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ABSTRACT. Tissue responsiveness to growth hormone is 
likely to be regulated by local concentrations and availa- 
bility of the membrane-bound growth hormone receptor 
(GHR) and perhaps by the actions of the soluble growth 
hormone binding protein (GHBP). To determine whether 
the developmental regulation of the GHR and GHBP might 
vary among tissues, we have measured the relative abun- 
dance of the 4.3-kb GHR and 1.3-kb GHBP mRNA in rat 
fetal and postnatal liver, kidney, lung, and ileum by North- 
ern hybridization of polyadenylated RNA with a 32P-la- 
beled antisense riboprobe prepared from a rat GHR cDNA. 
The GHR and GHBP mRNA were both present in the 
four tissues studied at fetal age 19 d (E19). In postnatal 
liver, both transcripts increased in abundance 3- to 4-fold 
after 14 d to mature levels at 42 d ( p  = 0.0001). Similar 
changes were seen in postnatal kidney for GHR mRNA 
abundance; however, GHBP mRNA abundance increased 
only 2- to 3-fold to mature levels by 28 d (kidney GHR 
versus GHBP mRNA profile, p  = 0.0001). In lung, a 2- 
fold linear increase in GHR mRNA abundance was ob- 
served (p = 0.0019), but the GHBP mRNA did not change 
(GHR versus GHBP mRNA profile, p  = 0.0006). Both 
transcripts decreased in abundance by 2- to 3-fold from 
El9  to 42 d in ileum (p < 0.05). The abundance of both 
transcripts was three to 10 times greater in 60-d liver than 
in the other three tissues at 60 d. The variation in abun- 
dance and in the developmental profiles of the GHR and 
GHBP mRNA observed in these fetal and postnatal tissues 
suggests that the GHR and GHBP could mediate differ- 
ences within and between tissues in the responsiveness to 
growth hormone. The differential regulation of the two 
transcripts evident in kidney and lung supports the emerg- 
ing evidence that the GHBP may have a function distinct 
from that of the GHR. (Pediatr Res 31: 335-339, 1992) 
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Receptors for G H  exist in both membrane-bound and soluble 
forms (1). The cDNA encoding the membrane-bound GHR in 
rats (2) has been shown in cell transfection studies to mediate 
the effects of G H  on protein synthesis (3). The soluble GHR, the 
GHBP, appears to be an alternatively spliced product of the 
GHR gene in rats (4) that is composed of the extracellular 
domain of the GHR but that has a unique 17-amino acid 
hydrophilic tail instead of the transmembrane and intracellular 
domains of the receptor. The function of the GHBP has not 
been defined; however, in vitro studies indicate that it may 
compete with the GHR for G H  binding (5, 6). As a potential 
competitor for ligand binding, the GHBP may have a role distinct 
from that of the GHR in modulating tissue responses to circu- 
lating GH. 

The responsiveness of tissues to G H  is likely to vary according 
to the concentration and availability of GHR. Sites that bind 
radiolabeled GH are most abundant in liver, and only low levels 
of G H  binding have been found in other tissues of mature 
animals (7). The mRNA encoding the GHR, however, is found 
in most adult tissues in the rat (2, 8). The increased sensitivity 
offered by techniques that measure mRNA abundance may 
therefore allow closer scrutiny of GHR regulation and function, 
provided that concentrations of GHR mRNA and translated 
protein are found to be tightly linked. 

Mathews et al. (2) showed that mRNA hybridizing to a GHR 
probe increase in abundance in liver, kidney, muscle, and heart 
with postnatal age. The solution hybridization technique used, 
however, did not distinguish between the 4.3-kb mRNA encod- 
ing the GHR and the 1.3-kb mRNA encoding the GHBP. These 
distinct mRNA can be quantified by Northern hybridization 
with a cDNA probe homologous with the extracellular domain 
of the GHR. Using this technique, we have studied the expression 
of the GHR and GHBP mRNA in rat fetal and postnatal tissues. 
Our aims were 1 )  to determine whether there are differences 
between tissues in developmental regulation, which might indi- 
cate variations in tissue responsiveness to GH, and 2) to deter- 
mine whether the GHR and GHBP mRNA are differentially 
regulated, which would suggest that they might have different 
functions. 

