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Abstract. Availability of recombinant growth hormone (GH) and development of long- 
acting formulations of this material will undoubtedly lead to widespread use of GH in 
animal industry and in medicine. GH can act, directly or indirectly, on multiple targets, 
but its influence on the reproductive system and on the hormonal control of repro- 
duction is poorly understood. Overexpression of GH genes in transgenic animals 
provides a unique opportunity to study the effects of long-term GH excess. Trans- 
genic mice overexpressing bovine, ovine, or rat GH (hormones with actions closely 
resembling, if not identical to, those of endogenous [mouse] GH), exhibit enhance- 
ment of growth, increased adult body size, and reduced life-span as well as a number 
of endocrine and reproductive abnormalities. Ectopic overexpression of bovine GH 
(bGH) driven by metallothionein or phosphoenolpyruvate carboxykinase promoters is 
associated with altered activity of hypothalamic neurons which produce somatostatin, 
loss of adenohypophyseal GH releasing hormone (GHRH) receptors, and suppression 
of endogenous (mouse) GH release. Elevation of plasma levels of GH (primarily bGH) 
and insulin-like growth factor (IGF-I) in these transgenic mice leads to increases in the 
number of hepatic GH and prolactin (PRL) receptors, in the serum levels of GH- 
binding protein (GHBP), in the percent of GHBP complexed with GH, and in the cir- 
culating insulin levels. In addition, plasma adrenocorticotropic hormone (ACTH) and 
corticosterone levels are elevated. Plasma levels of luteinizing hormone (LH), as well 
as its synthesis and release, are not consistently affected, but follicle-stimulating 
hormone (FSH) levels are suppressed, apparently due to pre- and post-translational 
effects. Pituitary lactotrophs exhibit characteristics of chronic enhancement of secre- 
tory activity, and plasma PRL levels are elevated. Prolactin responses to mating or to 
pharmacological blockade of dopamine synthesis are abnormal. Reproductive life 
span and efficiency are reduced in both sexes, with the severity and frequency of 
reproductive deficits being related to plasma bGH levels. Most transgenic females 
expressing high levels of bGH are sterile due to luteal failure. 

Overexpression of human GH which, in the mouse, interacts with both GH and 
PRL receptors leads to additional endocrine and reproductive abnormalities including 
stimulation of LHP mRNA levels and LH secretion, loss of responsiveness to testos- 
terone feedback, overstimulation of mammary glands, enhanced mammary tumori- 
genesis, and hypertrophy of accessory reproductive glands in males. 

Results of these studies indicate that GH can exert a variety of direct and indirect 
actions at the hypothalamic, pituitary, gonadal, and reproductive tract levels, and that 
the consequences of prolonged exposure to supraphysiological levels of GH cannot 
always be predicted from the known or the presumed physiological actions of this 
hormone. [P.S.E.B.M. 1994, Vol206] 

To whom requests for reprints should be addressed at Department of Phys- 
iology, School of Medicine, Southern Illinois University, Carbondale, IL 
629O14 12. 

0037-9727/94/2064-0345$10.50/0 
Copyright 0 1994 by the Society for Experimental Biology and Medicine 

EFFECTS OF GH IN TRANSGENIC MICE 345 



ndirect evidence for the ability of growth hormone 
(GH) to influence reproductive development and 
function has been available for over sixty years. 

GH-deficient mutant mice were described by Snell in 
1929 (1) and found to be sterile in spite of the presence 
of apparently normal gonadotrophs in the pituitary (2, 
3). Common occurrence of amenorrhea in acromegalic 
women with abnormally elevated plasma GH levels 
has been well documented for many years (4,5). More 
recent data provided evidence for a role of GH in pu- 
bertal development in children (6,7) and in experimen- 
tal animals, including nonhuman primates (8-10). 
Growth hormone is also believed to be involved in 
compensatory testicular growth after hemicastration 
(1 1). However, mechanism($ of GH action on sexual 
development and adult reproductive functions are 
poorly understood. Moreover, the influence of GH on 
the synthesis and release of pituitary hormones related 
to reproduction remained unexplored until very re- 
cently. 

Technological advances of the last decade greatly 
increased interest in the regulation and actions of GH 
and its practical application. Availability of recombi- 
nant human GH (hGH) provided, for the first time, 
ample supply of this material for treatment of hypo- 
pituitary children and produced considerable interest 
in other medical uses of this hormone. This includes 
treatment of endocrinologically normal children with 
short stature, as well as obese and convalescent adults 
and elderly subjects in which hGH may have a con- 
siderable potential for retarding or even reversing age- 
related changes in bone mineralization, muscle 
strength, and body composition (12-14). Recombinant 
bovine GH (bGH, or BST for bovine somatotropin) 
has been formulated for prolonged action which allows 
relatively infrequent “depot” injections and was re- 
cently approved in this country by the Food and Drug 
Administration for enhancing milk yield in dairy cows. 
Recombinant GH is also believed to have tremendous 
potential in the meat industry by promoting growth, 
feed efficiency, and production of lean body mass (1 5, 
16). 

In addition to the recent as well as the contem- 
plated applications of recombinant GH, a number of 
laboratories are exploring the possibility of manipulat- 
ing growth and other economically important traits of 
livestock by altering the expression of GH genes using 
transgenic technology (1 7, 18). The availability of re- 
combinant GH and long-acting somatostatin analogs 
suitable for suppression of normal or pathologically 
elevated GH levels led to an enormous increase in the 
interest in GH and an explosive expansion of informa- 
tion on GH actions, regulation of GH release, GH re- 
ceptors, GH-binding proteins, mediators of GH ef- 
fects, and structure-function relationships of the GH 
molecules. 

It was against this background that we decided to 
utilize transgenic mice overexpressing GH to study the 
effects of prolonged elevation of peripheral GH levels 
on reproductive functions and on neuroendocrine reg- 
ulation of the reproductive system. In this review, we 
will briefly characterize this animal model, summarize 
and discuss our findings as well as those reported by 
other workers, and attempt to relate data obtained in 
transgenic animals to the actions of physiologically 
and pathologically elevated amounts of endoge- 
nous GH. 

