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A B S T R A C T In view of the potent influences of the
central nervous system on glucose metabolism and on
its hormonal regulators, and our recent finding of
insulin and insulin receptors throughout the central
nervous systsem, we have examined extreme conditions
ofhyperinsulinemia (obese mice) and hypoinsulinemia
(streptozotocin-treated rats) with respect to changes in
brain insulin and receptor content. Sprague-Dawley
rats given streptozotocin (100 mg/kg body wt) developed
severe diabetes and by 48 h showed no change in brain
insulin. Rats given 65 mg/kg streptozotocin also had
severe diabetes, but survived longer. Both at 7 d and
at 30 d after streptozotocin treatment there was no
significant change in brain insulin or in brain content
of insulin receptors, despite the fact that peripheral
hepatic receptors were elevated and pancreatic insulin
was markedly depleted.
The obese mice were studied at 8-10 wk when

peripheral plasma insulin concentrations were 50-fold
elevated and receptors on peripheral target cells were
reduced to-40-50% of normal; brain insulin concen-
trations and receptor content were indistinguishable
from those of thin littermates. Thus, brain insulin,
which is typically 10 times higher than plasma insulin
concentrations, and brain receptor content, which is
equivalent to receptor content on peripheral tissues,
appears to be regulated entirely independently of
hormone and receptor in the periphery. These findings
are consistent with the hypothesis that insulin in the
central nervous system is synthesized by the neural
elements, and plays a role in the central nervous
system which is unrelated to peripheral glucose
metabolism.
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INTRODUCTION

In the previous study, we found insulin receptors to
be widely distributed in the brain of the rat (1). These
receptors are identical to the insulin receptors on
classical target tissues by all criteria tested. Thus, 1251
insulin binding to brain receptors showed not only the
characteristic pH and temperature dependence of
binding, kinetics of association and dissociation, but
also the characteristic specificity for insulins and
insulin analogues.
More recently, we identified insulin in the rat brain

at concentrations which were 10-100 times higher than
insulin levels in plasma (2). Brain insulin, first detected
by radioimmunoassay, was extremely similar to native
insulin in the bioassay, radioreceptor assay, and column
chromatography on Sephadex G-50. Immunofluorescent
studies showed the insulin to be present within nerve
cell bodies (2).
We have now studied two animal models, the obese

(ob/ob) hyperglycemic mouse and the streptozotocin-
treated diabetic rat. Concentrations of insulin in
plasma and pancreas are markedly elevated and insulin
receptors are substantially reduced in the obese mouse,
in all tissues studied including liver, fat, heart, and
skeletal muscle (3-7). In contrast, the streptozotocin-
treated rat is insulin deficient, and insulin receptors,
studied in liver, are elevated (8). It is surmised that
in both models, the basal level of circulating insulin
is a major determinant of the receptor concentration
in liver and other peripheral tissues, based on extensive
studies in vivo and in vitro which demonstrate that
insulin is an important regulator of its own re-
ceptor (9-15).

In both rodent models we found that the content of
insulin and insulin receptors in brain were unchanged,
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indicating that the hormone and its receptor in the
cenitral nervous system (CNS)' are independent of
factors that regulate their counterparts in the periphery.
Further, the study supports the possibility that brain
insulin is produced in the CNS.

METHODS

Aniimals. Male Sprague-Dawley rats (200-250 g) were in-
jected with 100 or 65 mg/kg of streptozotocin (lots 18420-2
and 18421-3, The Upjohn Company, Kalamazoo, Mich.) into
the tail vein. Streptozotocin was suspended in acidified (HCl)
0.9% saline (pH 4.5) at a final concentration of 50 mg/ml and
used within 1 h. All streptozotocin-treated animals became
glycosuric within 36 h with Clinitest (Ames Company, Inc.,
Elkhart, Ind.) readings of 3+ to 4+. Animals had free access
to food until 8 h before sacrifice, when the food was with-
drawn from cages. Animals were killed by decapitation at
4 p.m.; blood was collected from decapitated animals and
allowed to clot at room temperature for 1 h. Serum was then
separated by centrifugation and stored at -20°C. Brain,
pancreas, and liver were immediately dissected and frozen on
dry ice. In general, brains were processed on the same day;
pancreas and liver were kept at -70°C until processed. In
somne animals streptozotocin (5 or 12.5 mg/kg) was adminis-
tered into the lateral cerebral ventricle. Concentrations of
streptozotocin were adjusted so that only 10 gl of solution
was injected. Control rats were injected with acidified saline
alone, and all animals were killed 24 h after injection; their
blood and brains were handled as described above.
Mice of the C57BL6J strain were purchased from The

Jackson Laboratory, Bar Harbor, Maine. Obese (ob/ob) mice
and their thin littermates (mixture of ob/+ and +/+) were
killed by decapitation at 8-10 wk of age, and their blood and
organis handled in the same way as described for streptozotocin-
treated rats.

