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Summary. The purpose of this work was to investigate liver glucagon receptors in
growing rats fed a control diet (11.8 % crude protein) or a high-protein diet (19.8 % crude
protein} given in restricted amounts. The animals were fed every 4 hours. 125I—glucagon
binding to purified liver plasma membranes was studied. Membrane purity was analysed
with marker enzymes. The alteration of glucagon during incubation was measured. The
results show that specific '2°|-glucagon binding increased with time at 30 °C, reaching a
maximal value within 120 min. The increasing level of unlabelled glucagon inhibited 2|
glucagon binding at steady state. Apparent specific 125I-qucagon binding at steady state
was lower in experimental animals than in controls. This correlated with the increase in
glucagon breakdown and decrease in membrane purity. Alternatively, glucagon binding to
its receptors could drop. Unlabelled glucagon excess produced a time-dependent
dissociation of glucagon-receptor complexes (half-life: up to 1 h). Feeding the
experimental diet increased the dissociation of labelled glucagon-receptor complexes.

Introduction.

Glucagon promotes amino acid extraction by the liver and amino acid
breakdown. Furthermore, it decreases liver protein synthesis (Ayuso-Parilla et al.,
1976 ; Martin-Requero et a/., 1979). Glucagon binding to cell surface receptors is
generally believed to be the initial step in glucagon action, controlling the latter
in vitro. A decrease in glucagon binding to its liver receptors accompanies a
decrease in glucagon action in fasted rats (Fouchereau-Peron et al., 1976 ; Broer
et al., 1977). However, glucagon binding does not always correlate with
glucagon sensitivity status in hyperglucagonemic and fasted rodents (Srikant et
al., 1977 ; Caro and Amatruda, 1980).

The present study was designed to investigate glucagon binding to purified
liver plasma membranes from growing rats subjected to a high protein diet given
in restricted amounts. This nutritional status has been poorly studied. It produces
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a drop in growth rate and in the growth rate/crude protein intake ratio (Rérat
and Desmoulin, 1970). Body composition is also modified (Grizard et al., 1975).
Muscle protein synthesis decreases, whereas liver protein synthesis increases
(Arnal et al., 1972). Amino acid breakdown and the conversion of amino acids
into glucose are enhanced (Grizard et al., 1975). These changes indicate that
there may also be variations in the hormonal mechanisms controliing protein
metabolism in liver and muscle. For example, blood insulin decreases but liver
insulin receptors increase in growing rats (Grizard, Arnal and Pion, 1980).

Some of the present work has been reported previously in an abstract
(Balage and Grizard, 1981).

Material and methods.

Animals and treatments. — A control and an experimental group of 15 male
Sprague-Dawley rats each, weighing about 50 g, were purchased and housed
individually in cages maintained under controlled environmental conditions
(22 °C, 60 % relative humidity, 12-hour dark period starting at 10 a.m.). They
were fed a standard diet and then a control diet until a weight of 100 g was
reached. The controls were then fed the control diet (11.8 % crude protein),
whereas the experimental animals were fed the high-protein (19.8 % crude
protein), high-mineral, high-vitamin, low-carbohydrate diet. The food intake of
the experimental group was restricted to 66 % of that of the controls (table 1).
Thus, they received slightly higher daily amounts of crude protein, mineral and
vitamins than the controls (+ 12 %). Daily intake of carbohydrate, lipid and
indigestible agar-agar was reduced (— 34, — 44 and — 34 %, respectively). The
experimental animals grew 45 % more slowly than the controls. Crude protein
efficiency (i.e. the growth rate/crude protein intake ratio) was highly impaired,
suggesting an increased rate of amino acid breakdown and gluconeogenesis
(Grizard et al., 1975). The control and the high-protein diets, which have been
described previously (Grizard et al.,, 1975 ; Grizard, Arnal and Pion, 1980},

TABLE 1

Animal parameters

Group Control Experimental

Number of animals 15 15
Number of experimental days 1" 18-20
Liveweight on the day of sacrifice (g) 161 + 6 156 + 4
Daily gain (g) 6.29 + 0.37 3.45 + 0.43*
Daily intakes :

dry matter (g) 15.6 + 0.6 10.5 + 0.2

crude protein (g) 1.84 + 0.07 2.07 + 0.03*

crude energy (K Joules) 282 + 10 188 + 3*
Liver weight (g) 7.32 + 0.35 6.27 + 0.30%

