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A B S T RA C T The method of producing experi-
mental glucagon deficiency by administration of gluca-
gon antiserum was evaluated in rats. A pool of antisera
was prepared, the affinity of which exceeded that of the
glucagon receptors of liver cell membranes, whereas
the binding capacity of the volume used amounted to
more than one-third of the total glucagon content in
the rat pancreas. That rapid, extensive, and lasting
neutralization of glucagon had taken place after anti-
serum treatment was indicated by the following find-
ings: Whenexamined more than 1 h after the injection
and after 60 min of exercise-stimulated glucagon pro-
duction, all rats had excess free antibodies in plasma.
The concentration of free glucagon was lowered to
one-third of the concentration in control rats; at 37°C
plasma samples could bind 25% of additional 300
pmol/liter of glucagon in 10 s, and 69% in 120 s; the
glycemic response to exogenous glucagon was
abolished. Antiserum treatment, however, had no ef-
fect on blood glucose in rats fasted for 3 and 10 h, in
chemically sympathectomized and adrenomedullec-
tomized rats, and in 48-h-fasted, acutely adrenalec-
tomized rats. The antiserum was found to contain 460
nmol/liter of antibody-bound glucagon, originating in
the rabbit in which the antiserum was raised. How-
ever, antibody preparations from which the bound
glucagon had been effectively removed were equally
ineffective in lowering the basal blood glucose in
rats, although in three-fourths of the rats the concentra-
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tion of free glucagon was lowered beyond detection
limit.

The data indicate that the absolute concentration
of glucagon in plasma is of minor importance for the
maintenance of basal blood glucose in the rat.

INTRODUCTION

The hyperglycemic effect of insulin deficiency pro-
duced by administration of insulin antiserum is well
known (1, 2). Similar experiments with antisera against
glucagon have been less illustrative.

An acute blood glucose lowering effect of glucagon
antiserum was demonstrated in 48-h-fasted adrenalec-
tomized rats (3), and preincubation with antibodies
abolished the hyperglycemic effect of glucagon in vitro
and in vivo (4). Antiserum, however, did not affect
blood glucose concentrations in fed or postabsorp-
tive animals (3, 5, 6). Recent studies of glucagon
deficiency induced by somatostatin have suggested
that basal glucagon secretion is at least partly re-
sponsible for maintenance of euglycemia, because the
glucose lowering effect of somatostatin is correlated
with glucagon suppression and may be reversed by
exogenous glucagon (7-11). The variable effect of
glucagon antiserum administration could be the result
of incomplete neutralization of circulating glucagon
(5). We therefore studied the neutralization of
endogenous and exogenous glucagon in antiserum-
treated rats, as well as the effect of antiserum on
basal blood glucose, after fasting of various periods of
time, and after procedures designed to eliminate
adrenergic antihypoglycemic mechanisms. Someof the
experiments were performed in exercising rats to
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study the effectiveness of neutralization during in-
creased glucagon production (12).

METHODS

Male Wistar rats weighing 240-260 g were used for the
experiments. Secretion of glucagon was stimulated by forcing
the rats to swim (with a tail weight, 2% of body weight),
for 60 min in water maintained at 33-34°C. Blood samples
were obtained by cardiac puncture while the rats were
briefly anesthetized with ether. The cardiac cannula was also
used for the injection of glucagon antiserum or control serum.
Blood was collected into chilled heparinized syringes which
also contained aprotinin (Trasylol, the Bayer Co., Sterling
Drug Inc., Rensselaer, N. Y.) 500 kIU/ml blood. Blood glu-
cose, plasma glucagon, plasma insulin, serum glycerol, and
serum nonesterified fatty acid concentrations were deter-
mined as previously described (12, 13). Samples of liver
were stored at -800C until the glycogen content was deter-
mined by a hexokinase method after hydrolysis (14); the glyco-
gen values are expressed as millimoles of glucose per
kilogram wet tissue. The detection limit of the glucagon
assay was 4 pmol/liter and intra- and interassay coefficients
of variation 6 and 16%, respectively, at 25 pmol/liter. Stand-
ards were highly purified porcine glucagon (Novo Research
Institute, Copenhagen, Denmark), which was also used for
injection because porcine and rat glucagons have identical
amino acid compositions (15). The antibody used (4317) is
directed against a part of the C-terminal sequence of the
glucagon molecule and does not cross-react with any of the
gut glucagons (16). The assay system was essentially that of
Heding (17), including extraction of plasma with 61%ethanol
before assay. Dilution curves of (extracted) rat plasma were
parallel to the standard curves. Monoiodinated l25I-gluca-
gon (18) was purchased from the Novo Research Institute.
The specific activity was approximately 730 Ci/mmol. The
stock tracer solution of glucagon was 45 nmol/liter. The detec-
tion limit of the insulin assay, which was performed accord-
ing to the principles of Albano et al. (19) was 0.5 pmol/liter,
and the intra- and interassay coefficients of variation 5 and
10%, respectively, at 40 pmol/liter. Standards were human
monocomponent insulin (Novo Research Institute), but the
antiserum used cross-reacted strongly with rat insulin (a gift
from L. G. Heding, Novo Research Institute), and dilution
curves of rat plasma paralleled roughly the standard curves.

