comparison of the GnRH gene in normal and bpg animals, we 
isolated the cloned normal gene and delineated its structure. The 
map of this gene locus and the complete nucleotide sequence of the 
gene are shown in Figs. 1 and 2. Exon-intron boundaries were 
assigned on the basis of homologous rat hypothalamic complemen- 
tary DNA (cDNA) sequences (8). The distribution of exons shows 
close homology of the mouse gene to the corresponding human and 
rat genes (8). The three coding exons (11,111, and IV) encode amino 
acids 1 to 45, 46 to 77, and 78 to 90, respectively, of the GnRH- 
GAP precursor. The sequence of the mouse precursor, 90 amino 
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Fig. 1. Map of mouse GnRH-GAP ene locus. Exons I to IV are shown as 
stippled boxes, and the positions o f  restriction sites are as indicated. The 
accentuated black region represents the sequenced region shown in Fig. 2. 
The origins of the two overlapping lambda clones (AMGP-1 and -2) are 
shown below the map. The Bam HI sites delineated with an asterisk may 
have been created by cloning into the lambda vector and are not necessarily 
present in the genome. 

EcoRI Aha111 
1 GAATTCAGGCTGTCAGGATTGGGAGCAACCTCTAACCACTGAGCCATCTCACCAACACTATGGTCATCTGATTTAAATGT 

CTCCTCTTACAGAGACCCAAATGCTAAGCTCTCAGGTACTCTGTCTCAGCTTTCTGTATTTATCACCTAACTTCCCTGTG 

161 AGTTTTTCAGTGTGTCTTTAACTTCACCAAACTTAGGTCATGGATTATCTTTGAACTCTGCATTGGGCTGCCAGCTTCCT 
EcoRI 

CAGGGGAATTCAACATGLLTGGGTTTTAATCCCTTAGAATGGTAGCTTCAGCTGTGAAAGTTTTAGCTAAGATTTTAATG 

321 ACCAGGTTTAAGAAAATGCAACAGATAGACCAGCAGGTGTTGCAATTACATTCACCATTAAGAGGCTTTTTGTGAGGG~ 
AhaIII 
~CTAACTATTAAGACTFTGGGCTGTGCTGCAACTGTGCTCACCAGCGGGGAAGACATCAGTGTCCCAGAAAAAAAA 

481 AAAAAATCATATAAAAAGGAAGCTAGGCAGACAGAAACTTCGAAGTACTCAACCTACCAACGGAAGCTCGAGATCCCTTT 

GACTTTCACATCCAAACAGGTACAGTTCTTTGTTGTTCTAGCATTGTTGTTAATGTTGCTTATTACTGTATGTCTAAAGG 

641 GTATTTTTGCACTGAGGGCTCAAGTCATCACACACGTTGTGATTGTATCCAAGGAAGCCTTGCCCTTTATTGACTGCCCT 

TATCACCCACCAGCCTTGGGAGAGAGCCGACCTTTGAGGAAGCCAGCAGTGTTGGATCTTGATTTTTAGCCTCATTCCCA 

801 TCAGAT~~AAATTGAC~TGGAGGAAC~~TTGTTTGTTTTGTTTTGTTTTGTTTTGTTTTGTTTTGTTTTTGAGACAGGGTTT 
Lac i 

CTCTGTGTAGCCCTGGCTGTCCTGGAACTCACTCTGTAGACCAGGCTGGCCTCGAGCTCAGAAATTCGCCTGCCTCTGCC 

961 T C C C G A G T G C T A G G A T T A A A G G C G T G C A C C A C C A C T ~ G T T T T A T C A A C T A A C T A T A C T C T T A C T  
Xbal 

TGGCAAGGAGGGCATCTGAGCTAAGTGCCTTTATCTAGATCAGTATTTAGTTCTCCCTCAGTCTTGAAGCTGGTCCGGCT 
AhaIII 

1121 AGCTGTAATGCTTTAAAGACTAGATGCCACACAGAAAAATGTCAGCAGTTGCCACAGTGTAGCAAATTCATGCAACCTTT 

TATTAGCCAGAGGTGCTTAGACGGTGCTTCCCTTTCAGAGCAGGTGGCCCAGCTCTAACCTTGAACAACAGAGTTGAGAA 

1281 CAAATCTATAAAGGGCGATGTATGGGCAAAGTTTCAATTTGGTAAGGGATGAATTGCGGGTTTCAGGGAACCCAAATTAA 

CAAAAAAAATGGACTGCCTTACCACAAAGAAGTACTACATATGCCAGAACCAACTACAGGTGTCTGTCCCATGTCTATGA 
Aha111 PstI 

1441 AGCTCAAGACAGGTAGATGTCCCTGTGTTTTCTTGTCTTTAAACAAGCTGTGTGACTACCTCTGCAGTTTCTGTGAAGCC 

1521 A G T G G T C C A G G A G C T G G C C T C T T T G C T A A G C A T T C T T C A C T C T G T G T C T T G A T G T C C C T T  AGTGGAC ATG ATC 
Met 1le 

1596 CTC AAA CTG ATG GCC GGC ATT CTA CTG CTG ACT GTG TGT TTG GAA GGC TGC TCC AGC CAG 
Leu Lys Leu Met Ala Gly Ile Leu Leu Leu Thr Val Cys Leu Glu Gly Cys Ser Ser Gln 