Transgenic Animals Overexpressing GH 
Reports by Palmiter, Brinster, and their collabo- 

rators (19, 20) that introduction of heterologous GH 
genes fused with metallothionein promoter into mouse 
embyros can lead to a striking increase in adult body 
size of the resulting animals should be considered as a 
milestone in biomedical research. These findings pro- 
vided dramatic demonstration of the power of trans- 
genic technology and the potential for producing novel 
animal models by means of gene transfer. Pioneering 
studies of this group (2&22) and of the group led by 
Wagner (23, 24) provided evidence that chronic ex- 
pression of rat (r), bovine (b), or human (h) GH, or of 
the human placental GH variant (hGH - V) in trans- 
genic mice can be driven by mouse metallothionein-1 
(MT) or by rat phosphoenolpyruvate carboxykinase 
(PEPCK) promoter. It was also shown that mice re- 
sulting from injection of the corresponding gene con- 
structs into male pronuclei of one cell embryos can 
transmit the transfected gene to their progeny and 
therefore can be used to establish stable lines of trans- 
genic animals. Transgenic MT-GH mice express for- 
eign GH in multiple organs and cell types including 
liver, kidney, intestines, skin, gonads, and adenohy- 
pophyseal gonadotropes (19, 20, 25) with expression 
starting during fetal development and continuing 
throughout the entire lifespan (19-22, 24). In PEPCK- 
GH animals, the expression of the introduced GH gene 
starts around the time of birth and appears to be lim- 
ited to the kidney, liver, and adipose tissue (23). With 
both types of constructs, the expression of heterolo- 
gous GH is driven by the promoter sequences used to 
produce the hybrid gene for intranuclear injection (MT 
or PEPCK) and therefore is not subjected to the con- 
trol mechanisms which normally regulate synthesis 
and release of GH;  i.e., GH-releasing hormone 
(GHRH),  somatostat in  (somatotropin release-  
inhibiting factor, SRIF) and other products of hypo- 
t halamic catecholaminergic and peptidergic neurons. 
Instead, the expression of transfected GH genes is reg- 
ulated by factors normally influencing the correspond- 
ing promoters; i.e., heavy metal ions in case of MT 
and diet composition in case of PEPCK. This can be 
utilized to enhance the expression of MT-GH genes by 
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providing a 25 mM solution of ZnSO, in drinking water 
(26), while the expression of PEPCK-GH genes can be 
reduced by high-carbohydrate diet and stimulated by 
high-protein, carbohydrate-deficient diet (23). It was 
also documented that expression of the MT-hGH gene 
can be stimulated by glucocorticoid administration 
(27). 

The use of mutated ovine MT (oMT) promoter 
resulted in the production of transgenic mice in which 
the heterologous (in this case, ovine) GH is not ex- 
pressed in detectable amounts in animals maintained 
on a standard diet of laboratory mouse formula and tap 
water, but can be stimulated by providing ZnSO, (26, 
28). This allows the experimenter to “turn on” and 
“turn off” transgene expression at any stage of post- 
weaning life by simply providing or withholding 
ZnSO, solution as a source of liquid. 

The incorporation of microinjected hybrid genes 
into the genome of developing embryos appears to be 
random, generally with either one or multiple gene 
copies being incorporated at one chromosomal site. 
The levels of transgene expression (as measured by 
plasma levels of heterologous GH) can vary enor- 
mously between different transgenic animals resulting 
from injection of the same gene construct into a batch 
of genetically uniform (usually F,) embryos (19,23,26) 
but appears to be unrelated to the number of gene 
copies incorporated (29). Interestingly, comparison of 
hemizygous MT-hGH mice with homozygotes pro- 
duced by ovarian transplantation revealed signifi- 
cantly greater hGH expression in homozygous animals 
in which the transgene is present in both maternally 
and paternally-derived chromosomes (30). 

In lines derived from crossing a hemizygous trans- 
genic “founder” animal with normal animals and sub- 
sequent crosses of the transgenic progeny to normal 
mice, the level of heterologous GH expression is in- 
comparably less variable than among different 
founders and is apparently stable from generation to 
generation. This allows for the production of an essen- 
tially unlimited supply of hemizygous transgenic ani- 
mals for studies of the consequences of transgene ex- 
pression, while their nontransgenic siblings can serve 
as normal controls matched with respect to maternal 
influences, husbandry conditions, and genetic back- 
ground. 

Ectopic expression of heterologous GH driven by 
either MT or PEPCK promoters leads to enhancement 
of postweaning growth with adult weight exceeding 
body weight of normal siblings of the same sex by as 
much as 50%-100%. Analysis of ontogeny of alter- 
ations in body weight and in the weight of various 
organs in transgenic MT-rGH mice revealed existence 
of differential patterns of growth (31). Thus, some or- 
gans (e.g., heart and kidney) increase in weight allo- 
metrically (i.e., in proportion to increase in body 

weight), while others exhibit either a much greater in- 
crease (e.g., liver and spleen) or little if any change 
(e.g., brain and testes). Subsequent studies in a line of 
MT-bGH transgenic mice (32) produced very similar 
observations. Although splanchnomegaly may con- 
tribute to the increase in adult body weight, overex- 
pression of GH clearly stimulates true growth, includ- 
ing bone growth, as evidenced by increases in the 
length of the tail, the extremities, and in the total body 
length. On the basis of studies of IGF-I expression in 
transgenic mice overexpressing GH (33) and known 
relationships between GH, hepatic production of IGF- 
I, and growth, it was proposed that stimulation of 
growth in MT-GH transgenic mice is related to GH- 
induced increase in peripheral IGF-I levels. However, 
some of the phenotypic characteristics of MT-GH 
transgenic mice, including increased skeletal growth, 
hepatomegaly , and histopathologic changes in the liver 
and the kidneys were not reproduced in transgenic an- 
imals expressing hIGF-I with the same promoter (34, 
35) and thus are presumably due to direct effect of GH 
at various targets or to GH-mediated changes in local 
production of IGF-I or other growth factors. 

Overexpression of hGHRH in transgenic mice led 
to pituitary enlargement, chronic overstimulation of 
endogenous production of mouse GH (mGH), and 
changes in growth, adult body size, and histopathol- 
ogy of the liver, which were essentially identical to 
previously documented phenotypic effects of overex- 
pression of bGH in MT-bGH transgenic mice (35, 36). 
This would suggest that, at least with respect to the 
examined characteristics, ectopic expression of heter- 
ologous GH produces effects which are biologically 
equivalent to the consequences of excessive produc- 
tion of the animal’s own GH by the pituitary. These 
observations, together with the documented specific- 
ity of bGH binding to mouse growth hormone receptor 
(GH * R) (37, 38), lead us to believe that effects of 
bGH expression in transgenic mice provide meaning- 
ful information on the physiological consequences of 
excessive GH production. 