Determination of free glucagon. To 0.5 ml rat plasma,
ethanol was added to a final concentration of 80% (vol/vol).
After 30 min centrifugation, the supemate was decanted
and evaporated to dryness in a vacuum desiccator. The
samples were then reconstituted to the original volume with
assay buffer (13) and assayed for glucagon. With 80%
ethanol >70% of the free glucagon is recovered, whereas
antibody-bound glucagon is effectively precipitated (17).
Furthermore, the precipitate does not leak off glucagon (17).

Determination of total (antibody-bound + free) glucagon.
To 0.5 ml rat plasma, HCI (1.0 mol/liter) was added to pH 2.5,
and the tubes were left at room temperature for 15 min.
Ethanol was added to a final concentration of 61% (vol/vol),
and the pH was brought to 8 with 25% ammonia. The
precipitate was removed by centrifugation and the super-
nate evaporated to dryness, reconstituted in assay buffer, and
assayed for glucagon. In this way a reliable estimate of the
total (antibody-bound + free) glucagon concentration was
obtained (17, 20).

Antisera to glucagon for injection were produced as pre-
viously described (13), and a pool of antisera was analyzed
for titer, avidity, and binding capacity (13, 21). Serum from

normal, nonimmunized rabbits was used for control experi-
ments. Statistical evaluation of the data was performed with
the use of the Mann-Whitney U-test, the Wilcoxon signed
rank test for paired data, and Friedman's two-way analysis
of variance (22). However, for the sake of convenience, the
data are presented as mean+SEM. Differences resulting in
P values < 0.05 were considered significant.

RESULTS

1. The glucagon antiserum pool. The titer of the
pool (i.e., the dilution of the antiserum that bound
approximately 50% of 10 fmol labeled glucagon under
standard assay conditions [13]) was 1:40,000. The
antiserum thus diluted was incubated with increasing
amounts of unlabeled glucagon and 10 fmol labeled
glucagon for 3 days in a volume of 0.5 ml and free and
bound hormone separated by ethanol precipitation.
The addition of 10 pmol/liter glucagon significantly
lowered the binding of the label (8% of the binding
without unlabeled glucagon, P < 0.005). From the
binding data, a Scatchard plot (21) was constructed
(Fig. 1).

The nonlinear shape of the Scatchard plot indicated
the presence of more than one class of glucagon bind-
ing sites. The experimental curve was graphically re-
solved into two linear components according to Rosen-
thal (23), and a reasonable fit was reached. Accordingly,
the pool may be regarded as consisting of one class of
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FIGURE 1 Affinity and binding capacity of antiserum. A
pool of glucagon antisera was incubated with increasing
amounts of glucagon + 10 fmol labeled glucagon. After
3 days at 4°C free and bound were separated using ethanol
precipitation. A Scatchard plot (20) was constructed from the
binding data according to the formula BIF = K(n - B),
where B is the concentration of bound hormone, F the
concentration of free hormone, K the equilibrium constant,
and n the total concentration of antibody binding sites. A
graphical resolution into two linear components was then per-
forrned according to Rosenthal (22). The binding constants
of the two resulting classes of antibodies are given in the
figure.

Effects of Glucagon Immunoneutralization 183

LB

[t]



TABLE I
Plasma Concentrations of Free and Antibody-Bound

Glucagon in Control and Antiserum-Treated
Rats after Exercise

Free Binding of
Treatment Total glucagon glucagon 1251-glucagon

pmollliter pmol/liter N

Control serum 80±17 60+15 15.9±0.43
(4) (6) (10)

Glucagon 10,000+1,001* 24±2.6* 43.4±0.66*
antiserum (4) (6) (10)

Eight rats received either antiserum or nonimmune serum
and were exercised for 60 min; then blood was drawn for
determination of the total glucagon concentrations by
means of an acid-ethanol technique. Another 12 rats were
treated similarly and their plasma was analyzed for free
glucagon after extraction with ethanol (final concentration
80% [vol/vol]). Results are presented as mean±SEM. Number
of experiments in parentheses. Excess antibody was demon-
strated by incubation of 300 ,1. plasma, diluted 1,500 times
with 10 fmol '251-glucagon. After separation the fraction of
bound hormone was determined as described in the text.
* Significantly different from controls.

antibodies with an equilibrium constant of 5.7 x 10"0
liters/mol and a binding capacity of 540 nmol/liter,
and another class with an equilibrium constant of 6.8
x 109 liters/mol and a binding capacity of 1,800 nmol/
liter.

