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Insulin acts on the hypothalamic glucose-facilitated neurons to induce hyperglycemia and hyperinsnlinemia 
in the rat 1 
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Abstract. Microinjection of insulin (0.04-0.12 IU/gl) into the anterior hypothalamus or the lateral hypothalamus, but 
not the vertromedial hypothalamus of the rat brain, caused a dose-dependent rise in blood glucose and in serum 
insulin. The majority (71.5%) of the glucose-facilitated neurons recorded in the lateral hypothalamic area were 
excited by intracerebral injection of insulin. The data indicate that insulin acts on the hypothalamic glucose-facilitated 
neurons to induce hyperglycemia and hyperinsulinemia. It is unknown whether insulin normally reaches the hypotha- 
lamic area, or how it might do so. 
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Although it is unknown whether insulin can reach the 
brain under physiological conditions, considerable evi- 
dence has accumulated indicating a direct effect of  in- 
sulin on neurones located in specific nuclei of the central 
nervous system 2, 3. For example, insulin administered to 
dogs intracisternally into the cerebrospinal fluid caused a 
fall of plasma glucose which was blocked by vagotomy 4. 
In addition, insulin has been demonstrated in the brain, 
with the highest levels in the hypothalamus 5. The hypo- 
thalamus has also been shown to contain insulin-recep- 
tors 6. These observations suggest the exciting possibility 
that the hypothalamic insulin may play a role in glu- 
coregulation. The intention of the current study was to 
assess the effects of insulin administration into the ventri- 
cle or hypothalamus on blood glucose or serum insulin, 
as well as on hypothalamic neurons classified as glucose- 
responsive or glucose-unresponsive, in order to assess the 
role of insulin in glucoregulation. 

Materials and methods 
Experiments were performed on male Sprague-Dawley 
rats weighing between 250 and 300 g. The animals were 
fed with a dry powder chow. They were housed in groups 
in wire mesh cages in a room maintained at 24 +__ 2.0 ~ 
with natural light-dark cycles. Each animal was anes- 
thetized with pentobarbital sodium (60 mg/kg, i.p.), and 
a burr hole was drilled in the calvaria above the hypo- 
thalamus. The cannula guide tube with trocars was im- 
planted using the stereotaxic atlas and coordinates of 
Paxinos and Watson v. The following coordinates were 
used: lateral hypothalamus (LH): A 7.2, L 1.6-2.3, and 
H 1 .3 -1 .9mm;  ventromedial hypothalamus (VMH): 
A 6.7, L 0.2-1.0, and H 0.7-1.0 mm;  and anterior hypo- 
thalamus (AH): A 7.2, L 0.3-0.8, and H 0.7-1.2 mm 7. 
At the time of injection, the cannula insert was connected 
to a 10-gl Hamilton microsyringe by PE 10 polyethylene 
tubing. The volume of the injection down each cannula 
was 1.0 gl. The animals were injected intraventricularly 
or intrahypothalamically with either Isophane insulin 
(NPH, 0.04-0.12 IU/ml at pH 7.2; CWLTH Serum Lab- 
oratories, Melbourne, Australia) or vehicle solution. 

Continuous blood glucose assays were carried out by 
connecting the catheterized femoral veins to a Biostator 
glucose monitor (Miles Laboratories, Elkhart, Ind., 
USA). The instrument is capable of monitoring whole- 
blood glucose readings over the useful range of 17-  
700 mg/dl. Once the instrument's glucose analyzer had 
been properly set up and calibrated, it could be attached 
to the blood vessels of the animals. Plasma immunoreac- 
tive insulin was measured by a double-antibody radioim- 
munoassay technique 8 
For the recording of unit activity, each animal with an 
intracerebroventricular cannula was maintained between 
36.6-37.5 ~ using a water-perfused pad under the ani- 
mal. The animals were mounted stereotaxically with the 
heads fixed according to the coordination system of Pax- 
inos and Watson 7. A piece of bone was removed from the 
right half of  the skull, and the underlying dura was re- 
moved. Recordings of single-unit discharges were made 
from the right half of the LH area. Single-barrel mi- 
cropipets were filled with 3 M NaC1 saturated with fast 
green dye and used for extracellular recording. The over- 
all tip diameter of  the micropipets was 2 - 5  ~tm. It gener- 
ally had an impedance of 7 -  8 mr2. After the micropipet 
had been lowered into the desired location in the LH 
area, a hydraulic microdrive was used to slowly advance 
the micropipets. Single-unit activity was processed using 
standard cathode follower and amplification circuitry for 
extracellular spike potential 9. Impulses were counted in 
intervals of 1 s and displayed on a Grass polygraph 
recorder. At the end of each experiment, the vertical 
location of the micropipet was recorded and 25 IxA of 
negative current was passed through the micropipet for 
10 min to deposit fast green dye at the site. The locations 
of the fast green spots were used to verify the locations 
of the recording sites. 