As expected from the well-documented feedback 
control of GH release, persistent ectopic production of 
GH and elevation of peripheral GH levels in transgenic 
animals leads to suppression of endogenous GH re- 
lease (39). Palmiter et al. (20) reported reduction in the 
number of acidophils in the pituitaries of MT-hGH 
transgenic mice. Stefaneanu, Kovacs and their col- 
leagues (25) provided morphological evidence for re- 
duced secretory activity of somatotrophs in the ante- 
rior pituitaries of MT-hGH transgenic mice from an- 
other pedigree. In comparison to GH-producing cells 
of their normal siblings, the somatotrophs of trans- 
genic mice were characterized by reductions in cyto- 
plasmic and nuclear volume as well as in the size and 
number of secretory granules. In addition, the total 
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number of somatotrophs was severely reduced as in- 
dicated by decreases in their relative frequency and in 
the size of the anterior lobe of the pituitary. However, 
low amount of GH message could be detected in the 
somatotrophs, indicating continued expression of the 
endogenous GH gene (40). Similar changes were de- 
tected in the pituitaries of transgenic MT-bGH mice 
(41). Aguilar et al. (39) provided evidence that over- 
expression of bGH in transgenic mice is associated 
with reductions in the content of mGH and in the num- 
ber of GHRH receptors in the pituitary. Comparison 
of transgenic animals from lines with different levels of 
bGH expression suggested that the severity of these 
changes is related to the concentration of heterologous 
GH in the circulation. 

We suspect that reduced binding of GHRH in the 
pituitaries of transgenic mice is not only a reflection of 
reductions in the number and size of somatotrophs but 
also a consequence of reduced release of GHRH into 
the portal blood supply of the pituitary. In support of 
this interpretation, Hurley and Phelps (42) demon- 
strated reduction in hypothalamic GHRH levels in 
transgenic MT-hGHRH mice in which the levels of 
endogenous GH are markedly increased. In contrast, 
SRIF expression was increased in these animals and in 
transgenic bGH or hGH mice (43 and unpublished ob- 
servations). 

Chronic elevation of GH concentration in the cir- 
culation of transgenic mice is associated with marked 
increases in the number of hepatic GH and PRL re- 
ceptors, the concentration of GHBP in serum, the 
amount of bound GH, and the proportion of bound 
GHBP (44, 45, and unpublished data). The latter 
changes lead to a massive increase in the levels of 
GHBP-GH complexes in the circulation. The half-life 
of GH in transgenic mice is prolonged as indicated by 
a significant increase in the mean residence time of 
injected labeled GH (45 and unpublished data). 

The success of several laboratories in establishing 
lines of transgenic mice was mentioned earlier in this 
article and obviously implies that ectopic expression 
of heterologous GH genes can be compatible with fer- 
tility in at least one gender. However, Hammer et al. 
(21) reported that transgenic MT-hGH females do not 
reproduce. Moreover, the introduction of the MT- 
hGH gene into GH-deficient little (litllit) mice pro- 
duced normal growth but rendered females sterile (46). 
Yun and Wagner described female sterility in a line of 
transgenic MT-hGH mice they produced (47) and pro- 
vided elegant evidence that this was not due to inabil- 
ity to produce ova or to defects in fertilizability of 
oocytes. When ovaries were transplanted from trans- 
genic to normal females, the transplant recipients were 
fertile and could transmit the transgene to their prog- 
eny (47). Our studies of reproductive and neuroendo- 

crine functions in transgenic animals expressing vari- 
ous GH genes stem from these observations, and were 
made possible by the kindness and cooperation of Dr. 
Thomas E. Wagner and Jeung S. Yun who provided us 
with transgenic mice from their various lines for the 
establishment of a breeding colony at our institution. 

Reproductive Functions in Transgenic Mice 
Expressing Human or Bovine GH Genes 

Female Fertility. In an attempt to elucidate the 
cause(s) of sterility in MT-hGH females, we examined 
estrous cycle, incidence of mating, and effects of hor- 
mone replacement therapy in transgenic females from 
a line studied by Yun and Wagner (47). The results 
indicated that these animals exhibit slightly but signif- 
icantly prolonged vaginal cycle, mate but fail to be- 
come pregnant or pseudopregnant. However, preg- 
nancy can be established and maintained to term if the 
animals are treated with daily injections of progester- 
one or with PRL-secreting ectopic transplants of pitu- 
itaries from normal mice (48). These results were in- 
terpreted as evidence that sterility of MT-hGH trans- 
genic mice is due to luteal failure which is caused by 
insufficient PRL secretion from the anterior pituitary. 
From the studies of plasma PRL levels and dopamine 
turnover in different regions of the hypothalamus in 
ovariectomized females and in intact males from the 
same line, we concluded that hGH stimulates the func- 
tion of tuberoinfundibular dopaminergic neurons and 
thus exerts inhibitory influence on pituitary PRL re- 
lease. Because this effect and the resulting sterility of 
transgenic MT-hGH females appears to be due to the 
well-documented lactogenic (PRL-like) action of hGH 
in the mouse (49, 50), we felt that it may represent an 
effect of functional hyperprolactinemia and thus pro- 
vide few if any clues about the effects of GH excess on 
reproductive function. Therefore, we turned our atten- 
tion to transgenic animals expressing bGH which is 
purely somatotropic in rodents (37, 38) and appears to 
mimic the actions of endogenous GH. 

Most transgenic MT-bGH females from a line with 
relatively low transgene expression and plasma bGH 
levels of 5-20 ng/ml(39, 5 1, and unpublished data) are 
fertile, but their reproductive performance is inferior 
to that of their normal female siblings. Thus, trans- 
genic MT-bGH females housed with a normal male 
require a longer interval to become pregnant, rarely 
mate in postpartum estrus, and never become preg- 
nant from postpartum mating. This leads to a signifi- 
cant increase of intervals between birth of successive 
litters and reduced production of pups during a given 
time period (5 1 and unpublished data). Interestingly, 
the ability of female mice to conceive at postpartum 
mating was reported to be particularly sensitive to 
food restriction (52). Guthrie et al. (17) suggested that 
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GH overexposure in transgenic animals may mimic the 
effects of food restriction by antagonizing the action of 
insulin and interfering with glucose utilization. Al- 
though litter size in MT-bGH transgenic females is not 
significantly different from that in normal females, fe- 
tal mortality appears to be increased and fetal size on 
Day 14 of pregnancy is slightly but significantly re- 
duced (51). In addition, preliminary data indicate that 
the age-related decline in fertility occurs earlier in 
transgenic females from this line than in their normal 
female siblings (unpublished observations). 