-1 +l 

1656 CAC TGG TCC TAT GGG TTG CGC CCT GGG GGA AAG AGA AAC ACT GAA CAC TTG GTT GAG TCT 
HIS Trp Ser Tyr Gly Leu Arg Pro Gly Gly Lys Arg Asn Thr Glu His Leu Val Glu Ser 

20 

1716 TTC CAA GAG GTAAGTTTCCCAGCACTGACTTGACTCGCTTCAAACTGCATGAGCCAGATAGTGCAAGCCTCAGTGGT 
Phe Gln Glu ' 

1793 ACTTCTCTGAGCTTACTCTAAATACTGACTTTAGTGAGAGAAGACTTCACAGAGTAGGAGGCAAATTCCTCCTTGCACTT 

T G G A C A A A G A C T A A G G A A G C A A A C A G A A C A G A T A G G T G A A G A G G G T G G G A T A C C A A G T G T A T C A C A A G G C A C G G T G C T C T  

1953 CAhATATCTCTGCTATGGATGCTCTTGTGTAATTTGCCAGTAAGTATTGGTATTAAGGACATAAGTGCCATTATTTCTTG 

TCTCATTTAAGCAAAGAACATGGAGAATGTTCAAATCCATGAATTATCAAATGTAAGGTTGTGAAGTGGAAAACATACTA 

2113 GATATAATTTCCTGAAGACCTCGCTCTATAGATTCTTTGGGAAGAT/IATGTCATGGGACTAGGATGTAGTAAAAACAAGA 

A A T C A A T C C A A C C T C G C T G A G G G T G G G G C T C A C A T C T G T A G C C A C A G T C C T T T G A A G G C T A A A A A G G A A G A T T T C T G T C C  

2273 CAGTTTGATTTCTGTTGTGATAAAAAGTAATTTACAGGAAAATGGCTTATATGGCTTACAGTTCCAGCGATCATCATTGC 
EcoRI 

AGGGATGTGAAGGTAGGAATTCAGAACAGCTAGTTAGATTCATAGTCAAGAACAGAGAAAGAATAAATAAATGTATTCAT 

2433 GCCTAGTACTATAATGATGCTGCCCACAATCGACTCCATCTTCCCATATCATAAACATGAAAGACCATACCTCTAGGCAT 

Fig. 2. The nucleotide sequence comprising 5054 bp, extending from an Eco 
RI site to a Sac I site contains the coding strand for the mRNA. The 
following features of the DNA sequence are indicated: the boxed TATA 
sequence (21) is the same one used for transcription of the highly homolo- 
gous rat gene in rat brain (22); the GT and AG boundaries of intron 1 are 
assigned by homology with the rat 5'-untranslated region and are under- 
lined; a repetitive sequence element of 178 bp (underlined) between two 
direct repeats of 10 bp (boxed) is situated in the first intron; the polyadenyla- 
tion signal AATAAA is boxed and the 3' end of the mRNA as predicted 
from the homologous rat mRNA (8) is indicated by an asterisk. Deduced 
amino sequences of the signal peptide, GnRH and GAP peptides are shown 

acid residues long as deduced from the gene sequence, is two amino 
acids smaller than the rat and human precursors (8, 9 )  because of a 
shorter signal peptide. There is strong homology between the 
mouse and rat GnRH-GAP precursor proteins with only nine amino 
acid differences, of which five are within the signal peptide and the 
other four within the GAP peptide. Homology with the human 
precursor is approximately 75 percent. 

The analyzed gene was derived from a genetic background 
different from that of the hpg mouse (BALB!c compared to C3H! 
HeH x 10 l!H). Southern analysis of DNA from mice congenic with 
kg showed identical GnRH gene restriction fragments. These 
results confirm the presence of a single GnRH-GAP gene in mouse 
as found for human and rat (8, 9 ) .  

Xbal 
GCTCACCGGCCACCCTGCTCTAGACAGAGTCTCTTCCCAGGTGATTCTACATTGGGTCAAGTTGACTATTAAAAGCAACC 

2593 A T C A C A A C T C C A C C C C C T G T C A A T T T G A G F A A A C A C A C C A C T C T A A G C T A G T T C A A G G T T A G A C C A G G A T A C A T A A T  

GAbTcTLAtiAGcAATcTGGGGTi\cAGAGT!AAATcccAATTGAGAGAAAAATGAAAGAAcAGcAGcAAcAAAAccAATGT 

2713 A G C M A A G A G A A A C C C A G C C C T A T C A G G A C T G G A A A G C C T T G T A T C A T T T G T A C A G T C T G T T C A T G A G G C T C A G A G C A C T T  
AhaIII 

CACTCCTGTCTGGGAGAACACTGTCCCATTACCTCCTAAACTCCAGCTCATTCTTTAAAAGTGCAACCTTAAAATCCCTA 

2913 G A C C T T A C A G C T C T C C A A G C C T C C C A C T C A G C C T C C T A A A T C C C C A G G C C T C A T T C T C C A C A G A C A A G T C T T G G T G C A A A  

2993 T G G A A A C T G T T T T G T T T T A C C T T C A T G T T T G A G G G T C T -  ATG GGC AAG GAG GTG GAT 
Met Gly Lys Glu Val Asp 

