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Amino Acid Dependent and Independent Insulin Stimulation of 
Cartilage Metabolism+ 

Stephen C. Beutte1,i George S. Eisenbarth, and Harold E. Lebovitz* 

ABSTRACT: The effects of insulin on embryonic chicken car- 
tilage in organ culture and the dependence of these effects on 
essential amino acids have been studied. In the presence of all 
essential amino acids, insulin: (1 )  increases 2-deoxy-D-glucose 
and a-aminoisobutyric acid uptake; (2) increases [5-3H]uri- 
dine f lux  into uridine metabolites and the intracellular UTP 
pool; (3)  expands the size of the intracellular UTP pool; (4) 
does not change the specific activity of the UTP pool; and ( 5 )  
stimulates RNA,  proteoglycan, and total protein synthesis. In 
lysine (or other essential amino acid)-deficient medium, the 

Insu l in  actions on cartilage are of considerable interest be- 
cause of the relationship between insulin and a variety of in- 
sulin-like serum factors (somatomedins and NSILAs) '  that  
stimulate anabolic processes in cartilage (Lebovitz and Eis- 
enbarth, 1975; Van Wyk et al., 1975). High concentrations of 
insulin stimulate the incorporation of radiolabeled precursers 
into DNA, RNA, and total proteins of costal cartilage removed 
from hypophysectomized rats (Salmon et al., 1968) and 35S04 
incorporation into the proteins of embryonic chicken cartilage 
(Hall and Uthne, 197 1) .  Some evidence suggests that insulin 
and the somatomedins interact with the same receptor on 
embryonic chicken cartilage (Hintz et a]., 1972). 

The dependence of R N A  synthesis upon simultaneous 
protein synthesis is a significant regulatory mechanism in both 
prokaryotes and eukaryotes. Deprivation of an essential amino 
acid during incubation of eukaryotic cells markedly reduces 
protein synthesis by interfering with initiation of translation 
and causes stringent control of R N A  synthesis (Juergen and 
Pogo, 1974). 
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effects of insulin are different. While insulin stimulates in-  
corporation of [5-3H]uridine into R N A ,  it does so by in-  
creasing the specific activity of the UTP pool without in-  
creasing RNA synthesis. Insulin stimulates 2-deoxy-D-glucose 
and a-aminoisobutyric acid uptake but no longer stimulates 
proteoglycan, total protein, or R N A  synthesis or expands the 
size of the UTP pool. These data indicate that there are amino 
acid dependent and independent effects of insulin on cartilage. 
Transport processes are amino acid independent, while syn- 
thetic processes are amino acid dependent. 

The present study was undertaken to characterize the effects 
of insulin on transport processes and macromolecule synthesis 
in embryonic chicken chondrocytes in organ culture and to 
determine whether amino acid deprivation alters these ef- 
fects. 

Materials and Methods 
Incubation Techniques. The incubation procedures were 

similar in all studies. Pelvic cartilages from 1 1  or 12 day 
chicken embryos were removed, cleaned, weighed, and dis- 
tributed randomly into flasks containing 2 mL of incubation 
medium. The complete incubation medium was pH 7.45 50 
mM Tris buffer which contained all essential amino acids, 
electrolytes, glucose, and penicillin as previously described 
(Drezner et al., 1975). In  some experiments the essential amino 
acids lysine, arginine, phenylalanine, or valine were omitted 
from the incubation medium. All incubations were carried out 
in  an atmosphere of 95% 02-5% C 0 2  (v/v) in a gyrorotary 
shaker bath at 37 O C .  

Sulfate Incorporation into Cartilage Proteoglycans. Car- 
rier-free Na235S04 ( 1  .O pCi) was added to each flask and the 
cartilages were incubated for I2 to 14 h.  At the conclusion of 
the incubation, the cartilages were boiled for 8 min and soaked 
for an additional 2 h in  4 mL of saturated Na2S04. The car- 
tilages were rinsed, digested in Pirie's reagent, and 35S04 in- 
corporation determined (Jeffay et al., 1960). 