Results and discussion 
Histological examination revealed that 18 out of 26 injec- 
tion sites were accurately positioned within the desired 
hypothalamic sites. The results from rats with correct 
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Table 1. The effects of administration of normal saline or insulin into 
different hypothalamic nuclei on blood glucose or insulin in rats 

Treatment A Blood glucose A Plasma insulin 
(mg/dl) (#U/ml) 

Lateral hypothalamus 
0.9 % Saline 7 + 4 9 _+ 5 
insulin 0.04 IU 41 _ 4* 19 _+ 6* 
insulin 0.08 IU 100 + 8* 40 + 19" 
insulin 0.12 IU 157 _+ 19" 73 _+ 28* 

Anterior hypothalamus 
0.9% Saline 11 _+ 6 10 + 6 
insulin 0.04 IU 29 _ 5* 21 + 5* 
insulin 0.08 IU 76 _+ 7* 34 + 11" 
insulin 0.12 IU 132 _+ 20* 59 _+ 18" 

Ventromedial hypothalamus 
0.9 % Saline 9 + 5 8 _+ 4 
insulin 0.04 IU 12 + 7 7 _+ 5 
insulin 0.08 IU 13 ___ 8 11 + 6 
insulin 0.12 IU 10 + 6 13 + 6 

The values are means + SEM of 6 animals for each group. 
* Significantly different from corresponding control rats, at p < 0.05 
(Student's t-test). 

positioning of the implanted cannulae were used for the 
data analysis. The results from rats with incorrect posi- 
tioned cannulae were all negative. Table 1 shows the ef- 
fects of intrahypothalamic administration of normal sa- 
line or insulin (0.04-0.12 IU/~tl) on the blood glucose or 
serum insulin in rats. Administration of 0.9 % saline into 
VMH, LH or AH caused an insignificant change of 
blood glucose or serum insulin. A single, unilateral injec- 
tion of insulin into the AH or LH, but not into the VMH, 
caused a dose-dependent increase in blood glucose or 
serum insulin. 
Figure 1 and Figure 2 illustrate the hyperglycemic and 
the hyperinsulin responses, respectively, produced by in- 
tra-LH administration of insulin (0.08 IU/~tl) in rats. The 
increases of blood glucose or serum insulin began almost 
immediately after drug injection and reached a maximal 
level at about 90 min. By 300 min both the blood glucose 
and the serum insulin had returned to normal. Thirty- 
seven single units in the LH area were examined in 37 rats 
under urethane anesthesia. Each unit was subjected to 
intracerebroventricular injection of either 0.9 % saline, 
50% glucose or 0.08 IU insulin. Injection volume was 
always 10 ~tl for all intracerebroventricular injections. 
Table 2 shows that the proportions of glucose-facilitated, 
glucose-depressed and glucose-unresponsive units were 
38, 16 and 46 %, respectively, of the total units recorded 
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Figure 1. Hyperglycemic responses produced by administration of insulin 
(0.08 IU) into the lateral hypothalamus in 6 rats. The points represent the 
mean elevation in blood glucose (mg/dl), and the vertical bars denote 
means values + SEM. 
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Figure 2. Hyperinsulinemic responses produced by administration of in- 
sulin (0.08 IU) into the lateral hypothalamus in 6 rats. The points repre- 
sent the mean elevation in plasma insulin 0tU/ml), and the vertical bars 
denote means values _ SEM. 

in the LH area. Although the study of 37 cells is not an 
extensive sample, each cell was from a different rat. 
Table 2 also contains the responses of the 37 hypotha- 
lamic units, classified by their reaction to glucose, to the 
test application of insulin. It can be seen that intracere- 
broventricularly applied insulin displays differential ef- 
fects for glucose-responsive and glucose-unresponsive 
hypothalamic neurons. As indicated in the table, most of 
the glucose-facilitated (85.7%) and glucose-depressed 
(66.6 %) neurons, but only 17.6 % of glucose unrespon- 

Table 2. Effects of insulin on 37 hypothalamic units in LH area classified as glucose-facilitated, glucose-depressed, or glucose-unresponsive 

Unit type Number of units tested Responses to intraventricular insulin 

Excitation Inhibition No effect 

Glucose-facilitated 14 10 (71.5 %) 2 (14.2 %) 2 (14.3 %) 
Glucose-depressed 6 2 (33.3%) 2 (33.3%) 2 (33.4%) 
Glucose-unresponsive 17 1 (8.8%) 2 (8.8%) 14 (82.4%) 
Total 37 13 (35.0%) 6 (16.4%) 18 (48.6%) 
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Figure 3. Excitation of a glucose-facilitated unit in the lateral hypotha- 
lamic area produced by intracerebroventricular application of insulin. 
Control injection of 0.9 % saline was without effect. 

sive neurons ,  were affected by insulin�9 Statistical analysis  
indicates tha t  the differences between the insul in  respons-  
es of  either glucose-faci l i tated or glucose-depressed neu-  
rons  and  g lucose-unrespons ive  neu rons  are s ignif icant  
(p < 0.05)�9 Fu r the rmore ,  there are signif icant  differences 
(p < 0.05) be tween insul in  responses for glucose-facili- 
ta ted and  glucose-depressed neu rons  recorded in  the L H  
area. As shown in  table 2, the major i ty  (71.5 %)  of  glu- 
cose-facil i tated uni ts  were excited by insul in  (fig. 3). 
However ,  insu l in  displays no  differential  effects for glu- 
cose-depressed units .  