3065 CAA ATG GCA GAA CCC CAG CAC TTC GAA TGT ACT GTC CAC TGG CCC CGT TCA CCC CTC AGG 
Gin Met Ala Glu Pro Gln His Phe Glu Cys Thr Val His Trp Pro Arg Ser Pro Leu Arg 

an 
Sac1 

3125 GAT CTG CGA GGA GCT CTG EGAGTTACAGTAGTCACCACATAGAGCTAGAGACGAAAAGGACTTTGGATGCAG 
Asp Leu Arg Gly Ala Leu 

3198 T G A T C T A C C A G T T C C T C A G A T A C C T G A C T C C T G A A G C A G G G C C C T A G C T A C C T C A C A G C A T G T C C A C T G T G C T T A A A G A G  
PStI 

CACTCACATTTGGAAACTATTTTCTTTCTTAAATTGATTCAAATATGTCTATATAACCTTTATATACTCACTGCAGTCAA 

3358 CCTTTGCAGTGACCGGCAGATTTCTTCCTACTGTAAlCCTCCAGTTCTTAAAGGATACTCAACTCCTAACCCCCTAACTA 

C T C A C C T C T G A G C T G A T T C C T A C C C T G C C C T T G C C G C A G C T G T A G C T C C C A G G A C C C T G G G A A G G A T A G A A A G C A A G G A C  

3518 AAGGCTCTAGGTCATCCCCGACTTGGATTACAGTTAAGTTGTAAACTTAGAAAGTTTATAACTCAGAGCCACAGGTTTGA 

CTTCCAGTTTTGTTAGTCCTAAATGCCCACCAGAAGGGACATTTGTTGGCCTGATATAGCATCCCTTCTCAGCCTCTCCC 

3678 CTCTCTCCTCTCTGTTGGCTGGGTATTGATCCCAGATAAGAATATATCCTGGCAAGCACTGTATCCACTACATTATATCC 
AhaIII 

TTAGCCCTCCTTTTTTTTTTTTTAAGTGATTTTTTTTTTTTAAATTGTGAGACAGAATCTCACTAAGTTTCCCAGGCTGG 

3838 CTTCAGACTTGCTGTGCAGCCCAAGTTGAACTTGAATTTGCGGTTTCTTCTTTCAGCCTCCAGAGAAGGTACAGTTACAG 

T T G T G T T C C C T A A C C C T G G C T G C A A T A C A G G T T G T T C A T G A G A A C A C A A G T A T G A A A C A G G G G A A A G T G A A C C C A C A G T T  

3998 GAGTGCCAGTGTTCTCTGGGCTACTGTCCCATTGATTCGTGGCAGTCAGAAAGCATGAGGCCACCTGCTGGCTACTCCAT 

GGAAACAGGGAAATCCTTAGTAATTCATACATGAAAATAAGGGTGATTTTTAAGAATTTTTTCTCCGGTGACTTCAATTT 

4158 CCACACCCAATGGACAGAAGTGAAGGTGGGCAAGCATCTTAATTCCCTTTCTAGTTCTAATTTTGCTTATAGGCCAATCA 

A A A T A A C C A G C A C C A A A A G T T C C C C A C G C A T G G C A T C A T G A A G C A T C C C A A A G C T G A T T T G A C T C A G T C C T T T C T C A C A G  

4318 CGTCATCCTTTACGCGGCTAATGTAGATTTTATGTCAACAGCTCCACAAGATGCTGTGTTTTCTAGCACAATGATGACAA 
no111 

4478 GCATGTTTTATATTTTCE GAA AGT CTG ATT GAA GAG GAA GCC AGG CAG AAG AAG ATG TAG ATGC 
Glu Ser Leu Ile Glu Glu Glu Ala Arg Gln Lys Lys Met AM* 

60 ~. 
Barnti1 

ACTGGCCCAGGTGGATCCACAACACCCGAGTATAACATTGACCCTGAGGCTTGTGACCTGTTATGGCTCTGTAATTGTGT 
Hind111 * 

4623 A A G C T T G A G C G T T T T T A T A C C C A G C A G C G T A G A T T T C A ~ T A G T T T G T T G T G G A T C A A G T C C C A C G A A C G T G A T  
Sac1 Aha111 

Gl-tiCCTCCGACTCCGAGCTCTGGGTGCAGCTCTTTAAATGAGGACATGGGATAGATGGGAAAGAAAACACAATGCCATAA 

4783 A T G T C T T T T T G A C C A A G A G A C A C A C A C A G T T C A T G G T A C A C A C A C A C A C A C A C A C A C A C A C A C T G C A T T C A T G A A G A G T A  

