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Previous reports from this laboratory (1)
and by Albertsson-Wikland and Isaksson
(2) showed that diaphragm muscle taken
from young normal rats will respond to
growth hormone (GH) added in virro at
concentrations within the physiological
range for the rat (3, 4). Maximum respon-
siveness appears to occur about age 15-19
days, at which time GH approximately dou-
bles the rate of amino acid transport and
significantly increases the rate of protein
synthesis. After this age, the responsiveness
of the transport system diminishes rapidly;
responsiveness reappears if the rats are hy-
pophysectomized (1, 5). Hjalmarson and
Ahrén (5) have shown that in diaphragm
muscle from chronically hypophysectomized
rats aged 6-8 weeks, GH has a transient (2
to 3-hr) “insulin-like” action of enhancing
amino acid and sugar uptake, and that this
is then replaced for 35-45 hr by a period of
refractoriness to restimulation by GH. Since
short-term (2-day) hypophysectomy does
not lead to a fall in the basal rate of amino
acid transport (1), the loss of endogenous
GH following hypophysectomy seems to
result in a decline within the muscle of a
long-acting inhibitor of the hormone’s insu-
lin-like stimulation of amino acid transport
(1, 6). Thus, we hypothesized (1) that
shortly after birth the insulin-like response
to GH develops, and then after age 15-19
days, the inhibitor progressively becomes
dominant. The latter causes the transport
system of muscle from normal rats older
than 30 days to be relatively unresponsive
to additional GH, particularly during the
light period (4).

In the studies described below, the ability
of GH, prolactin, and adrenal steroids to
modify the in vitro responsiveness to GH
was examined in diaphragms from young
rats. In particular, we tested whether GH
or prolactin has the ability to induce refrac-

toriness during midlactation (age 11-15
days). Further, since at about age 18-19
days the rat adrenal cortex begins its diurnal
secretion of corticosterone (7), which in-
duces many metabolic changes in prepara-
tion for weaning (8), we tested whether
removal of adrenal glands would delay the
onset of the refractoriness and whether in-
jection of cortisone would induce refracto-
riness prematurely.

Materials and methods. Normal Sprague-
Dawley rats were bred and cared for as
described previously (1). Unless otherwise
noted, they were fasted for 20-26 hr; fasting
increases both the magnitude and consist-
ency of the responsiveness to GH of dia-
phragms from young normal rats (1, 2).
Rats adrenalectomized at age 30 days were
given 0.9 g/dl of NaCl to drink. Mothers of
the rats that were adrenalectomized at age
13 days were given 0.9 g/dl of NaCl to
drink. The pups were removed from their
mothers 17-18 hr prior to killing and given
access to a solution of 5 g/dl of sucrose in
0.9 g/dl of NaCl for the next 7-8 hr, and
then just 0.9 g/dl of NaCl for the final 10
hr. Calculations [based on data in Ref. (9)]
show that rat milk contains a substantial
amount of sodium, approximately 54 mM.
All experiments were begun between 0900
and 1000 hr, which was 3-4 hr after the
onset of the 14-hr light period. To study
effects of GH on amino acid uptake, intact,
paired hemidiaphragms, or, occasionally,
intact quartered diaphragms (10) were pre-
pared and incubated for 1 hr with the non-
metabolizable analog [1-'*C]2-aminoisobu-
tyric acid (AIB) (1 mM, 0.2 uCi/ml), as
described previously (1). The incubation
medium for one member of each pair also
contained 5 or 25 ug/ml of ovine GH (NIH-
GH-S10) or 25 ug/ml of ovine prolactin
(NIH-P-S10). When the effects of GH on
sugar transport were studied, the same 1-hr
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incubation period was used, but the non-
metabolizable analog, 3-O-methyl-p-[*H]-
glucose(3-OMG) (1 mM, 0.5 uCi/ml), was
present only for the final 30 min of incuba-
tion (11). The remainder of the protocol for
each experiment will be described, together
with the results, in the next section. The
data are expressed as the distribution ratios
(intracellular concentration/concentration
in the medium), after correcting for isotope
present in the extracellular space of the
muscle (1).

