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Streptozotocin, when administered in- 
travenously in doses of 50 to 100 mg/kg has 
been reported to induce diabetes mellitus in 
rats and other animal species by producing 
degranulation and necrosis of pancreatic beta 
cells (1, 2 ) .  The cellular damage resulted in 
consistent hyperglycemia, glucosuria, mild 
ketonuria and sharp reduction of pancreatic 
immunoreactive insulin. 

It has been known since 1950 that the 
concentration of brain free amino acids can 
be affected by the circulating levels of glu- 
cose. This was particularly striking in the 
case of insulin-induced hypoglycemia (3-5). 
Also, it has been shown recently that 24 to 48 
hr of starvation decreased free alanine in the 
brain of both newborn and suckling rats. 
The same effect was produced on glycine and 
glutamate, but only in the newborn. In  con- 
trast, starvation for up to 120 hr in the adult 
rat was associated with an increase in free 
amino acids in brain. However, glycogen con- 
centrations were not affected by fasting in 
any age group (6 ) .  

In the studies reported here, we have cor- 
related streptozotocin-induced hyperglycemia 
and hyperketonemia with the levels of three 
gluconeogenic amino acids, either free in 
brain or in blood as an approach to under- 
stand the utilization of ancillary sources of 
energy by the brain during a stress affecting 
energy metabolism. 

Materials and Methods. Adult male Wistar 
rats weighing 250 to 300 g were in- 
travenously injected with 65 mg/kg of strep- 
tozotocin.2 The drug was dissolved just be- 
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fore use in 0.5 ml of sterile 0.05 M sodium 
citrate, pH 4.5. The animals were offered a 
commercial feed3 and water ad libitum. One 
week later the rats were anesthesized with 60 
mg/kg of Nembutal, according to the tech- 
nique of Prasannan, Rajan and Subrahman- 
yam (7) and decapitated. The brain was 
immediately excised and one hemisphere was 
used for glycogen assay (7) and the other 
was homogenized with 4 vol of 95% ethanol 
for amino acid determination (8) or extract- 
ed for DNA assay (9) .  Heparinized blood 
was collected for glucose ( l o ) ,  total ketones 
( 1 1 ) and amino acid analyses (8). Other rats 
of the same source and weight were fasted 
for 72 hr, although water was freely avail- 
able. The animals were sacrificed and tissues 
were processed and analyzed as indicated 
above. 

Results. Streptozotocin-treated rats ex- 
hibited a consistent hyperglycemia and hy- 
perketonemia ( p < .OO 1, Table I ) .  In animals 
starved for 72  hr, blood glucose values were 
significantly lower and ketones higher than 
those in the fed controls. Nevertheless, free 
amino acids in the circulation were essential- 
ly the same in diabetic, fasted or fed animals, 
except for alanine in starved rats ( p  < .05, 
Table I). 

Brain free amino acids and glycogen 
changes occurring in starved and diabetic rats 
are shown in Table 11. While fasted rats ex- 
hibited a significant rise in glycine and gluta- 
mate, s trep tozo tocin- treated animals mani- 
fested changes only in glutamate, as com- 
pared with controls. However, while star- 
vation did not affect brain glycogen concen- 
tration, glycogen did rise very significantly 
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TABLE I. Blood Glucose, Ketones and Free Amino Acids in  Fed, Starved and Diabetic Rats. 

Treatment Glucose Ketones Alanine Glycine Glutamateb 
group" (mg/IOO ml) (mg/IOO ml) (pmoles/ml) (pmolss/ml) (pmoles/ml) 

Fed controls (14) 122 2 9 2.6 0.4 0.44 t 0.02 0.24 2 0.03 1.08 & 0.06 

Diabetic ( 9) 399 k 21d 68.5 & 36.3d 0.58 2 0.09 0.24 f 0.03 0.92 -+ 0.04 
Starved (10)  92 k 4" 8.4 2 1.7" 0.57 2 0.04" 0.35 & 0.05 1.20 2 0.12 

"All values are means ? SEM. The number of animals is given in  parentheses. 
The values for glutamate include both glutamate and glutamine. 
p < .05 ; p < .0101 compared to fed controls. 