Insulin extraction. A standard type of acid-ethanol
extraction of tissue was used (16). Organs were rapidly
wveighed and homogenized (Polytron homogenizer [Brink-
miiann Instrumiients, Inc., Westbury, N. Y.] at maximum speed
for I min) in 10 vol of ice-cold acid-ethanol (HCl 0.2 N, ethanol
75%). The suspension was shaken overnight at 4°C. After
centrifugation at 1,500 g for 20 min at 4°C, the supernates
were decanted and concentrated by air evaporation at room
temiiperature to _ 1/20th ofthe original volume. The concentrate
was suspended in =5 vol (relative to the original tissue
weight) of (NH4)2 C03 (0.05 XI) that contained 1 mg/mil bovine
serujmi albumin, and was neutralized with concentrated
NH4()H. Samples were centrifuged at 1,500 g for 20 min at
4°C; supernates were lyophilized and reconstituted in Veronal
buffer for the radioimmunoassay. The final volumlle of recon-
stituted material was approximately equal to that of the
original tissue weight.
Radioininmu noassay. Insulin in reconstituted extracts and

in serum vwas measured by radioimmunoassay using guinea
pig anti-porcine insulin serum (gift of Dr. A. Kagan), porcine
'25l-insulin (130-180 ,XCi/,tg), and porcine insulin standard
(Eli Lilly and Company, Indianapolis, Ind.).
For both rats and mice, values are reported in terms of

the porcine insulin standard because in our hands preparations
of porcine insulini are more uniform in potency than those of
rodenit insuilini. As showvn in Fig. 1 of reference 2, our present
preparation of rat insulin is about half as potent as porcine
insulin over the steep part of the standard curve; to allow

I Abbreviationi used in this paper: CNS, central nervous
system.

valid comparisons between animals, all values were obtained
from this steep part of the curve.
Recoveries. To determine insulin losses during the extrac-

tion procedure, a tracer amount of "25I-insulin ( 10,000
cpm = -35 pg) was added to the start ofthe extraction. Counts
remaining at the end of the extraction procedure were de-
termined and "recovery" expressed as percent of initial
counts. Estimated recovery was between 30 and 60%, and
insulin concentrations reported have been corrected for this
recovery. Because only 60-85% ofradioactive counts recovered
were precipitable by anti-insulin antibody, the recovery has
probably been overestimated and the insulin values reported
correspondingly underestimated. We validated our correction
for recovery by adding unlabeled insulin at different concen-
trations to the brain tissue in the beginning of the extraction
procedure. Insulin was quantitatively recovered ifcorrections
derived from loss of 1251-insulin tracer were made.
Binding studies. After decapitation, brain and liver were

rapidly dissected on ice and frozen on dry ice. Tissues were
homogenized at 40C in an all-glass homogenizer in 40 vol of
1 mM NaHCO3 and centrifuged for 10 min at 600 g at 4°C.
Supernates were centrifuged at 20,000 g for 30 min at 4°C, the
pellets were washed once with 1 mM NaHCO3 and suspended
in Krebs-Ringer phosphate buffer, pH 7.8. Porcine '25I-insulin
and porcine insulin standards were prepared in the same buf-
fer to which bovine serum albumin was added to achieve final
concentration of bovine serum albumin in the incubation
media of 40 mg/ml.