Uridine Incorporation into Cartilage RNA.  [S3H]  Uridine 
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( I  pCi) was added to each flask and the cartilages were incu- 
bated for 12 h. The cartilages were homogenized in 1 m L  of 
5% trichloroacetic acid at  0 "C. The precipitate was washed 
twice with 5% C13CCOOH at  0 "C and hydrolyzed at  100 "C 
for 90 min in 0.3 mL of formic acid. The [5-3H]uridine in the 
hydrolysate was determined by liquid scintillation spectrom- 
etry using Bray's scintillation mixture. 3H,  92-94%, in this 
C13CCOOH-precipitable fraction is digestible in dilute alkali 
a t  60 "C, and the percent digestible is the same in insulin- 
stimulated and control cartilages. 

The C13CCOOH supernatant also was counted for 3H. This 
fraction contains tritiated uridine, UMP,  UDP, UTP,  and 
other uridine metabolites (including U D P  monosaccharides) 
and is referred to as acid-soluble uridine radioactivity. 

1.- Leucine Incorporation into Cartilage Proteins. I.- [ 4,5- 
3H]  Leucine ( 1  pCi) was added to the flasks and the cartilages 
were incubated for 12 h. The cartilages were removed, rinsed, 
and processed as described for uridine incorporation into R N A .  
This method of protein isolation gave identical results with 
studies using a modification of the methods of Maxwell and 
Siekevitz (Eisenbarth et al.,  1973). 

Thjtmidine Incorporation into DNA. Cartilages were 
preincubated in medium for 24 h following which they were 
removed, weighed, and distributed randomly into flasks with 
medium alone, or with medium containing added insulin. 
[meth~l-~HlThyrnidine (0.5 pCi) was added to each flask and, 
after a 12-h incubation, the cartilages were removed and 
processed, as described for uridine incorporation into RNA. 

U T P  Pool Size and  Specific Actioity: Cartilages were in- 
cubated for 6 to 8 h in 50-mL flasks containing I O  cartilages, 
20 mL, of the appropriate incubation medium alone or with 
added insulin and [S3H]uridine ( I O  pCi). At the termination 
of the incubation, one cartilage from each flask was removed 
and weighed and [5-3H]uridine incorporation into R N A  de- 
termined. The remaining cartilages were triturated in liquid 
nitrogen, had [I4C]UTP added (to correct for recovery), and 
were extracted twice with 5 mL of 2 N formic acid. Centrifu- 
gation was done at  15 OOOg for I O  min at  4 OC. The superna- 
tants from both extractions were combined and 75 mg of 
acid-washed charcoal was added. The charcoal was separated 
by centrifugation and, after being washed, it was extracted 
three times with 2 mL of ethanol:water:NH40H (65:35:0.4). 
The extracts were combined, flash evaporated, and dissolved 
in 0.05 mL of deionized water. The solution was applied to the 
origin of a 1% polyethylenimine-cellulose plate and developed 
by a modification of the method of Randerath (Randerath and 
Randerath, 1967), with two-dimensional chromatography 
utilizing 1 .O M LiCl saturated with borate (pH 7.0) develop- 
ment followed by stepwise development in the second dimen- 
sion with 0.50 M (NH4)2S04 to 4 cm followed by 0.70 M 
( NH4)2SOj, to 12- 16 cm. Plates with appropriate standards 
were run. 

The UTP spot was identified with ultraviolet light, scraped, 
and extracted for 12 h with 1 mL of 0.1 N HCI. The solution 
was centrifuged at  15 OOOg at  4 OC for I O  min and the super- 
natant was transferred to a quartz cuvette. A full spectrum was 
obtained and proved U T P  purity. The UTP concentration was 
calculated from a molar extinction coefficient at 262 nm in acid 
solution of 1 X IO4. One hundred microliters was removed from 
each cuvette and the tritium and I4C counts were determined 
by liquid scintillation spectrometry. From these data, the na- 
nomoles of UTP isolated and the size and specific activity of 
UTP pool were determined. 

Determination of Intracellirlar and  Extracellular Water 
Spaces in Cartilage. Sorbitol space (extracellular water space) 
of the cartilage was determined by incubating cartilages in 

medium containing 0.2 pCi [U-I4C]sorbitol for 4 h. The car- 
tilages were homogenized in 5% C13CCOOH (0 "C) and 
centrifuged a t  15 OOOg. Radioactive sorbitol in the 
C13CCOOH supernatant and the incubation medium were 
determined and the size of the cartilage extracellular space was 
calculated to be 76 f 1.5% by weight. Insulin ( I O  000 pU/mL) 
had no significant effect on the sorbitol space (79 f 2.6%). 