MATERIALS AND METHODS 

Animals. Female Sprague-Dawley rats were housed under 
standard laboratory conditions with free access to water and 
food. The animals were killed by decapitation at 7, 14, 28, 42, 
and 60 d of age, and the liver, kidneys, ileum, and lungs were 
dissected, frozen in liquid nitrogen, and stored at -70°C for later 
RNA extraction. Pregnant females were killed by ether anesthesia 
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19 d postcoitus (E19). The El9 fetuses were killed by decapita- NC) to determine whether GHR and GHBP mRNA abundance 
tion, and liver, lungs, kidneys, and whole intestines were collected changed with age, to calculate and plot the curves of best fit 
and stored at -70°C. The protocol was approved by the Institu- (developmental profiles), and to determine whether there were 
tional Animal Care and Use Committee of the University of significant differences between the developmental profiles for the 
North Carolina at Chapel Hill. GHR and the GHBP within each tissue. Only Northern blots 

Poly A+ preparation and analysu. Tissue from several rats at with complete sets of time points were used. The fetal samples 
each time point was pooled, and 0.5-g aliquots were used to were not present on all blots and were therefore excluded from 
prepare total RNA by homogenization in 4 M guanidine thio- statistical analysis. 
cyanate followed by centrifugation over a 5.7 M CsCl cushion To determine the relative GHR and GHBP mRNA abundance 
(9). The total RNA pellets were further enriched for poly A+ by in each tissue at different ages, the abundance observed in the 
oligo dT affinity chromatography (10). tissue from 60-d animals was used as a control for the earlier 

Aliquots of poly A+ were denatured in glyoxal and DMSO time points within each Northern blot. Using all the Northern 
(I 1) and size-fractionated on I % agarose gels in 10 mM sodium blots for a given tissue, the mean f SD % 60-d GHR or GHBP 
phosphate. The gels were ethidium bromide-stained and photo- mRNA abundance was calculated for El9  through d 42. Poly 
graphed to document the uniformity of loading. The RNA was A+ prepared from a single pool of livers from 60-d animals was 
then transferred to Genescreen nylon membranes (New England included in 5- or IO-pg aliquots on each of the Northern blots of 
Nuclear, Cambridge, MA) by capillary action (1 2), after which tissues other than liver and was used as a control for the relative 
the membranes were UV cross-linked for 2 min and baked for 2 abundance of the GHR and GHBP mRNA in 60-d kidney, lung, 
h at 80°C. and ileum. 

Probes and labeling. A 32P-labeled antisense riboprobe specific 
for both the GHR and the GHBP was generated by in vitro 
transcription from a 95 I-bp BgAI fragment of the cDNA encod- 

RESULTS 

ing the GHR cloned into the vector pT7T3 (generous gift of Dr. The developmental regulation of the GHR and GHBP mRNA 
Lawrence Mathews) (2) using 32P-UTP (Amersham Corp., Ar- transcripts varied according to the tissue, with significant changes 
lington Heights, IL) and T7 RNA polymerase (Stratagene, La for both transcripts occurring with age in liver, kidney, and ileum 
Jolla, CA) (I 3). To confirm that patterns of hybridization seen and for the GHR in lung (Fig. 1, Table 1). Both transcripts were 
using the GHR riboprobe were specific for the GHR and GHBP present in each of the four tissues studied at 19 d gestation (Fig. 
mRNAs, duplicate blots of female liver poly A' (El9 to 60 d) 2), but differences were observed between tissues in the relative 
were hybridized with 3'P-end labeled oligonucleotide probes (14) abundance of the mRNA encoding the GHR and GHBP in fetal 
specific for either the intracellular domain of the GHR [bases tissues as compared with the postnatal time points (Table 1). 
1568 to 1606 (2)l or the 3' sequence unique to the GHBP [bases GHR mRNA abundance in liver was low at El9  (4.2 k 0.1 % 
798 to 834 (4)). mean -+ SD of 60-d abundance) and increased postnatally, the 

A ubiquitin cDNA was "P-labeled by random priming (1 5) most dramatic increase occurring between 14 and 42 d. A similar 
and used in addition to ethidium bromide staining of gels to profile was evident for the GHBP mRNA from liver (Fig. 1). 
verify uniformity in loading. Hybridization of the duplicate blots of female liver poly A+ with 

