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Summary 

To gain insight into the mechanisms responsible for the im- 
paired glycogenolytic response to glucagon and the diminished 
ketogenic capacity of newborn guinea pig, we studied the ontog- 
eny of insulin and glucagon receptors, and the responsiveness of 
the adenylate cyclase complex to glucagon, PGE,, NaF, and 
cholera toxin in liver plasma membrane from fetal (58 d, late 
gestation, and 65 d, term) and adult guinea pigs. The number of 
insulin receptors (~10- I "  MIL) was least in 58-d fetus (3.0 f 
0.4; mean + SEM) and increased 3-fold in 65 d fetus (8.8 k 0.6; 
P < 0.01). In adult guinea pig, both insulin receptor number (6.0 + 0.7) and average affinity constant (1.20 f 0.08 x lo8 M-I) 
were significantly lower ( P  < 0.01) compared with 65-d fetus. 
The number of glucagon receptors remained unchanged between 
58-d and 65-d fetuses, but both average and high affinity asso- 
ciation constants were significantly higher at d 65. In contrast to 
the lower capacity and affinity of insulin receptors in the adult 
compared with term fetus, the total glucagon receptor number 
(~10-" '  MIL) in adults (7.2 + 0.8) was twice that of the 58 d 
(3.2 2 0.2) and 65 d (3.2 f 1.0) fetuses. The average affinity 
constant (xlOX M-I) in adult (3.8 f 0.2) was, however, signifi- 
cantly lower than the two fetal groups (58 d, 5.0 2 0.3; P < 0.05 
and 65 d, 8.1 f 1.0; P < 0.05). Although the total glucagon 
receptor number at d 58 was approximately 50% of that present 
in the adult, glucagon did not stimulate cAMP production above 
basal; all other stimuli evoked significant increases. By 65 d, the 
fetal membranes responded to glucagon as well as to all other 
agents with appropriate cAMP production. In the presence of 
0.5 mM guanosine-5'-triphosphate, the cAMP response to pros- 
taglandin El was similar in all three groups. These results 
demonstrate the following in liver plasma membrane from the 
guinea pig. I)  At term, insulin receptor numbers are higher than 
in less mature fetus or in adult. 2) There is a delay in maturation 
of functional glucagon receptors coupled to the adenylate cyclase 
complex. 3) Apart from failure of response to glucagon, the 
adenylate cyclase complex is otherwise functionally mature even 
at 58 d because it responds to PGEI and other agents. 

Abbreviations 

BSA, bovine serum albumin 
G/F, GTP binding protein 
LPM, liver plasma membrane 
MIL, moles per liter 
PGE,, prostaglandin El 

A number of peptide hormones including insulin and glucagon 
are present in fetal mammals at an early gestational age (3, 15, 
29,39,41). The functional significance of these hormones during 
maturation of the developing fetus is, however, not adequately 
understood. There have been several reports regarding the on- 
togeny and development of insulin receptors in tissues such as 
liver, lung, heart, or circulating cells such as erythrocytes and 
monocytes (3. 14, 17,2 1,22,33): glucagon receptor development 
in liver and heart has also been reported (4, 5, 26, 27, 42, 46). 
There seems to be general agreement that at term and in the 
immediate newborn period, insulin receptor number and/or 
affinity are greater than in corresponding adult tissues (14, 21, 
22,41). Conversely, glucagon receptor number seems to be lower 
in fetus and in newborn and increases gradually to reach adult 
levels during the first few weeks of life (4, 5 ,  26, 27, 42, 46). 

In spite of the general agreement regarding the ontogenic 
pattern of insulin and glucagon receptors in various studies, there 
is inconsistency regarding the maturation of the post-receptor 
axis for these hormones (4, 7, 12, 26, 27, 42, 46). For glucagon, 
this post-receptor complex involves the adenylate cyclase com- 
plex. The maturation of the adenylate cyclase complex and its 
expression as a stimulatable, functional unit and its ability to be 
coupled to the surface receptors seems to vary with type of tissue, 
surface receptor, and species (6, 7, 1 I, 18, 24, 25, 43, 44, 46). 
During fetal and neonatal development of lung, the adenylate 
cyclase complex develops in parallel with the catecholamine 
receptors in most species examined (44, 45); however, matura- 
tion of brain adenylate cyclase activity lags behind the appear- 
ance of the catecholamine receptors ( 1  1, 18). Appropriate cou- 
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pling between the receptor and the adenylate cyclase complex in 
this tissue occurs later than in heart and lung (6, 7, 18, 44-46). 
In liver, the development of the adenylate cyclase complex and 
its coupling to glucagon receptors is not well delineated. In fetal 
rat liver the adenylate cyclase complex is well developed, but 
glucagon receptor maturation lags (2,26,42). In newborn guinea 
pig, the glycogenolytic response to glucagon does not develop its 
full responsivity until several hours after birth even though the 
post-receptor axis is well developed and intact because the gly- 
cogenolytic response to dibutyryl cAMP is normal (16). Simi- 
larly, the capacity for hepatic ketogenesis, a process activated by 
glucagon (20), is low in newborn guinea pig and increases sharply 
after 24 h of life (36). 