Each value is the mean + SD

* 1 significantly different (P g 0.050) from the controls.
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contained fish meal supplemented with methionine, phenylalanine, tryptophane
and threonine. The animals were fed on an automatic feeding schedule.
Beginning at 10 a.m., they consumed each of the six equal meals (given every
4 h) within about 5 min. When they had attained a mean body weight of 155 g,
they were killed without anaesthesia at approximate 15-min intervals between
2p.m. and 4 p.m. Seven representative rats from each group were used to
study liver glucagon receptors.

Chemicals. — Highly purified porcine glucagon (G 501575) was obtained
from the Novo Research Institute, Bagsvaerd, Denmark. '%|-Na (IMS. 30) was
purchased from the Radiochemical Center, Amersham, England. Bovine serum
albumine (fraction V) was purchased from Calbiochem ; 5'-AMP was from
Merck, and D-glucose-6-phosphate, thymidine 5’-monophospho-p-nitro phenyl
ester, p-nitrophenol and aprotinin from the Sigma Chemical Company.

125|-glucagon was prepared according to the method of Nottey and Rosselin
(1971) and was purified by chromatography on a DEAE celiulose column. This
preparation contained about 5-30 % of '®}-glucagon and 70-95 % of unlabelled
glucagon since average specific activity was within 30-200 uCi/pg, as measured
by the trichloracetic acid method. Monoiodogiucagon had been shown pre-
viously (Fuller et al., 1975 ; Desbuquois, 1975) to be biologically active and its
interaction with the receptor is indistinguishable from that of native glucagon.

Liver plasma membranes. — Fully purified liver plasma membranes were
prepared (Neville, 1968, step 1b) with the following modifications ; the livers
were quickly removed, weighed and freeze-stopped in liquid nitrogen within 2-
3 min. They were kept at — 80 °C during a 2-week period. Pooled samples of
livers from the same group were then thawed within 2-6 min in 1 mM Na HCO,
at 4 °C. Quick freezing and quick thawing induced no detectable variations in
liver fractions as judged by electron microscopy, chemical composition and
enzymatic criteria (Fleischer and Kervina, 1974). 5’-Nucleotidase activity and
insulin receptors remained unchanged, whereas glucagon binding to its receptors
was significantly reduced (Balage and Grizard, unpublished results). Purified
plasma membranes were stored at — 80 °C until use. Protein concentration was
determined (Lowry et a/., 1951) using bovine albumin as a standard. The activity
of b’-nucleotidase, the standard marker for plasma membranes, was determined
by measuring the rate of inorganic phosphate release from 5'-AMP. Both soluble
phosphodiesterase activity and that located in membrane particles were
determined by'measuring the release rate of p-nitrophenol from thymidine 5’-
monophospho-p-nitrophenyl ester. Glucose-6-phosphatase activity, a standard
microsomal marker, was evaluated by measuring the release rate of inorganic
phosphate from D-glucose-6-phosphate (Aronson and Touster, 1974).

Binding studies. — Studies of ?l-glucagon binding were conducted accord-
ing to the procedure of Freychet et al. (1974) and Broer et al. (1977) with some
minor modifications. Incubation was performed at 30 °C in Krebs-Ringer phos-
phate buffer (40 mM NaCl, 1.7 mM KCI, 0.4 mM MgS0,, 0.4 mM KH,PQ,,
pH 7.5) with membrane protein at 0.13-0.15 mg/ml, bovine serum albumin at
10 mg/ml, bacitracin at 0.1 mg/ml and aprotinin at 2 000 !U/ml in a final volume of
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0.275 ml per incubation tube. The incubation mixture also contained '2°I-glucagon
at 0.3-2.5 nM and unlabelled glucagon at 0-500 nM. Dissociation of the 125I-
glucagon-membrane-receptor complexes was measured after unlabelled hormone
excess was added when '2®l-glucagon binding was in a steady state. At the times
indicated in the figure legends, incubation was ended by cooling the incubation
tubes in an ice bath. 1 ml of chilled buffer was added to each incubation tube,
then 1 ml of the mixture was transferred to chilled plastic microfuge tubes. The
latter tubes were centrifuged for 6 min at 25 000 x g at 4 °C. The supernates
were sucked out and pellet radioactivity counted. Total binding referred to the
radioactivity of the pellet, whereas non-specific binding referred to pellet
radioactivity along with a great excess of unlabelled hormone {14.9 uM). Specific
binding was the difference between total and non-specific binding. Specific 12|
glucagon binding was normalized to 0.1 mg of membrane protein per ml in all
experiments. With the concentrations of membrane protein used in this
experiment, specific '%l-glucagon binding to liver plasma membranes from rats
fed a standard diet ad /ibitum, was a linear function of membrane protein
concentration (Balage, unpublished results).