TTCACATACTGCTTGAGGCCAGAGAAAGCTAGTTCACCTGGCTTCTGTAGGATCATAACTGCATCTTTGACCTTCTCTAA 

4943 GAGACATATCCATGGCCATGGCTTCCTTCTGCGGGGAAAGAACTCTCCTTCTGCTTTTCAAAGTCAGCTAGAACCCAAGT 
Sac1 

GAAGCAGAGGGGAGGCGGAGCCTTTTGAGCTC 

below the DNA sequence. ALL restriction sites relevant to Fig. 3A are shown 
above the DNA sequence. The clones AmGP-1 and -2 were isolated by 
screening 1 x lo6 clones from a murine partial Mbo I genomic library with a 
462-bp Bam HI-Sal I fragment from cloned rat GnRH-GAP cDNA (8). 
Restriction enzyme sites were deduced by restriction mapping and Southern 
analysis with the cDNA probe, or from DNA sequence data. Various 
restriction fragments over the 5-kb sequenced region were isolated and 
subcloned into the iM13 vectors mp18 or mp19 (23). Single-stranded 
template was isolated and the sequence determined using the chain termina- 
tion method (24). Exon-intron boundaries were assigned by homology with 
the rat GnRH cDNA sequence (8). 
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Fig. 3. Southern analysis of the GnRH-GAP gene in the &g mouse. (A) 
Restriction map of the normal GnRH-GAP gcnc. The sizes of the Eco RI, 
Rgl I1 and Hind 111 rcstriction fragments from this region are sh0w.n below 
the map. The positions of probe A (767-bp Eco RI-Sac I, nuclcotides 2367 
to 3134, Fig. 2). probe A (462-bp Aha 111-Pst I, nuclcotidcs 2885 to 3347) 
and probc C (310-bp Ram HI-Sac I. nucleotides 4413 to 4723) are shown 
by stippled bones bclon. thc restriction map. ( R )  Genomic blots of DNA 
from homozygous wild type (+ I+) ,  heterozygous Iqg ( + I - ) ,  and homo?- 
gous Im ( - / - )  micc. DNA's digested mith thc cnzymcs shown were 
separated by electrophoresis on a 1 pcrccnt agarose gel, transferred to 
nitrocellulose, and h!rhridizcd with thc follotving labeled probes [panels a 
and h: rat cDNA 462-bp Sal I-Ram HI (6); panel c: prohc A (Fig. 3A); 
panel d: prohe R (Fig. 3A); pancl e: probe C (Fig. 3A); panel f, rat gene 
fragment encompassing samc rcgion as probe C]. DNA fragments to be used 
as hybridization probcs \vcrc isolated from plasmid subclones by cleavage 
with restriction cnzlrmes and elcctrophorcsis in 6 
percent polyacn.l&ide gels. ~abelcd'  probes were 
preparcd to a specific acti\.ity of 10' c p m i ~ g  
bv random priming in the prcsencc of [a- 
"PJ~CTP and [a-"P]dATP (dcoycytidine and 
deox?adenosine rriphosphates) and Eschm'cI~ia coli 
DNA polymerase I, large fragment (25). Gcnomic 
DNA's urerc prcparcd from mouse livers (Jackson 
Laboraton micc) as dcscribcd (26). The DNA's 
were digested to completion with the appropriate 
enzyme and subjected to electrophoresis in a 1 
percent horizontal aprose gel in TAE buffcr (40 
mM tris. 20 mM sodium acetate, and 2 miM 
EI>TA,pH 7.8) at 40 \' for 18 hours. The DNA 
was transferred to a nitrocellulose filter (271 and 

A I kb - 
exons I It III JE 

H~ndl l l  Socl EcoRl EcoRl Aha Ill Bglll Sacl Socl H~nd  Ill EcoRl 

i I 

I 
Bgl I1 Bgl I1 

probes A =  C E I  - 
EcoRl - 7 8kb 

Bgl 11 - 6 0 
I 4 

Bql 11 - 3 3kb 
Hlnd 111 - 7 6k1  

I 

t + 

Bgl II Hd Ill EcoRl &I I1 
-1- +- -7- +/- 7- v- -/- h- 

Eco RI 
-,- +- 

EcoRl 
-,- +/- 

B 

Eco Rl 
-,- % 

hybridized lvith thc appropriate probc a i 4 2 b ~  in a b C d e 
5 x  SSC (standard saline citratc), 50 mM sodium 

f 

phosphate butfcr (pH 6.8). 0.1 percent sodium pyrophosphate, 5 x  Den- intensifiing screen for 1 to 2 days. Numbers alongside the autoradiograrns 
hardr's solution, sonicated salmon spcrm DNA (at 0.04 gilitcr), 50 percent indicate thc si7x in kilobases (kb) of the hybridizing DNA fragments. These 
formamidc, and 10 percent dcxtran sulfate and washed at 65°C in 0.1 x SSC, sizes \verc determined from co-electrophoresis xvith a Hind I11 digest of 
0.1 percent SDS. Filters wcrcesposcd for autoradiography at -70°C with an kc1857 (Rethesda Research Labs). 

Fig. 4. The hpg deletion as characterized by restriction map (A) and DNA 
sequence (B). The extent of the deletion is shown by the thin line between 
the two arrows. The slashes in this line indicate an unknown length in excess 
of 33.5 kb. The map 5'  to the slashed lines is derived from AmGP-1 and -2 
(Fig. 1) and 3' from XmGP-3. Broken lines extend from the 5'  and 3' 
breakpoints and meet on the hpg locus depicted underneath (note difference 
in scale) contained on a Bgl I1 fragment from a hpg gene library. GnRH gene 
exons are indicated by filled-in boxes in both maps. Restriction enzyme 
cleavage sites are abbreviated by B (Bam HI),  Bg (Bgl 11), H (Hind 111), H p  
(Hpa I), and E (Eco RI). The two Bam H I  sites at the 3' end of the normal 
map are not shown on the hpg map. The starred Bam H I  sites in the normal 
map represent the ends of the cloned mouse DNA in AmGP-1 and -2 and 
therefore may not be present in the mouse genome. The hpg DNA sequence 
(middle sequence) shows the region around the convergence of the broken 
lines and is compared to DNA seauences around the 5' (top seauence) and 
3' (bottom seq'uence) breakpoi& in wild-type DNA. 'The' nucleotide 
numbering of the top and middle sequences is that of the nucleotide 
sequence shown in Fig. 2. Bottom sequence numbering starts at the 
overlined Bam H I  site close to the 3' breakpoint. - 