The total water content of the cartilage was determined as 
follows: cartilages were incubated for 4 h in medium and were 
then transferred to small aluminum foil sheets which had been 
brought to a constant weight i n  a 100 OC oven. The wet carti- 
lage weight was determined and the cartilages were placed in 
a 100 OC oven unt i l  they came to constant weight. The intra- 
cellular cartilage water space was calculated as the total water 
space minus the extracellular water space and was 1 I .2 f 0.6% 
by weight. Insulin ( I O  000 p U / m L )  had no significant effect 
on the intracellular water space (9.9 f 1.1%).  

2-Deoxy-~-glucose (2DG) and a-Aminoisobutyrate (AIB) 
Uptake.  For assessing the glucose transport and phosphoryl- 
ation system, 0.5 pCi of [U-14C]-2-deoxy-D-glucose was added 
to the incubation medium and cartilages were incubated for 
4 h. The cartilages were homogenized in 5% C13CCOOH (0 
"C) .  Following centrifugation, an aliquot of the supernatant 
was measured for I4C. Ne t  uptake of 2-deoxy-D-glucose was 
calculated by subtracting the quantity of 2DG in the extra- 
cellular water space of the cartilage from the total cartilage 
2DG uptake and dividing it by the intracellular water vol- 
ume. 

For assessing amino acid transport, the uptake of [U- 
''C]-a-aminoisobutyrate (AIB) was measured. Cartilages 
were incubated for 4 h in incubation medium to which 0.2 pCi 
[U-14C]AIB per flask had been added. The cartilages were 
homogenized in 5% C13CCOOH (0 "C). I4C in the supernatant 
was measured by liquid scintillation spectrometry. 

Chemicals and Hormones. Pork insulin (glucagon free) was 
generously provided by the Eli Lilly Co. (Indianapolis, Ind.). 
Carrier-free Na235SO~ was purchased from Amersham/Searle 
Corp. (Arlington Heights, I l l . ) .  ~-[4.5-'H]Leucine (52 Ci/  
mmol), [U-14C]-a-AIB (12.2 Ci/mmol), [U-'4C]sorbitol (200 
Ci/mol), and [U-'4C]-2-deoxy-D-glucose (45 mCi/mmol) 
were purchased from New England Nuclear Corp. (Boston, 
Mass.); and [5-3H]uridine (24.3 Ci/mmol), [ ~ e t h y l - ~ H ] -  
thymidine (6.0 Ci/mmol), and [U-14C]uridine 5'-triphosphate 
(75 mCi/mmol) were from SchwarzlMann (Orangeburg, 
N .Y. ) .  

Statistics. Significance of difference between means was 
determined by the Student's t test (p < 0.05 defined as sig- 
nificant). 

Results 
Effects oflnsulin on Protein Synthesis. The effect of insulin 

on 35S04 incorporation into embryonic chicken cartilage 
proteoglycans is shown in Figure l a .  Concentrations as low as 
200 p U / m L  significantly stimulate incorporation. A 
log dose-response relationship exists throughout the range of 
insulin concentrations from 100 to I O  000 p U / m L .  Evidence 
that the changes in incorporation observed represent 
changes in proteoglycan synthesis are: ( 1 )  enters car- 
tilage by passive diffusion and the sulfate pool size is stable; 
(2)  34S04, once incorporated, is slowly released (washout ex- 
periments demonstrate a 10-20% loss of incorporated 35S04 
during the total experimental time period and insulin treatment 
does not alter this rate of degradation): (3) chromatography 
of the precipitated cartilage proteins reveals that the '%O4 is 
associated with proteins of molecular weight corresponding 
to proteoglycans; and (4) insulin effects on amino acid incor- 
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T A B L E  I: Insulin Effects on U T P  Pool Size and Specific Activity of Cartilage Incubated in Complete Medium or Lysine-Deficient 
Medium. 

