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Tracking Insulin tothe Mmd

Although the idea is controversial, recent evidence suggests that insulin may be needed for
normal brain functions—including learning and memory

When one thinks of the hormone insulin,
what comes to mind is not ... the mind.
Insulin has long been known as the signal
that tells every muscle, liver, and fat cell to
pull the sugar glucose in from the blood so it
can be used to generate the energy the body
needs to survive. But the hormone is sup-
posed to hold no sway over the brain—or
so the endocrinology textbooks say. Now,
growing, although controversial, evidence is
beginning to contradict this dictum,
suggesting not only that insulin is vital
in the brain but that the hormone may
influence the brain’s most precious
functions: learning and memory.

Several lines of work in both lab ani-
mals and humans suggest that when neu-
rons in cognitive brain areas such as the
hippocampus and cerebral cortex don’t
get enough insulin or can’t respond to it
properly, everything from very mild
memory loss to Alzheimer’s disease can
result. “Insulin is active in the brain in
more significant ways than people have
assumed,” says behavioral neuroscientist
Claude Messier of the University of Ot-
tawa in Ontario, Canada, whose own
work is contributing to that conclusion.
“It’s a hot topic,” adds Mony de Leon of
New York University (NYU) School of
Medicine, who is one of the researchers
newly attracted to the field. Exploring
insulin’s role in cognition, experts say, might
one day point the way to drugs that could
reduce memory loss in Alzheimer’s disease
and normal aging.

Other researchers aren’t so sure. “There
simply isn’t enough information to say that
insulin improves memory,” says psychologist
Paul Gold at the University of Virginia,
Charlottesville. One major problem with the
insulin hypothesis is that even its proponents
can’t agree on how the hormone might influ-
ence cognition.

Some experts suggest that insulin works
in the brain much as it works elsewhere in
the body—by chaperoning glucose into
brain neurons, thereby helping them main-
tain their energy production. In that case,
memory loss might result when brain cells
lack insulin or become resistant to it, starv-
ing them of glucose—a condition that would
amount to diabetes of the brain. But there are
also hints that insulin has other beneficial
roles, such as spurring neuronal growth and
inhibiting the formation of brain lesions
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called neurofibrillary tangles that character-
ize Alzheimer’s disease.

Early inklings that insulin might play a
role in cognition came in the mid-1980s
when a team led by diabetes expert Jesse
Roth and neuroscientist Candace Pert, who
then were both at the National Institutes of
Health, discovered that parts of the rat brain
important to learning and memory, includ-
ing the hippocampus and parts of the cere-

Hippocampus

Lighting up. Staining with radioactive insulin shows that
the rat brain is well supplied with insulin receptors. White
indicates the greatest receptor density and purple the
least, with yellow in between.

bral cortex, are densely peppered with the
receptors through which insulin exerts its
effects on cells. Nobody knows just what the
receptors are doing there. But neuroscientist
Siegfried Hoyer at the University of Heidel-
berg in Germany began contemplating the
heretical notion that they could help neu-
rons metabolize glucose. At the time, virtu-
ally all experts believed that this does not
require insulin, primarily because no one had
found glucose-transporting molecules that
respond to insulin in neurons.

Early links to insulin

But Hoyer’s team soon found a hint that
defective glucose metabolism could contrib-
ute to Alzheimer’s disease. They showed that
patients with early-stage disease have much
more unmetabolized glucose in their cerebral
blood than controls have. Because the brains
of the patients showed no corresponding de-
crease in oxygen consumption, Hoyer con-
cluded that they were keeping up their meta-
bolic rates abnormally, by oxidizing chemi-

cals other than glucose. Indeed, he suggested
that the neurons, like starving people, might
be devouring parts of themselves and thus
contributing to the cell damage and death
that occurs in Alzheimer’s disease.

Hoyer also reasoned that a defect in the
ability of the patients’ brain cells to respond
to insulin might be what was keeping the
glucose levels high in the blood coming from
their brains, just as patients with type Il dia-
betes have high levels of blood glucose
because their liver, muscle, and fat cells
are resistant to insulin. To test the idea,
he decided to study the effect of disarm-
ing the insulin receptor in the brains of
rats, making them insensitive to insulin.

When his team injected streptozo-
tocin, a chemical that damages the insu-
lin receptor, into the brains of 18 rats,
the researchers found that it seriously
impaired the rats’ ability to remember a
compartment in which they had re-
ceived an electric shock. And as yet un-
published work by the Heidelberg group
now demonstrates that the memory loss
that results from impaired insulin signal-
ing in rats is progressive, like the cogni-
tive decline seen in Alzheimer’s pa-
tients. Concludes Hoyer: “We believe
that some cases of Alzheimer’s disease
are like diabetes mellitus.”