A 
Normal 

I 

Sequence identities are indicated by continuous 
lines. XmGP-3 was isolated by screening a mouse Normal 2531 TCTAGACAGAGTCTCTTCCCAGGTGATTCTACATTGGGTCAAGTTGACTATTMAAGCAACCATCACAACTCCACCCCCTGTCAATTTGAGATGCAAACA 

genomic librav with a 185-bp Hpa I-Eco RI hpg 2531 TCTAGACAGAGTCTCTTCCCAGGTGATTCTACATTGGGTCAAGTTGACTATTAAAAGCAACCATCACMCTCCACCCCCTGTCAATTTGAGATGCAAACA 
Normal A + l  GGATCCTCCTTTAAAATAAGCACCTCTAGTTACTTACCCACTAGGGAAATTTACAAAGCAGGCCATGCATTGTATCTTCTAAAACAGCCTCTAAATCTTA 

fragment (see text). T o  isolate clones containing. 
t h c h ~ ~  G~RH-GAP gene, ~g111-digested horn; Normal 2631 CACCACTCTAAGCTAGTTCAAGGTTAGACCAGGATACATAATGAGTCTCAGAGCAATCTGGGGTACAGAGTGAMTCCCAATTGAGAGAAAAATGAAAGA 
zygous hpg genomic DNA was fractionated on a hpg 2631 CACCACTCTAAGCTAGTTCAAGGTTAGACCAGGATACATAATGAGTCTCAGAGCAATCTGGGGTACAGAGTGGCTGAGGAATGTTAACTAATTTGCCTGT 

loto 40 percent sucrose gradient in MNaCI, No~mal At100 ATCGTAACTCTTAGCCACTCrrnGTCTTGGTTTTTGTTTATCTGTTTGTTTGTTTTTAGGGTGGAACCATAGGCTGAGGAATGTTAACTAATTTGCCTGT 

mM tris-HCI, p H  8.0, 1 mM EDTA, and frac- 
2731 ACAGCAGCMCAAAACCAATGTAGCAAAGAGAAACCCAGCCCTATCAGGACTGGAMGCCTTGTATCATTTGTACAGTCTGTTCATGAGGCTCAGAGCAC 

tions containing 8- to 15-kb fragments were Clirl 2731 TTcAAGAGAGTAGAAAcMcTAAAATTTcAAAGTcTTcAATAMTTccAAccGcTTTccAGTGAcAGccTcGGAGcTcccAGGcTcTcAATGAAcTcTGA 
pooled and precipitated with Lambda Normal A+200 TTCAAGAGAGTAGAAACAACTAAAATTTCAAAGTCTTCAATAAATTCCAACCGCTTTCCAGTGACAGCCTCGGAGCTCCCAGGCTCTCAATGAACTCTGA 

EMBL-3 DNA (Promega Biotec) was digested 
with Barn H I  andEco RIvmd isop;op~ol Eecip- Normal 2831 TTCACTCCTGTCTGGGAGAACACTGTCCCATTACCTCCTAAACTCCAGCTCATTCTTTAAA 

hpg 2831 ACCAGACCTGAGAGGATGCACTGAAACCTGGAACCAAACTTGTCATTCCCGTATAGAATTC 
itated to obtain vector arms. Genomic DNA was Normal A+3Cr) ACCAGACCTGAGAGGATGCA~TGAAACCTGGAACCAAACTTGT~ATT~~~GTATAGAATT~ 
ligated to 1 fig of vector DNA and packaged in 
vzro (~igapaik) .  Independent recokbinGts (-lo6) were obtained and 
screened with a cloned labeled 462-bp Sal I-Barn H I  rat cDNA Fragment (8)  restriction analysis. A 767-bp Eco RI-Sac I Fragment from the normal gene 
under hybridization conditions described in Fig. 3. Six independent positive containing exon I11 sequences was subcloned into M13mp19 RF-DNA (23), 
phage were grown and purified. Lambda DNA's were analyzed by standard as was the 550-bp Eco RI  fragment from the hpg gene, which covers the 
methods (28). The 10.5-kb Bgl I1 fragment containing the hpg GnRH locus deletion and the 360-bp Eco RI-Bam HI, which contains the normal 3' 
was isolated from phage DNA via Sal I cleavage and subcloned into the Sal I breakpoint sequences. Single-stranded templates were prepared, and all 
site of plasmid pSP65 (29). Plasmid DNA was prepared (28) and used for sequence reactions performed by the chain termination method (24). 
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GnRH-GAP gene altered in hpg mouse. Genomic DNA's from deletion to lie within the second intron. Its approximate position 
normal mice (+7+), hpg heterozkotes (+I-), and homozygotes 
(-I-) were digested with endonuclease Bgl 11, Hind 111, or Eco RI 
and analyzed by Southern blotting for the presence of restriction 
fragments hybridizing to rat GnRH-GAP cDNA sequences (Fig. 
3B, panels a and b). As would be expected from the map shown in 
Fig. 3A, two Bgl I1 fragments (6.0 and 3.3 kb), one Hind I11 
fragment (7.6 kb), and two Eco RI fragments (2.1 and 7.8 kb) 
should be, and were, present in DNA from normal mice and also 
from @ J  heterozygotes. The 3.3-kb Bgl I1 fragment contains exon 
IV and is seen only after long exposures since as few as 59 bp of the 
hybridization probe are present on this exon. 