The present study was undertaken to characterize the devel- 
opment of insulin and glucagon receptors, and the adenylate 
cyclase complex in the liver plasma membrane from the guinea 
pig fetus in late gestation and at term, when rapid and qualitative 
changes occur in the functional development and hormone 
sensitivity of the liver in this species (16, 36, 37). The results in 
the fetus were compared with those from non-pregnant adult. 

MATERIALS AND METHODS 

Six adult guinea pigs (3-mo-old virgin females) and fetuses 
from two sets of pregnancies (six pregnancies each) late in 
gestation (56-58 d) and at term (65 d) were used in the studies. 
Food was withdrawn the evening before sacrifice. Between 0900- 
1000 h the animals were stunned and sacrificed by decapitation. 
The liver of non-pregnant adult females was removed quickly 
and placed in chilled bicarbonate buffer (1 mM). The fetuses of 
pregnant females were delivered quickly, weighed, decapitated, 
and the livers rapidly excised. Livers from the fetuses of the same 
mother were pooled to provide sufficient yield; livers from the 
adults were individually processed. 

Livers were minced in fresh chilled bicarbonate buffer and 
washed three times to remove blood and debris. The tissues were 
then processed as described by Neville et a/. (23) up to step 11. 
The plasma membranes thus harvested were uniformly resus- 
pended in a loose pestle hand homogenizer and diluted with 
bicarbonate buffer to yield a protein concentration of 3-5 mg/ 
ml. Membranes were aliquoted in small portions, snap frozen 
with dry ice in acetone, and stored at -70°C for subsequent 
analysis. Protein concentrations were determined by the method 
of Lowry el ul. (19) using BSA as the protein standard. To 
demonstrate the extent of purification and the comparability of 
adult and fetal guinea pig liver membranes in these studies, we 
determined membrane markers such as insulin and glucagon 
binding and degradation, 5' nucleotidase activity, and glucose- 
6-phosphatase activity in the crude homogenate and in the 
partially purified LPM. 

G'Ii~cugon und inszllin binding ussuy. Insulin and glucagon 
binding to partially purified LPM and crude liver homogenate 
was measured using the following materials: monoiodinated 
insulin (approximately 100 pCi/pg), prepared by a minor modi- 
fication of the method of Sodoyez et ul. (34); highly purified 
crystalline insulin (gift of Dr. Chance of Eli Lilly and Company); 
monoiodinated glucagon (approximately 250 pCi/pg), prepared 
according to the method of Jorgensen and Larsen (13); and 
highly purified glucagon, a gift of Dr. Mary Root (Eli Lilly and 
Company). 

The binding and degradation assays were carried out in micro- 
fuge tubes (polyethylene) in the following manner. Fifty micro- 
grams of LPM protein for glucagon, 100 pg membrane protein 
for insulin, and 100 pg protein of crude homogenate were used 
in a total volume of 300 p1 of 50 mM tris buffer, pH 7.6 
containing 1 % BSA, 2 mg/ml bacitracin, 500 U/ml Trasylol, 
and various concentrations (0-lo-' M) of native glucagon or 
insulin. The tubes were incubated for 16 h at 4°C. Approximately 
20,000 countlmin of labeled insulin (0.017 pmol) or labeled 
glucagon (0.0 15 pmol) was added to each tube. 

After incubation the tubes were spun for 5 min in a microfuge 
and the supernatant carefully removed by aspiration. Radioac- 
tivity in the membrane pellet was measured in a gamma counter. 
Nonspecific binding was defined as the residual counts remaining 
in the presence of an excess of native hormone ( 1 x M) and 
was subtracted from all subsequent calculations. These incuba- 
tion conditions were followed because in our laboratory, under 
these conditions, the insulin and glucagon degradation was min- 
imal without any significant reduction of binding (35). There 
was no significant difference between the adult and fetal LPM in 
terms of insulin and glucagon degradation as determined by 
trichloroacetic acid precipitation. The nonspecific binding did 
not exceed 3% of the total for insulin and 5% of the total for 
glucagon. All binding studies were performed in triplicate, and 
each point in the displacement curve for individual animals or 
for the fetal pool represents the mean value of these three 
replicates. The dose-response curve of binding was analyzed by 
Scatchard plots (35) and the curvilinear plots thus obtained were 
resolved further into two linear components by the method of 
Rosenthal, using a computer program (3 1 ,  40). 