U T P  U T P  pool 3H in U T P  U T P  3H in R N A  

( d J / m L )  (nmol) (”/) cartilages) cartilages) (cpm/nmol)  of cartilage) 
Insulin isolated Recovery (nmol/40 (cpm/40 sp act .  (cpm/mg 

Expt 1: Complete Medium 
0 3.2 15.4 20.8 35 750 1 1  171 258 f 23 

I O  000 4.0 15.3 26.2 51 130 12 783 466 f 20 
% stimulation by insulin 26 43 14 81 

Expt 2: Lysine-Deficient Medium 
0 6.3 31 20.3 59 640 9 467 273 f 18 

I O  000 7.1 34 20.8 100 590 14 168 477 f 19 
% stimulation by insulin 3 69  50 63  

U T P  was isolated as  described in Materials and Methods from groups of 40 cartilages incubated with [5-3H]uridine with or without insulin. 
[U-IJC]UTP was added a t  completion of incubation to monitor recovery of U T P  during the purification. Amount  of U T P  was determined 
spectrophotometrically. In the  same experiment, [5-3H]uridine incorporation into R N A  was determined (mean f SE of 5 cartilages). 

I O O C  

I J i 
50 

f I  
f t o t  , I  I , ,  , - 
0 IO 20 60 100 200 500 10.000 

1000 

500 50t 1 
to 20 60 loo 200 500 10.000 10 loo lpoolo,m 

Insulin (.uu/mll Insulin (.uU/rnll 

FIGURE I :  Effect of insulin (log-dose response) on 3 5 S 0 4  incorporation 
into proteoglycan, ~ - [ 4 , 5 - ~ H ] l e u c i n e  into protein, [5JH]uridine into 
RNA, and [n?e th~~l -~H]thyni id ine  into DNA in embryonic chicken car- 
tilage incubated in vitro in medium containing all essential amino acids 
(see Materials and Methods). Each point represents the mean f SE of five 
cartilages (each cartilage 9- I5 mg). Insulin stimulates all four processes 
(* = p < 0.05). Cross-hatched area represents mean f SE of incorporation 
without added insulin. 

poration into protein correlate with its effects on 35S04 in- 
corporation (Eisenbarth et al., 1973, 1974; Ebert and Prockop, 
1967). 

Insulin stimulation of leucine incorporation into total car- 
tilage proteins is shown in Figure 1 b. At both insulin concen- 
trations there was significant stimulation and the stimulation 
appeared to be dose related. 

Effect of Insulin on R N A  Synthesis. Insulin markedly 
stimulates the incorporation of [5-3H]uridine into the R N A  
of embryonic chicken cartilage (Figure IC). A log dose-re- 
sponse increase in radiolabeled uridine incorporation occurs 
from 200 p U / m L  to 10 000 pU/mL.  In the particular study 
shown, 203% stimulation above control occurred a t  10 000 
p U / m L .  Most other experiments yielded a 75 to  125% stim- 
ulation at  I O  000 kU/mL; no further stimulation was seen with 
higher concentrations. 

To  ascertain whether the increased radiolabel in R N A  was 
secondary to insulin inhibition of R N A  breakdown, degrada- 
tion experiments were performed. Only 10% of prelabeled 
cartilage R N A  [5-3H]uridine was lost during a 10-h incuba- 

tion, and insulin did not significantly alter the amount of [ 5 -  
3H] R N A  breakdown. Thus insulin does not significantly alter 
cartilage R N A  degradation. 

When radiolabeled precursors a re  utilized in experiments 
such as those above, changes in transport or phosphorylation 
could alter the specific activity of the intracellular precursor 
pools. Thus, an effect of insulin on transport or phosphorylation 
could change the rate of incorporation of labeled uridine into 
R N A  without altering the synthesis of R N A .  To determine 
whether insulin stimulates R N A  synthesis, the specific activity 
of the intracellular U T P  pool was measured. A representative 
experiment is shown in Table I, experiment I .  Insulin stimu- 
lation resulted in an 81% increase in the incorporation of [5- 
3H]uridine into R N A  and a 14% rise in the U T P  specific ac- 
tivity when compared with control cartilages. The small rise 
in specific activity is insufficient to account for the much larger 
rise in incorporation of [5-3H]uridine into R N A .  Therefore, 
insulin does stimulate R N A  synthesis. In  addition, the influx 
of radiolabeled uridine into the U T P  pool and the size of the 
U T P  pool increase during insulin stimulation. Combining the 
results of four additional experiments with the one presented 
in Table I, experiment 1,  insulin stimulation increased the flux 
of [5-3H]uridine into UTP 83 f 28% as compared with control 
cartilages. There was an equivalent rise in the size of the U T P  
pool (73 f 26%) and this maintained the specific activity of 
the U T P  pool a t  a value close to that of control cartilages (9 
f 19%). 