Total incubation volumes of 150 Al consisting of 50 ,ul of
20,000-g pellets (suspended to a final protein concentration of
-0.5 mg/ml), 50 ,lI of'25-insulin (0.3 ng/ml, 15,000 cpm), and
50 ,lI of porcine insulin (final concentration of 1-105 ng/ml)
were incubated at 15°C for 90 min (brain membranes) or 4.5 h
(liver membranes). Samples were then centrifuged in a
Beckman microfuge (Beckman Instruments, Inc., Spinco Div.,
Palo Alto, Calif.) for 2 min. Radioactivity in the pellet was
counted (total binding). Radioactivity in the presence of 100
,tg/ml of unlabeled insulin was designated "nonspecific
binding" and subtracted from the total binding to obtain the
"specific binding." Supernates were used for estimation of
tracer degradation by using trichloroacetic acid (final
concentration: 5%). The degradation of 125I-insulin ranged
between 4 and 8% for brain membranes and 15-30% for liver
membranes. Degradation was similar with membranes from
experimental and control animals.

RESULTS

Adult male Sprague-Dawley rats (200-250 g) that were
injected with 100 mg/kg streptozotocin i.v. became
diabetic within 24 h with Clinitest readings of 4+. All
animals became very sick (with diarrhea and hematuria)
and started to die after 36 h. In those few which
survived for 48 h, brain insulin levels did not differ
from controls injected with acidified saline alone
(Table I). Pancreatic insulin was not measured, but
serum insulin levels were decreased by -40% in
streptozotocin-treated rats at the time of sacrifice.
To keep animals surviving for longer periods oftime,

we used a smaller dose of streptozotocin. Rats that
were injected with 65 mg/kg streptozotocin i.v. became
diabetic within 36 h as shown by urine sugar determina-
tions (Clinitest 3+ to 4+). Controls, injected with
acidified saliine, did not become glucosuric.
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TABLE I

Brain Insulin Content in Rats 48 h after Streptozotocin*

Brain insulin Serum insulin

ng of insulin/g ng of insulini
wet wt of brain ml of serum

Control rats

1 13 1.1
2 12 1.2

Streptozotocin-
treated rats

3 10 0.6
4 21 0.7

Rats were injected with streptozotocin, 100 mg/kg i.v. or same
volume (200-300 p.l) of acidified saline. Most streptozotocin-
treated rats died between 36 and 48 h after injection. Two
controls(1, 2) and remaining two streptozotocin-treated rats (3,
4) were killed 48 h after treatment and their brain extracted
for insulin. Insulin content in extracts and serum was deter-
mined by radioimmunoassay and brain insulin content was
corrected for recovery (Methods).
* 100 mg/kg i.v.

Brain insulin concentrations 1 wk after streptozotocin
treatinent. One group of diabetic and control rats was
sacrificed 1 wk after treatment. At this point, all of
streptozotocin-treated animals were glycosuric (3+
to 4+) and had not gained weight; their weight was
234±4 g whereas control animals weighed 265±4 g
(mean±SEM). Pancreatic insulin content in strep-
tozotocin-treated rats, as assessed by extraction, was
decreased to 5% of control value (Fig. 1), documenting
greatly decreased pancreatic reserve. Serum insulin
levels were not significantly different between experi-
mental (1.2±0.3 ng/ml) and control animals (1.5±0.3
ng/ml), despite evident diabetes. This is in accord with
reports of others who have found that fasting insulin
levels are similar in diabetic and normal animals (17);
the diabetics are distinguished by their lack of increase
in insulin secretion in response to increasing glucose
levels after a meal or glucose infusion.

Brain insulin concentrations were on average twice
as high in streptozotocin-treated animals (16±5 ng/g)
than in controls (8+2 ng/g); this difference was not
statistically significant due to important interanimal
variability, the cause ofwhich is unknown. We conclude
that no decrease in brain insulin levels occurred
despite an important drop in pancreatic insulin reserve
and presumably in postprandial levels of circulating
insulin.
Brain insulin concentrations 1 mo after streptozotocin

treattment. Another group of diabetic and control
animals was killed 1 mo after streptozotocin treatment
(65 mg/kg i.v.). All streptozotocin-treated animals were

diabetic (Clinitest 4+) and had lost weight; at the time
of sacrifice their weights were 197±18 g whereas
controls weighed 340±6 g. Pancreatic insulin con-
centrations in diabetic rats were-4% of control value
(Fig. 2); results are comparable to those ofother authors
using similar doses of streptozotocin (17). Fasting
serum insulin levels were decreased by -40% (0.8
±0.04 ng/ml in streptozotocin-treated rats, 1.4±0.1 ng/
ml in controls). Despite the decrease in plasma insulin
concentrations and greatly reduced pancreatic reserve,
brain insulin concentrations were on average three
times as high in streptozotocin-treated animals (17±8
ng/g) as in controls (6±0.9 ng/g); but the difference
was not statistically significant.
Insulin receptors in liver and brain 1 mo after strep-