1n.szrlin ~i~~grudu[ion.  Insulin degradation in crude liver homog- 
enate and in the paritally purified liver plasma membrane was 
determined by the same protocol used above for insulin binding, 
except that the bacitracin and Trasylol were omitted from the 
incubation medium. After centrifugation the supernatant was 
evaluated for insulin degradation by trichloroacetic acid precip- 
itation. Percentage degradation was calculated as 

CPM in membrane supernatant (PPT) x 100 
CPM in supernatant without membrane (PPT) 

ADENYLATE CYCLASE ACTIVITY 

Adenylate cyclase activity was determined according to the 
method of Pohl PI 01. with minor modification (28, 35). Fifty 
micrograms of LPM was incubated for 10 min at 30°C in a 
shaking water bath in the presence of 0.8 mM ATP and an ATP 
regenerating system in 50 mM Tris-HCI buffer, pH 7.6. To assess 
the sensitivity of the receptor-adenylate cyclase complex various 
concentrations of glucagon (lo-' to lo-' M) and PGE, to 
lo-' M) were used. PGE, was a gift of Dr. John Pike, of the 
Upjohn Company, Kalamazoo, MI. The dose response curves 
for glucagon and PGE, were performed in the presence as well 
as in the absence of 0.5 mM GTP in the cAMP generating 
medium. In a separate series of experiments we assessed the 
effect of 0.5 mM Gpp (NH),, a non-hydrolyzable analog of GTP, 
on basal as well as on glucagon-stimulated cAMP production. In 
these experiments. GTP was replaced by 0.5 mM Gpp (NH)p in 
the cAMP generating medium. After incubation, the reaction 
was terminated by diluting the reaction mixture with 1 ml of 
chilled 50 mM sodium acetate buffer, pH 6.2. The tubes were 
immediately placed in a boiling water bath for 3 min. After 
centrifugation at 2200 g for 20 min, the supernatant was sepa- 
rated and kept frozen at -20°C for cAMP determination. cAMP 
concentration was measured by a specific radioimmunoassay 
according to the method of Steiner et dl., using an antibody 
kindly donated by Dr. Alton Steiner (38). This system has an 
absolute sensitivity of 0.1 pM per tube, thereby permitting detec- 
tion of 1 pM/ml; the intraassay coefficient of variation is 7% 
and interassay variation is less than 12%. 

Titnc~ colrrsr 01' uclivulion of udc~nylute cycluse. Fifty micro- 
grams of LPM from 56-58-d fetus and from adult was incubated 
in the presence of a maximal dose of glucagon (lo-' M) in the 
cAMP generation using the same conditions as described above. 
Duplicate aliquots were removed at timed intervals and cAMP 
measured by radioimmunoassay as described. 

CHOLERA TOXIN-STIMULATED c A M P  PRODUCTION 

Aclivution c~/'ckolrru roxin. One hundred micrograms of chol- 
era toxin was incubated in a final volume of 200 of 100 mM 
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Tris-HCI buffer pH 7.6 containing 40 mM dithiothreitol for 30 
min at 37°C. 

Riho.s~~lulion (?/'liver plu.smu membrune bv activated cholera 
/o.~in. One and one-half milligrams of LPM protein was sus- 
pended in 0.5 ml of 50 mM Tris-HCI buffer containing 1 mM 
dithiothreitol. I mM NAD. 1 mM ATP and 10 pg of activated 
cholera toxin. The mixture was incubated for 20 rnin at 30°C in 
a shaking water bath and the reaction terminated by the addition 
of 12 ml of ice cold 50 mM Tris-HCI buffer, pH 7.6. The tubes 
were then centrifuged at 20,000 g for 15 min at 4°C. Ribosylated 
membranes were resuspended and homogenized in 50 mM Tris 
HCI buffer, pH 7.6. The method is essentially the same as 
described by Entomoto e/ ul., with minor modifications (10). 
Protein was determined by the Lowry method (19) and cAMP 
generation by these membranes was assayed as described above. 

MEMBRANE MARKERS 

5' Nllclco/idusc~. 5' Nucleotidase activity was determined by 
the method of Dixon and Purdon (9). One hundred micrograms 
of protein was incubated for 15 min at 30°C in a shaking bath. 
The reaction was terminated by adding 10% trichloroacetic acid, 
the tubes centrifuged at 1500 gfor 15 min, and phosphate content 
in the supernatant was measured as follows: 1 ml of the super- 
natant was thoroughly mixed with 1 ml of I %  ammonium 
molybdate. After 30 s, I ml of 2% arsenite-citrate was added. 
The assay tubes were allowed to stand for 15 rnin and absorbance 
measured by a spectrophotometer at a wave length of 700 nm. 

