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Gonadotroph-Specific Expression of Metallothionein 
Fusion Genes in Pituitaries of Transgenic Mice 

Transgenic mice expressing a metallothionein-somatostatin fusion gene contain high 
concentrations of somatostatin in the anterior pituitary gland, a tissue that does not 
normally produce somatostatin. Immunoreactive somatostatin within the anterior 
pituitaries was found exclusively within gonadotrophs. Similarly, a metallothionein- 
human growth-hormone fusion gene was also expressed selectively in gonadotrophs. It 
is proposed that sequences common to the two fusion genes are responsible for the 
gonadotroph-specific expression. 

F OREIGN GENES UNDER THE CON- hancer sequences, or undetermined elements 
trol of either their own or heterolo- (1). Several experiments involving trans- 
gous promoters are expressed in vari- genic mice have made use of fusion genes 

ous tissues in transgenic mice. Expression of containing the mouse metallothionein I 
genes may be limited to specific tissues (MT) promoter (2, 3). Recently we have 
depending on the particular promoter, en- shown that a fusion gene (MT-SS) consist- 

nun 
MTrSS - 

~ M T - ~ ~ Q I  n J T 
t n n  T 142 

ing of the MT promoter, the protein-coding 
region of rat pre-prosomatostatin (pre- 
proSS), and exon 5 plus the 3' flanking 
region of the human growth-hormone 
(hGH) gene was actively expressed in the 
anterior pituitaries of transgenic mice (4). 
This tissue does not normally produce so- 
matostatin. We report here the distribution 
of somatostatin-containing cells in the ante- 
rior pituitaries of these transgenic mice and 
show that expression is restricted to gonado- 
trophs. Additionally, we demonstrate that, 
in MT-hGH transgenic mice, expression of 
the fusion gene within the pituitary also 
occurs exclusively in gonadotrophs. We pro- 
pose that the MT promoter, either alone or 
in concert with other sequences common to 
the two fusion genes, results in gonado- 
troph-specific expression. 

Fusion genes containing the mouse MT 
promoter, rat pre-proSS complementary 
DNA or the hGH structural gene, and the 
hGH 3' flanking region are depicted in Fig. 
1. A portion of exon 5 and the 3' flanking 
region of the hGH gene were retained in the 
somatostatin construction to provide poly- 
adenylation and transcriptional termination 
signals. The fusion genes were microinjected 
into the male pronuclei of fertilized eggs 
from C57 x SJL hybrid mice, and the eggs 
were transplanted into the reproductive 
tracts of random-bred Swiss mouse foster 
mothers (5). Founder mice with integrated 
fusion genes were outbred to produce sever- 
al pedigrees of heterozygous transgenic mice 

Fig. 1. Structures of the metdothionein-somatostatin and metallothionein-human growth-hormone 
fusion genes. The plasmid MTrSS 142 was constructed as described (4). MThGH Sal has an 8000-bp 
Kpn fragment of the mouse MT gene (12) inserted into MThGH 11 1 (3).  Plasmid pBX322 or pBR322 
sequences are denoted by a solid line, introns and flanking sequences by open boxes, and exons by 
closed boxes. The linearized fragment of MTrSS used for microinjection is indicated by a double- 
headed arrow. MThGH Sal was linearized at the Pvu I site. Both injected fragments contain portions of 
the MT-1 promoter and first exon (12) and portions of the hGH exon 5 and 3' flanking regions (13). 
The two gene constructions differ in the structural coding sequences. 
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with stable high levels of either somatostatin 
or growth-ho-rmone production. 