In contrast to these findings, transgenic PEPCK- 
bGH females from lines with high levels of transgene 
expression and plasma bGH levels ranging from 200 to 
over 2,000 ng/ml (29, 51) exhibit severe reproductive 
impairments in spite of slight but significant advance- 
ment of sexual maturation. Although young PEPCK- 
bGH females have apparently normal vaginal cycle 
and can mate, pregnancy follows in only 20%-30% of 
these animals (5 1 and unpublished data). Since most of 
the sterile PEPCK-bGH females mate repeatedly with- 
out becoming pseudopregnant, we suspected that their 
infertility may be due to luteal failure. In support of 
this hypothesis, plasma progesterone levels on Day 2 
and 7 after mating were significantly reduced in 
PEPCK-bGH transgenic as compared with normal fe- 
males, and daily injections of progesterone to infertile 
transgenic females led to implantation of the embryos 
and pregnancy (Cecim and Bartke, unpublished data). 
Results of reciprocal transplantation of the ovaries be- 
tween normal and transgenic females suggest that de- 
ficient luteal progesterone production by transgenic 
ovaries is due to systemic, presumably blood-borne 
factors, rather than to intrinsic defects in the ovary 
(Cecim, unpublished data). Studies of hypothalamic 
neurotransmitters and plasma levels of PRL at various 
times after mating, as well as results of twice daily 
PRL injections provided evidence that luteal failure in 
these animals is due to absence or alteration of PRL 
surges that normally follow mating, and that this en- 
docrine defect is due to abnormal diurnal pattern of 
changes in the activity of tuberoinfundibular dopami- 
nergic neurons (Cecim, unpublished data). Hypotha- 
lamic and adenophypophyseal function in transgenic 
PEPCK-bGH mice will be discussed in more detail in 
another section of this review. 

In those transgenic PEPCK-bGH females that are 
fertile, the number of ova shed is significantly greater 
than in normal females from the same line, as evi- 
denced by increased number of corpora lutea and im- 
planted embryos on Day 7 and 14 of pregnancy (51 and 
unpublished data). We ascribe the increase in ovula- 
tion rate in transgenic females from these and other 
lines to GH-induced stimulation of IGF-I production 
and to the ability of IGF-I to augment the effects of 

gonadotropins on development and function of ovarian 
follicles (53, 54). Significant reduction in the propor- 
tion of atretic follicles in the ovaries of transgenic MT- 
bGH mice (55)  suggests that GH, directly or indirectly, 
may interfere with mechanisms responsible for atresia 
and thus increase the number of ova shed during each 
ovulation. 

Litter size in transgenic PEPCK-bGH females is 
normal at birth and normal or slightly reduced at wean- 
ing, suggesting increased fetal mortality during late 
gestation and/or perinatal period, and possibly also in- 
creased loss of pups during lactation. 

In terms of reproductive efficiency and productiv- 
ity during their life span, fertile transgenic PEPCK- 
bGH females are severely impaired. Compared with 
normal animals, they require a longer period of cohab- 
itation with a male to conceive, never become preg- 
nant from postpartum estrus, and have an extremely 
short reproductive life span with almost all animals 
being acyclic and sterile by the time they reach HI 
months of age (51 and unpublished data). 

Similarity of reproductive deficits in transgenic 
PEPCK-bGH females from three different lines de- 
rived from different founders with different number of 
gene copies (29) provides circumstantial but neverthe- 
less persuasive evidence that the observed abnormal- 
ities are due to the actions of bGH rather than to in- 
sertional mutagenesis or other “nonspecific” conse- 
quences of transgene insertion and expression. 

It can be concluded that life-long excess of purely 
somatogenic GH in transgenic mice leads to drastic 
suppression of female fertility. Most females with high 
plasma bGH levels are sterile, while some can produce 
one or more litters early in life but become sterile at 
the age at which their normal siblings are fertile and 
near the peak of their reproductive performance. Com- 
parison of results obtained in MT-bGH and PEPCK- 
bGH females from the lines we have examined sug- 
gests that the effects of GH excess on female repro- 
ductive functions in transgenic mice are dose-related. 

It is of interest that suppression of reproductive 
functions by overexpression of GH in transgenic fe- 
males does not seem to require GH actions during em- 
bryonic or early postnatal development. PEPCK-bGH 
hybrid genes begin to be expressed perinatally. Pomp 
et al. (personal communication) examined reproduc- 
tive functions in oMT- la-oGH transgenic mice in 
which transgene expression was induced starting at 
the time of weaning and found deficits which were 
essentially identical to those described above for 
PEPCK-bGH transgenic females. Moreover, the en- 
docrine mechanisms underlying suppression of fertil- 
ity appear to be the same in PEPCK-bGH and oMT- 
la-oGH transgenic mice (D. Pomp, personal commu- 
nication). In addition, the effects of daily injections of 
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large doses of bGH into adult normal mice closely re- 
sembled some of the reproductive features of trans- 
genic PEPCK-bGH females, including suppression of 
estrous cycle and increased number of ovulations in 
those animals that do ovulate and mate (Cecim and 
Bartke, unpublished data). 

Male Fertility. Most transgenic male mice ex- 
pressing heterologous GH genes are fertile. However, 
this cannot be taken as evidence that GH excess does 
not or cannot interfere with male reproductive func- 
tions. First of all, transgenic lines are usually estab- 
lished and maintained by mating transgenic males with 
normal females. Thus, only those transgenic animals 
that are fertile can become founders of a stable line. 
Therefore, our studies as well as data reported by 
other workers refer only to males from lines in which 
males with high peripheral GH levels can breed. More- 
over, quantitative analysis of reproductive perfor- 
mance reveals significant differences between normal 
and transgenic males. In the course of propagating var- 
ious lines of transgenic mice, we have noticed that the 
breeding performance of transgenic males was inferior 
to that of normal male mice in terms of the interval 
between pairing a male with a female and conception 
as well as in the frequency of males which fail to sire 
a litter after being housed with one or more females for 
a period ranging from one to three months. Moreover, 
the reproductive life span of transgenic males is re- 
duced, particularly in lines characterized by high level 
of expression of heterologous GH. Since animals from 
these lines age prematurely and have a drastically re- 
duced life span (details in other sections of this re- 
view), it is important to indicate that reproductive per- 
formance of these animals deteriorates long before any 
obvious signs of age-related decline in body condition. 
In a pilot study, we have shown that four transgenic 
MT-hGH breeders that were no longer fertile at the 
age of approximately 1 year were unable to intromit or 
ejaculate but were very willing to mount the females 
and had fertile sperm in the cauda epididymidis and 
the vas deferens (56). 

So the validity of these mostly subjective impres- 
sions could be tested, a group of young adult trans- 
genic males from each of five different lines along with 
normal (control) males were each housed for one week 
with three females and for a successive week with 
three different females. The females were subse- 
quently examined for pregnancy and for the number of 
live and dead implantations versus the number of cor- 
pora lutea. The results provided evidence for reduced 
reproductive performance of males expressing hGH or 
hGH - V with MT promoter in terms of the proportion 
of males that sired any litters during this test and the 
number of litters sired per fertile male (57). Unexpect- 
edly, no significant reproductive deficits were de- 
tected in PEPCK-hGH males in which plasma hGH 

levels are much higher than in the MT-hGH males 
(491 2 55 vs 4.8 k 0.4 ng/ml; 58 and Milton and 
Bartke, unpublished data). In transgenic males ex- 
pressing high levels of bGH with the PEPCK pro- 
moter, fertility was reduced as evidenced by a modest 
but statistically significant decrease in the proportion 
of females that became pregnant after one week of 
cohabitation with a male (57). 

