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A Simplified Glucagon Iminunoassay and Its Use  in a Study 
of Incubated Pancreatic Islets* (33549) 

KYOHEI NONAKA AND PIERO P. Fo.4 
Division of Research, Sinai Hospital of Detroit, Detroit, Mkhigan 48235 

Several methods for the radioimmunoassay 
of glucagon have been described (1-9). Al- 
though, in general, these methods are suffi- 
ciently sensitive and specific for most physio- 
logic studies, sometimes they are lengthy (3-6 
days) and too cumbersome for the simultane- 
ous analysis of many samples. The purposes 
of this study were to develop a simple and 
rapid assay method and to study the secretion 
of glucagon by isolated rat pancreatic islets, 
incubated under various experimental condi- 
tions. 

Materials and Methods. Glucagon stan- 
dards. A stock solution of crystalline gluca- 
g o d  (lot 258-234B-167-1; 1 mg/ml), pre- 
pared with distilled water adjusted to pH 
9.0 with NaOH, was divided into 0.2-ml por- 
tions and stored at  -20'. When needed, 
working standards were prepared by diluting 
the stock solution with 0.05 M Verona1 buffer 
at  pH 8.0, containing 0.25% bovine serum 
albumin2 (hereafter, this buffer will be called 
BSAVB). The BSAVB was used also for the 
dilution of antiglucagon serum (AGS) and 
for the preparation of the 1251-labeled gluca- 
gon solutions. 

A ntiglucagon sera. An tiglucagon sera were 
prepared according to the method of Assan et 
al. ( l o ) ,  with slight modifications (1 1) and, 
more recently, according to the method of 
Worobec et QZ. (S), using polyvinyl pyrrol- 
idone instead of bees wax. With this method, 
after 13-16 injections, 8 rabbits out of 1 5  
produced sera with a binding capacity suffici- 
ent to warrant further exploration. The suita- 
bility of a serum was determined in the fol- 
lowing manner: 0.1 ml of serum was incu- 
bated overnight a t  4' with 50 pg of labeled 

* Aided by USPHS Research Grant AM 6034. 
1 Gift of Dr. Mary Root, Lilly Research Laborato- 

ries, Indianapolis, Indiana. 
2 Fraction V, Sigma Chemical Company, St. Louis. 

Bovine serum albumin from other sources 
caused a flattening of the standard curve. 

and 5 ng of nonlabeled glucagon, in 1 .1  ml 
of BSAVB containing 1000 KIU of Trasyl01.~ 
After incubation, the free (F) and antibody- 
bound ( B )  glucagon were separated by the 
addition of 0.5 ml of a 10% cellulose suspen- 
sion4, a technique previously used for the 
separation of insulin (12-14). Sera giving a 
( B / B  + F) ratio greater than 60%, were 
used to prepare standard curves. The selection 
of the serum and of the optimum amount to 
be used in the a s a y  (in general 1-8 pl) was 
based on the slope of the standard curve, as 
determined for each batch of serum. Gluca- 
gon was labeled with 125iodine using the meth- 
od of Greenwood and Hunter (15) and 
purified by means of a column of Whatman 
CF 1 1  cellulose powder (12) .  The specific 
activity of labeled glucagon varied from 198 
to 43 7 mCi/mg. Immunologically inactive or 
damaged glucagon ranged between 3 and 
SF, at the time of iodination. 

IMMUNOASSAY O F  GLUCAGON (G) 
1 ml diluted AGS with Trasylol (2000 KIU) + 0.1 ml glucagon standard or sample + 0.1 ml glucagon-=I (50 pg) 

5- 
First reaction (binding of G by AGS) 

4" overnight (16-18 hr) 
.1 

0.5 ml cold cellulose powder suspension (10% w/v) 
5- 

Sccoiid reaction (adsorption of free glucagon) 
4" within 5 min 

4 
Centrifuge 

4", 2500 rpm, 3 mixi 

I 
I 7 

Supernatant Precipitate 
1 ml counted discarded 

FIG. 1 .  Glucagon immunoassay: flow sheet. 

3 FBA Pharmaceuticals, Inc., New York, New 

4 Cellulose powder M N  300,  Macherey, Nagel and 
York. 

Co., Duren, Germany. 
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FIG. 2. Glucagon immunoassay : standard curve 
(rabbit antiserum). 