We determined the distribution of so- 
matostatin in the transgenic mice by immu- 
nohistochemical techniques involving the 
peroxidase-antiperoxidase procedure (6). 
The posterior pituitaries of both control 
(Fig. 2A) and transgenic mice (Fig. 2B) 
showed the expected distribution of somato- 
statin-immunoreactivity in nerve fibers and 
terminals (arrows). unlike the controls, the 
anterior pituitaries of the transgenic mice 
also contained a discrete population of so- 
matostatin-irnmunopositive cells (Fig. 2B). 
These cells were distributed predominantly 
along the dorsal and ventral surfaces of the 
rostral half of the gland and were less dense- 
ly dismbuted within the central areas of the 
lateral wings. These polygonal, vacuolated 
cells varied in size from 7 to 15 Fm in 
diameter and frequently occurred in small 
clusters centered around capillaries. In one 
transgenic mouse, we observed rare somato- 
statin-positive cells within the intermediate 
lobe (arrow, Fig. 2B). Specificity of the 
reaction product was demonstrated by an 
adsorption control (Fig. 2C). Because the 
dismbution (7) and the morphology of 
these cells were similar to gonadotrophs 
(Fig. 2D), we investigated the possibility 
that the MT-SS fusion gene was expressed 
only in gonadotroph cells. 

Fig. 2. Localization of somatostatin and luteinizing hormone (LH) in mouse pituitary glands. Eighteen 
hours afier induction of the metallothionein promoter with CdS04 (1 mg of Cd per kilogram body 
weight, injected intraperitoneally at 1800 and 0800)(14), animals were decapitated. The pituitary 
glands were rapidly removed and fixed for 2 hours in 5 percent acrolein (15). Free-floating Vibratome 
sections (50 pm) from a control C57 B1 (A) or h4T-SS transgenic mouse (B) were reacted with 
antiserum to cyclic somatostatin at a titer of 1: 1000 (16), based on the unlabeled peroxidase- 
antiperoxidase (PAP) technique of Stemberger and co-workers (6). The reaction product was 
developed with 0.025 percent diaminobenzidine (DAB). Sections were counterstained with methyl 
green, dehydrated, and permanently mounted in Histomount. Abbreviations: (pp) posterior pituitary; 
(ap) anterior pituitary; (il) intermediate lobe. Specificity of the reaction product was demonstrated by 
the loss of all somatostatin immunoreactivity when the primary somatostatin antiserum was pread- 
sorbed with excess (lO-'M) synthetic cyclic somatostatin (C). Sections of pituitaries from MT-SS 
transgenic mice were stained by the same method with antiserum to rat LH (1: 500), rat growth 
hormone (1 : 500), rat prolactin (1 : 500), rat thyroid-stimulating hormone (1: 500), and rat adrenccor- 
ticotropic hormone (1: 750). Each antiserum identified a characteristic population of cells. Only 
imrnunoreactive LH cells in the ap (D) are shown. Original magdcations: (A, B, C, and D) x 156; 
(insets) x500. 

Pituitary sections from three independent 
lines of MT-SS transgenic mice were reacted 
sequentially with antiserum to somatostatin 
and to each of the anterior ~ituitarv hor- 
mones by means of the anLbody ilution 
method of Trarnu and colleagues (8) as 
described in the legend to Fig. 3. These 
studies demonstrated that somatostatin pro- 

Fig. 3. Colccalization of somatostatin and lutein- 
izing hormone in anterior pituitary cells. Pituitary 
sections were reacted with antiserum to somato- 
statin with 4chloro-1-naphthol as the chromo- 
gen, then wet-mounted in glycerol and photo- 
graphed (A and B). The reaction product was 
removed in acetone, and the antibody complex 
was eluted as described (8). Complete elution was 
established by the absence of immunostaining 
when tissues were reincubated with goat antise- 
rum to rabbit immunoglobulin G, the PAP com- 
plex, and 4chloro-1-naphthol. The same sections 
were then reacted with the other antisera listed in 
Fig. 2, and the reaction product was developed 
with DAB and photographed again (C and D). 
Tissue shrinkage occurred because of the dehydra- 
tion step for permanent mounting. The brackets 
in (A) and (C) outline areas of enlargement 
shown in (B) and (D). M the somatostatin cells 
(A and B) can be matched with LH cells (C and 
D), allowing for the differences in focal planes in 
these 50-pm Vibratome sections. No corres 
dence was idendied between SS cells and?:; 
other anterior pituitary cell types. Original magni- 
fications: (A and C) ~ 4 0 ;  (B and D) ~ 4 0 0 .  
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duction was limited to the luteinizing hor- 
mone-producing cells of the anterior lobe. 
Although immunoreactive gonadotrophic 
cells are occasionally found within the inter- 
mediate lobe (9), we have been unable to 
demonstrate colocalization of somatostatin 
and luteinizing hormone in the intermediate 
lobes of any of the transgenic mice. 