Effects of Insulin on [methyl- 3H]  Thymidine Incorpora- 
tion. Insulin significantly stimulated the incorporation of 
[methyl-3H]thymidine into cartilage D N A  (Figure Id) .  Be- 
cause of the low levels of intracellular TTP,  we were unable 
to determine the specific activity of this nucleotide pool. 
Therefore, the precise mechanism responsible for the effect 
of insulin on [methyl-3H]thymidine incorporation into D N A  
is unknown. 

Lysine Dependence of Insulin Action. W e  next sought to 
determine if insulin effects on cartilage were dependent on 
essential amino acids. The results of studies in which lysine was 
excluded from the incubation medium are illustrated in Figure 
2. Insulin stimulation of sulfate and leucine incorporation into 
proteoglycan and total proteins, respectively, were abolished. 
Salmon (1  960) has shown similar inhibition of protein syn- 
thesis in coastal cartilage from hypophysectomized rats with 
amino acid deficient medium and this result was not unex- 
pected. Surprisingly, the stimulation of [5-3H]uridine incor- 
poration into R N A  was unaffected. 

To determine whether the increased [5-3H]uridine incor- 
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Lack of effect of insulin on 3'SOj incorporation into proteo- 
glycan and ~ - [ 4 , 5 - ~ H ] l e u c i n e  incorporation into protein in embryonic 
chicken cartilage incubated in lysine deficient medium. [5-3H]Lridine 
incorporation is still stimulated. Each point represents the mean f SE of 
five cartilages incubated in vitro ( *  = p < 0.05). Cross-hatched area 
represents mean k SE of incorporation without added insulin. 

poration into R N A  represented increased R N A  synthesis, the 
specific activity of the U T P  pool was measured in cartilages 
incubated with or without insulin in lysine deficient medium. 
A representative experiment is shown in Table I, experiment 
2. In five such experiments insulin increased the mean incor- 
poration of radiolabel into R N A ,  76 f 31%, compared with 
control cartilages. At  the same time, insulin caused a 1 15 f 
3 I % rise in  the UTP pool specific activity. Thus, the effects of 
insulin on incorporation of [5-3H]uridine into cartilage RNA.  
in lysine deficient medium, are  secondary to the change in the 
specific activity of the U T P  pool. Insulin retains its ability to 
stimulate the influx of labeled uridine into the L T P  pool ( 1  14 
f 23%), but no longer expands the cold pool (-8 f 23%). 

Lysine deficiency therefore affects [5-3H]uridine incorpo- 
ration into cartilage i n  a t  least two ways: Expansion of the 
intracellular U T P  pool is blocked and there is no stimulation 
of R N A  synthesis. 

The studies presented thus far demonstrate that insulin 
stimulation has both lysine dependent (~-[4,5-~"]leucine and 
35SOj incorporation, expansion of the UTP pool size and 
stimulation of R N A  synthesis) and lysine independent pro- 
cesses ([5-3H]uridine flux into the UTP pool). The data sug- 
gested that insulin stimulation of transport processes might 
be lysine independent whereas stimulation of synthetic pro- 
cesses is lysine dependent. It should be noted that leaving lysine 
out of the incubation medium has little effect on basal (uns- 
timulated) synthetic rates ( 1  0-20% decrease). 

Effeects of Insulin on Amino Acid Transport. a-Aminoiso- 
butyric acid (AIB) was used to estimate amino acid transport 
because i t  is not metabolized. As shown in Table 11, insulin 
stimulates AIB transport. I n  cartilage incubated in lysine de- 

TABLE l i :  Stimulation of n-Aminoisobutyrate (AIB) Transport by 
Insulin." 