Statistical analysis of data from paired
hemidiaphragms utilized Student’s ¢ test for
the significance of the paired differences
and two-factor analysis of variance (AN-
OVA) with repeated measures (12) to as-
sess both the overall treatment effects and
the interaction between two hormone treat-
ments. If the latter analysis showed a signif-
icant interaction (P < 0.05), then Tukey’s
honestly significant difference test was used
to test for individual differences (12). When
quartered diaphragms were used, the anal-
ysis was by one-factor ANOVA with re-
peated measures, followed by the New-
mann-Keuls test (12).

Results. As observed previously, the re-
sponse of the amino acid transport system
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to GH declined after age 15 days, and no
significant responses were obtained in rats
30-40 days old. (Table I). A similar age-
related decline in sensitivity to GH was
seen in the monosaccharide transport sys-
tem of rat muscle. The 3-OMG distribution
ratios at age 23 days were: control = 0.14,
GH = 0.28, mean difference + SE = +0.14
+ 0.03, N =9, P < 0.005; and at age 31
days were: control = 0.10, GH = 0.08,
mean difference = SE = —0.02 = 0.02, n
= 8).

Adrenal steroids. Adrenalectomy at an
age (30 days) when the rat is largely refrac-
tory to the insulin-like actions of GH did
not permit GH responsiveness to return by
age 35 days (Experiment 1, Table I). This
differs from the effect of hypophysectomy
(1). A second hypothesis tested was that at
about 18-19 days after birth, a brief expo-
sure to adrenal steroids induces a perma-
nent change in the muscle, so that after this
age the long-lived inhibitory substance is
synthesized in response to GH, and thus
the refractoriness response predominates.
This hypothesis was tested in two ways.
First, rats were injected with cortisone ace-
tate (1 mg/100 g body weight, sc) at ages
11 and 12 days, and tested at age 15 days

TABLE 1. Errect oF ADRENAL HORMONES ON GH RESPONSIVENESS OF HEMIDIAPHRAGMS FROM NORMAL
RaATS.®

AIB distribution ratio (mean * SE)

Age at In vitro treatment
testing Change
In vivo treatment (days) Control GH Difference (%)
Experiment 1 (fed ad libitum)
None 30 0.57 = 0.02 0.55 =0.03 -0.02 £ 0.02 14
Adrenalectomy at 30 days 35 0.80 =.0.05 0.83 = 0.05 +0.03 £ 0.03 13
None 40 0.40 = 0.01 0.41 = 0.02 +0.01 £ 0.02 13
Experiment 2
Saline; fasted 20 hr 15 0.76 = 0.02 1.36 = 0.09 +0.60 = 0.08* 179
Cortisone (1 mg/100 g body 15 0.81 = 0.10 1.88 £ 0.08 +1.06 £ 0.09*** 1130
wt) at ages 11 and 12
days; fasted 20 hr
Experiment 3
Sham adrenalectomy at 13 23 0.54 = 0.01 0.78 £ 0.03 +0.24 = 0.03* 144
days; fasted 10 hr
Adrenalectomy at 13 days; 23 0.66'= 0.05*** 0.94 = 0.06***  +0.28 = 0.06* 142