Assay procedure (Fig. 1). To 1 ml of 
BSAVB, containing a suitable amount of 
AGS and 2000 KIU of Trasylol, add 0.1 ml 
of sample or of standard glucagon solution 
(0-2 ng) and 0.1 ml of g l ~ c a g o n - l ~ ~ I  solution, 
containing 50 pg of labeled hormone. In  
addition, prepare a blank containing no AGS 
(BL).  Mix all tubes well and incubate over- 
night (16-18 hr) at 4". In  the morning, add 
0.5 ml of a cold suspension of powdered cel- 
lulose M N  300 (10% w/v in 0.05 M Verona1 
buffer, pH 8.0, stirred continuously) to each 
tube. After thorough mixing with a Vortex 
mixer, spin the tubes a t  2,500 rpm for 3 min 
in a refrigerated centrifuge and transfer ali- 
quots of the supernatant fluid (usually 1 ml) 
to the tubes of an automatic gamma coun- 
ter. Calculate the results using the formula: 
(C, - CBL/CO - CBI,) X 100, where Cs = 
counts in the supernatant aliquot of the stan- 
dard or the sample; CBL = counts in the 
aliquot of the blank; Co = counts in the 
aliquot of a standard to which no unlabeled 
glucagon was added. A standard curve may 
be obtained assuming the amount of bound 
glucagon in the absence of added unlabeled 
glucagon to be 100% (Fig. 2 ) .  The decrease 
in this value obtained with 0.1 ng of unla- 
beled glucagon was constant and reproduci- 
ble, however, with our best sera, as little as 
30 pg of unlabeled glucagon could be detect- 
ed with confidence. When the percentage of 
bound radioactivity ( B / B  + F) or the B / F  
ration was desired, the entire supernatant was 
transferred to another tube, the cellulose 
sediment was resuspended in BSAVB and re- 

spun and the radioactivities of the combined 
supernatant fluids and of the washed sedi- 
ment were measured. The percentage of 
bound radioactivity was considered equal 
to ( B  - BL/B - BL + F )  X 100, where 
B = counts in the combined supernatant 
fluids of the samples; BL = counts in the 
combined supernatant fluids of the blank con- 
taining no AGS; and F = counts in the 
washed celIulose. This percentage was used to 
express the titer of the serum. 

Blood collection. Blood was obtained from 
the antecubital vein, allowed ,to clot a t  room 
temperature for 30 min and centrifuged. Af- 
ter the addition of Trasylol (1000 KIU/ml), 
the serum was mixed well and stored a t  
-20". 

Isolated pancreatic islets. Rat pancreatic 
islets were obtained using the method of 
Lacy and Kostianovsky (16), but without 
staining with neutral red, a substance found 
to be toxic for the A cells (17). Ten islets 
were incubated in 2 ml of Krebs-Henseleit 
buffer with Trasylol (4000 KIU) and with or 
without glucose in an atmosphere of 95% 0 2  

and 5% CO,, a t  37", using a Dubnoff shak- 
ing incubator, Aliquots of incubation medium 
(50-100 p1) were taken a t  various time in- 
tervals for the assay of glucagon. 

In some experiments, after 10 min of incu- 
bation, the tubes were immersed in ice water 
and the glucose concentration of the medium 
was changed by removing an aliquot of incu- 
bation medium and replacing it with an equal 
volume of fresh buffer containing either no 
glucose or an amount of glucose calculated to 
give the desired new concentration. The ac- 
tual concentration was determined at  the end 
of the experiment. Control replacements 
were done without changing the concentra- 
tion of glucose. These manipulations lasted 
about 10 min after which the incubation at 
3 7 " was resumed. 

Results. The optimum incubation time for 
the binding of glucagon by AGS (first reac- 
tion) differed slightly from antiserum to an- 
tiserum, however, varying the time from 16 
to 72  hr did not modify significantly the 
slope of the standard curve (Fig. 3 ) .  There- 
fore, for practical reasons, a 16-18 hr over- 
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FIG. 3 .  Glucagon immunoassay: effect of incu- 

bation time on the standard curve (guinea pig an- 
tiserum). 

night incubation was used. The  optimum pH 
for the first reaction was found to vary be- 
tween 7.5-8.0 (Fig. 4). l y e  selected pH 8.0 
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PH 
FIG. 4. Glucagon immuncassay: effect of p H  on 

the binding of glucagon by .4GS; phosphate or 
glycine buffer. 

