
Insulin Stimulates the Phosphorylation of the 
95,000-Dalton Subunit of Its Own Receptor 

These had molecular weights of 95,000 
(95K) and 68.000 (68K) and were ob- 
served in the cells incubated in both the 
absence and presence of insulin (Fig. 1). 

Abstract. Cultured human lymphocytes and rat hepatoma cells were labeled with 
[3Z~]orthophosphate and the insulin receptor subunits identified by immunoprecipi- 
tation and sodium dodecyl sulfate-gel electrophoresis. In both cell types the 95,000- 
dalton (P) subunit of the insulin receptor was selectively phosphorylated. Phosplto- 
rylation was specificall~v stimulated by insulin in a dose-dependent jkshion after I 
and 15 minutes of hormone treatment, whereas human growth hormone was withorit 
effect. This phosphorylation may be a very early event in insulin action. 

When the cells were incubated with 
10-6M insulin, the 3 2 ~  labeling of the 
95K band was selectively increased (Fig. 
IA, lanes C, D, G, and H). This band 
corresponds exactly to the position of 
the p subunit of the insulin receptor in 
similar gels in which the receptor sub- 
units are labeled either biosynthetically 
with amino acids or sugars, or by surface 
labeling (2, 7). Analysis of this autoradio- 

The insulin receptor is composed of 
two major subunits (a and p, with molec- 

ography. Control immunoprecipitation 
was produced by using the same tech- 
nique and a pool of normal human se- 
rum. 

Antibody against the insulin receptor 
specifically immunoprecipitated two la- 
beled bands in cells labeled with 3ZP. 

ular weigbts of approximately 135.000 
and 95,000, respectively) linked by disul- 
fide bonds to form the active receptor 

graph by scanning densitometry revealed 
that insulin increased the labeling of the 
95K protein by about 250 percent at 1 

complex (1, 2). Insulin binds to the re- 
ceptor, and this interaction starts a chain 
of biochemical events leading to the final 
effects characteristic of the action of the 

minute and 350 percent at 15 minutes 
compared to controls. By contrast, insu- 
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hormone (3, 4). The mechanism respon- 
sible for initiating this series of reactions 
is unknown. However, insulin is known 
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, . to affect cyclic nucleotide concentra- 
tions, ion fluxes, and several membrane 
enzyme and transport systems as well as 
phosphorylation of proteins and lipids. 
Recently insulin has also been shown to 
generate a low molecular weight peptide 
that can mimic several insulin actions in 
broken cell systems (4,5). In the present 
study, we considered another possibili- 
ty, namely, that insulin initiates its ac- 
tion by way of phosphorylation of its 
own receptor. 

Cultured human lymphocytes (IM-9) 
were incubated with [32P]orthophos- 
phate in phosphate-free RPMI medium 
containing 0.1 percent bovine serum 
albumin (BSA) at 37°C. After 60 minutes 
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of incubation the cells were exposed to 
insulin for different periods of time. The 
reaction was terminated by tenfold dilu- 
tion with ice-cold RPMI 1640 medium 
containing 10 mM sodium pyrophos- 
phate, 10 mM NaF, and 4 mM EDTA 

humm lymphocytes (I\!-9). The 
grown in  KPMl  medium with I 0  
In medium without phosphate c o ~  
["P]orthophosph;lte in 2O ml o f  ). 
were divided into four 5-rnl portic 
samples was incubated for ei the~ 
stopping solution, washed two t 
stopping solution containing p h e ~  
trypcin ~nhihi tor  unit5 per millilitt 
.,,h-,.+ ,.-..1..4:..:.. -....-,..-- , 

kerccnt tktal calf \erum. Cells I X  * !(\"I \\ere washed two time\ 
ntaining 0 .  I prrcent BSA. p H  7.4. and incubated irh I m('r o f  
IPS11 m c d i ~ ~ r n  nithout phosphate for (70 minutes ;It 37°C. Cell\ 
Ins. Insulin i 10 " I f )  was ;lddecl to twm \ample.; and each pair o f  
- I or I5 Inlnulc\. Reactions were stopped hy adding 4 ml o f  
imes at 1 C. arid \oluhilized \vith I percent 'Triton X-100 in 
iylmethyl\ulfon)I lluoride (PMSFO (2 nl . \ l )  and ap~c~t in in  I IIH)0 
:r). The insulin receptor war enrichcd I?! chrorn;~togri~ph\ on .I 