By the early 1990s, other lines of re-
search also began suggesting a role for insu-
lin—or at least glucose metabolism—in
memory. Glucose had been shown to en-
hance memory in rats, and Gold and his col-
leagues found that temporary and modest
increases in blood levels of glucose can im-
prove memory in people as well, including
both Alzheimer’s patients and normal el-
derly adults. Because glucose injections into
the brains of rats enhanced their memory,
Gold concluded that glucose exerts its effects
by acting directly on neurons. “Insulin can-
not explain much of what we know about
glucose enhancement of memory,” he main-
tains. But neuroscientist Suzanne Craft of
the Seattle Veterans Administration Medi-
cal Center and the University of Washington
and her colleagues thought that insulin might
be behind effects such as those Gold saw.

She and her colleagues set out to separate
the effects of insulin from those of glucose
alone in Alzheimer’s patients. In an initial
experiment, the researchers found that both
insulin and glucose infusions produced strik-
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ing improvements in verbal memory in both
early-stage Alzheimer’s patients and con-
trols. For example, the patients’ scores went
from “borderline” dementia to “low average.”
But because glucose infusions normally pro-
duce a rise in insulin, Craft and her col-
leagues repeated the experiment in another
group of Alzheimer’s patients, this time rais-
ing blood glucose to a level that previously
improved memory while preventing an insu-
lin rise. And they saw no memory improve-
ment. Together, the two sets of experiments
show that insulin does indeed mediate the
cognitive enhancements originally seen with
glucose, Craft reported at the 1996 meeting
of the Society for Neuroscience.

More recently, her team has found hints
that something has gone wrong with the hor-
mone in the brains of people with Alzheimer’s.
In the January 1998 issue of Neurology, her
team reports finding both significantly higher
plasma insulin levels and lower insulin levels
in the cerebrospinal fluid (CSF) of Alz-
heimer’s patients as compared
to controls. The researchers
also found a correlation be-
tween the ratio of CSF insulin
to plasma insulin and severity
of dementia in the 25 patients
they studied, with the more
severely afflicted patients dis-
playing the lowest ratios.

The imbalance might result
because insulin isn’t working
effectively in the brains of these
patients, Craft says. The pan-
creas might then chum out
more insulin to compensate,
which in turn might cause cells
at the blood-brain barrier to produce fewer
insulin transporter molecules, reducing the
amount of the hormone that slips into the
brain. Alternatively, abnormally fast break-
down of insulin in the brain could produce a
deficit of CSF insulin and then send a signal to
the periphery to rev up insulin production.

Hoyer’s team has also found hints of some
kind of insulin defect in the brains of Alz-
heimer’s patients. In a study to appear in the
Journal of Neurotransmission, they found un-
usually high numbers of insulin receptors in
the cortical areas of brains from 17 patients
who died of Alzheimer’s disease. At the same
time, these receptors seemed unable to con-
vey the insulin signal properly, because an
enzyme that comprises part of them was less
active than normal. The scientists interpret
the proliferation of receptors as the brain’s
attempt to compensate for a lack of insulin—
a deficit that, they speculate, is compounded
by a defect in the receptor itself.

Hoyer and others don’t propose that insu-
lin resistance is the primary cause of Alz-
heimer’s disease, but they believe it could be
one of several contributing factors, which
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include the accumulation of the small pro-
tein B amyloid into so-called plaques, a hall-
mark feature of the disease. Exactly how
various factors might interact to produce
dementia is not yet clear. However, some
experts theorize that milder forms of insulin
resistance, or perhaps insulin resistance in
the absence of other factors linked to
dementia, could lead to lesser memory defi-
cits such as those that appear in normal aging
and with type Il diabetes, a disease that is
often accompanied by memory problems.

Unanswered questions

Even if other experiments confirm that
problems in insulin signaling can create cog-
nitive deficits and contribute to dementia,
researchers will still need to explain how.
Hoyer, for example, has some evidence to
support his idea that the insulin signaling
problems could create a memory-sapping
energy deficit by impairing the ability of
neurons to take up and metabolize glucose.

Growth promoter Worklng through an insulin sngnallng pathway, amyloid precur-
sor protein causes neurons at right to send out more projections.

He has shown, for instance, that treatment
with streptozotocin—the drug that inacti-
vates the insulin receptor—interferes with
glucose metabolism in rat brains. Other re-
searchers suggest that inadequate glucose
metabolism might also create a deficit of the
memory-enhancing neurotransmitter acetyl-
choline, which requires acetyl-CoA, a prod-
uct of glucose breakdown, for its synthesis.
However, so far no one has shown conclu-
sively that insulin promotes glucose uptake by
neurons. Indeed, only now have researchers
found insulin-sensitive glucose transporters
in the mature mammalian brain. But even
biochemist lan Simpson, who, with his col-
leagues at the National Institute of Diabetes
and Digestive and Kidney Diseases, demon-
strated that such transporters exist in adult
rodent brains, won’t speculate about their
role, which he calls simply “intriguing.”
There is, however, evidence that insulin
benefits neurons in other ways. Last August,
for example, Ming Hong and Virginia Lee at
the University of Pennsylvania School of
Medicine in Philadelphia showed in neuronal
cell cultures that insulin inhibits a key event

in the formation of one of the pathological
hallmarks of Alzheimer’s disease, the neu-
rofibrillary tangles. Researchers have previ-
ously linked the formation of the tangles to
the addition of excess phosphate groups to a
protein called tau, the principal tangle pro-
tein. Lee’s team has now shown that insulin
prevents this hyperphosphorylation, appar-
ently by dampening the activity of one of the
key tau-phosphorylating enzymes, glycogen
synthase kinase-3.