2. Determination offree and antibody-bound gluca-
gon in antiserum-treated exercised rats (Table I). 12
rats were fasted for 1 h and then injected with 0.5 ml
of either control serum (6 rats) or undiluted antiserum
(6 rats). After 15 min rest they exercised for 60 min
with 2% tail weight. Then, as quickly as possible, 2
ml cardiac blood was poured into iced Trasylol-con-
taining heparinized tubes and centrifuged in the cold.
Plasma was assayed for free glucagon. The results are
shown in Table I. Antiserum treatment significantly
lowered the concentration of free glucagon (P
= 0.025).

Another eight rats were treated similarly (four con-
trol and four antiserum rats). After exercise cardiac
blood was drawn into chilled heparinized Trasylol-
containing tubes and centrifuged in the cold. The
plasma was assayed for total glucagon (antibody-bound
+ free). The results appear in Table I. Although
the total glucagon concentrations in the control rats
were similar to the concentrations of free glucagon
obtained in the foregoing series, the concentrations in
the antiserum group vere 125 times higher (P = 0.014).
Finally, plasma from both groups of rats was examined
for excess antibodies after exercise by incubating
plasma at various dilutions with labeled glucagon,

separating bound and free, and counting both frac-
tions. The titer (the dilution, which would bind ap-
proximately 50%of the label) was then determined. All
antiserum-treated rats had titers of approximately
1:1,500, corresponding to an excess binding capacity
of the postexercise rat plasma of 20 nmol/liter or, if
corrected for the nonspecific binding of the control
plasma (24) (Table I), 10.8 nmol/liter.

3. Kinetics of binding at 37°C. Eight 1-h-fasted
rats (four controls and four antiserum-treated) were
forced to swim. Plasma obtained after exercise was
heated to 37°C and 0.5 ml was incubated with 140
fmol glucagon + 10 fmol labeled glucagon (a total of
0.15 pmol) prepared in a volume of 50 ,ul of buffer and
preheated to 37°C. Incubation lasted for 10-120 as
indicated in Table II. All handling of tubes was per-
formed as quickly as possible, adequate mixing was
ensured with a mixing device (CycloMixer, Clay
Adams, Div. of Becton, Dickinson & Co., Parsippany,
N. J.) and incubation took place -apart from the mixing
time-at 37°C in a thermostated water bath. The
reaction was terminated by the addition of ethanol to a
final concentration of 80% (vol/vol) (to ensure com-

TABLE II
Time-course of Binding of Added Glucagon (300 pmol/liter)

to Antibodies in Plasma from Passively Immunized
Rats at 37°C

Incubation time

Group of rats 10 30 60 120

Control
serum,
n = 4 27.1+0.9 26.7±1.1 27.3±1.3 27.8±1.7

Undiluted
antiserum,
n = 4 - 94.6±0.4

Antiserum,
n = 4 44.3±1.1 58.5±1.5 62.1±1.1 73.8±1.9

Antiserum,
corrected
values 25.5 46.5 51.3 69.2

Precipitation of 1251-glucagon (%) added as tracer. Four rats
received antiserum and four received nonimmune serum
intracardially and were exercised for 60 min. Then blood
was drawn and 0.5 ml plasma incubated with 140 fmol
glucagon and 10 fmol 1251-glucagon at 37°C for the time
indicated. The reaction was stopped with ethanol, and pre-
cipitate and supemate counted for radioactivity. All incuba-
tions were made in duplicate. Results of first three lines are
presented as radioactivity in precipitate in percent of total
(mean±SEM). The results in the last line represent the
calculated binding of glucagon (in percent) as corrected for
incomplete immunoreactivity of tracer (second line) and
unspecified binding (first line).
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plete precipitation of antibody-bound glucagon),
thorough mixing, and centrifugation for 30 min. Both
supernate and precipitate were counted. All incuba-
tions were performed in duplicate. In a control experi-
ment undiluted rabbit glucagon antiserum instead of
rat plasma was incubated in the same way for 120 s.

The raw binding data are presented in the upper
three lines of Table II. In extreme antibody excess,
95% of the labeled glucagon was precipitable. The
nonspecific binding of the control plasma (27%) may
be regarded as "damage," and the binding data prob-
ably should be corrected accordingly (24). The cor-
rected values appear in the fourth line.