Insulin [ 'JCIAI B 

1 0 222 f 7.4 

Expt ( p U / m L )  (cpm/mg) % stimulation 

I O  000 296 f I 3  34 

I O  000 218 h 4 20 
2 0 182 f 4.8 

Results a re  expressed as  cpm/mg wet weight of cartilage (mean 
f SE of 6 cartilages). Expt I used complete incubation medium. Expt 
2 used lysine-deficient medium, Stimulation was significant a t  p < 
0.001 for each experiment. 

T A B L E  111:  Stimulation of 2-Deoxy-D-glucose Transport b> 
Insulin." 

N e t  Transport 
Insulin (pmol/g YO 

of cartilage) stimulation Expt W J / m L )  
1 0 42 & 3 

1 000 48 f 1 13 
I O  000 53 f 2 26 

2 0 41 f 2  
10 000 5 2 f  1 21 

(' Results expressed as pmol of 2-deoxy-D-glucose t ransportedig 
of cartilage wet weight (mean f SE of 8 cartilages). Expt 1 used 
complete incubation medium. Expt 2 used lysine-deficient medium. 
Stimulation was significant a t p  < 0.01 (Expt I) a n d p  < 0.001 (Expt 
2). 

ficient medium, insulin similarly stimulates AIB transport. 
Effects of Insulin on the Transport of 2-Deoxy-~-g~uecose. 

The effect of insulin on glucose transport was assessed utilizing 
the nonmetabolized analogue, 2-deoxy-D-glucose. I n  these 
incubations, the concentration of medium glucose was reduced 
to 1.4 m M  to decrease competition for the transport sites. In- 
sulin stimulates the accumulation of 2-deoxy-~-ghcose (Table 
111). Removal of lysine from the incubation medium does not 
affect the insulin-stimulated accumulation of this glucose 
analogue. 

Effects on Insulin Stimulation of Other Amino Acid De- 
ficiencies. After we found a qualitative effect of lysine on in -  
sulin stimulation of cartilage metabolism, the next question 
we asked was whether this effect was unique to lysine or shared 
by other essential amino acids. 

In the absence of either lysine, valine, phenylalanine, or 
arginine, insulin does not stimulate ~ - [ 4 , 5 - ~ H ] l e u c i n e  incor- 
poration into cartilage proteins (Table I V ) .  In the absence of 
any of these essential amino acids, insulin stimulates [C- 
I4C]AIB uptake (Table V) .  Furthermore, Table VI  illustrates 
that insulin stimulates [5-'H]uridine uptake into the trichlo- 
roacetic acid soluble cartilage pool in the absence of these es- 
sential amino acids (see Materials and Methods). Such stim- 
ulation probably reflects increased transport or phosphoryl- 
ation of [ 5-3H]uridine. The correlation between increased 
[5-3H]uridine incorporation into R N A  and into 
C13CCOOH-soluble counts in the absence of any of the four 
amino acids is excellent (linear regression coefficient = 0.86. 
p < 0.01, slope = 0.95). In the presence of all essential amino 
acids in the medium this correlation is no longer present ( 1  25% 
vs. 53% stimulation). Thus, insulin stimulates R N A  synthesis 
and [5-3H]uridine uptake in cartilage incubated i n  medium 
containing all the essential amino acids while it only stimulates 
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TABLE Iv: Insulin Stimulation of ~-[4,5-~H]leucine Incorporation into Cartilage Proteins in Vitro.0 

Insulin All essential Lysine Phe Val ARG 
(uU/rnL1 amino acids deficient deficient deficient deficient 

0 
I O  000 

767 f 63 574 f 30 583 f 36 441 f 25 481 f l i  
I394 f 51  478 f 45 644 f 33 351 i 19 398 f 34 

Results expressed as cpm/mg of cartilage wet weight (mean & SE 5 cartilages). Only in incubations with all essential amino acids present 
was there significant ( D  < 0.051 stimulation of ~-14S-’tllleucine incoruoration. 

TABLE V :  Insulin Stirnulation of [U-I3C]AIB Transport.” 

Insulin All essential LYS Phe Val Ark? 
(/.lU/mL) amino acids deficient deficient deficient deficient 

1008 f 30 
I O  000 1224 f 43 1229 f 68 1080 f 36 1 I70 f 41 1264 f 48 

uResults are expressed as cpm/mg of cartilage wet weight (mean f SE of 5 cartilages). In  the presence of insulin, AIB transport is significantly 

0 922 f 42 996 f 31 933 f 28 1018 f 55 

increased (p < 0.05) in all groups. 