tozotocin treatment (65 mg/kg). As expected, binding
of insulin to liver membranes was between 2.5 and
3.5 times higher in the animals with streptozotocin-
induced hypoinsulinemia (Figs. 3A and 4). The eleva-
tion in binding to receptors was due to an increase
in the number of insulin binding sites. The concentra-
tion of insulin that produced 50% decrease in the
binding of labeled insulin was unchanged (50 ng/ml),
indicating that the affinity was unaltered (Fig. 3A).
On the other hand, specific binding to receptors on

brain membranes prepared from diabetic rats was the
same as control (Figs. 3B and 4). Because the receptor
affinity was similar in diabetic and control rats, the
finding of the same specific binding indicates that the
concentration ofbinding sites in streptozotocin-treated
rats was the same as in controls.
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FIGURE 1 Insulin content of brain and pancreas 1 wk after
streptozotocin treatment. Six control (12) and six streptozoto-
cmn-treated rats (U) (65 mg/kg i.v.) were killed 1 wk after
treatment. Brain and pancreas were extracted with acid-ethanol
and their insulin content determined by radioimmunoassay.
Serum insulin was measured in the same radioimmunoassay
and is shown as the clear area within each bar for brain insulin.
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Streptozotocin administered into the lateral ventri-
cles of the rat. To study the direct effect of strep-
tozotocin on brain insulin content, streptozotocin was
injected into the lateral ventricle of the rat under
stereotaxic control. Concentrations of streptozotocin
(5 or 12.5 mg/kg) were adjusted so that only 10 ,l. had
to be injected. Controls were injected with acidified
saline alone and all animals were decapitated 24 h after
the injection, their blood was collected and brain ex-
tracted for insulin. No difference in plasma or brain
insulin concentration was observed between controls
and animals injected intraventricularly with strepto-
zotocin.
Brain insulin content and brain insulin receptors

in oblob mice and their thin littermates. The ob/ob
mice and their thin littermates were killed at 6-8 wk
of age when plasma insulin levels in ob/ob mice are
about 50 times higher (50 ng/ml) than in thin littermates
(1 ng/ml) and their weights are twice as high (60+2 g
ob/ob, 28+0.5 g thin). At that time, brain insulin con-
centrations were similar in ob/ob mice and their thin
littermates (Fig. 5). Brain insulin levels seemed slightly
higher in ob/ob mice; this may be due to slight con-
tamination of brain extracts by insulin-rich blood in
ob/ob mice. Contamination by blood would lead to
overestimation of brain insulin content in obese mice
and underestimation in the lean mice.
As previously described, insulin binding to liver

membranes was decreased by 50-60% in ob/ob mice
(Figs. 6 and 7). Affinity for insulin is the same on liver
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FIGuRE 3 Binding of insulin to liver membranes (A) and
cerebral cortex membranes (B) prepared from control (0) and
streptozotocin-treated animals (O). Membrane preparation
and incubation were performed as described in Methods.
Specific binding of "25I-insulin is plotted as a function of
insulin concentration. Binding was adjusted to the protein
concentration of membrane in the incubation media. Similar
competition curves were performed using olfactory bulb, di-
encephalon, brain stem, and cerebellum; the receptor affinity
was similar in control and experimental animals and identical
to that shown on cerebral cortex.

membranes from ob/ob mice and their thin littermates
(Fig. 6, inset); the observed decrease in specific binding
in the ob/ob mice is due to diminished number ofbind-
ing sites. By contrast, insulin binding to membranes
prepared from various areas of brain was similar in
ob/ob mice and thin littermates (Fig. 7), with no dis-
cernible difference in either affinity or concentration
of receptors (Fig. 8A and B). Different insulins and
insulin analogues competed with labeled insulin in
rank order predicted from their in vitro bioactivity, thus
confirming the presence of authentic insulin receptors
in brain of ob/ob mice and their thin littermates.