A change in the CrpB GnRH gene was demonstrated by the 
presence of differently sized hybridizing Bgl I1 and Hind I11 DNA 
restriction fragments in the hpg genome. Thus, the only hybridizing 
Bgl I1 fragment from CrpB homozygotes is 10.5 kb in size. This 
fragment coexists with the normal Bgl I1 fragments (6.0 and 3.3 kb) 
in DNA samples from heterozygotes (Fig. 3B, panels a and b). 
Similarly, an abnormal 8.6-kb Hind I11 fragment is present in the 
hpg genome and is observed along with the normal 7.6-kb fragment 
in heterozygous DNA (Fig. 3B, panel b). These abnormally sized 
restriction fragments hybridize with reduced intensities when com- 
pared to the normal fragments in heterozygote DNA (Fig. 3B, panel 
b), suggesting that some exon sequences are missing from the hpg 
GnRH gene. Such deleted gene regions were localized to exons I11 
and IV since the 7.8-kb Eco RI fragment containing these exons is 
not detected in homozygous hpg DNA (Fig. 3B, panel b). The 2.1- 
kb Eco RI fragment containing exons I and I1 is present in DNA 
from all three genotypes. 

On the basis of this finding, we expected the breakpoint of the hpg 

Fig. 5. In situ hybridization histochemistry in the 
normal and hv~oeonadal inouse at the level of the 
organum vas;'ul&tm of the lamina terminalis. 
Silver grains are white in these darkfield photomi- 
crographs of autoradiograms. (A and B) These 
adjacent sections show normal mouse cells labeled 
by probes 1 and 2, respectively. Solid arrows 
indicate three cells that are labeled. (C) Cells in 
the hypogonadal mouse are labeled less intensely 
with probe 1 than those in the normal mouse. The 
open arrows indicate three labeled cells. In (D), 
which shows a section adjacent to the one in (C), 
no cells are labeled by probe 2. Abbreviations: oc, 
optic chiasm (indicated by a broken line); 3, third 
ventricle. Bar indicates 100 pm. Two synthetic 
oligodeoxynudeotides, 48 bases in length, and 
complementary to mouse GnRH gene nucleo- 
tides 1677 to 1724 (Fig. 2, exon 11, amino acids 9 
to 24 of mature precursor) and 3095 to 3143 
(exon 111, last 16 amino acids), respectively 
(probes 1 and 2), were labeled with terminal 
deoxynucleotidyl transferase (BRL) and [a- 
"SIdATP (>lo00 Cimmol; New England Nu- 
clear) to a specific activity of 9000 Cimmol. The 
average tail length was 12 bases. For in situ 
hybridization histochemistry, the tissues were ob- 
tained and processed as described (30). Briefly, six 
hypogonadal (hp&p~;  confirmed by the presence 
of gonadal hypoplasia) and seven normal litter- 
mates (+/+ or &/+) were perhsed with 4 
percent formaldehyde, 0.12M phosphate buffer 
(pH 7.4). Frozen sections (12 ( ~ m )  were thaw- 
mounted onto eelatin-coated slides and Dre~ared 
for hybridizati& by placing them in 0.25 Grcent 
acetic anhydride in 0.M triethanolamine and 0.9 
percent N ~ C I  for 10 minutes at room tempera- 
ture. They were then dehydrated and delipidated 
through a graded series of ethanol and chloro- 
form, and rehydrated through ethanol. The sec- 

was localized with the use of several defined hybridization probes 
for Southern analysis of hpg DNA (Fig. 3A). Probe A, consisting of 
part of the second intron and exon 111, hybridized with the 10.5-kb 
Bgl I1 and 8.6-kb Hind I11 fragments characteristic of hpg DNA 
(Fig. 3B, panel c), indicating that the breakpoint lies within this 
probe. Probe B, which contained less of the second intron but also 
included exon I11 sequences, did not hybridize to hpg homozygous 
DNA (Fig. 3B, panel d) and neither did probe C, which contained 
exon IV and flanking intron sequence. These data show that the 5' 
breakpoint of the deletion in the GnRH gene lies between the Eco 
RI site and the Aha I11 site in the second intron (Fig. 3A) within a 
518-bp region (Fig. 2B). Analysis of DNA obtained from several 
male and female hpg homozygotes and heterozygotes confirmed 
these results (Fig. 3B, panel a) obtained from the DNA of a single 
mouse. 

Truncation of the 48 GnRH gene is part of large deletion. To 
characterize the hpg GnRH gene locus in detail, we isolated a cloned 
10.5-kb Bgl I1 fragment containing the gene from a CrpB gene library 
constructed in bacteriophage A (Fig. 4A). The hpg gene is identical 
to the normal gene up to nucleotide 2700 (Fig. 2B); after that it 
diverges into an unrelated sequence that should border the 3' end of 
the hpg deletion in normal mouse DNA. 

