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Abstract. The effect of stress on human growth hormone (hGH) secretion was studied 
in transgenic mice. Experiments were cciducted on fourth, fifth, and sixth generation 
male mice carrying a fusion gene, consisting of the promoter sequence of the mouse 
metallothionein l gene ligated to the hGH structural gene (mMT-//hGH). In animals 
adapted to a controlled photoperiod, basal (unstimulated) levels of plasma hGH exhibited 
a diurnal cycling, with peak values occurring during the later half of the light period (15.5 
f 1.0 vs 10.7 f 0.9 ng/ml, mean f SE, light versus dark, respectively). Food deprivation 
(5 days) led to elevated levels of plasma hGH (11.0 f 0.7 vs 32.0 f 4.2 ng/ml, pre- 
versus post-fast, respectively) accompanied by weight loss (49.5 f 0.8 vs 34.3 f 0.7 g), 
and hypoglycemia (7.8 f 0.2 vs 5.0 f 0.3 mM); glucose administration (5% drinking 
solution ad libitum) blocked the changes in levels of plasma hGH (12.2 f 1.1 vs 13.8 f 
0.8 ng/ml) and plasma glucose (7.4 f 0.3 vs 7.9 f 0.5 mM), although the animals still 
sustained significant weight loss (44.9 f 1.6 vs 35.2 f 1.1 9). Vigorous exercise 
(swimming, 4 hr) produced a small but significant increase in plasma hGH, 12.1 f 1.1 
ng/ml (1 hr pre-swim) vs 16.7 f 0.6 ng/ml (immediately post-swim). These findings 
indicate that the mMT-//hGH transgene is responsive to the physiologic status of the 
host animal. Taken together with information regarding the heterologous components 
of the fusion gene, these data are consistent with the view that the hGH (structural) 
sequence may play a role in the response to stress. [P.S.E.B.M. 1990, Vol 1931 

t has become possible to introduce well-character- 
ized genetic information into the chromosomal I complement of mammals ( 1, 2). Mouse lines have 

been established containing gene constructs which code 
for a number of substances including human growth 
hormone (hGH) (see 3). The transgenes are heritable 
and expressed in utero, and the gene products are 
recognized “as self” by the immune system of the 
recipient animal (4). The transgenic (TG) animal thus 
represents a unique model system for studying the 
effects of gene products on the host animal and for 
studying the regulation of foreign gene expression. The 
present study was conducted using TG mice carrying a 
fusion gene comprised of the mouse metallothionein I 
(mMT-I) promoter, ligated to the hGH structural gene. 
To date, the mMT-I/hGH fusion gene has been shown 
to be induced by heavy metals (4,5) and glucocorticoids 
(GC) (6). Since endogenous MT genes are also induced 
by heavy metals (5, 7) and GC (8, 9), these findings 
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appear to indicate that the expression of the fusion gene 
resembles that of the MT gene. However, recent find- 
ings suggest that GC induction of the fusion gene is not 
mediated via the mMT-I promoter (7, 10, 1 l), but 
rather by the hGH sequence (6), i.e., the expression of 
the fusion gene is not a simple extrapolation of MT 
gene expression. In order to reassess the transgene’s 
activity and the factors that control it, we studied the 
autonomous (basal) activity of the gene and the effect 
of a physiologic challenge (stress) on the expression of 
the gene. A preliminary report of this work has appeared 
( 12). 

Materials and Methods 
TG mice. TG mice were produced as described 

previously (1). In brief, fertilized mouse eggs were re- 
covered in cumulus from the oviducts of (C57 X 

C3H)FI females that had previously mated with Fl 
males. The mMT-I/hGH gene construct was microin- 
jected into the male pronucleus of fertilized eggs (ap- 
proximately 1000 copies/egg) which were then im- 
planted into the oviducts of 1-day pseudopregnant ICR 
foster mothers and carried to term. The transgene is 
permanently incorporated into the genome of these 
animals and is transmitted in a Mendelian fashion to 
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approximately half the offspring (4, 13). The TG mice 
produce hGH-mRNA and hGH in ectopic sites, have 
high levels of circulating hGH, and attain adult weights 
greater than 1.5 times that of non-TG littermates (3, 
13, 14). 

The TG mice used in this study were adult (4-8 
months) males (fourth through sixth generation de- 
scendants of a single line) bred from matings between 
TG males and non-TG (B6C3F1) females (The Jackson 
Laboratory, Bar Harbor, ME). Animals were housed 
singly (basal secretion and exercise experiments) or two 
per cage (fasting experiment) at controlled temperature 
(21°C) and light cycle (6  AM:^ PM, 1ight:dark) and pro- 
vided a balanced diet (Purina 5001 Rodent Chow; 
Purina Mills, Inc., St. Louis, MO) and tap water ad 
libitum. 