To determine whether the high level of " 
expression in gonadotrophs is specific for 
MT-SS, we examined the pituitaries of 
transgenic mice containing MT-~GH. The 
hGH fusion gene differs from the SS fusion 
gene in the substitution of the pre-proSS 
coding region for the four introns and the 
first four of the five exons of the hGH gene. 
MT-hGH Sal also contains an additional 
8000 base pairs (bp) of the mouse MT gene. 
In contrast to the uniform population of 
small, round somatotrophs in the control 
animals (Fig. 4A), pituitaries from MT- 
hGH transgenic mice showed two popula- 
tions of growth-hormone-immunopositive 
cells (Fig. 4B). One population of cells 
(open arrowhead) had characteristics of nor- 
mal somatotrophs. These cells were substan- 
tially reduced in number compared to nor- 
mal pituitaries; this is consistent with an 
earlier report that the number of acidophilic 
cells decreases in the pituitaries of mice 
containing an MT-hGH fusion gene (3). A 
second population of hGH-immunoreactive 
cells (numbered arrows and small inset) was 
distinguished by their large, pleomorphic, 
vacuolated appearance (Fig. 4B), which is 
characteristic of gonadotrophs. This second 
population of cells contained both growth 
hormone and luteinizing hormone (Fig. 

By Northern blot analysis with a metallo- 
thionein antisense RNA hybridization 
probe, we determined that anterior pituitar- 
ies do contain detectable levels of MT-I 
RNA (10). However, we were unable to 
determine whether MT expression, like that 
of the fusion genes, was restricted to a 
specific cell type in the anterior pituitary by 
either imrnunohistochemistry or by in situ 
hybridization. 

The mechanism underlying the cell-specif- 
ic expression of the two fusion genes in 
gonadotrophs is unknown. The location of 
integrated foreign genes in the genome of 
transgenic animals is presumably a random 
process ( l l ) ,  so that it is unlikely that 
insertion of two different genes in several 
founder mice always occurs in a chromo- 
somal site actively transcribed in gonado- 
m p h  cells. A more plausible explanation is 

that the MT promoter used in the fusion 
genes is activated by --acting factors in 
gonadotrophs. This interpretation is con- 
sistent with the finding that the endogenous 
MT gene is expressed at a low level in the 
anterior pituitary. However, the level of 
expression of the MT-SS fusion gene in 
various tissues does not correlate well with 

Fig. 4. Colocalization of human growth hormone 
and luteinizing hormone in mice expressing the 
MT-hGH gene. Pituitary sections from a control 
C57 BI (A) and an MT-hGH transgenic mouse 
(B) were reacted with antiserum to hGH (1 :200) 
as described in Figs. 2 and 3. The antiserum cross- 
reacts with mouse growth hormone despite a 
difference of more than 50 percent in sequence 
between mouse and human growth hormone. 
The open arrowhead identifies a duster of three 
normal somawphs. The numbered arrows identi- 
fy larger pleomorphic cells shown under oil im- 
mersion in the smaller inset. After the sections 
were subjected to the antibody elution technique 
described in Fig. 3, only the larger, pleomorphic 
population of hGH cells were found to stain with 
antiserum to luteinizing hormone (C). Original 
magdcations: (A) x 390, (inset) oil immersion; 
(B) x40, (large inset) x400, (small inset) oil 
immersion; (C) ~ 4 0 ,  (inset) ~ 4 0 0 .  

the level of expression of endogenous MT. 
This observation suggests that the MT pro- 
moter within the &ion gene is influenced 
by a different set of controls than the natural 
MT promoter. A further possibility is that 
gonadotroph-specific enhancer sequences 
may be present within the 3' flanking hGH 
region common to both the SS and hGh 
gene constructions. 