( p  < .01, Table 11) in diabetic rats, to a level 
double that of control animals. 

Discussion. Hyperglycemia and the con- 
comitant hyperketonemia had no effect on 
the three circulating gluconeogenic amino ac- 
ids monitored in these experiments. Simul- 
taneously, brain glutamate increased over 
base line values, in parallel, but not to the 
same extent as the increase in blood glucose 
and ketones. This suggests that the brain 
pool of this amino acid reflected the changes 
in glucose and ketone concentrations rather 
than the circulating levels of glutamate/glu- 
tamine, which apparently were not affected 
by the experimental diabetes. More striking- 
ly, there was a significant increase in gly- 
cogen stores. Only in very specific cases brain 
glycogen is known to be altered. Depletion 
has been reported to occur during insulin- 
induced hypoglycemia ( 12),  extreme starva- 
tion of newborn pups (6, 13) or brain perfu- 
sion by glucose-free solutions ( 14). Converse- 
ly, increases in glycogen levels have been 
reported only rarely, e.g., in electroshock 
(15) or with hydrocortisone treatment (12) .  

Changes in brain free gluconeogenic amino 
acids take place not only as a consequence 

of a decline in the circulating levels, but also 
when the muscle protein is unable to provide 
a continuous inflow of alanine to the liver 
through the "alanine cycle" for gluconeo- 
genesis (16).  This is observed in the starved 
newborn rat. In  the immature animals, i t  
would appear that endogenous brain alanine 
can be promptly utilized as an ancillary 
source of energy. This does not occur with 
glycine and glutamate which only decline in 
terminal situations (6) .  

Data presented here suggest that higher 
circulating levels of glucose and ketones may 
stimulate glycogen synthesis and induce the 
accumulation of gluconeogenic intermedi- 
ates. In  contrast, mild starvation producing a 
threefold increase in blood ketones and a 
decline of blood glucose of 20-25 mgJlOO ml 
had no influence on brain glycogen or de- 
pleted brain glutamate stores. In  fact, brain 
glutamate appeared to be either affected by 
the influx of ketones or by a partial block in 
the tricarboxylic acid cycle and be a sensitive 
indicator of changes in the supply of glucose 
to the brain. These experiments suggest that 
hyperglycemia may be of critical importance 
in affecting brain metabolites. The possible 

TABLE 11. Brain Free Amino Acids and Glycogen in  Fed, Starved and Diabetic Rats. 

Alanine Glycine Glutamateb 
(pmoles/mg (,pmoles/mg (pmoles/mg Glycogen 

Treatment groupa DNA) DNA) DNA) (mg/mg DNA) 

Fed controls ( 8) 0.23 0.02 0.28 & 0.01 4.46 0.29 0.09 & 0.01 
6.71 2 0.59" 0.07 0.01 Starved (14) 0.25 f 0.01 0.41 +_ 0.04" 

Diabetic ( 9) 0.27 0.01 0.28 & 0.03 5.43 -c- 0.23" 0.18 2 0.02" 

"All values are means 2 SEM. The number of animals is given in  parentheses. 

" p  < .01 compared to fed controls. 
The values for  glutamate include both glutamine and glutamate. 
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influence of glycogen and glutamate accumu- 
lation on brain metabolism and function in 
pathological conditions remains to be elu- 
cidated. 

Summary. Adult rats made diabetic with 
streptozotocin had an increased concentration 
of brain free glutamate and glycogen but 
showed no changes in brain free alanine and 
glycine. These alterations paralleled higher 
circulating levels of glucose and ketones. 
Conversely, starved rats accumulated glycine 
and glutamate in the brain, although gly- 
cogen stores were not affected. 
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