Reproductive deficits in transgenic mice overex- 
pressing GH do not appear to be due to suppression of 
spermatogenesis or androgen production by the testis. 
Quantitative assessment of daily sperm production 
and epididymal sperm reserves revealed no deficits in 
transgenic males from five different lines and several 
instances of a small but statistically significant in- 
crease in daily sperm production per testis and/or in 
epididymal sperm numbers (57 and unpublished data). 
Plasma testosterone levels and testicular testosterone 
production in vitro were normal in males from each of 
the lines we have examined (59, 60, and unpublished 
data), except PEPCK-hGH in which release of testos- 
terone from incubated testes was significantly in- 
creased (Milton and Bartke, unpublished observa- 
tions). Testosterone responses to LH or hCG stimula- 
tion in vivo and in vitro in PEPCK-bGH and MT-hGH 
transgenic males did not differ from those in their non- 
transgenic siblings (59, 60, and unpublished data). 

We have therefore examined copulatory behavior 
of transgenic males and their normal siblings by re- 
cording the occurrence, latency and frequency of 
mounts, intromissions, and ejaculations during a 1-hr 
test with a sexually receptive, ovariectomized, ste- 
roid-primed female. The results revealed that trans- 
genic MT-hGH * V and PEPCK-bGH males were less 
likely than their normal male siblings to mount, in- 
tromit, or ejaculate during the 1-hr period of observa- 
tion and that their reproductive performance generally 
failed to show the expected improvement with re- 
peated testing. 

V exhibit 
striking, age-related enlargement of the seminal vesi- 
cles and the coagulating glands which, unexpectedly, 
is associated with depletion of androgen receptors in 
the seminal vesicle (56, 61). In subsequent studies we 
have found that male accessory reproductive glands 
are disproportionately enlarged also in transgenic 
PEPCK-hGH males and that the weight of the ventral 
prostate is greatly increased in transgenic males over- 
expressing hGH or hGH - V (unpublished data). How- 
ever, these changes are absent in animals overexpress- 
ing bGH and thus presumably are mediated via PRL 
rather than GH receptors, or in other words, should be 
considered as consequences of functional hyperpro- 
lactinemia rather than GH excess. 

Lactation and Mammary Tumors. There is in- 
creasing evidence that the highly complex, multi- 

Transgenic MT-hGH and MT-hGH 
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hormonal control of mammary gland development and 
function involves actions of GH. Growth hormone re- 
ceptors have been localized in the mammary gland in 
several species (62). Growth hormone can stimulate 
development and differentiation of the mammary 
gland in mice and rats (63, 64). Administration of re- 
combinant GH results in marked stimulation of milk 
production in dairy cattle and other domestic rumi- 
nants (65, 66). Increased incidence of mammary tu- 
mors in transgenic mice overexpressing hGH (67) was 
interpreted as evidence that GH can promote mam- 
mary tumorigenesis in this species. Overexpression of 
bGH in transgenic female mice from the lines we had 
an opportunity to examine had no obvious effects on 
the gross morphology of the mammary glands or on 
lactation (unpublished data). Mortality of pubs be- 
tween birth and weaning in MT-bGH and PEPCK- 
bGH transgenic females is not affected (51). In con- 
trast, mammary glands of transgenic PEPCK-hGH 
females are obviously stimulated. Milk visibly accu- 
mulates in the distal portion of mammary ducts in vir- 
gin animals, and growth rate of both normal and trans- 
genic pups is significantly increased throughout lacta- 
tion (68). Moreover, adult virgin PEPCK-hGH 
transgenic females presented with foster pups undergo 
apparently normal lactation as evidenced by excellent 
survival and normal growth rate of the pups (68). We 
believe that stimulation of mammary development and 
function in these animals is due to the well known 
lactogenic (PRL-like) activity of hGH in mice (49, 50) 
and to the very high levels (approximately 450 ng/ml) 
of hGH in their circulation (68). While occurrence of 
apparently quantitatively normal lactation in virgin an- 
imals was not expected, we suspect that it may be 
related to luteotrophic effects of hGH leading to 
pseudopregnancy after each ovulation of transgenic fe- 
males from this line (unpublished observations). 
Progesterone derived from the corpora lutea of 
pseudopregnancy may have provided adequate prim- 
ing of the mammary gland to allow lactogenesis in 
spite of absence of hormonal changes associated with 
pregnancy (69). 

Mammary tumors were present in 8 0 7 ~ 9 0 %  of 10- 
to 12-month-old transgenic females expressing hGH or 
hGH - V with the MT promoter, and, sporadically, 
also in transgenic MT-hGH males (unpublished data). 
In transgenic PEPCK-hGH females, the incidence of 
mammary tumors was much lower, which may have 
been due to the fact that these animals have a very 
short life span with most of the females dying between 
the ages of 7 and 10 months (unpublished data). In 
contrast, very few MT-bGH transgenic females from 
the line we have examined developed mammary tu- 
mors, and they were detected only at the age of 20-24 
months; i.e., at the time when mammary tumors begin 
to develop in the normal siblings (Cecim, unpublished 

data). Development of mammary tumors in normal 
(nontransgenic) females from these lines was not un- 
expected because approximately half of their genome 
is derived from highly tumor susceptible C3H strain. 
No significant increase in the incidence of mammary 
tumors was detected in transgenic PEPCK-bGH fe- 
males from three different lines as compared with nor- 
mal females, even though these animals have ex- 
tremely high levels of plasma bGH (from approxi- 
mately 200 to over 2,000 ng/ml; 29, 51) and live longer 
than PEPCK-hGH females (70 and unpublished data). 
From these findings we conclude that, while the highly 
lactogenic hGH exerts the expected stimulatory ef- 
fects on mammary tumor development in susceptible 
mice, the purely somatogenic bGH fails to influence 
the incidence or the age of onset of mammary tumors 
even in animals exposed to very high levels of this 
hormone throughout the entire postnatal life. 

Effects of GH on Neuroendocrine Function in 
Transgenic Animals 

Life-long increase in plasma GH levels in trans- 
genic animals overexpressing various GH genes and 
the consequent elevation of peripheral IGF-I levels are 
associated with numerous changes in neuroendocrine 
function. Plasma levels of corticosterone, the principal 
glucocorticoid in this species are significantly elevated 
under both basal and stress conditions (71). This effect 
is consistently observed in both sexes in each of the 
lines we have examined (71) and appears to be due to 
increased adrenocorticotropic hormone (ACTH) se- 
cretion rather than direct stimulatory effects of GH or 
IGF-I on the adrenal cortex (unpublished data). We 
suspect that the stimulation of ACTH release reflects 
GH-induced changes in the release of norepinephrine 
or other hypothalamic neurotransmitters, and the con- 
sequent elevation of corticotrophin-releasing factor 
(CRF) drive to the pituitary. However, reduced corti- 
costerone feedback, due to its increased binding to 
plasma proteins, may also be involved. 