Even after 10 s a substantial part of the added gluca-
gon was bound by the antibodies with free binding
sites in the plasma of the antiserum-treated rats (P
= 0.014), and binding increased throughout the
incubation period.

4. Neutralization of exogenous glucagon. 23, 3-h-
fasted rats (11 control rats and 12 antiserum-treated
rats) rested for 60 min after intracardial injection of
serum or antiserum. Then 0.5 ml blood was drawn for
glucose determination, and glucagon in a dose of 30
pmol/kg dissolved in 0.3 ml 0.15 mol/liter NaCl con-
taining 0.1% human serum albumin (Behring-Werke
AG, Marburg/Lahn, West Germany) was injected. After
another 30 min the rats were exsanguinated and a liver
specimen removed for glycogen determination. The
results of assay for metabolites and hormones appear in
Table III. The glucagon injection caused a significant
increase in blood glucose concentration after 30 min in
control rats, whereas no significant change was found in
the antiserum-treated rats. Plasma insulin concentra-
tion was significantly higher in the control group, and
the concentration of glycerol was lower, whereas con-
centrations of free fatty acids and liver glycogen did

not differ significantly in control rats compared to
antiserum-treated rats.

5. Effect of antiserum on blood glucose concentra-
tion (Tables IV and V). (a) 30 rats were fasted for
3 h. 15 rats then received 0.5 ml antiserum and 15 rats
received 0.5 ml control serum. Blood glucose was de-
termined before and 75 min after the administration.
Blood glucose rose slightly in both groups, but the
changes were not significantly different.

(b) 12 rats fasted for 10 h. Six rats received anti-
serum and six rats received control serum. Glucose
concentrations tended to increase in the antiserum
group and to decrease in the control group. However,
the changes were not significantly different.

(c) In 17 rats, chemical sympathectomy was per-
formed by the administration of 6-hydroxy-dopamine
(25) and adrenomedullectomy by electrocoagulation.
2 wk later eight rats received antiserum and nine rats
received control serum. A further 16 rats were sham-
operated and injected with saline instead of 6-hydroxy-
dopamine. Eight were given antiserum, and eight con-
trol serum. All rats were fasted for 3 h before the
experiment. After 75 min a small rise in blood glucose
was noted in the control group of sympathectomized
rats, and a slight fall in the antiserum group. The
changes were, however, insignificant. A similar pattern
was found in the sham-operated group.

(d) 17 rats were fasted for 48 h. 60 min before the
injection of antiserum or control serum they were anes-
thetized with pentothal sodium intraperitoneally and
adrenalectomized. A small polyethylene catheter was
inserted into a carotid artery for blood sampling. After
three base-line samples, nine rats received antiserum
and eight rats control serum through the catheters.
Blood glucose was then measured for 60 min at the
times indicated in Table V. There were no significant

TABLE III
Neutralization of the Effects of Exogenous Glucagon by Glucagon Antiserum

Glucose Glucose NEFA* Glycerol Insulin Insulin Glucagon Liver
Treatment at 60 min at 90 min at 90 min at 90 min at 60 min at 90 min at 90 min glycogen

mmollliter mmol/liter mmol/liter nolilliter pmol/liter pmollliter pmollliter mmol/kg

Control 7.4±0.78 9.5+0.90t 0.517+0.041 190+12 Not 26+4 86+6.9 164±26
serum (11) (11) (9) (9) measured (9) (9) (11)

Glucagon 7.0+0.31 7.7+0.46§ 0.650±0.051 234+12" 12+2 14+21" Excess anti- 159+22
antiserum (11) (11) (12) (12) (12) (12) body; titer (12)

>1:1,500

Rats received either antiserum or nonimmune serum intracardially. After 60 min blood was drawn by cardiac puncture,
and glucagon, 30 pmol/kg, was injected. After another 30 min the rats were exsanguinated and a liver biopsy removed.
Results are presented as mean+SEM, and the number of experiments is indicated in parentheses.
* Nonesterified fatty acid concentrations.
t Significantly different from the 60-min value (P = 0.002).
§ 60 to 90-min changes significantly different from controls (P < 0.05).
"Significantly different from controls (P < 0.02).
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TABLE IV
Effect of Glucagon Antiserum on Blood Glucose Concentration (millimoleslliter) in Rats

Glucagon antiserum Control serum

Group of rats Before 75 min after Change Before 75 min after Change

3-h fast 6.3±0.40 6.8±0.26 0.55±0.31 6.8±0.39 7.7±0.34 0.86±0.4
(15) (15) (15) (15)

10-h fast 6.1±0.43 6.7±0.43 0.59±0.65 6.0±0.32 5.5±0.38 -0.48±0.4
(6) (6) (6) (6)