We have previously found that pre-proSS 
is correctly processed within the anterior 
pituitaries oftransgenic mice to the biologi- 
cally active forms of somatostatin (4) i d  
that it appears to be packaged in secretory 
granules (1 0). These findings raise the possi- 
bility that secretion of MT fusion gene 
products from the pituitaries of.transgenic 
mice can be regulated by hypothalamic- 
releasing factors -such as gonadotropin-re- 
leasing hormone. 

REFERENCES AND NOTES 

I. G. S. McKnight, R E. Hammer, E. A. Kucnzcl, R. 
L. Brinster, CcU )+, 335 (1983); G. H. Swift, R. E. 
Hammer, R. L. MacDonald, R L. Brinster, W. 38, 
639 ( 1 9 ~ ) ;  R. Grosschcdl, D. Weaver, D. Balti- 
more, F. Constantini, W., 647; R. L. Brinster ct 
d., W. 37, 367 (I*); $. A. StCWalT, P. K. 
Pattcngale, P. Loder, W. 38, 627 (I*). 

2. R D. Pdllliter ct d., N a h n  (London) 300, 611 
(1982); R. D. Palmita, H. Y. Chcn, R. L. Brinstcr, 
CcU lq, 701 (1982); R. D. Palmita, T. M. Wilkic, H. 
Y. Chen, R. L. Brinstcr, 36, 869 (I&). 

3. R. D. Palmitcr, G. Norstedt, R. E. Gdinas, R. E. 
Hammer; R. L. Brinster, Scicncc zw, 809 (1983). 

4. M. J. Low ct d., cd +I, 211 (1985). 
5. R. L. Brinstcr ct al., W. 27, 22j (1981). 
6. L. A. Stem r, P. H. Hardy Jr., J. T. Cuculis, H. 

G. Mve13,sh&3U.  C ~ C ) O .  a, 315 ( 1 9 ~ ) .  
7. H. D. P w a  and W. E. Griesbach, E n d m  

Cytwknn. * 6,3221978). 
9. B. L. Bakcr, in Haaahk ofPlyidgy, S. R Geiger, 
Ed. (Waverly, Baltimore, I ~ w ) ,  sat. 7, vol. 4, pat  
1, p. 73. 

10 M. J. Low, unpublished data. 
11 E. La S. R o b ,  E. P. Evans, M. D. Burten- 

shaw,?: D. Constantini, CcU 3+, jqj (1983); E. F; 
w p  L. Covarmbias, T. A. Stewart, B. Mintz, 

. 33, 647 (1983). 
n. P. F. Scarle ct al., Md. Cdl Bid. +, IZ.ZI (1984); N. 

Glanville, D. M. Dumam, R. D. Palmiter, N a h n  
(Zondon) 292,267 (1981). 

13. P. H. Seeb~rg, D m  I, 239 (1982). 
I+. D. M. Dumam and R. D. Palmiter, I. Bid. Chmr. - - 

16. R M. ~cchul, R. H. ~oodll'Wl, M. Rosulbhtt, S. 
Reidin. I. F. Habcner. Ptoc. Nad. A d .  Sa .  
U.S.A. 6 2 7 8 0  (1983). ' 

17. We thank the National Hornmne and Pituitary 
Program of the NIADDKD for antiscra to anterior 
pitllltacy homo1~~; S. Reichlin for antiscra to 
somatostatin; P. C. Huang for anrissra to rat meal- 
lothionein, and R Palmitcr for providing the MT 
cDNA robe. Supported by grants h r n  NIH (AM 
0x313, 3 ~ 0 0 ,  AM 30457, AM 34928, and HD 
m21) and by a rrscarch award from the Mdcal  
Foundation, Inc., Boston, MA (G.M.). 

n June 198s; accepted n Omba 196 

1004 SCIENCE, VOL. 231 