FIGuRE 2 Insulin content of brain and pancreas 1 mo after
streptozotocin treatment. Six rats injected with 65 mg/kg
streptozotocin (-) and six controls (0) injected with acidified
saline were killed 1 mo after treatment. Serum insulin was
measured by radioimmunoassay; brains and pancreases were
extracted with acid-ethanol, and their insulin content was
estimated in the same radioimmunoassay.

DISCUSSION

In the present study, we found that brain insulin
content and brain insulin receptors are independent
of plasma insulin levels. In rats rendered insulin de-
ficient and diabetic with streptozotocin, plasma insulin
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FIGURE 4 Insulin binding to brain and liver ofcontrol and strep-
tozotocin-treated rats. Each bar represents mean of triplicates.
Membranes were prepared from tissues pooled from three
experimental animals and three control animals. 0, specific
binding in control animals and M, specific binding in strep-
tozotocin-treated animals (65 mg/kg i.v.). Empty bars under
the base line represent corresponding nonspecific binding.

decreased by 50% and pancreatic insulin content
dropped to -5% of the control value, results comparable
to those obtained by others (17). Despite severe reduc-
tions in pancreatic insulin and presumably also in
plasma insulin, brain insulin concentrations did not
change significantly. ob/ob mice, which are hypergly-
cemic, have plasma insulin levels about 50 times higher
than their thin littermates. However, similar concen-
trations of insulin were found in brains of ob/ob mice
and thin littermates. Thus, brain insulin content was
independent of plasma insulin and pancreatic insulin
levels.

In both animal models there was no change in insulin
binding to its receptors in brain. This finding con-
trasted with observations made with liver membranes.
In hypoinsulinemic animals insulin binding increased
by two- to threefold whereas in hyperinsulinemic
animals insulin binding decreased by 60%. In both

THIN LITTERMATES OB/OB MICE

28

16

FIGURE 5 Brain insulin concentrations in oh/oh mice and
their thin littermates. Mice were killed at 8-10 wk of age,
when average serum insulin is-~1 ng/ml in thin littermates
and-~50 ng/ml in oh/oh mice. Insulin content was determined
in tissue extracts by radioimmunoassay, corrected for recovery
(Methods) and expressed as nanograms per gram wet tissue
weight. Each bar represents an individual animal.

cases, the changes in binding were due entirely to
changes in number of insulin binding sites. Increase
in the number of insulin binding sites in the presence
of hypoinsulinemia has been previously described in
hepatocytes and adipocytes (8, 14, 15). Decrease in the
number of insulin receptors in hyperinsulinemia has
been documented in many tissues both in vitro (3-7)
and in vivo (9-13).
We found these results surprising in view of the fol-

lowing data. In the periphery, most disease states
and experimental situations are associated with changes
in levels of hormone and of receptors (3-15). Also,
the CNS, in addition to its key role in regulation of
appetite and of food intake (18-20), is capable of
exerting major influences on peripheral glucose metabo-
lism and its endocrine control system (21, 22). Further,
insulin appears to be capable of acting on the CNS
(23-29). With the recent finding that the CNS is rich
in both insulin receptors and insulin we anticipated
that the hormone and its receptors in the CNS would
participate in the regulatory processes observed in the
rest of the body. In fact, in two extreme situations
studied here, no changes were detected. In preliminary
studies (not shown here), in two other situations
(fasting and early postnatal development) in which
peripheral levels of hormone and of receptor change,
we again found no changes at the level of the CNS.
Thus, both the level of the hormone and its receptors
in the CNS appear to be fixed, at least under several
conditions of diabetes and metabolic stress, and un-
responsive to stimuli that markedly alter peripheral
levels of both hormone and receptor.
Mechanisms of receptor changes. Why are the CNS