3-h fast
+ sympathectomy 5.9±0.18 5.8±0.12 -0.13±0.14 5.8±0.13 6.2±0.19 0.40±0.2
+ adrenomedullectomy (8) (8) (9) (9)

3-h fast
+ sham-operated 5.8±0.12 5.7±0.27 -0.05±0.23 5.8±0.15 6.1±0.42 0.34±0.4
+ sham-injected (8) (8) (8) (8)

All rats received 0.5 ml glucagon antiserum or nonimmune serum intracardially. After 75 min blood was drawn
by cardiac puncture and analyzed for glucose. The results are presented as mean±SEM. Number of experiments
is indicated in parentheses.

changes in either group. 60 min after the injection,
four rats (two controls and two antiserum-treated) were
given glucagon as above (section 4) and blood glucose
followed for 45 min. Blood glucose concentrations re-
mained unchanged, however.

6. Antibody-bound glucagon, originating in the
immunized rabbits (Table VI). The very high con-
centrations of bound glucagon in the plasma of the
antiserum-treated rats gave rise to the suspicion that
some of the bound glucagon might originate in the
rabbit in which the antiserum was raised. We there-
fore determined the concentration of bound glucagon
in the antiserum pool, applying the previously de-
scribed technique to the undiluted antiserum. The
total concentration of glucagon was 460 nmol/liter
(mean of triplicate determination). That this very high
value was not due to technical errors in the determina-
tion of antibody-bound glucagon was evidenced by a
gel filtration on Sephadex G 50 SF (Pharmacia Fine
Chemicals, Piscataway, N. J.) of the solution of
liberated glucagon which had elution characteristics
similar to marker glucagon; and the recovery of gluca-

gon immunoreactivity from the column corresponded
well to the amount of immunoreactive glucagon that
had been applied. In two experiments normal rabbit
serum was investigated similarly, but we found no indi-
cation of glucagon binding by ethanol-precipitable
proteins in the rabbit serum. This is in agreement with
our finding that the total concentration of glucagon in
control-serum treated rats differed only slightly from
the concentration of free glucagon (Table I).

Because the antiserum pool was now exhausted, a
new antiserum, 371-VII, was selected. The titer was
1:400,000 and the binding capacity 3,800 nmol/liter.
The antiserum was saturated with sodium sulfate, and
the precipitate resuspended in glycine buffer, 0.4
mol/liter, pH 2.5, containing in addition 3 mol/liter
guanidine HCL (Ultra Pure, Schwarz/Mann Div.,
Becton Dickinson & Co., Orangeburg, N. Y.). The solu-
tion was left overnight at room temperature and
applied the next day to a 40 x 200-mm column of
Ultrogel AcA 44 (LKB, Industrie Biologique Frangaise,
France) equilibrated with 0.2 mol/liter glycine buffer,
pH 2.5. The glucagon antibodies in the effluent were

TABLE V
Effect of Glucagon Antiserum on Blood Glucose Levels (millimoles/liter) in 48-h-Fasted, Acutely Adrenalectomized Rats

Time after injection (min)

Group of rats -15 -5 0 15 30 45 60

Control serum, n = 8 3.09+0.17 3.15±0.14 3.26+0.18 3.35+0.15 3.25+0.16 3.28+0.22 3.14+0.20
Antiserum , n = 9 2.90+0.17 2.92+0.17 2.83+0.15 2.86+0.14 2.77+0.12 2.68+0.12 2.71±0.11

17 rats were fasted for 48 h and acutely adrenalectomized. Blood samples obtained from a catheter in a carotid artery
were analyzed for glucose. At 0 min nine rats received antiserum and eight rats nonimmune serum. Blood glucose
concentrations were followed for 60 min. Data are presented as mean±SEM.

186 J. J. Holst, H. Galbo, and E. A. Richter



recovered after they had been identified by incubating
2 ul of the eluted fractions with 125I-labeled glucagon
dissolved in 1.0 ml assay buffer for 1 h, separating free
and bound with ethanol, and counting the precipitates.
The pH of the collected fractions was adjusted to 5.0
and the globulins salted out with sodium sulfate. The
precipitate was redissolved in 0.2 mol/liter glycine
buffer, pH 2.5, containing in addition 3 mol/liter urea
(Aristar, BDHChemicals Ltd., Poole, Eng.) and the pH
brought to 5.0. The titer of the antibody solution
(brought to the original volume of the antiserum) was
now 1:100,000. The concentration of bound glucagon
had fallen from 716 nmol/liter of the original antiserum
to 14 nmol/liter. Serum from a normal rabbit was treated
in parallel with the antiserum. These preparations
were then administered to rats (stage I).