Gl~rc~o.sc-6-pl~o,s~~I~u/u.s~~. Glucose-6-phosphatase activity was 
determined by the method of Baginski et a/. (1) using 25 mM 
cacodylate buffer with 62.5 mM sucrose, 0.25 mM EDTA, 25 
mM glucose-6-phosphate, and 100 pg of membrane protein. The 
duplicate assay tubes were incubated for 30 rnin at 37°C with 
shaking, the reaction terminated with 10% trichloroacetic acid 
followed by centrifugation at 1500 g for 15 min. The supernatant 
was used for colorimetric determination of free phosphate. The 
reagent blank differed in that the protein was added after the 
trichloroacetic acid. A water blank and phosphate standards were 
run along with the samples. 

S/u/i.s/icuI unu~~.si.s. Unpaired Students t test was performed to 
determine the level of significance. P < 0.05 was accepted as 
significant between two groups. 

5' nucleotidase and specific binding of insulin in the partially 
purified membranes relative to crude homogenate in fetal as well 
as adult tissue. Glucose-6-phosphatase, a cytosolic enzyme, de- 
creased with purification in adult LPM as previously reported, 
but did not appreciably change in either of the fetal groups. 

Insulin binding characteristics for fetal and adult LPM are 
presented in Table 2 and Figure 1. The percentage specific 
binding (Bo) and the total insulin bound ( ~ 1 0 - l o  M/L) were 
significantly higher in the 65-d fetus than in the adult or the 56- 
58-d fetus. Scatchard plots of the binding data for all three groups 
were curvilinear and therefore compatible with either the nega- 
tive cooperativity model of deMeyts et al. (8) or at least 2 orders 
of binding sites. When the curves were resolved into their two 
linear components, the affinity constant (Ka) for the high affinity 
sites was significantly higher in the 65-d fetus than in the adult 
or the 56-58-d fetus. The total number of receptors per mg 
membrane ~rote in  (Ro) and the number of low-affinity receptor 
sites (R2) were also Significantly higher in the 65-d fet& than in 
the other two groups. The receptor number at the high affinity 
sites was significantly lower in the 56-58-d group than in the 
adult and the 65-d fetus; thus, with the exception of the number 
of high affinity receptor sites, the 56-58-d fetus was comparable 
to the adult whereas the 65-d fetus was higher than either the 
adult or the 56-58-d fetus in all parameters examined. 

Data for glucagon binding are presented in Figure 2 and Table 
3. Scatchard analysis of the glucagon binding data also resulted 
in curvilinear plots for both adult and fetal groups compatible 
with either negative cooperativity or a two-site model. The 
percentage specific binding of glucagon was not different in the 
65-d fetus and adult groups, but was significantly lower in the 
56-58-d fetus. The total number of receptor sites ( ~ 1 0 - l o  M/L) 
was similar in the two fetal groups and was approximately half 
ofthat of the adult. The increase in percentage binding, therefore, 
in the 65-d fetus could be attributed to a much higher affinity 
constant for the high affinity sites which was significantly lower 
in the adult than in both fetal groups; the same was true for the 
mean affinity (Ke). In the presence of GTP 1 x M, ['"I] 
glucagon binding was reduced in all three groups. The percentage 
reduction was not significant in the 56-58-d group (7.6 k 4.5, n 
= 6) but was highly significant in both the 65-d group (25.1 k 
6.2; n = 5, P < 0.01) as well as the adult group (45.4 + 4.1; n = 
5, P < 0.00 1). 

Figure 3 represents the time course for the activation of 
RESULTS adenylate cyclase in the adult and 58-d fetal LPM. Because 

values at 30 min were not significantly different from values at 
Table 1 demonstrates the degree of purification of the mem- 10 min. in all subsequent studies the membranes were incubated 

brane markers. The degree of purification of the LPM for the for 10 min. 
three groups is the same when judged from the specific activity The cAMP response to glucagon and PGE, is shown in Figures 
of the membrane marker enzymes and from increased insulin 4 and 5. respectively. Both in the absence and presence of 5 X 
binding in the purified membranes when compared with the M GTP, adult guinea pigs responded in a dose-dependent 
crude homogenate. In general, there was a 5-8-fold increase in manlier to glucagon stimulation and reached their maximum 

Table 1. Characteristics o f  auinea uia liver ulasma membranes* 
Adult (n) 56-58-d fetus (n = 4) 65-d fetus (n = 4) 

Crude Partially Crude Partially Crude Partially 
Marker hornonenate purified homonenate purified homonenate purified 

5' Nucleotidase (pmol P04.mg pro- 0.37 f 0.09 2.6 + 0.567 0.42 + 0.08 2.7 + 0.547 0.34 + 0.07 2.5 + 0.101 
tein-' . h-') 