receptors unchanged? Individual tissues in vitro vary
widely in their sensitivity to insulin-mediated effects
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FIGURE 6 Binding of 1251-insulin to liver membranes ofob/ob
mice (0) and thin littermates (A). Total binding, adjusted to
protein content, is plotted as a function of insulin concentra-
tion. In the inset, the nonspecific binding has been subtracted
and results expressed as percent of 1251-insulin specifically
bound in the absence of unlabeled insulin designated as
"control."
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on receptor concentrations. Thus, human lymphoblastoid
cells of the IM-9 line are much less sensitive than
human or rat cells in vivo, and the 3T3-L1 cells after
their transformation into fatty fibroblasts do not change
their receptor concentration at all in response to
insulin (30). In a particular cell type, one or more
regulators may become dominant. Thus in 3T3 fibro-
blast cell lines growth status is the most powerful
influence, and in 3T3-L1 fatty fibroblasts the shift from
fibroblast to fatty cell appears to be the major influence
on the concentration of insulin receptors. Likewise, in
some diseases and metabolic states, receptor concen-
trations are clearly independent of changes in plasma
insulin levels (31). Thus, CNS insulin receptors either
do not recognize alterations in blood insulin concentra-
tions or do not change in number as a consequence of
such alterations. This raises the possibility that the CNS
receptors are under other, as yet undiscovered, influ-
ences or may be related to the presence of a blood-
brain barrier that shields the brain from peripheral
circulating insulin or both.

Insulin in the CNS. The problem of explaining the
insulin data are more difficult. In the discussion of
the receptors in the CNS, we felt obliged to discuss
why and how their levels were regulated but not why or
how the receptors got there. In the case of insulin we
must discuss not only why the levels of insulin are
unchanged, but also to discuss the origin ofthis insulin.
In our previous paber on the identification of genuine
insulin in the brain at levels that are 10-100 times
higher than basal plasma insulin levels (2), we con-
cluded that either the insulin is made in the CNS or
it is made in the pancreas and transported via plasma
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FIGURE 7 Insulin binding to brain and liver membranes of
ob/ob mice (OB) and thin littermates (TH). Each bar represents
mean+SD of four binding experiments. Pooled tissues from
two animals were used in each experiment and binding
measured in triplicates. Binding was adjusted to protein
content, determined by fluorescamine method. C, specific
binding in thin littermates; C, specific binding in ob/ob mice.
Empty bars under the base line represent corresponding
nonspecific binding.
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FIGURE 8 1251-Insulin binding to membranes prepared from
telencephalon of ob/ob mice (A) and thin littermates (B). Non-
specific binding was subtracted and 1251-insulin binding
expressed as percent of binding in the absence of unlabeled
insulin. Chicken insulin (A), pork insulin (0), proinsulin (0),
and multiplication stimulating activity (MSA) (A) competed
for 1251-insulin in order predicted by their in vitro insulin-like
bioactivity. The same affinity for insulin and insulin-like
peptides was observed on membranes from ob/ob mice and
their thin littermates.

(and/or cerebrospinal fluid) to the CNS. Brain insulin,
first demonstrated by the radioimmunoassay, has been
extensively characterized and found to be almost
indistinguishable from purified insulin in the radioim-
munoassay, radioreceptor assay, bioassay, and on the
Sephadex G-50 column (2). The present finding that
brain insulin concentrations are unchanged in the face
of severe hypoinsulinemia and hyperinsulinemia
makes it much less likely that brain insulin is synthesized
in the periphery and transported to the CNS, and
makes more likely the suggestion that the insulin in
the CNS is synthesized directly by the nerve cells.
This conclusion is consistent with earlier studies that
had shown that insulin injected intravenously is poorly
recovered in the CNS (32, 33). These studies also raise
questions as to the possible origins of insulin that is
present in the cerebrospinal fluid. In dogs, cerebro-
spinal fluid insulin concentrations are-25% those of
plasma levels (32) and these levels are only minimally
altered by the administration of intravenous glucose
(33). Thus it is possible that cerebrospinal fluid insulin,
like the CNS insulin is a product of the CNS rather
than of the pancreatic and plasma insulin.

Brain Insulin Receptors are Independent of Peripheral Insulin
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In conclusion, we are left with two possibilities, i.e.
that the body has most extraordinary mechanisms for
transporting insulin from plasma to brain, concentrat-
ing it, and maintaining constant levels despite extreme
changes in the availability of plasma insulin, or, much
more likely, that brain insulin is produced within the
brain. In either case, the function of the brain insulin
and brain receptors is unclear. Given the widespread
distribution of high levels of hormone and receptors
in the brain which are unchanging in response to major
metabolic events, it is tempting to suggest that insulin
plays an important role within the CNS such as that ofa
neurotransmitter, neuromodulator, or a growth factor at
the level of the CNS.
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