12 rats fasted for 10 h. Five rats received 1.0 ml
antibody solution, corresponding to 0.25 ml of the
original antiserum, and six rats received the control
preparation. Blood for glucose determination was ob-
tained just before and 75 min after the injections.
The results appear in Table VI. Blood glucose concen-
trations were significantly elevated in the control
group, but remained unchanged in the antibody-
treated group. Because the urea- and glycine-containing
solution of control gamma globulins lead to such
pronounced effects on the blood glucose concentra-
tions of the control rats, and because some bound
glucagon still remained antibody-bound in the gluca-

gon-antibody preparation, we purified further the
globulin preparations and continued our efforts to strip
off the bound glucagon. The glucagon antibody and the
control preparation were again adjusted to pH 2.5 with
HC1 and applied to the Ultrogel column, which this
time was equilibrated and eluted with 0.1 mol/liter
glycine buffer, pH 2.5. The antibody-containing frac-
tions were collected, adjusted to pH 7, and precipitated
with sodium sulfate. The precipitates were dissolved in
saline, in a volume corresponding to the original
volume of the serum. The control solution contained no
detectable antibodies to glucagon and no detectable
bound glucagon. The titer of the antibody solution was
1:100,000, and the equilibrium constant and binding
capacity determined as described above (section 1)
were 5.5 x 1010 liter/mol and 1,600 nmol/liter (Fig. 2).
Antibody-bound glucagon was no longer detectable.
These preparations were then used for further studies
in rats (stage II). 24 rats were fasted for 10 h. 6 rats
received 1.0 ml saline, 10 rats received control gamma
globulin solution, and 8 rats received 1.0 ml antibody
solution, corresponding to 1.0 ml of the original anti-
serum. Blood for glucose determination was drawn be-
fore (all rats), and 20 (16 rats) and 60 min (8 rats) after
the injection. At 20 and 60 min blood samples were
also taken for the determination of the concentration of
free glucagon in plasma, and determination of titer of
glucagon antibodies in plasma. The results appear in
Table VI. All antibody-treated rats had titers of approxi-

TABLE VI
The Effect of Antigen-Stripped Glucagon Antibodies on Blood Glucose and Plasma Glucagon in Rats

Change of glucose Binding of 125[_
from preinjection glucagon (dilution of

Treatment and time of sampling Glucose values Free glucagon plasma 1:6,000)

mmolfliter mmolliter pmolliter %

75 min after control gammaglobulins, stage I, n = 6 10.38± 1.59 3.50±1.4*
75 min after stripped antiserum, stage I, n = 5 6.90±0.16 -0.12±0.25
20 min after saline, n = 6 7.28±0.26 1.55±0.33* 59±6.2 13.28±0.20
20 min after control gammaglobulins, stage II, n = 6 8.36±0.28 2.74±0.21* 59± 10.8 15.68+2.40
20 min after stripped antibody, stage II, n = 4 6.68±0.33 1.14±0.44 ND,ND,ND,24t§ 49.34±4.75t
60 min after control gammaglobulin, Stage II, n = 4 7.40±0.81 1.37±0.591 60±7.6 15.35±0.86
60 min after stripped antibody, stage II, n = 4 5.60±0.13 0.18+0.23 ND,ND,ND,44§¶ 43.30+2.64t

35 rats fasted for 10 h, and blood samples were taken for glucose determination. Stripped antiserum and control serum
were prepared as described in the text. Five rats received 1.0 ml partially stripped antibody solution (containing 14
nmol/liter bound glucagon) and six rats the corresponding control preparation (stage I). Six rats received 1.0 ml saline, 8
rats received 1.0 ml stripped antibody solution without detectable bound glucagon (stage II), and 10 rats the corresponding
control preparation. Blood samples for determination of glucose, free glucagon, and antibody titer were taken at the times
indicated in the table. Data are presented as mean±SEM.
ND, not detectable (<4 pmol/liter).
* Significant changes (P = 0.001).
t Significantly different from controls (P = 0.005).
§ Individual values shown.
1" Significant changes (P = 0.014).
1 Significantly different from controls (P = 0.029).
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mately 1:6,000. Glucose concentrations increased
slightly, but significantly, in control animals (saline
and globulin-injected), whereas glucose concentra-
tions were unchanged in the antibody-treated rats.
When comparing the changes in blood glucose, anti-
serum-treated animals differed significantly from con-
trol-serum treated (P = 0.009). The concentrations of
free glucagon averaged 59-60 pmol/liter in saline or
globulin-injected animals, but were undetectable in six
of the antiserum-treated rats. When comparing the
groups, the concentrations of free glucagon were sig-
nificantly lower in the antibody-treated rats than in the
control groups (P < 0.001).