The size of the deletion was estimated by labeling a fragment from 
the CzpB gene (185-bp Hpa I-Eco RI fragment), which originates 10 
bp downstream from the point of sequence divergence from the 
normal gene and hybridizing it to AmGP-2 that contained the 
complete normal gene. No hybridization was obtained, suggesting 
that the deletion was larger than 15.5 kb (see Fig. 1). In a further 
attempt to find the 3' end of the CrpB deletion, we screened the 

dons were next hybridized with the probe- 
1 x lo6 to 2 x lo6 dpm for two sections per 
slide. The sections were held overnight at room 
temperature and washed in four 15-minute 
changes of 2 x SSC and 50 percent formarnide at 
40°C (about 20°C below the theoretical melting 
temperature) (31). The sections were dried and 
placed against cover slips coated with NTB3 
nuclear emulsion (1: 1 with water, Kodak) (32). 
Autoradiograms were developed ifter 3-week ex- 

posures, and the tissues were stained with cresyl 
violet. Neurons were considered labeled if the 
grain density was five times background over the 
optic chiasm. Specificity of probes was demon- 
strated by use of one additional oligodeoxynu- 
cleotide complementary to the first 48 bases 
downstream to the hpg deletion. Although its base 
composition was similar to probes 1 and 2, this 
probe failed to label any cells in normal mouse or 
hpg tissue. 
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genomic library derived from normal mouse DNA with the same 
185-bp DNA. The only isolate found (AmGP-3) extended, by 18 
kb, 5' to the point of divergence. Since the structure of cloned DNA 
contained in this isolate did not overlap with that of AmGP-2, the 
size of the deletion exceeded 33.5 kb (Fig. 4A). 

The DNA sequence across the 3' end of the deletion breakpoint 
was determined and compared, along with the sequence across the 
5' breakpoint, to that present in the hpp~ GnRH gene (Fig. 4B). No 
special sequence features, such as inverted repeats or homologous 
flanking regions, were found at the ends of the large deletion that 
might account for the generation of the hpg genotype. 

The hpg GnRH gene is tmscr ipt iondy active. The intact part 

Fig. 6. Immunocytochemical localization of pro-GnRH sequences in normd 
and hpg mouse brain. A, C, and E are sections of normal mouse brain; B, D, 
and F are sections through comparable regions of hpg mouse brain. 
Arrowheads indicate examples of immunoreactive perhrya. Approximate 
magnification is 830x for A to F. (A and B) Sections through diagonal band 
of Broca reacted with DB1 antiserum (to GnRH). Numerous intensely 
stained perikarya are apparent (A) in the normal mouse. No immunoreactiv- 
ity is detectable in (B) the hpg mouse. (C and D) Sections through diagonal 
band of Broca reacted with serum 5 6 4  an antiserum to proGnRH(33-56). 
Immunoreactive perikarya are abundant (C) in the normal mouse, but absent 
(D) in the hpg mouse. (E and F) Sections through the medial preoptic area 
reacted with serum 24A, an antisenim to proGnRH(14-24). Few weakly 
stained perikarya are apparent in the normal mouse (E). No immunoreactiv- 
ity is detectable in the hpg mouse (F). 

of the truncated hpg GnRH gene includes the presumptive promoter 
region responsible for the regulation of transcriptional activity. Such 
activity was visualized with the use of in situ hybridization histo- 
chemistrv (10) on thin sections of normal and mutant mouse brain. 

, \  r 

Two labeled synthetic oligodeoxynucleotides complenlentary to 
GnRH gene sequences encoding prohormone amino acids 9 to 24 
(probe 1, exon 11) and 41 to 56 (probe 2, exon 111, present in 
normal gene only) served as probes. Brain sections were from the 
level of the organum vasculosum of the lamina terminalis and 
rostral-most third ventricle (OVLT region), which contains a 
relatively high density of GnRH immunoreactive neurons (1 1 ) . 

In the normal (or heterozygous) littermates, both probes I and I1 
labeled 5 to 25 cells of the thousar~ds of cells in each processed 
section in a pattern similar to that observed when rodent'hypptha- 
lamic sections are immunohistochemically labeled for GnRH and 
GAP (11-14). Most labeled cells were partly contained in each of 
two consecutive sections, indicating the expected presence of exons 
I1 and I11 in the transcriptional product of the same cell (Fig. 5, A 
and B). In the hypogonadal mice, only probe I was reactive; it 
labeled up to 15 cells in a'distribution similar to thatin normal mice, 
although the signal intensity was significantly less (Fig. SC), 
indicating a lowered rate of transcription (or stability) of the 
aberrant transcript. Probe 11, complementary to a deleted portion of 
the gene, revealed no signal above background (Fig. SD), as would 
be expected with the truncated structure of trpB gene. 