Transgenic mice from the lines we have studied 
are normoglycemic with the exception of PEPCK- 
bGH-5 animals in which we found mild elevation of 
plasma glucose levels (57 and unpublished data). Data 
obtained from MT-bGH transgenic animals suggest 
that the somewhat surprising coexistence of normo- 
glycemia with gross GH excess and persistent plasma 
corticosterone elevation may be due to significantly 
increased levels of insulin (72). 

In an attempt to identify the mechanisms respon- 
sible for reproductive deficits in transgenic animals 
overexpressing GH, we have focused our attention on 
the study of plasma concentration of FSH, LH, and 
PRL, as well as the hypothalamic mechanisms in- 
volved in the control of their release. Because some of 
the effects of hGH on PRL and on gonadotropin re- 
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lease appear to be due to its lactogenic rather than 
somatotropic activity (59, 73, 74), only the effects of 
bGH will be discussed below. 

In transgenic PEPCK-bGH males, steady state 
levels of LHP and FSHP mRNA in the pituitary are 
reduced (Fig. 1; 75). These alterations are significant 
when expressed per pituitary or per pg of pituitary 
DNA (75). In perifusions of the pituitaries from 
PEPCK-bGH males, basal LH release was increased 
while L H  response to a LHRH pulse was attenuated in 
comparison with the pituitaries obtained from normal 
mice (75). Pituitary content of LH, basal and LHRH- 
stimulated L H  release in static pituitary incubations, 
and plasma L H  levels were not altered in transgenic 
PEPCK-bGH males (29, 75). Thus, it appears that the 
expression of the LHP gene (to the extent that it can 
be estimated from the steady state levels of the mes- 
sage) and the LH storage and release are differentially 
regulated, possibly due to divergent effects of hGH 
and/or IGF-I at the pituitary and the hypothalamic lev- 
els. 

In comparison with results obtained in pituitaries 
from normal mice, the release of FSH from incubated 
or perifused PEPCK-bGH pituitaries was increased, 
and the release of FSH from incubated pituitaries in 
response to LHRH was also augmented (75). How- 
ever, the content of FSH in the pituitary and the 
plasma FSH levels were significantly lower in 
PEPCK-bGH than in nontransgenic males, in keeping 
with reduced levels of FSHP mRNA in these animals 
(Fig. 1; 29, 75). Thus, similarly to the situation de- 
scribed for LH, our data revealed differential effects of 
bGH overexpression on FSH release in vivo and in 
vitro, with indications that both pre- and post- 
translational effects may be involved. 

Studies of neurotransmitter function in the hypo- 
thalamus of PEPCK-bGH males revealed that in com- 
parison with their normal siblings, transgenic males 
have significantly increased turnover of norepineph- 
rine (NE) in the median eminence (Fig. 1; 29). How- 
ever, the expected stimulation of NE turnover in this 
brain region in response to gonadectomy was severely 
attenuated in these transgenic animals (Fig. 2). Thus 
we can suspect that mechanisms responsible for al- 
tered gonadotropin synthesis, storage, and release in 
transgenic PEPCK-bGH males include changes in the 
noradrenergic input to LHRH-secreting neurons and 
in the regulation of noradrenergic transmission by tes- 
tosterone feedback. These data also add support to our 

suggestion that overexpression of GH in transgenic 
animals influences adenohypophyseal function primar- 
ily by acting within the hypothalamus (70, 76, 77). 
However, effects of bGH and/or of the associated in- 
crease in plasma IGF-I at the pituitary levels may also 
be involved. In support of this possibility, normal pi- 
tuitaries transplanted for 6 days under the renal cap- 
sules of transgenic PEPCK-bGH hosts had signifi- 
cantly greater ability to release LH and FSH in vitro 
than the pituitaries similarly transplanted into normal 
animals (75). 

In a line of MT-bGH mice with low levels of bGH 
expression, alterations in FSHP mRNA levels and in 
gonadotropin storage in transgenic males appeared to 
be qualitatively comparable to the changes observed in 
PEPCK-bGH animals but were numerically smaller 
and, in general, not statistically significant (75). How- 
ever, in a group of middle-aged (30- to 35-week-old) 
MT-bGH males from the same line, plasma LH levels 
were significantly lower than those measured in nor- 
mal males of the same age (78). 

Studies of ovarian function in transgenic PEPCK- 
bGH females described earlier in this review suggested 
the presence of an essentially normal pattern of cyclic 
gonadotropin release in young adult animals and the 
premature cessation of ovulatory activity (5 1 and 
Cecim et al., unpublished data). Preliminary data ob- 
tained after reciprocal transplantation of ovaries be- 
tween normal and transgenic PEPCK-bGH females 
suggest that defects in ovarian function are due to the 
effects of bGH at the hypothalamic-pituitary rather 
than the ovarian level. The suspected suppression of 
cyclic gonadotropin release in middle-aged transgenic 
females overexpressing bGH is reminiscent of anovu- 
latory syndromes described previously in acromegalic 
women (4, 5) and in transgenic pigs with bGH excess 
(17). In ovariectomized young adult PEPCK-bGH fe- 
males from three different lines, plasma FSH levels 
were suppressed (29). 

In 1990, we reported that plasma PRL levels were 
significantly increased in transgenic ovariectomized 
MT-bGH females as compared with their ovariecto- 
mized normal siblings (76). Reduced dopamine turn- 
over in the median eminence of transgenic animals (76) 
provided a very plausible explanation for this novel 
effect of GH on adenohypophyseal function. Subse- 
quent studies of Stefaneanu et al. (41) provided mor- 
phological evidence for marked stimulation of PRL 
storage and secretory activity of the lactotrophs in 

Figure 1. Effects of overexpression of bovine growth hormone (bGH) in transgenic PEPCK-bGH-5 male mice on turnover rate of 
norepinephrine (NE) and dopamine (DA) in the median eminence (ME) of the hypothalamus, on steady state levels of mRNA for 
specific (p) subunits of luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and on the concentration of LH, FSH, and 
prolactin (PRL). This figure is constructed from previously reported data (29, 75). Please note that the increase in DA turnover 
measured in transgenic males from this particular line was not detected in transgenic males from two different PEPCK-bGH lines 
(please see Fig. 2) or in transgenic females expressing the same gene construct. Mean rt SE; 'values which differ from the corre- 
sponding values in normal controls; P < 0.05. 
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Figure 2. Effect of castration on turnover of norepinephrine (NE) and dopamine (DA) in the median eminence (ME) of normal and 
PEPCK-bGH-25 transgenic male mice. The expected significant increase in NE turnover in response to castration was detected in 
normal but not in transgenic mice. Means 2 SE. 

these animals. In transgenic PEPCK-bGH mice, 
plasma PRL levels in ovariectomized females were 
significantly elevated in two of three lines we have 
examined (29). 