DISCUSSION

The present study was aimed at the solution of three
problems: (a) Can it be demonstrated by immuno-
chemical methods that the administration of potent
glucagon antisera to rats will lead to neutralization of
endogenously produced glucagon to such an extent
that the technique can be used for the experimental
production of glucagon deficiency? (b) If so, what is
the effect of neutralizing the endogenous glucagon
on the basal concentrations of glucose in blood? (c)
Will the removal from the antisera of antibody-bound
glucagon, originating in the rabbit in which the anti-
serum was produced, lead to a more efficient neutrali-
zation?

The following results indicate that an extensive
binding and neutralization of endogenously pro-
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FIGuRE 2 Affinity and binding capacity of antigen-stripped
antiserum. Antiserum 371-VII was treated several times with
guanidine and urea at acid pH and subjected to gel filtra-
tion on Ultrogel 44 columns. The resulting antibody prepara-
tion (stage II) did not contain detectable bound glucagon. The
binding constants of the antibodies were calculated from the
Scatchard plot (see legend to Fig. 1).

duced glucagon took place after the administration of
antiserum: (a) The capacity and avidity of the dose of
antiserum injected in experiments 1-5 appear ade-
quate. The total binding capacity (1.17 nmol) repre-
sents more than one-third of the total content of gluca-
gon in the rat pancreas (3 nmol) (5). Even if only the
low capacity, high affinity class of antibodies is taken
into account, the capacity (0.27 nmol per rat) is con-
siderably larger than the total glucagon production
over 60 min of the moderately stimulated rat pan-
creas (0.032-0.052 nmol/h) (26). Furthermore, the
affinity for glucagon antibodies (5.7 x 1010 liters/mol)
is much higher than that reported for the hepatic
glucagon receptor of the rat (2.5 x 108 liters/mol) (27),
favoring binding of circulating glucagon to antibody
rather than to the target organ receptor.

(b) Because the antigen-antibody reaction is re-
versible and obeys the law of mass action, one cannot
with this technique expect to bind (neutralize) all of
the circulating glucagon in the rat. Rather the efficiency
of the technique will depend on how low the resulting
concentration of free (= not bound to antibody) gluca-
gon will be. In our experiments, the concentration of
free glucagon in antiserum-treated rats was one-third
of the concentration of glucagon in control rats. This
was determined 75 min after the injection of antiserum,
during which period the rats had been strenuously
exercised for 60 min. Considering the very high con-
centrations of bound glucagon found at the same time,
the concentration of free glucagon is in fact quite
close to the value one would expect theoretically,
according to the law of mass action.'

(c) The described distribution between free and
bound glucagon is supposed to represent the true dis-
tribution in mixed cardiac blood and, accordingly, in
the arterial blood under steady-state conditions. It is
therefore reasonable to conclude that in antiserum-
treated rats substantially reduced concentrations of
free glucagon reach the liver, the principal site of ac-
tion of glucagon. It was, however, of interest to study
the time-course of binding, to estimate the likelihood of
neutralization of newly released glucagon on its way
from the pancreas to the liver. Again we chose to study
this under the least favorable conditions, namely, with
the use of arterial plasma from rats, which, 15 min after
the administration of antiserum, had been exercised

' Assuming that the high affinity antibody class governs the
reaction in very dilute solutions, we get, according to the law of
mass action, K = [AgAb]/[Ag-][Ab-h 5.7 x 1010 liter/mol
= 10.2 x nmol/liter/(freehormone) x 10.8 x nmol/liter,where
the value for the concentration of antibody is derived
from the experimentally determined binding capacity in
300 ul rat plasma at 1,500 times dilution. Solved for "free
hormone," we get 16.5 pmol/liter. The value of the equi-
librium constant is probably too high, being determined
at 4°C, and not at 37°C. A lower value of K would have
resulted in higher concentrations of free hormone.
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for 60 min. Even then, there was still a high concen-
tration of free antibody binding sites in the plasma. The
plasma samples were incubated at 37°C with 150 fmol
of glucagon, simulating an endogenous production of
glucagon resulting in a calculated increase in the con-
centration of free glucagon of 300 pmol/liter. After 10 s
25% of the added glucagon was antibody-bound (cor-
rected for nonspecific precipitation [24]) and after 120 s
69%was bound. It is thus conceivable that even late in
the exercise experiments a substantial neutralization
of glucagon took place during the sequence of events
from the extrusion of the molecules from the alpha cell
until their arrival at the liver cell membrane.

(d) The effect of exogenous glucagon administered
in a dose (30 pmol/kg) which in control rats produced
significant hyperglycemia was neutralized by the anti-
serum treatment. The lack of increase of blood glucose
concentration in antiserum-treated rats was accom-
panied by lower insulin and glycerol concentrations
in comparison with control serum-treated rats.