Specific binding of ['251]insulin (per 5.6 + 1.0 42.0 + 4.07 3.6 2 0.80 30.0 2 6.4-f 7.8 + 0.687 63.7 2 1.2t$ 
I00 pg membrane protein) 

Insulin degradation (% intact insu- 87.0 + 6.0 >95 86.0 + 8.0 >95 84.0 + 7.0 >95 
lin after binding) 

Glucose-6-Phosphatase (pmol PO4. 15.1 + 2.5 4.4 + 0.577 1.1 + 0.11 1.8 + 0.64 1.2 + 0.17 2.1 -t 0.59 
mp wrotein-I . h-') 

* Values are mean + SEM. 
t P < 0.05 compared with crude homogenate. 
$ P < 0.05 compared with 58-d fetus. 
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Insulin Bound (MolesILiter) ~ 1 0 ' ~  

Fig. I. The Scatchard piots of the insuiin binding data. I.i.ver piasma membianc (LPM) (103 pg protein) from 56-58-d fetus (@A), 65-d 
fetus (A-A). and add t  (U) was incubated overnight at 4°C in 300 p1 of 50 mM Tris buffer pH 7.6 in the presence of [1251]insuli~ (50- 
60 pg) and various concentrations of porcine insu!in (0-10-' M). At the end of incubation the supernatant was removed after centrifugation and the 
membrane-bound [12il]insulin radioactivity was assessed. Radioactivity in the presence of lo-' M insulin (nonspecific blnding) was subtrzcted from 
all points. Binding data were plotted as boundlfree vs insulin bound (MIL). Each point represents mean of six experiments performed with different 
LPM pools. Binding for each pooi was run in triplicate. 

Table 2. In.s~rlin rc.c.c>ptor cl~uructerislics qf tlic guinea pig liver plasma membrane (100 ~g membrane protein)* 
- 

Percentage 
Affinity Constant X lo9 M-' 

bound Receptor number (MIL X lo-") 

Bo Ka I Kaz Re R I R2 Ro 
56-58-d fetus 38 + 2.1 2.94 + 0.4 0.15 + 0.02 1.46 + 0.20 1.4 + 0.11. 1.59 k 0.21. 3.0 t 0.4$ 

( n  = 6) 
65-d fetus 68 + 6.2t 7.53 + 0.1* 0.2 + 0.04 1.99 ? 0.19t 2.15 + 0.02 6.64 + 0.8t 8.8 t 0.61. 

( n  = 6) 
Adult 42 2 3.3 2.3 + 0.4 0.14 + 0.01 1.20 t 0.08 2.92 + 0 4 3.08 + 0.2 6.0 + 0.7 

( n  = 6) 
-- - - 

* Values are mean ? SEM. Bo is total binding. Ka,, high affinity constant; K ~ z ,  low affinity constant; iTe, mean affinity; Ro, total receptor: R,. 
high affinity receptor: and R?. low affinity receptor. 

t P < 0.05 compared with 56-58-d fetus and adult. 
$ P < 0.05 compared with 65-d fetus and adult. 

cAMP levels at glucagon concen:rations of lo-' PA (Fig. 3). The 
65-d fetus also reached its maximum cAMP at the same glucagon 
dose. In this group. the response above basal was significant; 
however. the maximum response was significantly below (40%) 
the adult maximum. In contrast to these two groups, glucagon 
failed to evoke a significant cAMP response in the 56-58-d fetus 
either in the absence or in the presence of GTP. With GTP, 
however. basal cAMP production increased by 2-3-fold above 
basal levels without GTP. GTP by itself was capable, therefore, 
of promoting increased levels of cAMP in the 56-58-d fetus even 
though the membrane failed to respond to glucagon at a dose 
that saturated all available glucagon receptors (Fig. 4). 

All membranes responded to PGE, in a dose-dependent man- 
ner (Fig. 5). In the absence of GTP (upper panel), cAMP pro- 
duction was highest in the adult, and lowest in the 56-58-d fetus. 
In the presence of 5.0 x M GTP, both the basal and the 
PGE, stimulated values increased sigcificantly in all groups and 
the cAMP responses were indistinguisl~able amocg the groups 
(Fig. 5 lower panel). GTP restored the cAMP response io ?GE, 
in the fetus to that of adult. 

Table 4 demonstrates the effect of various agents known to 
stimulate cAMP at distinct loci of the adenylate cyclase complex. 
Although LPM from the 56-58-d fetus exhibit a lower basal 
cAMP value (Fig. 4). PGE, (lo-' M). Gpp (NH)p (5 x M), 
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cholera toxin (5 &ml), and NaF (15 mM) evoked a similar 
increment in CAMP, expressed as percentage change above basal, 
as that obtained by these agents in the other two groups; CTP or 
Gpp(NH)p was present in these assays. The only deficiency was 
in the cAMP response to glucagon. In the 65-d fetus, the cAMP 
response to glucagon improved significantly but was still mark- 
edly less than the response in adult. The basal cAMP levels 
appeared to follow a similar age-related increase (Figs. 4 and 5). 