Unaltered glucagon. — '?5l-glucagon, which remained intact in the supernate
from the incubation mixtures (glucagon at 2.7 and 5.0 nM), was evaluated by
measuring its ability to rebind to fresh membranes.

Analysis of data. — Equilibrium binding parameters were calculated by
Scatchard analysis. We used linear regression of the ratio of bound to free
glucagon (B/F) as a function of bound glucagon (B). The slope was the affinity
constant and the intercept with the horizontal axis was the binding capacity.
With high glucagon levels (1.5-500 nM), regression gave the low-affinity constant
and total binding capacity (low-affinity + high-affinity receptors). With low
glucagon levels and using data corrected for the contribution of low-affinity
receptors, regression gave the affinity constant and the binding capacity of high-
affinity receptors. The dissociation rate was obtained for the first part (0-30 min)
of the dissociation curve by the linear regression slope of specific '%I-glucagon
binding logarithm vs time after the addition of unlabelled glucagon.

Statistical methods. — The « goodness of fit » of linear unweighted
regressions was assessed by the F-test. Differences between the regressions
were tested for significance by covariance analysis. Differences between the
means were tested for significance by variance analysis (Snedecor and Cochran,
1971). Because samples from each group were pooled, standard deviations and
standard errors referred to measurements but not to individuals.

Results.

Time course of binding. — The time course of specific ?%l-glucagon binding
to purified liver plasma membranes was the same in the two groups when
normalized to the same maximal binding (fig. 1). It was slower than that reported
previously with isolated hepatocytes (Broer et al., 1977 ; Gill and Hart, 1980).
Specific '®l-glucagon binding increased rapidly after incubation began, attaining
half-maximal binding within 45 min. Afterwards, this specific binding increased
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FIG. 1. — Time course of 725/—g/ucagon binding to purified liver plasma membranes. 125I—qucagon

{25 £ 0.1 nM) (+ SD) was allowed to bind at 30 °C to membranes {membrane protein :
0.14 + 0.02 mg/ml) at the times indicated. Specific '®I-glucagon binding in each group was
leé)tted as the percentage of maximal specific 125|—g|ucagon binding. Average maximal specific

I-glucagon binding was 0.10 pM/0.1 mg of membrane protein. Non-specific binding
(1.4 + 0.1 % of labelled hormone introduced into the incubation tube/0.1 mg of membrane pro-
tein), subtracted from each point, was measured in simultaneous experiments. Each value is the
mean of duplicate determinations for one experiment.

FIG. 2. — Time course of dissociation of 725/—g/ucagon from purified liver plasma membranes. Liver
plasma membrangs were incubated at 30 °C in two steps : (1) 125|_glucagon (2.16 + 0.05 nM)
(+ SD) was afldwed to bind to membranes (membrane protein : 0.15 + 0.02 mg/ml) for
120 min ; (2) the second step was then initiated immediately {time O on the figure} by adding
unlabelled hormone (in 50ul) to obtain a final concentration of 14.9 yM. Bound radioactivity was
measured at the indicated times. Non-specific binding (1.4 + 0.4 % of labelled hormone introdu-
ced into the incubation tube/0.1 mg of membrane protein), subtracted from each point, was
measured in simultaneous experiments. The results in each group are expressed as the percen-
tage of specific '?®I-glucagon binding at starting time. Each value is the mean + SE of duplicate
determinations in one experiment.

slowly, maximal binding occurring after 120-180 min. After 180 min, specific
binding began to decline.