* r t t c a L  ELI!,, S ~ F I U L I I I I I I - ~ ~ ~ I I I I . I L  column and elulion with .Y-;~ce~yl yluco\amine ( 2 .  7). t< l l~tct l  
fractions (800 p11 were quantitatively irnmunoprecipitated by serum containing anlihody aSatn\t 
insulin receptor (serum H-2 at a I :200dilutinn) or normal control \erum afier ;idditlon o f  protein 
A (7). The precipitates were uashed twice n i t h  1 percent Triton and 0.1 percent SDS. 
soluhilized by boiling for 3 minute\ in  2 percent SDS. O.I.\I cfith~othreital. 0.01 percent 
bromophenol blue. and 10 m.V sodium phwphiite ( p H  7.01. and electrc~phorered in 7.5 prrcent 
polyacrylamide slab gels in  the presence o f  1). I percent S I X  ( 2 ) .  After clccrrophorc\i\. the slab 
gels were stained. de.;tained, dried, and autimdiographed (-7. 71. Suhunit moleculi~r \wight\ 
were calculated with standards as previously descrihed (71. ( R )  Autori~diopram shotving insulin- 
stimulated ''P laheling o f  insulin receptor suhunit in a rat hepatuma cell I ~ n r  ( t ' i o ) .  I.he cells 
were cultured in modified Ham's F I 2  medium with 5 percent fetal calf\crunl in t';~lcirn 7 k m '  
flasks ( 1 1 ) .  Confluent cells ( \ i u  fl:i\ksl were \va\hed tuice with pho\ph.~te-free Krehs-R~nger 
hicarbonate buffer with 0.1 percent BS.4 and incubated at 37°C in thi\ h u f k r  \\111i IZ'I'lortho- 
phosphate (0. l mCiirnl) in  a humidified atmosphere containing 5 percent C'O:. :\f ic~- 60 minutes. 
insulin (10 ",%I) was added to  half of the flasks and incubations were continued r i ~  i ~ n  a~lclitionnl 
IS minutes at 37°C. The reactions were stopped with cold Krehs-Rinecr hic:~rhonate huller 
containing 10 m.W sodium pyrophocphnte. 10 m.ZI NaF. and 4 m M  EDTA and n;~\hed two times 
and processed its described above. 

and washed twice with this same stop- 
ping buffer. The 32~-labeled cells were 
solubilized by 1 percent Triton X-100 
containing phenylmethylsulfonyl fluo- 
ride (PMSF) and aprotinin to inhibit pro- 
teolysis, and the insulin receptor was 
enriched by chromatography on a wheat 
germ agglutinin-agarose column and elu- 
tion with N-acetyl glucosamine as previ- 
ously described (2). The insulin receptor 
in the eluted fractions was quantitatively 
immunoprecipitated by a serum contain- 
ing antibody against insulin receptor (se- 
rum B-2 at a 1 : 200 dilution) with addition 
of staphylococcal protein A (6, 7); the 
immunoprecipitates were analyzed by 
sodium dodecyl sulfate (SDSl-polyacryl- 
amide gel electrophoresis and autoradi- 
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lin produced no significant increase in 
the 32P incorporated into total trichloro- 
acetic acid precipitable proteins. 

To evaluate in more detail the mecha- 
nism by which insulin stimulates the 
phosphorylation of the 95K protein we 
first labeled cells with [32P]orthophos- 
phate and then incubated them with sev- 
eral concentrations of porcine insulin, 
guinea pig insulin, and human growth 
hormone (Fig. 2). Porcine insulin stimu- 
lated covalent "P labeling of the 95K 
protein in a dose-dependent fashion. La- 
beling was doubled by a concentration of 
1 V 9 ~  insulin and was increased about 
fivefold at the highest insulin concentra- 
tion (10-'M). Guinea pig insulin, which 
is about 2 percent as  potent as  porcine 
insulin in stimulating glucose metabolism 
(8) ,  was about 2 percent as potent in 
stimulating the phosphorylation. Human 
growth hormone (10-6M), although it 
binds to its own receptor in these cells 
(9),  had little effect on the phosphoryla- 
tion of this protein. 

The cultured human lymphocyte is 
generally regarded as an insulin-insensi- 
tive cell, although insulin induces recep- 
tor down regulation in these cells (7,  10). 
To  evaluate possible receptor phospho- 
rylation in an insulin-sensitive cell, we 
performed similar experiments using a 
well-differentiated hepatoma cell line 
(Fao) derived from the Reuber H-35 hep- 
atoma (11). As with the lymphocytes, 
insulin receptor antibody specifically 
precipitated one major band (molecular 
weight 95,000) and one minor band (mo- 
lecular weight 68,000) in the hepatoma 
cells after phosphate labeling (Fig. lB,  
lanes A and B). Addition of 10-'M insu- 
lin to the medium for 15 minutes in- 
creased the labeling of the 95K protein 
by about 2.5-fold and was without effect 
on the labeling of the 68K protein (Fig. 
lB,  lanes C and D). 