fasted 10 hr

@ Paired hemidiaphragms were incubated for 1 hr in Krebs-Ringer bicarbonate buffer containing 10 mM
glucose and 1 mM [**C]AIB. One member of each pair was also exposed to ovine GH (25 pg/ml). N = 9-11 pairs.
* Effect of GH in vitro was significant at the P = 0.005 level or less.
** GH effect was significantly greater (P < 0.002 by ANOVA) in diaphragms from cortisol-treated rats
than in muscle from saline-treated rats.
*** Adrenalectomy significantly increased the AIB distribution ratio (F = 7.328,df = 1,21, P = 0.013).
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to see if the ability of GH to stimulate AIB
transport acutely had been lost. Approxi-
mately this dose of glucocorticoid has been
shown to induce premature formation of
certain hepatic enzymes during the suckling
period (13, 14). However, as shown in
Experiment 2 of Table I, the administration
of cortisone in this manner did not reduce
either the basal rate of AIB transport or
the increase in AIB uptake produced by
GH. If anything, the response to GH was
enhanced (P < 0.002 by ANOVA). In a
second experimental approach, it was found
that adrenalectomy at age 13 days did not
postpone the reduction in responsiveness to
GH usually observed by age 23 days (Ex-
periment 3, Table I). In this experiment,
muscle from the adrenalectomized animals
had a slightly higher rate of AIB uptake
than did muscle from sham-operated ani-
mals (P < 0.02 by ANOVA). In Experi-
ment 1, adrenalectomy also seemed to in-
crease the rate of amino acid transport,
since the AIB distribution ratios for both
control and GH-treated diaphragms from
35-day-old adrenalectomized rats were
much higher than those of intact rats aged
30 or 40 days. However, a firm conclusion
regarding the effects of adrenalectomy on
35-day-old rats was not possible since no
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age-matched, sham-operated animals were
tested in that experiment.

Prolactin. Prolactin did not affect GH
actions during this period. We previously
reported (1) that ovine prolactin did not
stimulate either AIB transport or protein
synthesis at age 4 or 15 days. In additional in
vitro experiments, prolactin, at a concentra-
tion equal to or five times greater than that
of GH neither synergized with nor antago-
nized the insulin-like action of GH on AIB
uptake in diaphragms from young normal
rats (unpublished observations). Further, as
shown in Table II, administration of 50 ug
of ovine prolactin every 12 hr for 2 days
did not induce refractoriness to GH in vitro
in muscle from 15 to 16-day-old normal
rats.

GH-induced refractoriness. Finally, a se-
ries of experiments was conducted to see if
refractoriness to GH is demonstrable in
muscle from young normal rats, and, if so,
whether the time course for the onset and
decline in refractoriness after a single expo-
sure to GH differs from that observed in
muscle from older, chronically hypophysec-
tomized rats (5). For this, the insulin-like
response to GH (AIB transport) was mea-
sured in vitro in diaphragms from fasted
15-day-old rats, using the standard 1-hr test

TABLE II. Errects oF GH aND ProLACTIN (PRL) invivo ON THE SENSITIVITY OF DIAPHRAGM MUSCLE OF
YouNG Fastep Rats To GH in vitro .*

AIB distribution ratio (mean * SE)

In vitro treatment

No. of
In vivo treatment rats Control GH Difference P vs control
Experiment 1, Rats tested 4 hr after injection
Saline, 4 hr 9 0.73 £ 0.05 1.07 £ 0.07 +0.33 = 0.09 <0.01
GH, 10 ug, 4 hr 9 0.81 £ 0.04 0.85 £ 0.04 +0.04 = 0.06 NS
Experiment 2, Rats tested 12 hr after last injection
Saline, 2 days 12 0.81 £ 0.05 1.15 £ 0.07 +0.34 = 0.08 <0.005
GH, 50 ug q 12 hr for 2 9 0.75 = 0.08 0.82 = 0.07 +0.07 £ 0.08 NS
days
PRL, 50 ug q 12 hr for 2 10 0.74 = 0.06 1.25+0.10 +0.51 £ 0.11 <0.005
days
Experiment 3, Rats tested 48 hr after last injection
Saline, 2 days 7 0.84 = 0.12 1.36 £ 0.17 +0.51 £ 0.12 <0.005
GH, 50 pug q 12 hr for 2 8 0.81 £ 0.07 1.23 £ 0.09 +0.42 = 0.10* <0.005
days

¢ All rats were 15-16 days old when sacrificed and had been fasted for 22-26 hr prior to killing. In vitro

incubations were performed as in Table I.