Assays. Blood samples were collected from a tail 
vein and hGH levels were determined on 100-pl ali- 
quots of heparinized plasma using a solid-phase double 
monoclonal antibody radioimmunoassay (Hybridtech, 
Inc., San Diego, CA) according to the manufacturer’s 
protocol. The concentration of glucose in plasma was 
measured using a YSI model 23 Analyzer fitted with a 
YSI 2365 Glucose Membrane Kit (YSI Co., Inc., Yel- 
low Springs, OH). 

Basal (Unstimulated) Levels of Plasma hGH. TG 
mice ( n  = 12) were bled four times (each) at approxi- 
mately 30-day intervals. Because of the time period (3 
months) involved, the protocol was designed to mini- 
mize confounding effects (seasonal variation, age). The 
mice (4-5 months old at the start of the experiment) 
were divided at random into two equal size groups and 
bled according to a crossover design: initial blood sam- 
ples were obtained from one group between 12 PM and 
6 AM and from the second group between 12 AM and 6 
PM; successive samples were taken sequentially from 
each animal at a clock time approximately 12 hr later 
than that of the previous sample. This protocol allows 
comparisons between the group values; however, due 
to the nonrandom sampling (sequential) it does not 
allow comparison of hGH values within the groups. 

Fasting. Series 1: TG mice ( n  = 32) were weighed, 
bled (about 10 AM), and returned to their home cage. 
Twenty-four hours later, all food was removed and the 
animals were fasted for 5 days. At the end of the fast, 
the animals were again weighed and bled. During the 
fast the animals appeared to be somewhat sluggish but 
were otherwise healthy and endured the fast without 
apparent distress. Series 2: TG mice ( n  = 9) were 
weighed and bled as described above. Twenty-four 
hours later all food was removed and the drinking water 
was replaced with 5% glucose ad libitum. After 5 days 
the mice were again weighed and bled. 

Strenuous Exercise. TG mice ( n  = 9) were bled 
(about 10 AM) in order to determine pre-swim levels of 
plasma hGH, and the animals were returned to their 
home cage. One hour later the mice were placed indi- 

vidually in polycarbonate tanks containing water main- 
tained at 27-29°C and were forced to swim for a total 
of 4 hr with a 5-min rest after each 30 min of swimming. 
The water depth was approximately 18 cm so that the 
animals could not touch the bottom without being 
submerged. Immediately after the swimming period, 
the animals were again bled in order to obtain a post- 
exercise sample. 

Statistical Analysis. Group data are expressed as 
mean +- SE and Student’s t test was used to compare 
group effects. In some cases (as noted), individual esti- 
mates of plasma hGH are also presented. 

Results 
Basal (Unstimulated) Levels of Plasma hGH. The 

24-hr profile of basal levels of plasma hGH is shown in 
Figure 1. Individual estimates of plasma hGH vary 
considerably. However, the group data reveal that 
plasma levels of hGH are elevated (P < 0.001) during 
the later half of the light period compared with the later 
half of the dark period (15.5 f 1.0 vs 10.7 rt 0.9 ng/ 
ml). 

Fasting. TG mice deprived 
(Table I, Series 1) had increased 

of food for 5 days 
P < 0.001) levels of 
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Figure 1. Daily variation of plasma hGH levels. Blood samples were 
obtained from transgenic mice (n = 12) on four occasions, at 30-day 
intervals. Data points represent individual estimates of plasma hGH 
on samples obtained at indicated clock time; horizontal bars represent 
the group means. 

Table 1. Effect of Fasting on Plasma Levels of hGH” 
Plasma Body 

Treatment hGH glucose weight 
(ng/ml) (mM) (9) 

Series 1 (n = 32) 
Normal diet 
Food deprived (5 days)32.0 f 4.2’5.0 f 0.3’34.3 f 0.7b 

Series 2 (n = 9) 
Normal diet 12.2 f 1 .I 7.4 f 0.3 44.9 f 1.6 
5% Glucose (5 davs) 13.8 f 0.8 7.9 f 0.5 35.2 f 1 .I ’ 

11.0 f 0.7 7.8 f 0.2 49.5 f 0.8 

a Values are mean -+ SE. 
* Indicates significant group effect (P -= 0.001). 
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plasma hGH accompanied by reductions (P < 0.00 1) 
in plasma glucose and body weight. When the TG mice 
were deprived of food but provided a 5 % glucose drink- 
ing solution (Table I, Series 2), body weight was reduced 
(P < 0.001) but no significant change (P > 0.05) in 
plasma concentrations of hGH or glucose was observed. 

Strenuous Exercise. Strenuous exercise (swim- 
ming, 4 hr) led to elevated levels of plasma hGH (1.2- 
to 1.8-fold) in eight of the nine TG mice tested. As the 
data in Table 11 indicate, the group effect (pre- versus 
post-swim) is highly significant (P < 0.001). 