Hybridization conditions. Hybridization with the "P-labeled the GHR- or GHBP-specific oligonucleotide probes confirmed 
GHR riboprobe (2 x lo6 cpm/mL hybridization buffer) was that the 4.3-kb and 1.3-kb mRNA bands found on hybridization 
performed overnight at 65°C in a solution of 50% formamide, with the GHR riboprobe were specific for the GHR and the 
0.8 M NaCI, 2.5 x Denhardt's, 0.1% SDS, 0.05 M sodium GHBP, respectively. The developmental profile of each mRNA 
phosphate, pH 6.8, 0.5 mM EDTA, and 400 pg/mL denatured species was also confirmed (Table I). 
salmon testes DNA. The blots were washed twice in a solution There was a decrease from prenatal to postnatal mRNA abun- 
of 0.1 % SDS, 0.05 M NaCl, 0.1 mM EDTA, and 0.02 M sodium dance for the GHR in kidney (one blot with E19, 55%; four 
phosphate for 30 min each time at 70 and 75°C and subjected blots with 7 d, 13 + 15%; Table I), but the postnatal profile 
to autoradiography at -70°C. Duplicate blots of female liver resembled that of liver. By comparison, there was an earlier, 
poly A+ were hybridized with the GHR and GHBP oligomers more modest increase in mRNA for the GHBP in kidney (7 d, 
overnight at 42°C in 30% instead of 50% formamide and the 44 -+ 13%; 28 d, 121 f 73%; GHBP versus GHR, p = 0.0001; 
hybridization solution detailed above, followed by two 30-min Table 1. Fig. I). 
washes at 50°C in 2 x SSC, 0.1% SDS. Rehybridization of blots The developmental profiles of the two transcripts also differed 
with the ubiquitin cDNA was performed as previously described in lung, with no change in GHBP mRNA with age, but an initial 
(16). For autoradiography, the blots were exposed to Kodak decrease in GHR mRNA abundance from El9 to d 7 followed 
XAR x-ray film at -70°C with intensifying screens. The abun- by a modest linear increase to d 60 (GHBP versus GHR, p = 
dance of the mRNA encoding the GHR and GHBP was quan- 0.0016; Table 1, Fig. 1). 
tified by densitometric scanning of the autoradiographs using an The developmental profiles for GHR and GHBP mRNA 
LKB ultrascan XL laser densitometer (LKB Instruments, Pisca- abundance in ileum were similar to one another but markedly 
taway, NJ). different from the other three tissues in that the initial decrease 

Analyses of results. Densitometric analysis of the autoradi- from El9 to d 7 was followed by a subsequent decrease to d 42 
ographs of Northern blots reprobed with the ubiquitin cDNA (GHR, E19: 277 k 94%; 42 d: 77 5 32%; Table 1, Fig. 1). 
and of the negatives from ethidium bromide-stained gels revealed The abundance of both transcripts in liver at 60 d was three 
no significant variation in the amount of mRNA loaded for liver, to 10 times that found in 60-d kidney, lung, and ileum (Table 
lung, and intestinelileum. Therefore, the GHR and GHBP data 2). 
were not modified. Kidney mRNA derived from two separate 
groups of rats at each time point (four blots) showed a decrease DISCUSSION 
in ubiquitin mRNA abundance with increasing age. Because this 
was observed in both groups of rats and did not bias the GHRI The results show that GHR and GHBP transcripts are present 
GHBP results, we also used the kidney GHR and GHBP densi- in fetal tissues, that the developmental profiles for GHR and 
tometric data without correction. GHBP mRNA abundance differ among tissues, and that the two 

For statistical analysis, the densitometric data were log trans- transcripts can be differentially regulated. The GHR and GHBP 
formed to decrease the variation between autoradiographs due mRNA in mature rats were most abundant in liver, as has been 
to exposure time. The transformed data were subjected to a one- reported previously (2, 8), and the increases in abundance of the 
way repeated measures analysis of variance (SAS Institute, Cary, GHR mRNA from d 7 to d 60 in liver and kidney were similar 
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A GHR and GHBP mRNA Abundance 

I 
7 14 28 42 60 

Age (days) 