* Not significantly less (by two-factor ANOVA) than the GH response obtained in diaphragms from saline-

treated rats.
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conditions, at intervals following the ip injec-
tion of ovine GH or saline in vivo (Table
IT). As expected, saline-treated rats re-
sponded to GH in vitro. But when 10 ug of
GH was given 4 hr prior to Kkilling, it
blocked the stimulation of AIB transport
by GH in vitro. The basal rate of AIB
uptake was not elevated 4 hr after the
injection of GH, suggesting that in vivo the
transient insulin-like effect had declined by
4 hr and that the muscle was in its refractory
phase.

To see how long the refractory period
lasts in vivo, GH was given to rats in four
doses of 50 ug each at 12-hr intervals over
a 2-day period. When the final dose was
given 12 hr prior to killing, the muscle
failed to respond to additional GH in vitro
(Experiment 2, Table II). However, the
muscle did respond to GH in vitro when
the last injection was given 48 hr previously.

Discussion. The results reported here
show that muscle from young normal rats,
aged 15-16 days, has a biphasic response
to GH. Acutely, GH enhances the uptake
of certain amino acids and sugars. However,
4 hr after in vivo administration of GH, the
rate of AIB uptake is no longer increased
and the amino acid transport system of the
muscle will not respond to additional GH
in vitro. This period of refractoriness per-
sists for at least 12 hr, but less than 48 hr,
after a moderately high dose of GH (50
pg/rat, approximately 2 mg/kg). Thus, the
time courses for the responses of young
normal rats to GH in vivo appear to be
similar to those obtained in experiments of
a similar design, performed on older, hy-
pophysectomized rats [Ref. (5) and unpub-
lished observations by D. F. Nutting and L.
J. Coats].

The latter conclusion would seem to differ
from that of Albertsson-Wikland and Isaks-
son (2). However, these investigators used
an entirely in vitro design to study the
biphasic response in diaphragms from 18-
day-old rats. They reported that all phases
of GH action on transport processes in the
diaphragm were more rapid in young nor-
mal] rats than in chronically hypophysecto-
mized rats aged 6-8 weeks: The insulin-like
actions began earlier (<10 min versus 20-
30 min) and disappeared sooner (<90 min
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versus 2-3 hr), and the ensuing refractori-
ness was much shorter (only about 1 hr
versus 35-45 hr). There are several possible
explanations for the difference between our
results and those of Albertsson-Wikland
and Isaksson concerning the length of the
refractory period. It may be that the effects
of the rather large doses of GH used by us
persisted for a very long time. In this regard,
Hjalmarson and Ahrén (5) have shown that
the magnitude of the response of muscle
from hypophysectomized rats to GH in vitro
is inversely proportional to the size of an in
vivo dose of GH given 3.5 hr previously.
On the other hand, the explanation may lie
in the difference in experimental design;
the GH used to produce refractoriness was
given in vivo in the experiments reported
here, but in vitro at the start of a long
preincubation period by Albertsson-Wik-
land and Isaksson. Perhaps the more rapid
rate of turnover of muscle protein in vitro
than in vivoe (15) might partially account
for the shorter period of refractoriness seen
with the in vitro design, since refractoriness
may be mediated by an inhibitory protein
(6).

Prolactin failed to stimulate AIB uptake
or protein synthesis in diaphragm muscle
from young normal rats (1). Similarly, pro-
lactin preparations that had GH contamina-
tion removed did not stimulate AIB trans-
port in diaphragms from hypophysecto-
mized rats (16). As reported here, prolac-
tin, given either in vivo or in vitro, also had
no influence on the stimulatory actions of
GH in muscle from normal suckling rats.
Thus, although (a) prolactin is very similar
structurally to GH (17, 18), (b) prolactin
and GH share some biological activities,
particularly in the more primitive species
(19), and (c) immunoreactive prolactin se-
creted by the maternal pituitary is trans-
ferred to the plasma of suckling pups via
the milk (20), prolactin does not seem to
influence either muscle growth or the ac-
tions of GH in muscle of suckling rats.