because human serum has a tendency to be- 
come alkaline during storage and because, 
when small quantities of cellulose are used, 
the adsorption of free glucagon (second re- 
action) decreased a t  a pH higher than 8.0 
(Fig. 5 ) .  Fiqure 6 shows the effect of serum 
on the adsorption of glucagon by cellulose 
powder. As shown, in the presence of 0.2 ml 
of human serum and of 1 ng of cold glucagon, 
the adsorption by 50 mg of cellulose powder 
was almost complete. ;\.lore cellulose was re- 
quired when more than 0.2 ml of serum were 
used. However, since 1 ng of glucagon is an 
amount greater than that which can be ex- 
pected in 0.2 ml of serum, 50 nig of cellulose 
were used in the assay system. Figure 7 
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FIG. 5. Glucagon immunoassay: effect of p H  on 
the binding of free glucagon by cellulose powder. 

shows that when the adsorption time was 
greater than 5 min, there was a decrease in 
the amount of antibody-bound glucagon, per- 
haps because the removal of all free glucagon 
from the reaction system by powdered cellu- 
lose caused a change in the previously 
reached equilibrium between glucagon and its 
antibodies. Accordingly, this step was car- 
ried out within 5 min or as rapidly as pos- 
sible. An automatic pipette5 and a Vortex 
mixer are useful aids for rapid delivery and 
quick and complete mixing. Concentrations 
~~ ~ 

~7 Recton, Dickerson and Co., Rutherford, New Jer- 
sey. 
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Glucagon immunoassay : adsorption of glu- 
cagon to different amounts of cellulose powder. 

of bovine serum albumin greater than 0.2 5 ‘/. 
in the first reaction mixture decreased gluca- 
Ron binding. Using 0.1-0.2 ml of serum, we 
often found that the radioactivity of the su- 
pernatant was higher in tubes containing se- 
rum samples than in “standard” tubes con- 
taining no added unlabeled glucagon. There- 
fore a control tube containing the serum sam- 
ple and all other components of the reaction 
mixture, except AGS, was added to the assay 
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Frc. 7. Glucagon immunoassav: effect of separa- 

tion time on the amount of bound glucagon. 

system. Increasing the temperature of incu- 
bation is not desirable as this increased the 
variability of the result. The effectiveness of 
Trasylol in preventing the enzymatic destruc- 
tion of glucagon during storage of the serum 
samples and during incubation (11, 18, 19) 
was confirmed, although, in our experience, 
the addition of Trasylol to the blood collec- 
tion tubes (9) offered no advantage (Table 
I ) .  Table I1 shows that, under the conditions 

T A B I X  T. Glucagon Imninnoassay : Effect of 
Trasylol (500 U/m1 of blood) .‘I 

Glucagon 
Conili tion” (ng/nil; av & SE) P 

A 
R 
C 

A’ 

1.5 2 0.1 (4) 

0.8 * 0.1 (4) 

0.8 -I- 0.1 (4) 

1.4 -I- 0.1 (4) 
NS 

<KO25 

a In all eases the blood was allowed to clot for 30 
min at room temperature, then centrifuged. All 
saniplw were assayed af te r  being kept at -20” for 
;ibout 5 hr. One thousand additional units of 
Trasylol wcrc added to the assay system, except in  
h:iiiil)l(a A’. 

” A arid A ’ :  The blood was collected into a Tra-  
sylol-contailiiiig syringe ; B : Trasylol was added 
af te r  separation of the serum; and C:  110 Trasylol 
1r;Is ailrlccl. 

‘t’AT3liE 11. Glucagon Immunoassay : Recovery of 
Glucngon Added to Seruin.n 

Glixcagon 

At 1 ( I  c v  1 Fourid Rccovcbry (%) 

0 0.07 k 0.01 (4) 
0.1 0.16 & 0.02 (4) 90 
0.2 0.22 * 0.01 (4)  75 
0.3 0.34 +- 0.02 (4) 90 

0.5 0.57 2 0.06 (4) 100 
0.4 0.42 k 0.02 (4) 88 

Encli tube coiitninccl 2000 U of Trauylol; no. of 
csperiniciits in parentheses. 

described, the recovery of added glucagon 
was satisfactory when 2000 KIU of Trasylol 
were added to 0.1 ml of serum. With 1000 
KIU of inhibitor the recovery varied from 30 
to 7470. Using the method described above, 
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ng of incubation (11). Average values iz SE; number 

*O f 
of experiments in parentheses. 