The current  results are cons is tent  in par t  with the f ind-  
ings of  other  invest igators  3, xo- 13. I t  was shown that  the 
activity as recorded f rom the L H  was decreased in the 
presence of  hyperglycemia  in s t reptozocin-diabet ic  m o n -  
keys ~2, ~3. Electrical s t imula t ion  of  L H  resulted in  an  
increase in  b lood  glucose, a rise in se rum insulin,  a n d  an  
increase in food in take  in  monkeys  3. In  contrast ,  s t imu-  
la t ion  of  V M H  or A H  was associated with a decrease in  
c i rculat ing insul in ,  a fall in  b lood  glucose, a n d  a reduc-  
t ion  in food intake.  These observa t ions  demons t r a t ed  
that  glucose a n d  insu l in  rose concomi t an t ly  in the per iph-  
eral  b lood,  as shown  in the present  results�9 
The V M H  and  the L H  are i m p o r t a n t  in  the regula t ion  of  
glucose/appeti te .  O o m u r a  ~ demons t r a t ed  that ,  al- 
t hough  glucoreceptor  n eu ro n s  occurred in  the V M H  and  
had  receptor  sites for glucose, the neu rons  located in t h e  

L H  area were glucosensit ive with on ly  insul in  receptor  
sites. The present  results indicate  tha t  insul in,  when  ad-  
minis tered  in t rahypotha lamica l ly ,  m a y  activate the in- 
sul in receptor  sites located in  the glucose-sensit ive neu-  
rons  of  the L H  area or A H  area and  lead to hyperglycer-  
mia  and  hyper insu l inemia  in rats. Recently,  it was found  
that  insu l in  admin i s t r a t ion  resulted in  marked  acute,  
t ime-dependent ,  b idi rect ional  changes in the hypo tha -  
lamic n e u r o n a l  activities of  no rep inephr ine  and  5-hy- 
d roxy t ryp tamine  x,. Ion tophore t i c  appl ica t ion  of  the en-  
dogenous  organic  acid, 3 -hydroxybutyr ic  acid (an 
anorect ic  agent),  affected the glucose-sensit ive neu rons  in 
the L H  area 15. The changes in the activities o f  the hypo-  
tha lamic  m o n o a m i n e s  or  3-hydroxybutyr ic  acid, m a y  in  
t u rn  inf luence the p lasma levels o f  glucose or insul in.  Of  
course, this needs fur ther  verif icat ion in  future  studies. 

1 This work was supported by grants from the National Science Coun- 
cil (Taipei, Taiwan, Republic of China). 

2 Porte, D. Jr, and Woods, S. C., in: Diabetes, p. 64. Ed. W K. Wald- 
hausl. Excepta Medica, Amsterdam 1980. 

3 Bajaj, J. S., Chhina, G. S., Garg, S. K., Mohan Kumar, V., and Singh, 
B., in: Diabetes, p. 70. Ed. W. K. Waldhausl. Excerpta Medical, Am- 
sterdam 1980. 

4 Chowers, I., Lary, S., and Halpern, L., Expl. Neurol. 14 (1966) 383. 
5 Harrankova, J., Schmechal, D., Roth, J., and Brownstein, M., Proc. 

natl Acad. Sci. USA 75 (1978) 5737. 
6 Kasuga, M., Fujita-Yamaguchi, Y., Blithe, D. L., and Kahn, C. R., 

Proc. natl Acad. Sci. USA 80 (1983) 2137. 
7 Paxinos, G., and Watson, C., The rat brain, in: Stereotaxic Coordi- 

nates. Academic Press, Sydney 1982. 
8 Morgan, G. R., and Lazarow, A., Diabetes 12 (1963) 115. 
9 Lin, M. T., and Simon, M. T, J. Physiol. 322 (1982) 127. 

10 Chhina, G. S., and Bajaj, J. S., in: Insulin and Metabolism, p. 155. Ed. 
J. S. Bajaj. Diabetic Association of India, Bombay 1972. 

11 Oomura, Y., in: Hunger: Basic Mechanisms and Clinical Implica- 
tions, p. 145. Eds D. Navin, W Wyrwicka and G. Btay. Raven Press, 
New York 1976. 

12 Bajaj, J. S., in: Diabetes, p. 18. Ed. J. S. Bajaj. Excerpta Medica, Am- 
sterdam 1977. 

13 Bajaj, J. S., Chhina, G. S., Garg, S. K., and Singh, B., Diabetologia 10 
(1974) 358. 

14 Smythe, G. A., Bradshaw, J. E., Nicholson, M. V., Grunstein, H. S., 
and Storlien, W H., Endocrinology 117 (1985) 1590. 

15 Minami, T., Shimizu, N., Duan, S., and Oomura, Y., Brain Res. 509 
(1990) 351. 

0014-4754/91/090942-0351.50 + 0.20/0 
�9 Birkh~iuser Verlag Basel, 1991 