DISCUSSION 

Using the guinea pig model we demonstrate that the number 
as well as the affinity of insulin and glucagon receptors in liver 
plasma membranes change with maturation. For insulin, specific 
binding and receptor number of both classes of receptor sites was 
lowest in the 56-58-d fetus and highest in the 65-d fetus, i.e., at 
term. In the adult the total insulin receptor number was lower 
than at term, but higher than in the 56-58-d fetus; thus, there 
are rapid changes in the insulin receptor during the final week 
of gestation in the guinea pig, followed by further changes 
proceeding to adult. This finding agrees with several other pub- 

Glucagon Bound (Moles/ Liter) x 10-lo 

Fig. 2. Glucagon binding to liver plasma membrane (LPM) from 56- 
58-d fetus (U). 65-d fetus (A-A), and adult (U). 
Fifty micrograms of protein was incubated in 300 11 of 50 mM Tris 
buffer pH 7.6 containing 1 % bovine serum albumin, ['ZSI]glucagon (50- 
60 pg) and various concentrations of unlabeled glucagon (0-10-6 M) for 
16 h at 4°C. Supernatant was removed after centrifugation and ['251] 
glucagon binding to the membrane pellet was assessed. The radioactivity 
in the presence of I x 10-" glucagon (nonspecific binding) was 
subtracted from all points. The binding data were plotted as boundlfree 
La glucagon bound (MIL) according to Scatchard. Each point represents 
mean of six experiments performed with different LPM pools. Binding 
for each pool was run in triplicate. 

lished reports of higher insulin receptor number and/or affinity, 
on circulating cell as well as in other fetal tissues such as liver 
and lung close to term (3, 14, 17, 2 1, 22, 33). 

Ontogeny of the hepatic glucagon receptor differs markedly 
from that of the insulin receptor. Glucagon binding as well as 
receptor number per mg protein were low in the 56-58-d fetus, 
similar to the situation for the insulin receptor. By 65 d there 
was a significant increase in glucagon binding, due to a sharp 
rise in the affinity constant of the high afinity receptor sites 
(Kal): total receptor number had not changed nor had the 
number of high or low affinity sites (Table 3). In contrast to 
insulin, glucagon receptor number continued to increase post- 
natally so that receptor concentration was significantly higher in 
the adult than in either fetal group. But the average receptor 
affinity (K) as well as the affinity constant for the high affinity 
sites were lower in the adult group than in either fetal group. It 
appears that there are quantitative and qualitative differences 
between the adult and the fetal groups in glucagon receptor 
characteristics. 

The cAMP response to glucagon also differs significantly 
among these three groups. Although the number of glucagon 
receptors per mg protein in the 56-58-d group was the same as 
in the term fetus (65 d), and about half that present in the adult, 
no significant increase in cAMP production occurred in response 
to glucagon; the response in the 65-d group was intermediate to 
that of adult. Furthermore, the defect in cAMP production by 
glucagon was not improved in the presence of CTP. 

Time ( m i d  

Fig. 3. Time course for activation of adenylate cyclase. Liver plasma 
membrane (LPM) (50 ~g protein) from 56-58-d fetus (M) and 
adult (A-A) was incubated at 30°C in the presence of0.8 mM ATP, 
an ATP regenerating system, and glucagon M). Duplicate sets of 
tubes were removed at indicated periods and cAMP produced was 
measured by a specific radioimmunoassay. Each value represents mean 
t SEM for two independent experiments run in duplicate. For cAMP 
determination, each tube was run in triplicate. 

Table 3. Glz~cu~on receptor characteristics o f  the ~ u i n e a  pig liver plasma membrane (50 pg membrane protein) 

Percent bound Affinity Constant X 10' M-I Receptor number (MIL x lo-'') 

Bo Ka, Ka? Re R I  R, Rn 

56-58-d fetus 13.8 t 1.4 12.3 t 1.5 0.64 + 0.1 1 5.0 + 0.3 1.19 t 0.3 2.0 t 0.23 3.2 + 0.2 
(n = 6) 

65-d fetus 20.6 t 2.81 37.6 + 2.71 1.54 + 0.2 8.1 + 1 .Ot 0.58 + 0.1 2.6 + 0.32 3.2 c 1.0 
(n = 6) 

Adult 21.0 t 1.9t 6.3 + 0.8t$ 0.94 + 0.08 3.8 -1- 0.2tf 3.85 + 0.4t$ 3.4 + 0.271 7.2 + 0.81$ 
(n = 6) 

* Values are mean + SEM. Bo is total binding; Ka,, high affinity constant; Ka2, low affinity constant; Re, mean affinity; Ro, total receptor; R,, 
high affinity receptor; and Rz, low affinity receptor. 

t P < 0.05 compared with 56-58-d fetus. 
$ P < 0.05 compared with 65-d fetus. 