Phosphorylation of proteins is an im- 
portant regulatory mechanism in hor- 
mone action. Insulin has effects on both 
phosphorylation and dephosphorylation 
of membrane, mitochondrial, and ribo- 
somal proteins (12). The present study 
demonstrates that insulin specifically 
stimulates the phosphorylation of a 95K 
protein. This protein has been tentative- 
ly identified as the P subunit of insulin 
receptor by its immunoprecipitation by 
antibody to the insulin receptor and by 
the fact that it migrates in the same 
position in SDS--polyacrylamide gel elec- 
trophoresis as the P subunit of the recep- 
tor (2, 7) in reduced gels and as a protein 
of molecular weight of > 300,000 in non- 
reduced gels (data not shown). In addi- 
tion, serum samples from several diEer- 
ent patients containing antibodies to in- 
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Fig. 2.  Effect of porcine insulin, guinea pig 
insulin, and human growth hormone on the 32P 
labeling of the YSK protein in cultured human 
lymphocytes. Lymphocytes were labeled 
with [32~]orthophosphate as described in leg- 
end to Fig. 1A and incubated with the indicat- 
ed concentrations of porcine insulin, guinea 
pig insulin, and human growth hormone at 
37°C for 15 minutes. The autoradiographs 
were scanned in a Joyce-Loebl microdensi- 
tometer and the peak areas corresponding to 
the YSK band were calculated and expressed 
in arbitrary units. 

sulin receptor (2) immunoprecipitate this 
protein, and immunoprecipitation is de- 
creased in the presence of excess unla- 
beled insulin (2) (data not shown). A 
phosphorylated 68K band was also ob- 
served in the gels of the immunoprecipi- 
tates. However, insulin did not inhibit 
the immunoprecipitation of this labeled 
material. The identity of this band re- 
mains to be determined (13). 

Since the biological effects of insulin 
appear to be initiated by the interaction 
of the hormone with its receptor, the 
phosphorylation of one of the subunits of 
the insulin receptor may have important 
physiological significance. This phos- 
phorylation could not only be an early 
step in the pathway of signaling involved 
in insulin's metabolic action, but could 
also play a role in the regulation of 
receptor affinity or in "down regulation" 
of insulin receptor number. Rappoport 
and co-workers (14) have presented 
some indirect data suggesting that aden- 
osine diphosphate ribosylation may also 
be involved in insulin receptor down 
regulation in IM-9 lymphocytes, and our 
own recent studies of receptor turnover 
in which we used biosynthetic and sur- 
face labeling have suggested that down 
regulation is due to accelerated receptor 
degradation (7). 

Cohen et al. (15) have shown that 
epidermal growth factor (EGF) can stim- 
ulate the phosphorylation of a tyrosine 
residue in its receptor protein in mem- 
brane fractions. If one considers that 
both insulin and E G F  have major effects 

on cell growth, it is also possible that 
phosphorylation of this 95K receptor 
subunit is somehow associated with the 
growth-promoting effect of these hor- 
mones. 

Our results demonstrate a direct bio- 
chemical covalent modification of the 
insulin receptor as a consequence of 
insulin-receptor complex formation. It 
seems likely that this phosphorylation of 
the insulin receptor may be an early 
event in insulin action. Phosphorylation 
could act as a direct signal, could alter 
the rate of internalization of the receptor 
(and hormone), could modify the activity 
of a membrane protease which generates 
a peptide second messenger, o r  could 
initiate a cascade of phosphorylation and 
dephosphorylation reactions that are re- 
sponsible for the effects of insulin. 
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thickness were made with razor blades 
and a template. The part of the caudato- 
putamen approximately 7 mm rostra1 to 

Origin of the Cholecystokinin-Containing Fibers in the 

Rat Caudatoputamen 

Abstract. Large amounts of cholecystokinin-octapeptide ( C C K )  are present in the 
rat caudatoputamen. The peptide occurs in axons and nerve endings but not in 
perikatya. The origin of C C K  in the caudatoputamen was investigated with the use of 
irnmunocytochemistry and a radioimmunoassay specijk for C C K .  Although a smull 
amount of C C K  (approximately 30 percent) originates in the umygdaloid complex, 
the bulk of the peptide (approximately 70 percent) occurs in processes of neurons 
located ventral to the caudatoputamen, that is, the claustrum or the pirUbrm cortex. 
The claustrum and piriform cortex receive inputs from various cortical areas and the 
ovactoty system, respectively, and may process information and relay it to the 
caudatoputamen. Thus C C K  may be the trunsmitter in t h e j n a l  common pathway 
linking various cortical areas and the ovactory system to the caudatoprrtamen. 

the interauricular line was dissected 
from the sections and CCK was extract- 
ed and measured by radioimmunoassay 
(3). 