GnRH and GAP are absent from hpg brain. Since the hpg 
GnRH gene shows transcriptional activity, translation of the ensu- 
ing messenger RNA (mRNA) should result in an altered precursor 
protein with only the s igal  sequences, the GnRH decapeptide 
structure, and the amino-terminal 11 residues of GAP identical to 
the normal precursor. To determine whether the hpg mouse synthe- 
sizes such a protein containing regions of the GnRH-GAP prohor- 
mone, we performed immunocytochemical analysis of normal and 
hpg mouse brain with three antibodies to synthetic peptides repre- 
senting three regions of GnRH-GAP prohormone. Antiserum DB1 
was generated against an analog of GnRH (residues 1 to 10 of the 
prohormone), antiserum 24A was derived by immunization against 
residues 14 to 24 of the prohormone (amino acids 1 to 11 of GAP), 
and antiserum 56A was raised against prohormonal residues 33 to 
56 (amino acids 20 to 43 of GAP). Antisera 24 and 56 detect 
antigens, the approximate coding regions of which were visualized 
in the cytoplasm of hypothalamic neurons by in situ hybridization 
probes 1 and 2. All sera showed excellent staining of neuronal 
perikarya and axons in regions of rat brain previously demonstrated 
to contain GnRH and GAP immunoreactivity (14). Immunocyto- 
chemical reaction of normal mouse brain with antisera DB1 and 
56A produced a staining pattern qualitatively identical to that 
observed in rat brain. Numerous immunoreactive perikarya were 
observed in the septopreoptic region (Fig. 6, A and C), and axonal 
terminals were particularly abundant in the median eminence and 
the organum vasculosum of the lamina terminalis. Reaction of 
normal mouse brain with antiserum 24A paralleled the pattern 
observed with sera DBl and 56A (Fig. 6E), but produced weaker 
signals, reflecting perhaps the difference in rat and mouse GAP 
residue 7 (Asp compared to Glu). In the CrpB mouse brain, no 
immunoreactivity was detectable with antibodies to any of the three 
prohormone sequences (Fig. 6, B, D, and F). Septal, preoptic, and 
hypothalamic regions were completely devoid of reactive neuronal 
elements. These results extend earlier reports indicating a lack of 
GnRH-like immunoreactivity in the hpg mouse brain (7). As 
suggested by our data on the transcriptional activity of the mutant 
locus, this apparent lack of immunoreactivity in hpg mouse neurons 
could be due to the low sensitivity of our immunodetection method 
for the hypothetical mutant protein. 
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The genetic basis for hypogonadism in the 48 mouse. The 
comparison of the GnRH gene from normal and mutant mice has 
revealed a deletion in the chromosomal bpg locus that removes a 
region in excess of 33 kb, consisting of two exons of the GnRH gene 
that encode most of the GAP portion of the GnRH precursor 
protein. We propose that this deletion is the cause of infertility in 
the hpg mouse, a defect of autosomal recessive inheritance (5). The 
lack of GAP, which possesses potent prolactin release inhibitory 
activity (2 ) ,  may explain the steep decrease in pituitary prolactin 
content in bpg females (15). 

Lnterestingly, although it is well established that the bpg mouse is 
genetically deficient in GnRH production, the part of the gene 
coding for the decapeptide is left intact. Also left intact is the 
promoter region of the gene and the coding sequences for the signal 
peptide, the Gly-Lys-Arg processing and amidation site and the 
amino-terminal 11 amino acid residues of GAP. The lack of GnRH 
still requires explanation since in situ hybridization histochemistry 
has revealed the presence of cytoplasmic & GnRH mRNA se- 
quences, and translation of this mutant mRNA may generate the 
decapeptide structure. 

It can be argued that, possibly through splicing the primary bpg 
transcript, a sequence unrelated to the normal coding sequence for 
most of GAP serves to substitute for the carboxyl terminal half of the 
normal GnRH precursor and that this mutant protein cannot be 
processed to yield GnRH. We have tried to find such a mutant 
protein by using immunocytochemistry and antisera to different 
sections of the normal GnRH precursor. Our failure to detect any 
cross-reacting antigens in bpg brain extends previous results that the 
hypothalamic content of GnRH is undetectable, as estimated by 
radioimmunoassay (5) and immunocytochemistry (16). These re- 
sults might argue against any translation of the mutant mRNA, but 
low sensitivity of the antibody to the amino-terminal 11 residues of 
rat GAP and poor cross-reactivity of the GnRH antiserum to 
unprocessed precursor sequences may have precluded detection of 
low amounts of the hypothetical mutant protein. 

Several factors could bring about such low amounts. Thus, 
mutant RNA levels were found to be much reduced; whether this is 
due to impaired stability or lowered transcriptional activity remains 
undetermined. Reduced transcription from the bpg GnRH gene 
might derive from the fact that the hpg deletion, in addition to 
truncating this gene, spans a region that may be considerably in 
excess of 33 kb. It is conceivable that DNA sequences may be 
affected and, either directly or through their transcriptional or 
translational products, are involved in allowing the correct expres- 
sion of the GnRH gene. Moreover, such sequences could exert an 
effect on the number of neuroendocrine cells that express this gene. 
This suggestion is supported by the finding that heterozygous bpg 
animals contain only 20 percent of the hypothalamic GnRH content 
of their normal counterparts (17). Indeed, this reduction in GnRH 
content seems to exceed the possible contribution from a gene 
dosage effect resulting from the mutant GnRH allele. Furthermore, 
altered translational efficiency of the mutant mRNA and reduced 
stability of the protein product are likely to play a major role in the 
failure of detection by immunocytochemistry. A similar situation 

was encountered in the case of the vasopressin gene in the Brattle- 
boro rat, where a one-nucleotide deletion proved deleterious to the 
expression of the affected mRNA (18). 

It should be stressed that the detection of transcriptional activity 
from the bpg GnRH gene has given us important information about 
the existence of a population of hypothahnic neuroendocrine cells 
which seem to develop in the correct locations in bpg brain despite 
the mutant phenotype. We have therefore found and described a 
convenient neuronai marker for the bpg equivalent of normal 
GnRH-secreting neurons which elude detection by immunocy- 
tochemistry. 

The bpg mouse is an important animal model for the common 
reproductive disorder of hypogonadism. Kallmann's syndrome and 
familial gonadotropin deficiency are two forms of secondary hypo- 
gonadism in man, which are treated by GnRH therapy (19, 20). It 
remains to be seen whether these deficiencies are a result of a GnRH 
mutation. 
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