TABLE vi: Insu l in  Stimulation of [S-’H]Uridine Incorporation into RNA and Trichloroacetic Acid Soluble Cartilage Fraction.U 

Insulin All essential LYS Phe Val  Arg 
(/.lU/mL) amino acids deficient deficient deficient deficient 

(a) Acid-Soluble )H Counts 
0 6218 f 468 6070 f 277 6470 f 449 5106 f 172 5962 i 61 1 

I O  000 9543 f 691 8338 f 174 9205 f I018 8465 f 454 8374 f 479 
% stimulation 53 37 42 66 40 

(b) 3H in  RNA 
0 749 f 80 692 f 15 735 f 67 549 f 24 651  f 75 

I O  000 1684 & 102 940 f 32  1 I60 f 142 932 i 63 960 f 74 
% stimulation 125 36 58 70 46 

“ Results expressed as the mean f SE of five cartilages (cpm/mg of cartilage wet weight [cartilage 9- 15 mg]). Stimulation is statistically 
significant for all groups. Because of the tremendous concentrative ability of this tissue for [5-3H]uridine (of approximately 300 000 cpm added 
to 2000 PI-  of medium for each cartilage, 60 000 cpm are incorporated into the acid-soluble pool per cartilage) less t h a n  3% of acid-soluble 
counts remesent extracellular 15-’tlluridine in eauilibrium with the medium. 

[5-3H]uridine uptake in medium which is deficient in  an es- 
sential amino acid. 

Discussion 
The present study indicates that different responses to in- 

sulin occur in vitro depending on the presence or absence of 
essential amino acids. In our study, insulin stimulated [ 5 -  
3H]uridine incorporation into RNA represented synthesis of 
RNA in the presence of all essential amino acids. I n  lysine 
deficient medium (or presumably any essential amino acid 
deficient medium), similar stimulation of [5-3H]uridine in- 
corporation was the result of changes in U T P  specific activity. 
These observations add complexity to modeling insulin action 
with in vitro studies. 

Insulin stimulation of cartilage macromolecule synthesis 
( R N A ,  total protein, and proteoglycan) i n  vitro requires me- 
dium containing all the essential amino acids. I n  contrast, 
transport processes (2-deoxy-D-glucose and AIB uptake), as 
well as [S3H]uridine f lux  into uridine metabolites (and spe- 
cifically into the U T P  pool) are stimulated by insulin in ly- 
sine-deficient medium. Other essential amino acids besides 
lysine similarly influence insulin actions on cartilage. Assuming 
insulin action is mediated via a single membrane receptor, these 
observations suggest a refinement in insulin action with an 
amino acid dependent and independent “effector” system. 

Insulin effects on radiolabeled uridine uptake and incor- 
poration into RNA have been studied in several other organ 

and cell culture systems. Mammary gland in organ culture 
responds to insulin stimulation with an increase in radiolabeled 
uridine uptake, no alteration in U T P  specific activity and an 
increase in radiolabeled uridine incorporation into RNA. The 
effect of essential amino acid deficiency is not known but an- 
tibiotics which inhibit protein synthesis block the effect of in- 
sulin on labeled uridine uptake and incorporation into RNA 
(Rillema, 1975). In chick embryo fibroblasts in culture, insulin 
has no effect on uridine uptake as  assessed by estimates of 
expansion of the U M P  pool, but does stimulate incorporation 
into ribosomal RNA and tRNA. Cyclohexamide blocks the 
insulin stimulation of radiolabeled incorporation into R N A  
(Baseman et al., 1974). Cultured bone cells stimulated with 
insulin show an increase in [I4C]uridine uptake, presumably 
no effect on the intracellular UTP pool size and an increase i n  
[I4C]uridine incorporation into RNA. Essential amino acid 
deficiency and treatment of the cultures with inhibitors of 
protein synthesis had no effect on insulin stimulation of ra- 
diolabeled uridine uptake and incorporation into RNA (Peck 
and Messinger, 1970). It appears that no uniform action of 
insulin on uridine uptake and incorporation into RNA can be 
extrapolated from the above studies and our data. Perhaps the 
effects of insulin on uridine uptake and RNA synthesis are 
tissue specific. 