A surgical lesion of the nigrostriatal 
pathway (7) caused the dopamine to dis- 
appear from the caudatoputamen (8) but 
did not decrease the total CCK-concen- 
tration (Table 1). This indicates that neu- 
rons in the substantia nigra contribute 
little CCK to the caudatoputamen (9) .  
Similarly, neither separating the insular 
cortex (10) from the caudate nor remov- 
ing those parts of the frontal, parietal, 
and occipital cortex that are accessible 

Several neurotransmitters have been 
found in the caudate nucleus (I). Some 
of these are made by neurons located 
within the nucleus itself (for example, 
acetylcholine, y-aminobutyric acid, sub- 
stance P, and enkephalin); others are 
made in processes of neurons that are 
found elsewhere in the brain (for exam- 
ple, dopamine and serotonin). Numerous 
studies of the interactions among neu- 
rons that innervate and constitute the 
caudate nucleus have contributed to a 
better understanding of its role in somat- 
ic motor function and the pathophysiolo- 
gy of Parkinson's and Huntington's dis- 
eases (2). 

Cholecystokinin (CCK), a peptide hor- 
mone that stimulates pancreatic enzyme 
secretion and contracts the gall bladder, 
has been found in high concentrations in 
the caudatoputamen (3). Binding sites 
for this hormone have also been found 
there and appear to be on cells that are 
intrinsic to the nucleus (4). No CCK- 
positive neuronal perikarya have been 
found in the rat caudatoputamen (3, but 
a somewhat dense plexus of axons and 
nerve endings has been visualized. Thus 
it seemed that another structure must 
provide the caudate with CCK. 

The caudate is innervated by the 
amygdala, ventral tegmental area, sub- 
stantia nigra, dorsal raphe nucleus, thal- 
amus, and several cortical areas ( 6 ) .  Ex- 
cept for the thalamus all of these areas 
have CCK-containing perikarya (5) and 
could potentially provide the caudate 
with CCK. We therefore examined the 
effect on the CCK content of lesions that 
selectively destroy caudate afferents. In 

after a dorsal craniotomy (11) had any 
addition, we used immunocytochemistry effect on the CCK concentration in the 
to visualize CCK-containing projections caudatoputamen (Table 1).  
to the nucleus. In contrast, a knife cut severing affer- 

Unilateral brain lesions were made in ents from the amygdala reduced the 
female Osborne-Mendel rats anesthe- CCK concentration in the caudatoputa- 
tized with ether. These lesions removed men by approximately 30 percent (Table 

Table 1. The effect of several knife cuts on the concentration of CCK in the head of caudate 
nucleus. The concentration of CCK (mean 2 standard error) is given in nanograms per 
milligram of protein. The number of animals in each group appears in parentheses. Protein was 
measured according to Lowry el al. (16). The lesioned side was compared to the unlesioned side 
of the same animals (paired Student's I-test); N.S., not significant. 

Area severed Lesioned side Control side P 
- 

Substantia nigra 11.28 t 2.22 (8) 6.34 + 0.94 (8) N.S. 
Amygdaloid complex 5.55 + 0.94 ( I  I )  7.77 + 0.79 ( I  I )  .05 
Dorsal cortex 9.1 t 1.0 (5) 7.1 t 1.0 (5) N.S. 
Insular cortex 4.98 t 0.52 (8) 6.49 t 0.57 (8) N.S. 
Claustrum-piriform cortex 2.63 5 0.79 ( 1 1 )  7.38 + 1.61 ( 1 1 )  .005 

'a , Fig. I. Brain sections showing the distribution 
of CCK. Immunocytochemistry was per- 

. . formed according to Sternberger (17). Twen- 
ty-four hours after the injection of 25 kg of 
colchicine into the caudatoputamen (in 2 111 of 

*q vehicle; 9.2 mm anterior to the interauricular 
line, 2.5 mm lateral to the midline: 6.2 mm 
ventral to the dural surface, with the plane 
angle 5" down) rats were fixed with 4 percent 
paraformaldehyde in 0. IM sodium phosphate 
buffer @H 7.35). The brains were removed 
and placed in fixative for 12 hours. After 
immersion in 30 percent sucrose for 48 hours 
20- to 25-km sections were cut on a cryostat 

or on a Vibratome. The sections were incubated with the immunoglobulin G fraction of an 
antiserum to CCK8-sulfate, conjugated to bovine serum albumin by glutaraldehyde which had 
been preabsorbed with liver acetone powder (dilution 1 : 300: incubation time 24 hours at room 
temperature). For staining, 3,3'-diaminobenzidine (5 mglml) was used in the presence of 0.01 
percent hydrogen peroxide. In preabsorption control experiments antiserum ( 1  :300) was first 
incubated with 3.75 kg of CCK8 per milliliter for 24 hours. This procedure abolished all 
staining. (A) A section showing the piriform cortex (CPF). claustrum (CL) ,  and caudatoputa- 
men (CP) ( ~ 3 8 ) .  (B) A section showing the claustrum with the perikarya stainingfor CCK ( ~ 2 2 0 ) .  
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