7 14 28 42 60 

Age (days) 
Fig. 1. A, The developmental profiles for GHR (-) and GHBP (---) mRNA abundance for postnatal rat liver, kidney, lung, and ileum. B, The 

corresponding autoradiographs of representative Northern blots of poly A+ prepared from each tissue hybridized with a 32P-labeled antisense 
riboprobe to the rat GHR. Ten fig poly A' per lane were loaded for liver, and 20 ~g per lane were loaded for kidney, lung, and ileum. The numbers 
at the bottom of each panel in A and B correspond to the postnatal age in d of the rats from which the poly A+ in each lane was obtained. The 4.3- 
and 1.3-kb mRNA bands (arrows) correspond to GHR and the GHBP, respectively. Sizes were estimated by comparison with labeled denatured 
DNA molecular weight markers (not shown). A faint band (-1.6 kb) is also seen in RNA preparations of some tissues. The nature of this band is 
not clear. For statistical analysis. only Northern blots with complete sets of time points were used: three blots from one group of rats for liver and 
ileum, four blots from two groups for kidney, and six blots from three groups for lung. Significant increases in mRNA abundance with age were 
evident for the GHR and GHBP in liver and kidney ( p  = 0.0001) and for the GHR in lung (p = 0.0019). Significant decreases in GHR and GHBP 
mRNA abundance with increasing age were observed in ileum (GHR: p = 0.0434; GHBP: p = 0.004). The developmental profiles for GHR versus 
GHBP mRNA abundance were significantly different in kidney ( p  = 0.0001) and lung ( p  = 0.0006). 

to those found by use of solution hybridization (2). The increase 
of GHR mRNA in liver also paralleled the postnatal increase in 
G H  binding sites on female liver membranes (17), suggesting a 
close relationship between GHR mRNA abundance and receptor 
protein concentrations. Similarly, the comparatively low GHR 
mRNA abundance observed in the other tissues is consistent 
with the low levels of G H  binding reported for nonhepatic tissues 
(7). Inasmuch as the presence of functional GH receptors in 

most organs is strongly implied by the observation that G H  
stimulates local tissue production of IGF-I (1 8), molecular tech- 
niques for measuring GHR mRNA abundance may be a more 
sensitive way of studying GHR regulation than traditional bind- 
ing methods. 

The functional significance of our finding that the GHR and 
GHBP mRNA were present in all four fetal tissues studied is 
unclear. There is evidence to suggest that translation of the 
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Table 1. Mean -+ SD percentage of 60-d GHR and GHBP 
mRNA abundance in liver, kidney, lung, and intestinelileum 

from El9 through d 42* 

Liver 
GHR 
(GHR)$ 
GHBP 
(GHBP)S 

Kidney 
GHR 
GHBP 

Lung 
GHR 
GHBP 

Ileum 
GHR 
GHBP 

* The Northern blots used represent poly A+ prepared from one group 
of rats for liver and ileum (three blots), two groups for kidney (four 
blots), and three groups for lung (six blots). Statistical analysis was not 
applied because the 60-d animals, as arbitrary controls, could not be 
included. 

t Gestational d 19 (El 9) tissue appeared on one blot for kidney, two 
blots for liver and lung, and three blots for ileum. 

$ All blots were hybridized with the GHR riboprobe except for (GHR), 
which was hybridized with the GHR-specific oligomer, and (GHBP), 
which was hybridized with the GHBP-specific oligomer. 

5 Whole intestine rather than ileum was used. 

LIVER KIDNEY ILEUM LUNG 

Fig. 2. Autoradiographs of representative Northern blots of poly A+ 
prepared from El9 fetal liver (10 pg), kidney, intestine, and lung (20 pg 
each), hybridized with a 32P-labeled antisense riboprobe to the rat GHR. 
The 4.3- and 1.3-kb mRNA bands (arrows) correspond to the GHR and 
the GHBP, respectively. 