Dissociation of glucagon-membrane receptor complexes. — In the 30-min
period after glucagon excess was added, '%|-glucagon dissociated more rapidly
in experimental rats than in controls (fig. 2), suggesting an increase in the dis-
sociation rate constant (table 2). Afterwards, the dissociation rate dropped in
both groups.

Specific glucagon binding at steady state. — Specific '25-glucagon binding
decreased with increasing glucagon. With low glucagon (0.3-5 nM) it was lower
in the experimental animals than in the controls (fig. 3). Regression analysis
exhibited significant differences (p < 0.05) between the two competition-
inhibition curves. In contrast, with high glucagon, specific '?%-glucagon was
similar in both groups. The glucagon level for half-maximal binding was within 9-
11 nM.
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Calculated affinity constants and binding capacities exhibited no significant
differences in the two groups (table 2). As previously observed by Giorgio,
Johnson and Blecher (1974), Fouchereau-Peron et al. (1976), Caro and Amatruda
(1980), Bhatena et a/. (1978) and Sonne et al., (1981), Scatchard analysis gave a
curvilinear plot (fig. 3} consistent with two classes of independent binding sites.
Alternatively, curvilinear Scatchard could result from site-site interactions. This
seems unlikely since the dissociation rate of '®l|-glucagon, produced by
« infinite » dilution, is not significantly increased further by unlabelled glucagon
in liver plasma membranes (Balage, unpublished results) and isolated
hepatocytes (Sonne et al., 1978 ; Fehlmann et al., 1981). The affinity constants
and binding capacities of high-affinity receptors were in good agreement with
published data (Gill and Hart, 1980 ; Srikant et a/., 1977 ; Fouchereau-Peron et
al., 1976 ; Sonne et al.,, 1978). However, because glucagon binding to its
receptors is a complex reaction (Blake, 1978), the meaning of the kinetic
parameters of glucagon binding must be considered critically.

TABLE 2
Parameters of glucagon binding

Group Control Experimental

Binding capacities (pM/mg membrane protein)

High-affinity receptors 1.6 + 04 1.4 + 1.7

Low-affinity receptors 15.2 + 11.9 16.2 + 9.2
Affinity constants (10° M~ ")

High-affinity receptors 0.37 + 0.10 0.29 + 0.20

Low-affinity receptors 0.057 + 0.029 0.040 + 0.010
Time course of dissociation

Dissociation rate (% min) 1.08 + 0.14 1.27 + 0.29

Half-life (min) 64 55

Each value is the mean + the standard deviation of the regression coefficient {affinity constants,
dissociation rate constant) or the mean + the standard error of the prediction by regression (binding
capacities).

Unaltered glucagon. — Differences in the unaltered hormone might have
affected the apparent values of hormone binding. Glucagon was significantly
altered in the experimental rats compared to the controls (table 3). This fully
correlated with the decrease in apparent specific 2°I-glucagon binding. However,
the meaning of altered glucagon is unclear, and breakdown was not taken into
account when glucagon binding was calculated.

Characteristics of plasma membrane preparations. — Recovery of glucose-6-
phosphatase from membrane preparations was low, indicating that there was no
microsomal contamination (table 4). Recovery of 5’-nucleotidase and phospho-
diesterase was similar in both groups. This finding suggests that the differences
observed in glucagon binding are not attributable to differences in membrane
recovery. However, 5'-nucleotidase and phosphodiesterase activities per mg of
membrane protein were lower in the experimental animals than in the controls.
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FIG. 3. — Glucagon binding at steaog’)y state to purified liver plasma membranes as a function

of total glucagon concentration. ?®|-glucagon (0.32 + 0.0T nM) {+ SD) and unlabelled gluca-
gon (0 to 500 nM) were allowed to bind to membranes {membrane protein : 0.15 + 0.02 mg/ml)
for 120 min at 30 °C. The results concern the percentage of specific '?°I-glucagon membrane
binding at 0.1 mg/ml of membrane protein. Non-specific binding (1.6 + 0.3 %), subtracted from
each point, was measured simultaneously. Each point is the mean + SE for three separate expe-
riments. Duplicate or triplicate incubations were carried out in each experiment.
In the insets, the same data are expressed using the method of Scatchard, /.e. the ratio of
bound to free '®I-glucagon {B/F) is plotted as a function of the quantity of glucagon bound (B)
to liver plasma membranes. Bound glucagon = {percentage of % I-glucagon specifically bound)
x (total glucagon concentration). The lines represent calculated regressions of (B/F) vs (B) with
low and high glucagon, respectively.