INSULIN AND GLUCAGON RECEPTORS 

Glucagon Dose MIL 

Fig. 4. Glucagon-stimulated cAMP production by the liver plasma 
membrane adenylate cyclase. Liver plasma membrane (LPM) (50 pg 
protein) from 56-58-d fetus (U). 65-d fetus (A-A), and 
adult (-) was incubated at 30°C for 10 min in a total volume of 
250 p1 of Tris-HCI buffer (pH 7.6 in the presence of 0.8 mM ATP), an 
ATP regenerating system. and various concentrations of glucagon (O- 
lo-' M). CAMP was measured by a specific radioimmunoassay. Values 
represent mean f SEM from six separate pools of LPM. The upper panel 
represents cAMP production in the absence of any added GTP. The 
lo~l'o.pcrni,l represents cAMP values in the presence of 0.5 mM GTP in 
the generating medium. 

T o  examine whether the absence of cAMP response to  gluca- 
gon was due to a specific defect in the linkage between glucagon 
receptors and the adenylate cyclase complex, o r  to  a defect in 
this complex distal to the receptor, we stimulated LPM of all 
three groups with agents such as G p p  (NH)p and cholera toxin, 
which directly activate adenylate cyclase through the regulatory 
protein (30). or with NaF that activates the adenylate cyclase 
non-specifically. cAMP increased sites is significantly lower in 
the adult whereas total receptor number and high aftinity sites 
increase. From the binding data and the dose response curve, it 
can be shown that at a dose of glucagon at  which 50% of high 
affinity sites are occupied. the cAMP response is not different 
from the 0 glucagon dose, both in adult and 65-d fetus. But the 
glucagon dose necessary for a 50% response in cAMP corre- 
sponds closely with the dose necessary for 50% receptor occu- 
pancy of the low afinity receptor population. It may be proposed 
that the low affinity glucagon receptors are functional; a change 
towards lower affinity for the receptors may represent a more 
mature population of receptor coupled to adenylate cyclase. As 
indicated, however. neither changes in number nor affinity can 
completely explain the progressive maturation of cAMP response 
to  glucagon. 

The changes in the insulin and glucagon receptor characteris- 
tics and cAMP responsiveness could not be attributed to  differ- 
ences in the membrane preparations. Membranes from the adult 
and the two fetal groups demonstrate a similar degree of purifi- 

PGE, Dose MIL 

Fig. 5. Prostaglandin El-stimulated cAMP production by the liver 
plasma membrane adenylate cyclase. Liver plasma membrane (LPM) 
(50 pg protein) from 56-58-d fetus ( U ) ,  65-d fetus (A-A), 
and adult (U) was incubated at 30°C for 10 min in a total volume 
of 250 p1 of Tris buffer (pH 7.6 in the presence of 0.8 mM ATP) an ATP 
regenerating system, and various concentrations of prostaglandin El (O- 

M). cAMP production was measured by a specific radioimmunoas- 
say. Values represent mean f SEM from six separate pools of LPM. The 
zrppcr puncl shows the cAMP production in the absence of any added 
GTP. The k ~ u , e r  pcrncl represents cAMP production in the presence of 
0.5 mM GTP in the generating medium. 

cation in 5'-nucleotidase, insulin binding capacity, and insulin 
degradation. A significant disparity exists, however, in the levels 
of glucose-6-phosphatase. In adult membrane we found a 4-fold 
reduction in glucose-6-phosphatase concentration in the purified 
membrane as previously reported (23, 28). In fetal groups, the 
levels of glucose-6-phosphatase remain similar in both crude and 
purified membrane. This finding suggests a difference in the 
localization of glucose-6-phosphatase between adult and fetal 
liver because three other markers point to  a comparable degree 
of purification in membranes from all ages studied. Furthermore, 
in spite of the identical purification of all markers used in the 
65-d group and the 56-58-d group, glucagon binding as well as  
glucagon stimulated cAMP production was significantly different 
at 65 d. 

Receptor number also cannot completely explain the differ- 
ence in cAMP response to  glucagon because the 65-d fetus 
responds whereas the 56-58-d fetus does not, yet both have a 
similar total number of receptors o r  of their components (Table 
3). Both qualitative and quantitative changes in glucagon recep- 
tor characteristics seem to participate in the augmented cAMP 
response. A maturational factor(s) distinct from receptor number 
or affinity also may participate; the factor(s) preventing coupling 
between the glucagon receptor and the adenylate cyclase complex 
at 56-58-d is not clear, but may be a component of the G / F  
regulatory protein as suggested by the progressive influence of 
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Table 4. d MP prodllction by liver plasma membranes percentage increase above basal with different agents* 

PGE, Glucagon GPP (NH)P Cholera toxin NaF 
M M 5 x 10-4 M (5 ~ n / m l )  (15 m ~ )  

56-58-d fetus 
(n = 6) 

65-d fetus 
(n = 6) 

Adult 
( n  = 6) 

* Values are mean rt SEM. 
t P < 0.05 compared with adult. 
$ P < 0.05 compared with 65-d fetus. 