T 
the average serum glucagon concentration in 
7 normal fasting human subjects was found 
to vary between 0.72 and 1.68 ng/ml (av 
1.05 t 0.15 SE). 

Secretion of glucagon by isolated rat islets. 
8 Figure 8 shows that islets incubated in a 

low-glucose medium secrete 71.8 t 8.4 (SE) 
ng of glucagon/lO islets/hr, whereas islets 
incubated in a high-glucose medium secrete 
only 41.6 _t 4.0 ng/lO islets/hr ($<O.OOS). 
\$Then the glucose concentration was 100 mg/ 
100 ml, the rate of glucagon secretion was 
65.9 -+ 13.5 ng/lO islets/hr. This rate of 
secretion did not differ significantly from that 
obtained in the low-glucose medium, but was 
significantly higher ($<0.025) than that ob- 
tained in the high-glucose medium. Figure 8 

70 - 

6o 5 10 20 30 

"g 
60 - 
50 - 
40 - 
30 - 
20 - 

minutes also shows that when the concentration of 
glucose in the medium was increased from 30 
to 300 mg/100 mI, the secretion of glucagon 
was suppressed significantly (p<O.OS at 30 
min, p<O.OOS a t  60 min). On the other hand, 
when the concentration of glucose in the 
medium was decreased from 300 to 30 mg/100 
ml, the secretion of glucagon tended to in- 
crease ($ < 0.05 at  30 min) . 

Discussion. Fine cellulose powder, previ- 
ously used for insulin (12, 13) offers a large 
adsorbing surface, shortens the time required 
for the separation of free and antibody-bound 
hormones and therefore decreases hormone 
damage during the procedure. Using methods 
similar to the one described in this paper, 
Wright and Malaise (13) found that the 

R /  

5 10 20 30 60 
minutes 

FIG. 8. Glucagon secretion by isolated islets: each 
flask contained 10 islets incubated in buffer with the 
following concentrations of glucose (mg/100 ml) : 
(A) 30 ( 6 )  ; ( B )  30 changed to 300 after 10 min of 
incubation ( 5 ) ;  (C) no glucose (1 ) ;  (D) 100 ( 4 ) ;  
(E) 300 (12) ; (F) 300 changed to 30 after 10 min 

\ I  

best time for the separation of free from 
antibody-bound insulin was 30 min, while 
Zaharko and Beck ( 14) recommend a 2-min 
separation time. Our results indicate that in 
the case of glucagon, the separation time 
should not be greater than 5 min. The char- 
acteristics of insulin and glucagon and of the 
antigen-antibody reaction may account for 
this difference. The separation is influenced 
also by the amount of serum present in the 
system and by the type of cellulose powder 
(13). Thus, for example, we found that 
Whatman cellulose powder did not give satis- 
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factory results and that the counts in serum 
samples and in buffer containing the same 
amount of 7% bovine serum albumin were 
higher than in “standards” containing no 
added glucagon. The reasons for this pheno- 
menon are not clear: it could not be over- 
come by increasing the amount of cellulose or 
of Trasylol, suggesting that it might have 
been due to nonspecific binding of glucagon 
by serum proteins, rather than to inadequate 
separation of free from bound glucagon or to 
glucagon damage. Whatever the reason, this 
difficulty was overcome by the use of control 
tubes containing serum, but not AGS. The 
effect of Trasylol in retarding the proteolytic 
destruction of glucagon in vitro observed by 
other workers (9, 11, 18, 19) was confirmed. 
For this purpose, it was not necessary to 
collect the blood sample into a Trasylol- 
containing syringe, provided $the inhibitor 
was added to the serum immediately after 
separation. 

The isolated islets are ideal for the study 
of glucagon secretion because they produce 
pancreatic glucagon presumably uncontami- 
nated by gut glucagon and by proteolytic 
enzymes. The results obtained in these exper- 
iments indicate that the secretion of glucagon 
is stimulated when the glucose concentration 
of ‘the medium is low and suppressed when 
it is high, confirming results obtained in vivo 
(20-22) and suggesting that pancreatic gluca- 
gon does not play a role in the rise of serum 
IRG observed after an oral glucose load (3, 
5, 11, 23). This rise is now considered to be 
the result of an increased release of gut 
glucagon (23, 24). On the other hand, the 
decreased serum IRG levels noted after an 
intravenous glucose injection ( 1 1 ) may well 
be a reflection of depressed glucagon secre- 
tion from the pancreas. 