This correlated with the increase in protein yield. Therefore, the drop in apparent
specific '?l-glucagon binding per mg of purified liver plasma membranes could be
explained by a drop in membrane purity. Alternatively, 5’-nucleotidase activity
could have decreased as a result of energy restriction (Grizard, Arnal and Pion,
1980).
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TABLE 3
Unaftered hormone

Group Control Experimental
Glucagon (2.7 nM)} 123 + 27 89 + 30
Glucagon (5.0 nM) 142 + 28 82 + 6 '@ b}

125I—glucagon (at 2.7 and 5.0 nM) was allowed to bind to the membranes (membrane protein at 0.16
+ 0.02 mg/ml) for 120 min at 30 °C (see Methods). '®i-glucagon remaining intact in the supernates
from the incubation mixtures was evaluated by measuring its ability to rebind to fresh membranes.
Results refer to the percentage of unaltered glucagon present in controls simultaneously incubated
without membranes. Each value is the mean + SD of quadriplicate determinations for one experiment.

(a) value significantly different (P < 0.05) from 100 %.

(b) experimental group values were significantly different (P < 0.05) from the corresponding
control group values.

TABLE 4

Enzymatic activities in homogenate and liver plasma membrane preparations

Group Control Experimental

Membrane protein recovery (mg/g wet liver)

0.18 + 0.01 0.32 + 0.02
5’-nucleotidase
Homogenate 4.00 + 0.22 480 + 0.20
Membrane 61.5 + 1.1 31.8 + 04
% recovery 2.3 2.8
Phosphodiesterase
Homogenate 0.73 + 0.07 1.46 + 0.06
Membrane 16.4 + 0.2 129 + 0.4
% recovery 3.3 3.7
Glucose-6-phosphatase

Homogenate 10.0 + 0.9 104 + 0.2
Membrane 54 + 0.1 1.5 + 0.1
% recovery 0.08 0.06

5’-Nucleotidase and glucose 6-phosphatase activities were expressed in micromoles of inorganic
phosphate/mg of protein/hour. Phosphodiesterase activity was expressed in micromoles of p-
nitrophenol/mg of protein/hour. Each value is the mean + SD of triplicate determinations.

Discussion.

Feeding the experimental diet produced a significant decrease in apparent
specific '%l-glucagon binding to purified liver plasma membranes. There are
several factors which might account for this decrease. The breakdown rate of
1%5]_glucagon was enhanced since the percentage of hormone remaining intact in
the supernate of incubation mixtures dropped. Furthermore, as seen from marker
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enzyme measurement, membrane purity decreased. Thus, specific glucagon
binding to its receptors could have dropped. As measurement of the dissociation
of ®l-glucagon complexes (induced by unlabelled glucagon excess) showed,
there was an increase in the dissociation rate constant. Scatchard analysis of
equilibrium binding data exhibited no further decreases in affinity constants and
binding capacities.

The decrease in glucagon binding to its receptors after feeding the exper-
imental diet correlates with the decrease in glucagon binding found in fasted rats
{Fouchereau-Peron et al., 1976 ; Broer et al., 1977 ; Caro and Amatruda, 1980 :
Srikant et al.,, 1977 ; Freeman et al., 1977). it contrasts with the constant,
glucagon binding to isolated hepatocytes found in restricted goats (Gill and
Hart, 1979 ; Gill and Hart, 1981). It probably parallels an increase in circulating
blood glucagon since hyperglucagonemia (following exogenous administration of
glucagon and observed in spontaneous obesity) induces a drop in glucagon bin-
ding to hepatocytes and liver plasma membranes (Bhatena et a/.,, 1978 ; Srikant
et al., 1977). Furthermore, fasting, energy restriction or high-protein diets have
been known to increase blood glucagon in different species (Unger, 1972 ;
Eisenstein and Strack, 1978 ; Eisenstein et al., 1979 ; Jarrousse et al., 1980 ;
Peret et al., 1981 ; Aguilar-Parada et a/., 1969 ; Gerich, 1976). The age increment
from the controls to the experimental animals cannot explain this since glucagon
binding to its liver receptors is unaltered or increased from neonatal to adult
rats (Lockwood and East, 1978 ;: Basquez et al., 1976 ; Pingoud et al.,
1982).