After the midlactation period, the GH-
responsiveness of muscle taken from normal
rats falls. This decline does not appear to
be due to the onset of the adult pattern of
glucocorticoid secretion by the adrenals.
Adrenalectomy at age 13 days did not delay
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the fall in sensitivity. Premature administra-
tion of a high dose of cortisol also failed to
hasten the decline in sensitivity; on the
contrary, cortisol enhanced the response to
GH at age 15 days. This unexpected re-
sponse to cortisol may be related to the
catabolic effect of the hormone on muscle
proteins (21), perhaps by enhancing the
turnover of the small amount of the refrac-
toriness-producing protein (6) that may be
present in muscle of the 15-day-old rats,
due to the actions of endogenous GH. We
have suggestive evidence for a similar effect
of thyroxine in the dwarf mouse (22).
Adrenalectomy significantly increased the
rate of AIB transport, in both the presence
and absence of GH in vitro. This observa-
tion is in accord with previous reports that
both adrenal glucocorticoids and mineralo-
corticoids, given either in vivo or in vitro,
decrease the uptake of AIB by muscle from
normal and adrenalectomized rats (23-26).
However, in contrast to these reports and
to the observations made here, others have
found that adrenalectomy either had no
effect on (25) or decreased (26, 27) the
accumulation of AIB by diaphragms. Ex-
cept for the ages of the rats tested, there is
no readily apparent explanation for these
differences. In diaphragms taken from in-
tact and adrenalectomized rats, more than
2 hr are required after adrenal steroids are
administered in vivo or in vitro for them to
inhibit AIB transport (23, 24). The dura-
tion of this inhibitory effect has not been
investigated, although it would appear from
the data reported here (Experiment 2, Ta-
ble I) that in 12- to 15-day-old rats, the
inhibitory effect of cortisone on the basal
rate of AIB uptake lasts less than 48 hr.
The results presented here and previously
(1, 2) indicate that in diaphragm muscle
taken from normal rats during the first few
weeks after birth GH can stimulate the
transport of amino acids and monosacchar-
ides. Therefore, although GH can also
cause refractoriness at this age, this refrac-
toriness must not be as dominant as it is
after weaning. Perhaps during the suckling
period the pulsatile secretory episodes of
endogenous GH are insufficient (in magni-
tude, frequency, and/or duration) to pro-
duce a prolonged state of refractoriness in
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muscle. Whether the levels of GH at this
age are sufficient even to stimulate transport
processes in vivo remains to be established.
If they are sufficient, then in the suckling
rat GH may assist rapid growth by stimulat-
ing the peripheral uptake and utilization of
nutrients at a time when nourishment is
both plentiful and continuously available.
Later on, when a feeding-fasting regimen is
followed, refractoriness may be the domi-
nant influence. Additional experiments are
needed to characterize the in vivo time
courses for both the secretion of GH and
its several metabolic actions in muscle of
rats at various stages of development.
Summary. The ability of growth hormone
in vitro to stimulate amino acid and sugar
uptake by diaphragm muscle from normal
rats declines from age 15 days to age 30
days. In 15-day-old intact rats, as in older,
hypophysectomized rats, GH has a biphasic
effect on amino acid transport: a transient
stimulatory phase, followed by a period of
refractoriness to stimulation by additional
GH. It appears that after age 15 days the
refractoriness phase becomes progressively
dominant. GH actions are not affected by
prolactin or by adrenalectomy. However,
during midlactation, exogenous glucocorti-
coid may reduce refractoriness, thus en-
hancing the response to additional GH.
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