GTP in altering the affinity of receptor for its ligand. 
These results in maturing guinea pig differ from observations 

reported in developing rat (42, 46). At term and immediately 
after birth, rat liver membranes produce approximately 30% of 
adult cAMP response to maximum glucagon stimulation 
M) despite only 10% of the amount of glucagon binding found 
in adult. The sensitivity of the adenylate cyclase complex at a 
post-receptor step appears to be greater in fetallneonatal rat liver, 
and highlights differences between species. The validity and 
possible physiologic relevance of our in vitro observations is 
supported by in vivo and in vitro studies with newborn guinea 
pig (16.36). Although glucagon failed to stimulate glycogenolysis 
in the initial 3 h of life, dibutyryl cAMP was effective, which 
suggests an inability of newborn guinea pig liver to generate 
appropriate amounts of cAMP in response to glucagon (16). 
Similarly, hepatic ketogenesis, a process under the influence of 
glucagon (20). is very low in newborn guinea pig and increases 
sharply after 24 h (36). 

The glucagon receptors from adult liver are qualitatively dif- 
ferent from their fetal counterparts, suggesting ongoing matura- 
tion. The affinity constant of high affinity sites is significantly 
lower in the adult whereas total receptor number and high affinity 
sites increase. From the binding data and the dose response 
curve, it can be shown that at a dose of glucagon at which 50% 
of high affinity sites are occupied, the cAMP response is not 
different from the 0 glucagon dose, both in adult and 65-d fetus. 
But the glucagon dose necessary for a 50% response in cAMP 
corresponds closely with the dose necessary for 50% receptor 
occupancy of the low affinity receptor population. It may be 
proposed that the low affinity glucagon receptors are functional; 
a change towards lower affinity for the receptors may represent 
a more mature population of receptor coupled to adenylate 
cyclase. As indicated, however, neither changes in number nor 
affinity can completely explain the progressive maturation of 
cAMP response to glucagon. 

Changes in the insulin and glucagon receptor characteristics 
and cAMP responsiveness could not be attributed to differences 
in the membrane preparations. Membranes from the adult and 
the two fetal groups demonstrate a similar degree of purification 
in 5'-nucleotidase, insulin binding capacity, and insulin degra- 
dation. A significant disparity exists, however, in the levels of 
glucose-6-phosphatase. In adult membrane we found a 4-fold 
reduction in glucose-6-phosphatase concentration in the purified 
membrane as previously reported (23, 28). In fetal groups, the 
levels of glucose-6-phosphatase remain similar in both crude and 
purified membrane. This finding suggests a difference in the 
localization of glucose-6-phosphatase between adult and fetal 
liver because three other markers point to a comparable degree 
of purification in membranes from all ages studied. Furthermore, 
in spite of the identical purification of all markers used in the 
65-d and the 56-58-d group, glucagon binding as well as gluca- 
gon-stimulated cAMP production was significantly different at 
65 d. 

In summary. the hepatic glucagon receptor and the adenylate 
cyclase complex appear to mature independently in the guinea 

pig liver and coupling between these two components remains 
incomplete until just before birth. The components of the ade- 
nylate cyclase complex, i.e., the G/F regulatory protein and the 
catalytic unit, are present in functional form in the 56-58-d fetus, 
as evident from Gpp (NH)p, cholera toxin and NaF-stimulated 
cAMP production even though the response is not quantitatively 
at the adult level. Because components of the membrane ade- 
nylate cyclase complex respond well to various specific stimula- 
tory agents, except to glucagon, and despite significant glucagon 
binding at 56-58 d, we propose that in guinea pig, glucagon 
receptors, before term, are maintained in an uncoupled state. 
The coupling of glucagon receptors to post-receptor events at 
birth and further maturation of this process may have physiologic 
relevance in explaining the postnatal temporal pattern of gluca- 
gon-induced glycogenolysis and ketogenesis in this species (16, 
36). 
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ERRATUM 

The authors regret their error in the footnotes of Table 11, which appeared in Pediatr. 
Res., 17: 1032 (1983). The two footnotes should read as follows: 

t Number fatal in parentheses. 
* Other includes encephalopathy (3), myocarditis (2), myositis ( I ) ,  and idiopathic thrombocytopenic purpura 

(1). 
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