Decreased glucagon binding after feeding the experimental diet could not
explain the increase in amino acid breakdown observed in such animals (Grizard
et al.,, 1975) since glucagon promoted amino acid extraction by the liver and
amino acid conversion into glucose. Several factors could explain this
discrepancy. First, glucagon binding does not always correlate with the status of
glucagon sensitivity. Indeed, a decrease in glucagon binding induces a decrease
in glucagon sensitivity in fasted rats, as far as cyclic AMP production by the liver
is concerned (Broer et al., 1977 ; Fourchereau-Peron et al., 1976). In contrast,
other authors (Caro and Amatruda, 1980 ; Freeman et al., 1977 ; Srikant et al.,
1977) found no subsequent modification in glucagon-stimulated amino acid
transport and cyclic AMP production after glucagon binding decreased. In the
latter case, the reduction of binding sites might have been restricted to those not
involved in biological action {Birnbaumer and Pohl, 1973) or else the biological
action generated by the receptors was enhanced. Secondly, circulating glucagon
might increase (see above). Another possibility would be that hormones other
than glucagon vary. Feeding the experimental diet also induced a small increase
in insulin binding to liver plasma membranes (Grizard, Arnal and Pion, 1980).
These results are in keeping with the increase in protein anabolism observed in
livers from such animals (Arnal et al., 1972) since glucagon produces a drop in
liver protein anabolism (Ayuso-Parrilla et a/., 1976 ; Martin-Requero et al., 1979),
whereas insulin promotes it (Bellemann et al., 1977).

Recu en avril 1982.
Accepté en octobre 1982.
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Résumé. Influence de la restriction énergétique sur les récepteurs de glucagon dans le
foie chez le rat en croissance.

Le but du présent travail est I'étude des récepteurs de glucagon dans le foie chez le
rat en croissance soumis ou non a une restriction énergétique. Pour cela, des rats males
de souche Sprague-Dawley sont répartis en deux lots. Le lot Témoin recoit un régime
équilibré a 11,8 % de protéines ; le lot soumis a la restriction énergétique recoit en guan-
tité limitée un régime riche en protéines (19,8 % de protéines). L'aliment est distribué en
6 repas égaux régulierement répartis au cours du nycthémére. Les rats sont sacrifiés au
poids moyen vif de 155 g. Les membranes plasmiques du foie sont préparées selon la
méthode de Neville, leur degré de purification est déterminé par les activités 5'-
nucléotidase et phosphodiesterase. La fixation du glucagon aux membranes est mesurée
au moyen de 'l-glucagon. Le glucagon intact au terme des incubations est déterminé
par sa capacité a se fixer a nouveau a des membranes plasmiques.

A 30 °C la fixation spécifique apparente du '?|-glucagon aux membranes augmente
en fonction de la durée d'incubation, elle atteint un maximum 3 partir d’'une durée d’incu-
bation voisine de 2 h. Pour une concentration constante en '?®l-glucagon, cette valeur
maximum diminue & mesure que la concentration en glucagon non radioactif augmente.
De plus, lorsque ce maximum de fixation est atteint, un excés de glucagon non radioactif
entraine une dissociation de la fixation du '®|-glucagon aux membranes selon une période
de demi-vie d’environ 1 heure.

La fixation spécifique apparente du '®l-glucagon aux membranes est plus faible chez
les rats soumis a la restriction énergétique que chez les rats témoins. Ceci est en accord
d'une part avec la diminution de I’'hormone intacte au terme des incubations et d’autre
part avec la réduction de la pureté des membranes observée chez les animaux restreints en
énergie. Ceci peut aussi traduire une réduction de la fixation du glucagon a ses récepteurs
sous l'effet de la restriction énergétique. De plus, la vitesse de dissociation du '*f-
glucagon fixé aux membranes est plus rapide chez les rats soumis a la restriction énergéti-
que que chez les rats témoins.
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