Table 2. Mean -+ SD GHR and GHBP mRNA abundance in 
kidney, lung, and ileum from 60-d rats expressed as percentage 

o f  GHR or GHBP mRNA abundance in 60-d liver 

GHR GHBP 

l d n e y  34.9 a 12.5 30.4 5 12.2 
Lung 16 + 12 10.6 5 5 
Ileum 12.7 + 3 15.6? 5 

mRNA to their respective proteins probably occurs. Immuno- 
reactive GHR protein has been reported on fetal rat cells as early 
as d 12 of gestation (19), and, in fetal rabbits, low levels of 
specific GHR binding have been found in the cytosols of several 
tissues, including liver, kidney, and lung, with relatively high 

levels in fetal serum (20). Furthermore, the differences between 
prenatal and postnatal abundance of GHR mRNA in the tissues 
that we studied parallel closely the profiles reported for IGF-I 
mRNA in the same tissues (16, 21), an observation that could 
be interpreted as an effect of GH on IGF-I production. On the 
other hand, although fetal growth and differentiation appear to 
be partly dependent on IGF-I and IGF-I1 (22), there is no 
evidence that GH is critical for these processes. The biologic 
relevance of GH receptors in fetal tissues therefore remains to be 
defined. 

The linkage in postnatal tissues between GHR mRNA abun- 
dance, translated GHR protein concentrations, and tissue re- 
sponsiveness to GH is supported by a number of observations. 
The tissue-specific developmental profiles for GHR mRNA 
abundance in liver, kidney, and ileum found in this study are 
strikingly similar to those reported for IGF-I mRNA in the same 
tissues (16, 21). GHR mRNA abundance is lower in lung than 
in the other tissues, and the developmental profile differs from 
that reported for the mRNA encoding IGF-I (2 1,23). Consonant 
with this is the observation that lung growth is less GH-dependent 
than is growth of the other tissues. Lung growth is not affected 
by hypophysectomy at 6 d of age, whereas the growth of liver, 
kidney, and small intestine is significantly attenuated (24). Sim- 
ilarly, the growth response of lung in 7-wk-old hypophysectom- 
ized rats treated with GH was less than that observed in kidney 
or liver (1 8). 

With the exception of the lung, the variation between tissues 
in the developmental profiles for GHR mRNA is also consistent 
with the known functions of GH during development. In liver, 
GH stimulates protein synthesis, induces enzymes, and modu- 
lates carbohydrate and lipid metabolism (25). In kidney, GH and 
IGF-I increase glomerular filtration rate, renal plasma flow, 
phosphate transport, and gluconeogenesis (26). The increases 
with age in liver and kidney GHR mRNA abundance are there- 
fore consistent with the increasing metabolic demands of matur- 
ing animals. There is evidence that the growth of the neonatal 
small intestine and the maturation of its enzyme systems are 
partly GH dependent, and that an intact pituitary is critical for 
weaning and the acquisition of the ability to digest solid food 
(27). These observations are consistent with our finding that 
GHR and GHBP mRNA abundance is high in fetal and neonatal 
intestine relative to values later in life. 

Because the 1.3-kb mRNA encoding the GHBP is a distinct 
gene product in rats (4), differential regulation of the GHR and 
GHBP mRNA is possible. We recently observed that hypophy- 
sectomized rats continuously infused with GH have selective 
induction of hepatic GHBP mRNA abundance with a parallel 
increase in serum GHBP concentrations (unpublished observa- 
tions). The differences in the developmental patterns of the 
GHBP and GHR mRNA in kidney and lung may also indicate 
differential regulation of the two transcripts in a more physiologic 
model. Although their functional interplay is not understood, 
the GHBP may compete with the GHR for GH binding (5, 6). 
The GHBP, therefore, might serve as a storage protein that 
smooths out the pulsatile exposure of cells to GH and thereby 
regulates the availability of GH to the membrane-bound receptor 
(6). Clearance of GH from the circulation takes place largely in 
the kidney by glomerular filtration, followed by resorption in the 
proximal tubule and degradation (26). It is possible that the early 
postnatal increase in GHBP mRNA in kidney might provide a 
renally derived GHBP that regulates these processes. 

The findings of this study are concordant with published data 
on the regulation of IGF-I mRNA transcripts, IGF-I peptide, 
and the known functions of GH in different tissues, suggesting 
that GHR mRNA abundance may be a sensitive indicator of 
tissue responsiveness to GH. Our observation that the GHR and 
GHBP mRNA are differentially regulated in some tissues sup- 
ports the emerging evidence that the two proteins have different 
functions. The study of GHR and GHBP mRNA abundance 
may therefore contribute to our understanding of the function 
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of GH, and the relationship between the GHR and the GHBP, 
in different physiologic and pathophysiologic models. 
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