Nevertheless, all the above arguments can be re-
garded as only circumstantial evidence for the effi-
ciency of the antiserum treatment. Another approach
would consist of the demonstration of abolition of an
expected effect of endogenous glucagon. We recently
reported the results of such experiments (12). It was
shown that the administration of antiserum signifi-
cantly reduced the depletion of hepatic glycogen stores
in fed rats forced to swim compared to control rats,
an effect believed to be mediated by neutralization
of the exercise-induced increase in glucagon secretion.

Although all of the findings discussed above thus
indicated that an extensive and rapid neutralization
of endogenously released glucagon will take place
after the administration of a potent antiserum, we
were not able to demonstrate a hypoglycemic effect
of the treatment in 3-h-fasted rats. Nor did antiserum
treatment lead to hypoglycemia in 10- and 48-h-fasted
rats, although it might have been expected that main-
tained or increased concentrations of glucagon in these
rats would be essential for the maintenance of in-
creased gluconeogenesis.

Adrenergic mechanisms which participate in the
control of hepatic glucose-production might have com-
pensated the lack of glucagon-mediated glucose pro-
duction (28, 29). But antiserum treatment was also
ineffective in adrenalectomized rats and in rats that
had a combined chemical sympathectomy and adreno-
medullectomy.

It was then possible that the reduction of the concen-
tration of free glucagon achieved by antiserum treat-
ment was too small to cause detectable signs of gluca-
gon deficiency. On the other hand, it would probably
be difficult to lower the concentration of free glucagon
further by increasing the amount of injected antiserum,
because the enormous amounts of bound glucagon ad-

ministered with the antiserum would affect the equi-
librium concentrations of the reactants in this re-
versible reaction. The presence of high concentrations
of antibody-bound glucagon in glucagon antisera ap-
pears to be the rule rather than the exception (30). In
eight antisera examined up till now, the concentrations
ranged from 15 to more than 1,000 nmol/liter.2 Obvi-
ously Scatchard analysis of such antisera will yield only
apparent binding constants of limited use in experi-
ments of the present type. We therefore tried to strip
off the bound glucagon before the injection. The pro-
cedure followed was associated with considerable
losses of antibody as demonstrated by the falling titers
in spite of the unmasking of new binding sites (corre-
sponding to as much as 700 nmol/liter). The overall
loss in binding capacity was in the order of 60-70%.
Nevertheless, the final preparation had a high binding
capacity and avidity, and no bound glucagon could be
detected.

However, it was still impossible to demonstrate
hypoglycemic effects of the antibody treatment, al-
though in six of eight experiments the resulting con-
centrations of free glucagon were below the detection
limit of the assay (4 pmol/liter). In most of our experi-
ments, the injection of control serum or even saline was
associated with increasing concentrations of glucose in
blood, suggesting that the technique of administra-
tion (anesthesia + intracardial injection + volume
expansion) had hyperglycemic effects. This hypergly-
cemic response was not seen after antiserum treatment,
suggesting either that glucagon was involved in the
mechanism or that glucagon was in fact responsible for
some of the basal glucose production; the hypergly-
cemic effect of the injection technique would then con-
ceal the hypoglycemic effect of the antiserum. The
latter mechanism could, however, not explain the re-
sults of the experiments with the 48-h-fasted adrenal-
ectomized rats.

Thus, the present results indicate that the major part
of the circulating ethanol-extractable glucagon is of
limited significance for the maintenance of euglycemia
in the rat or, conversely, the effects of glucagon may
readily be compensated for by other mechanisms, e.g.
diminished insulin secretion (6). Our results contrast to
most of those obtained in experiments with somato-
statin (7-11). It was reported that suppression of
glucagon secretion inhibited the hepatic glucose pro-
duction in man and dog (8, 10). Species differences
may be of importance, but it should be borne in mind
that somatostatin has an extremely wide spectrum of ac-
tions and has been reported to alter the in vivo re-
sponse of the liver to glucoregulatory hormones other
than glucagon (31). Furthermore, prolonged infusion
of somatostatin leads to hyperglycemia in spite of

2 Holst, J. J. Manuscript to be published.
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continued suppression of glucagon secretion (32). The
mechanism of the initial hypoglycemic effect of
somatostatin is therefore not readily apparent. It is also
known that the effect of exogenous glucagon on the
hepatic production of glucose is evanescent; thus,
hyperglucagonemia causes no permanent changes in
blood glucose concentrations when maintained by in-
fusion for several days, and does not influence glu-
cose tolerance (32). Thus, the essentiality of normal
concentrations of glucagon for the maintenance of
blood glucose levels in the basal state remains
unproven.
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