Surprisingly, studies of female reproductive func- 
tion revealed that most transgenic PEPCK-bGH fe- 
males fail to become pregnant after mating due to 
luteal failure which can be corrected by twice daily 
injections of PRL (details in an earlier section of this 
review). Measurements of plasma PRL levels in trans- 
genic PEPCK-bGH females at various times after mat- 
ing suggested that basal levels of PRL are increased, in 
keeping with the previous findings in ovariectomized 
animals (29), but mating-induced surges of PRL are 
either absent or severely attenuated (Cecim et al., un- 
published observations). Recent studies in our labora- 
tory suggest that serotonergic transmission which is 
presumably involved in the regulation of PRL surges 
during the first half of pregnancy (79) may be disrupted 
or abnormal in transgenic PEPCK-bGH females. 

Mechanisms of GH Action on Neuroendocrine 
and Reproductive Functions 

Although effects of supraphysiological GH levels 
may differ substantially from the normal actions of this 
hormone, it seems reasonable to assume that the 
mechanisms involved are similar if not the same. In 
support of this assumption, most of the consequences 

of GH overexpression in transgenic animals could 
have either been expected from the well-established 
actions of GH (e.g., increase in adult body size, 
splanchnomegaly , suppression of endogenous GH 
synthesis and release) or readily ascribed to some of 
its known effects (e.g., increase in hepatic GH recep- 
tors, in plasma GHBP and insulin levels, and in the 
number of ovulations) (details and references in pre- 
vious sections of this review). However, some char- 
acteristics of the transgenic animals described in this 
review appear to represent either novel actions of GH 
or effects that may be specific to chronic overstimu- 
lation of GH receptors. These include increase in 
plasma corticosterone levels (7 1) ,  stimulation of PRL 
storage and release (29,41,76), suppression of mating- 
induced surges of PRL (unpublished data), and alter- 
ations of gonadotropin gene expression, storage, and 
release (75). Information available to date does not 
permit positive identification of mechanisms responsi- 
ble for these effects of GH. However, some hypothe- 
ses can be proposed. For example, association of 
changes in the turnover rate of hypothalamic neuro- 
transmitters, including dopamine and norepinephrine, 
with alterations in PRL and gonadotropin release sug- 
gests that GH acts within the hypothalamus to alter 
adenohypophyseal function. This suggestion is consis- 
tent with the presence of GH receptors in various 
brain regions including the hypothalamus (80,81), with 
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behavioral effects of GH (81,82), and particularly with 
the ability of intracranial administration of GH to in- 
fluence behavior in birds (83). Identification of the spe- 
cific neuronal groups involved will require further 
studies but information available to date suggests that 
GH can exert direct or secondary effects on the neu- 
rons secreting somatostatin, GHRH, dopamine, CRF, 
and NE (references in previous sections of this re- 
view). Modifications of gonadotropin gene expression 
and release (75) are presumably due to altered func- 
tional activity of LHRH secreting neurons. This could 
be due to a direct effect of GH on these neurons or to 
actions mediated by NE, dopamine, CRH, somatostat- 
in, or neuropeptide Y (NPY). Each of these neuro- 
transmitters can influence LHRH release (84-88) and 
each is known or suspected to be influenced by GH in 
transgenic animals (29, 43, 70, 71, 76, 78 and unpub- 
lished data). In support of the involvement of NPY- 
secreting neurons in mediating the effects of GH over- 
expression on adenohypophy seal hormone release, 
Ghosh et al. (78) reported that treatment with antise- 
rum to NPY increased plasma FSH and PRL levels in 
normal male mice but not in transgenic MT-bGH 
males. However, studies of the expression and distri- 
bution of GH receptors (80, 81) and our studies in 
animals with ectopic pituitary transplants (75) suggest 
that GH may also act at the pituitary level. The latter 
effect is likely to be mediated by IGF-I (89). Indeed, it 
is well established that actions of GH on its various 
targets can be due to (i) direct consequences of GH 
binding to GH receptors, (ii) action of systemic IGF-I 
derived from GH-dependent hepatic synthesis, and/or 
(iii) effects of locally produced IGF-I. The actions of 
IGF-I can be modulated by alterations in the systemic 
or local levels of various IGF-I binding proteins and 
enzymes involved in their degradation. While these 
complex relationships and regulatory mechanisms are 
under active investigation in many laboratories, their 
presentation and discussion are outside the scope of 
this review. 

Comparison of the effects of IGF-I and GH over- 
expression in transgenic mice revealed some differ- 
ences in spite of considerable similarity of the resulting 
phenotypes (34,35). Presumably some of the effects of 
GH in these animals (including increase in body weight 
and in the weights of various organs) are due to in- 
crease in systemic and/or local IGF-I levels, while 
other effects (e.g., stimulation of skeletal growth and 
enlargement of the liver) are due to direct actions of 
GH or to other mechanisms. 

Abnormalities of gonadal function in transgenic 
animals overexpressing GH almost certainly represent 
a net result of GH-induced changes in the release of 
gonadotropins and PRL by the pituitary and direct ac- 
tions of GH and/or IGF-I on various cell types within 

the gonads. Both ovaries and testes can bind GH (90, 
91) as well as produce and bind IGF-I (54, 92-94). 
Considerable evidence exists for a major role of IGF-I 
and other growth factors in the endocrine and para- 
crine control of gonadal activity (53, 54, 94). Thus 
luteal failure in transgenic PEPCK-bGH mice is appar- 
ently due to suppression of mating-induced surges of 
PRL with a possible additional influence of reduced 
plasma FSH levels (29, 9 3 ,  while the increased num- 
ber of ovulations in transgenic females can be ascribed 
to potentiation of the action of FSH by systemic and/ 
or locally produced IGF-I (53, 54). Alterations in tes- 
ticular LH receptors and their “autoregulation” by 
hCG in transgenic male mice overexpressing GH (60) 
correspond to known actions of IGF-I on LH recep- 
tors in the testis (96). 