The site of the amino acid dependence of insulin stimulated 
macromolecule synthesis in chicken embryonic cartilage is 
unknown. Studies relating the effects of essential amino acid 
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deficiencies on cellular protein synthesis in eukaryotes show 
that deficiency causes a very rapid decrease in protein syn- 
thesis, a significant reduction in charged t R N A ,  diminished 
ribosome content, a dissolution of polysomes into monosomes 
and marked impairment of the initiation of protein synthesis 
(Juergen and Pogo, 1974; Vaughan et al., 1971; Allen et al., 
1969; Vaughan and Hansen, 1973). The dependence of R N A  
synthesis upon simultaneous protein synthesis is a significant 
regulatory mechanism in both prokaryotes and eukaryotes. 
This stringent control has been characterized in simple eu- 
karyotes such as yeast and appears to occur primarily a t  the 
transcription of r R N A  (Schulman et al., 1977). The mecha- 
nism of this control involves the binding of R N A  polymerases 
to the nuclear DNA template. On the basis of our present data, 
it is reasonable to speculate that the mechanism of the amino 
acid dependence of insulin stimulation of macromolecule 
synthesis may involve similar mechanisms to those described 
for other eukaryotes. Further studies a re  necessary to sub- 
stantiate this thesis. 
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Accumulation of Immunoglobulin Messenger Ribonucleic Acid in 
Immunized Mouse Spleen" 

Tasuku Honjo,* Akira Shimizu. Masa-aki Tsuda. Shunji Natori, Tohru Kataoka, Chieko Dohnioto, and 
Yoshitake Mano 

ABSTRACT: We have measured the concentration of mRNAs 
coding for immunoglobulins, K and X type light chains and y i  
type heavy chain, in mouse spleen cells activated by bacterial 
lipopolysaccharide or sheep red blood cells. These m R N A s  
were quantitated by hybridization to radioactive D N A  com- 
plementary to highly purified immunoglobulin mRNAs from 
mouse myelomas. In the lipopolysaccharide-stimulated spleen 
cells, only light chain m R N A  accumulated, whereas yi type 
heavy chain m R N A  remained unvaried. The light chain 
m R N A  concentration also increased in purified bone-mar- 
row-derived lymphocytes. The lipopolysaccharide-induced 

In order to elucidate the molecular mechanisms of the im- 
mune response, it is essential to know which step(s) of antibody 

t From Department of Physiological Chemistrb and Nutrition, Facult? 
of Medicine and Faculty of Pharmaceutical Sciences. University of Tokyo. 
Hongo. Tokyo. Japan. Rereiced April 25, 1977; recised mnnuscripr rr-  
cricrdSrprernbev I ,  I977 This investigation was supported by grants from 
Jane Coffin Child Memorial Fund for Vedical Research. from Matsunaga 
Science Foundation, and from Ministry of Education. Science and Culture 
of Japan. 

light chain mRNA was similar to light chain mRNAs purified 
from myelomas. The accumulation and disappearance of light 
chain m R N A  in bone-marrow-derived lymphocytes coincide 
with the kinetics of synthesis of immunoglobulin M which is 
the major species induced by lipopolysaccharide. In sheep red 
blood cell stimulated spleen, the specific accumulation of K type 
light chain and 7 1  type heavy chain mRNAs parallels immu- 
noglobulin G synthesis. These results seem to indicate that the 
increment of immunoglobulin m R N A  concentration in 
bone-marrow-derived lymphocytes is important for induction 
of immunoglobulin synthesis. 

synthesis is stimulated upon activation of immunocompetent 
lymphocytes. A vital question is whether induction of antibody 
synthesis is due to activation of Ig' gene transcription or of 
translational steps of preexisting Ig m R N A .  Purification of 

' Abbreviations used arc: I f .  immunoglobulin: L, and 1.h chain% K and 
X type light chains: H,, chain, yj type heavy chain; LPS, lipopolysac- 
charide: SRBC. sheep red blood cells; C,r, the product of the concentration 
of RNA and the time of incubation: T and B lymphocytes. thymus-derived 
and bone-marrot\-derived lymphocytes: poll (A) .  poly(adenylic acid). 
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