Discussion 
The expression of the mMT-I/hGH transgene re- 

sembles that of endogenous MT genes in that both are 
induced by heavy metals (4, 5, 7) and by GC (6, 8, 9). 
However, recent evidence indicates that GC regulation 
of the fusion gene is not mediated via the mMT pro- 
moter (7, 10, 11)  but rather by the hGH sequence (6). 
Significantly, a GC receptor binding site identified 
within the hGH gene (1 5 )  is also present in the mMT- 
I/hGH gene (6). Since the hGH region of the fusion 
gene may contribute to its regulation, we decided to 
assess the transgene's activity in terms of physiologic 
condition known to affect the secretion of endogenous 
hGH. 

Our data indicate that the basal (unstimulated) 
activity of the mMT-I/hGH transgene cycles over a 24- 
hr period; in animals acclimated to a controlled pho- 
toperiod, plasma levels of hGH are elevated during the 
later half of the light period. These data do not establish 
that the transgene is influenced by photic cues or by 
secondary signals (e.g., physical activity) entrained to 
the light cycle; i.e., it is possible that the observed effect 
is due to factors coincident with, but causally inde- 
pendent of the photoperiod. We are unaware of evi- 
dence linking the activity of endogenous MT genes to 
photoperiod. However, elevated levels of physical activ- 
ity induce MT genes (16), which suggests that photo- 
period-entrained levels of daily activity might also in- 
fluence expression of the gene. With regard to the hGH 
portion of the gene, it should be noted that endogenous 
GH secretion is known to occur in a cyclic fashion. 
Daily variations are prominent in unstressed adolescent 
humans and higher frequency episodic secretion occurs 
in adolescent humans, in other primates, and in lower 
species including rats (17). The rhythmic secretion of 

Table II. Effect of Exercise on Plasma Levels of hGH" 

Pre-swim hGH Post-swim hGH n 

a Blood samples were obtained from transgenic animals (n  = 9) 1 hr 
before (pre-swim) and again immediately after (post-swim) swimming 
(4 hr); values are mean k SE. 
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pituitary GH is probably driven by hypothalamic influ- 
ences and it is likely to reflect hormone release from 
storage pools rather than events at the genomic level. 
Although it seems unlikely that the hGH portion of the 
fusion gene contributes to the cyclic secretion of hGH 
in TG mice, this possibility cannot be ruled out in view 
of data that GC interacts with the hGH sequence (6). 

In humans and other primates, plasma levels of 
GH are elevated in response to a variety of stresses 
including, starvation, insulin induced hypoglycemia, 
and vigorous exercise (1 7). This response may be me- 
diated (in part) at the genomic level since similar non- 
specific stresses increase plasma GC ( 1 8), and since GC 
has been found to increase GH biosynthesis (1 9) and 
to induce native GH genes (20). Endogenous MT genes 
are also induced by stress (strenuous exercise, starva- 
tion) and as reported here the mMT-I/hGH fusion gene 
is regulated by similar stimuli. In response to vigorous 
physical activity (swimming), plasma levels of hGH in 
TG mice were elevated approximately 1.4-fold. This is 
compatible with the finding that swimming increased 
tissue levels of endogenous MT about 3-fold (1 6). Brem- 
mer and Davies (21) reported that food restriction 
increased tissue levels of MT in the rat and noted that 
the magnitude of the effect is related to the degree of 
starvation. In TG mice, food deprivation led to elevated 
levels of plasma hGH (about 3-fold), weight loss, and 
hypoglycemia. Significantly, TG mice administered 
glucose ( 5 % )  as their only caloric intake sustained 
weight loss (P < 0.00 1 ), but had levels of blood glucose 
and hGH that did not differ from pretreatment values 
(P > 0.05). We interpret this to indicate that hypogly- 
cemia, rather than weight loss (tissue catabolism), is the 
stimulus to hGH secretion. 

The molecular mechanisms by which stress induces 
MTs are not well defined but tend to involve heavy 
metals (e.g., zinc) or GC. Oh et al. (16) suggested that 
in response to stress, MTs are induced by zinc mobilized 
as a result of tissue catabolism. As noted above, our 
data in TG mice do not support this view. Karin and 
Henchman (9) suggested that the induction of MTs by 
stress is mediated by GC. If GC mediates the stress 
response in TG mice, it is likely that the steroid interacts 
with the hGH sequence (6, 15), rather than the mMT 
sequence (7, 10, 11).  Durnam et al. (7) reported that 
induction of MTs by the inflammatory agent lipopoly- 
saccharide involves neither GC nor heajr metals and 
proposed that a third (unidentified) type of molecule 
may regulate MT genes during stress. Whether such 
molecules play a role in the TG animal cannot be 
evaluated at this time. 

Our data indicate that the mMT-I/hGH transgene 
is responsive to the physiologic status of the host ani- 
mal. Although the fusion gene is regulated by stimuli 
which are known to induce endogenous MT genes, our 
data are not fully explained by the molecular mecha- 
nisms known to control MT gene activity. Taken in 



combination with information regarding pituitary GH 
secretion, our findings are consistent with the view that 
the hGH sequence may play a role in the response to 
stress. 
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