It is important to realize that the consequences of 
GH overexpression in transgenic animals are reflect- 
ing not only the increase in average concentration of 
GH in their circulation, but also profound alterations 
in the pattern of GH release, particularly in males. The 
release of GH is normally pulsatile with large and rel- 
atively infrequent pulses in males, and much smaller 
and more frequent pulses in females. Sexual dimor- 
phism in GH release was studied in considerable detail 
in the rat (97) but there is evidence that a similar sit- 
uation exists also in the mouse (98). The release of GH 
from ectopic sites in transgenic MT-GH and PEPCK- 
GH mice is presumably nearly constant although diur- 
nal variations were reported in plasma hGH levels in 
MT-hGH transgenic animals (27), and normal diurnal 
patterns of feeding can be expected to produce some 
variations in the expression of structural genes driven 
by the PEPCK promoter. Thus, the pattern of GH 
release and plasma GH levels in transgenic mice of 
either sex resembles the normal female pattern much 
more closely than the normal male pattern. The im- 
portance of these relationships was demonstrated by 
Norstedt and Palmiter (99) who reported that the sex- 
ually dimorphic GH-responsive expression of several 
genes in the liver follows the female pattern in trans- 
genic male mice overexpressing GH. More recently, 
Keeney et al. (100) reported that expression of a male 
specific 42-kDa isoform of hepatic immunoreactive 3 p 
hydroxysteroid dehydrogenase is dramatically sup- 
pressed in livers of transgenic mice expressing bGH, 
hGH or hGH * V genes. 

The reduced life span of transgenic mice from the 
lines we have examined (70) and the nature of repro- 
ductive and endocrine deficits in these animals suggest 
that many of the neuroendocrine and reproductive al- 
terations may represent symptoms of premature aging. 
Thus, changes in norepinephrine and dopamine turn- 
over in the hypothalamus of transgenic mice resemble 
changes which take place in their normal siblings at a 
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much more advanced age (70). Suppression of ovarian 
cyclicity and male copulatory behavior are symptom- 
atic of reproductive aging and are encountered in 
transgenic animals starting at an age of 5-8 months in 
different lines (70 and unpublished observations). The 
postcastration rise in plasma gonadotropins is compro- 
mised in transgenic mice overexpressing GH (Fig. 2; 
77) as it is in normal aging rats (101). Accelerated aging 
of transgenic mice overexpressing GH was reported 
by several investigators (35, 102, 103) and is a conspic- 
uous feature of transgenic animals from some of the 
lines discussed in this review (70). Groesbeck et al. 
(104) reported “toxic effects,” as evidenced by in- 
creased mortality in immature and adult female rats 
treated with large doses of rGH. In the majority of 
transgenic PEPCK-bGH mice, death appears to be due 
to kidney failure, thus resembling the situation in nor- 
mal aging mice. Evidence available to date suggests 
that these animals undergo normal or near-normal ag- 
ing at an inappropriately early age (70 and unpublished 
observations). The mechanisms responsible for pre- 
mature aging of transgenic GH mice remain to be elu- 
cidated. 

Chronic elevation of corticosterone levels and al- 
terations in carbohydrate metabolism (hyperinsuline- 
mia, insulin resistance, and mild hyperglycemia in 
some of the lines) could also be suspected of contrib- 
uting to reproductive abnormalities of transgenic mice. 
However, comparisons between transgenic animals 
expressing different GH genes with different promot- 
ers argue against any major role of hyperglucocorti- 
coidism or diabetes in the etiology of reproductive and 
endocrine abnormalities in transgenic mice. 

Another very interesting possibility is that alter- 
ations in neuroendocrine and reproductive functions in 
adult transgenic mice overexpressing GH are due to 
changes in hormone levels and in CNS development 
during fetal or early postnatal life. Expression of struc- 
tural GH genes driven by either MT or PEPCK pro- 
moters starts early in development (19, 20, 23). The 
syndrome of “incomplete male sterility,’’ character- 
ized by an increase in the length of exposure to a fe- 
male before conception takes place without concomi- 
tant reduction in litter size, was described in male rats 
treated perinatally with a progesterone antagonist 
(105) and closely resembles the findings in transgenic 
males from most of the lines we had opportunity to 
examine (57 and unpublished observations). 

Discussion of the effects of GH overexpression in 
transgenic mice would not be complete without con- 
sideration of the fact that imposition of a life-long ma- 
jor disturbance in endocrine function is very likely to 
lead to activation of various alternate or abnormal reg- 
ulatory mechanisms aimed at maintaining homeosta- 
sis, preserving vital functions, and perhaps also main- 
taining fertility. Consequently, some of the functional 

alterations or abnormalities detected in transgenic 
mice expressing various GH genes may not represent 
the “primary” effects of GH or IGF-I, but rather sec- 
ondary adaptations which counteract the conse- 
quences of GH action. Considerable redundancy 
which exists in the regulation of most physiological 
functions provides opportunities for such compensat- 
ing mechanisms to develop. For example, hyperinsu- 
linemia and the development of islet cell adenomas in 
transgenic mice overexpressing GH (35, 72, 106) may 
occur in response to the diabetogenic effects of ele- 
vated GH and corticosterone rather than as a result of 
direct action of GH on pancreatic islets (107). A strik- 
ing example of the ability of transgenic animals to 
maintain homeostasis was provided by a recent report 
of normal urine volume and osmolality in transgenic 
mice overexpressing and overselecting arginine vaso- 
pressin (108). 

Future Directions 
In addition to characterizing the consequences of 

life-long overexposure to GH and identifying the 
mechanisms involved, studies in transgenic mice ex- 
pressing GH genes offer many challenging and exciting 
opportunities which only begin to be explored. For 
example, the developmental onset, duration, and level 
of expression of the structural GH genes can be con- 
trolled by the use of different promoters (19, 23, 27) 
and by altering the diet or other husbandry conditions 
(23, 26). The structural GH genes can be altered by 
site-directed in vitro mutagenesis before fusion with 
the desired promoter and introduction into oocytes. 
Elegant studies of the ability of a bGH analog gener- 
ated by in vitro mutagenesis to antagonize the effects 
of endogenous GH (109) provide striking demonstra- 
tion of the power of this approach. Studies of the ef- 
fects of various bGH analogs in transgenic mice (1 10 
and Chen, Kopchick, Steger and Bartke, unpublished 
observations) provided several examples of dissocia- 
tion of different effects of GH or differential alter- 
ations of specific actions, including concomitant en- 
hancement or preservation of some effects and sup- 
pression or elimination of others. Therefore, it should 
be realistic to anticipate that studies of GH expression 
in transgenic mice will yield new information on the 
actions of GH, including identification of domains and 
spatial characteristics of the GH molecule responsible 
for its specific effects. These data can be used to guide 
development of new applications of GH in animal in- 
dustry and in medicine. For example, it may well be- 
come possible to produce selective stimulation of only 
some targets or functions normally responsive to GH 
without producing undesirable side effects and to an- 
tagonize all or selected actions of GH. It may also 
become feasible to produce lines of animals with im- 
proved growth, feed efficiency, and body composition 
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without concomitant impairments in fertility, endo- 
crine function, carbohydrate metabolism, and viabil- 
ity. 
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