While this paper was being written, Vance 
et al. ( 2 5 )  published the results of similar 
studies. However, in their system, the 
amount of glucagon secreted by islets incu- 
bated at  low glucose concentration, was about 
1.5 ng/lO islets/3O min as compared to a 
secretion of about 70 ng/lO islets/hr obtained 
in our system. The reasons for this large 
difference are not clear. 

Summary. This paper describes a rapid 
and sensitive radio-immunoassay for gluca- 
gon, in which a powdered cellulose suspension 
is used for the separation of free from anti- 
body-bound glucagon. One hundred samples 
can be assayed conveniently in 2 days. The 
method was applied to the assay of glucagon 
in serum and in incubation media. Isolated 
rat pancreatic islets incubated in Krebs-Hen- 
seleit buffer containing glucose at  a concen- 
tration of 300 mg/100 ml secreted glucagon 
at an average rate of 42 ng/lO islets/hr. 
When the concentration of glucose was 30 
mg/100 ml the average rate of glucagon secre- 
tion was 72  ng/lO islets/hr (p<O.OOS) .  

We are grateful to Dr. P. E. Lacy for teaching us 
the technique of islet isolation, to Dr. P. H.  Wright 
for his critique and advice and to Mrs. N. Fog and 
Mr. J. Mickle for technical assistance. 
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Differences in the Distribution of Antigen Reactive Cells in 
the Lymphoid Tissues of the Rat and Mouse (33550) 

s. STROBER AND &I. A.  ANDEL EL' (Introduced by L. W. Law) 
Laboratory of Biology, Xational Cancer Institute and Laboratory o f  Gerntfree 

Animal  Resfarch,  National Institute o f  Allergy and Infectiorts Diseases, 
Bethesda, Maryland 20014 

Although many investigators studied the 
distribution of antibody producing cells in 
the lymphoid tissues of rodents during the 
primary antibody response ( 1-5) , few 
studied the distribution of antigen reactive 
cells (6-8). Recent reports showed that the 
distribution of the latter cells in unimmu- 
nized animals varies within the same species 
depending upon the antigen-antibody system 
studied. For instance, studies of the primary 
antibody response of rats to sheep erythro- 
cytes (SRBC) show that the concentration of 
antigen reactive cells in the thoracic duct 
lymph is greater than that in the spleen ( 6 ) .  
On the other hand, studies of the primary 
response of rats to alum precipitated tetanus 
toxoid (TTAP) show that the relative con- 
centrations are reversed ( 7 ) .  

The object of the present investigation was 
to compare the distribution of antigen reac- 
tive cells in the lymphoid tissues of the rat 
and mouse using a single antigen-antibody 
system. In particular, we compared the abili- 
ty of syngeneic thoracic duct cells and spleen 
cells to restore the primary antibody re- 

1 Present address: Department of Surgery, Univer- 
sity Hospitals of Cleveland, Cleveland, Ohio 44106 

sponse of sublethally irradiated rats and mice 
to TTAP. The experimental results show 
that there are considerable differences in the 
distribution of antigen reactive cells in the 
two rodent species. 

Materials and Methods. Experimental ani- 
mals. Inbred Lewis rats obtained from Micro- 
biological Associates, Inc., Walkersville, Md. 
and (C57BL 'Ka )( C3HF/Lw)F1 mice main- 
tained in the Laboratory of Biology, National 
Cancer Institute, Bethesda, >Id. were used. 

Immunization and antibody iitration. Im- 
munization of rats to TTAP (Eli Lilly Co., 
Indianapolis, Indiana) was achieved by a sin- 
gle intraperitoneal (0.5 ml, 7.5 Lf) and sub- 
cutaneous (0.5 ml, 7.5 Lf) injection of 15 Lf 
toxoid. 3Iice were similarly immunized with 
7.5 Lf (total) toxoid. Antibody titrations 
were performed in microtiter agglutination 
plates (Cooke Engineering Co., Alexandria, 
Va.) using a previously described modifica- 
tion ( 7 )  of the tanned red cell hemagglutina- 
tion technique of Stavitsky (9).  

Irradiation. U'hole body X-irradiation was 
performed with two Westinghouse Quadro- 
condex units (15 mA; 200 kV, 54 cm SAD; 
0.25 mm Cu + 0.55 A1 Filtration; dose rate 