In addition, a pair of papers published last
December in Molecular Brain Research by neu-
robiologist William Wallace of the National
Institute on Aging in Baltimore and his col-
leagues suggests that insulin may also act as a
neuronal growth factor. The researchers were
investigating how amyloid precursor protein
(APP), B amyloid’s parent molecule, affects
certain cultured rat cells. The Wallace team
found not only that APP treatment caused
these cells to send out neuronlike extensions
but that APP promotes this growth by activat-

Ty ing the same molecular sig-
e 3 naling pathway that insulin
Y j does. The finding suggests
5y g that insulin too may pro-
¥ mote neuron outgrowth—
; i and may thus help maintain

: fect on glucose and metabo-

~ lism, insulin may be acting
| along this pathway to pro-
mote growth,” Wallace says.

But before the larger
community of neuroscien-
tists is convinced that insu-
lin is doing anything to af-
fect cognition in the adult mammalian brain,
researchers face two challenges. They will
have to identify the molecular ripples insulin
sends out when it contacts neurons in living
animals. And they will then have to pinpoint
problems along those insulin-sensitive mo-
lecular pathways in the brains of animals and
humans with signs of memory loss. “There’s
evidence suggesting that insulin ought to
play a role in cognitive function, but it
doesn’t add up to a complete story,” cautions
NYU’s de Leon.

If the gaps in this story are filled in, ex-
perts might design drugs that augment spe-
cific effects of insulin in order to counteract
memory loss. They could also test their
hunch that insulin resistance is contributing
to the problem by trying to correct it with the
next wave of diabetes drugs, such as the re-
cently approved compound Rezulin, and see-
ing if memory improvements follow. Craft is
optimistic: “In my mind, one of the best pre-
dictors of how you age cognitively is your
glucoregulatory status,” she says.

But the jury is still out. Says Ottawa’s
Messier: “A key regulating hormone in our
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bodv- thatis, insuling scems tohave apro-
tound ettect on our brain, bur we Jon't know
what 1t's doing.”

~Ingrid Wickelgren
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S. Craft et al.. "Memory improvement follow-
ing induced hyperinsulinemia in Alzheimer’s dis-

Dunicl Dubin and Dezhe Jin Jidn't ~et out
tointroduce a0 Zen koun—a paradoxical
statement that stimulates the intition -
into physics. But the team at the Universiey
ot Calitornia, San Dicvco (UCSDY, s ottering
anotion that sounds very like a Zen paradox
toexplain abizarre phenomenon seen 4 vears
ago in turbulent cases of electrons. The vor:
tices that develop in these tluids arranee
themselves in near, lone-Tasting “crvstals,”
looking like o phalanx of tormadoes march-
incin perfect formation. Dubin and Jin have
now <hown thar this kind of order can be rhe
natural consequence of an increase in disorder,

Theory as well as common sense had re
belled ar the findine, because stable patterns
should Be anathema to the high eneropy, or

randomness, of turbulent tlows. Butin a tlash of

insivht, the ream realized that cach laree vortex
in these clectron tluids acts as a Mismaster,
~tirring and randomizing the backeround tow
That entropy increase opens the way for the
VOrtices to ‘_'L'I mto [‘I'L'\]ik'l‘ll‘lk'. \ 'l'nlufl'[\ . (l‘\'\l‘l[
line patterns. “The moral,™ savs Dubin with the
crvptic laugh of a Zen master, is that entropy is
maximized exeept where it isn't.”

Other physicists are suitablyv hemused.
“Ies very haed o get vour head around™ savs
Michuel Brown, a physicist at Swarthmore
College in Pennsylvania, of the theory, Bue
the theory, which is aceepred for publication
at Physicad Revicw Letters, accurately predicts
not onlv the ervstals butalso the distribution
of vorticity or Uswirliness” seen in the ran
Jdom sloshing of the hackeround. “tis very
much in gquantitative agreement with the
experiment,” sayvs UOSDS Fred Driseoll,
whose owne wroup discovered the ervstals
(Science 9 December 1994, po 1638, The
new understanding should help the reams
search tor the behavior in other laboratory
svatems and ultimarely in nature.

In the original experiments, Driscolland his
colleacues, including Kevin Fine, Ann Cass,
and athers, caced about achillion clectronsat a
time in o vacuum chamber using strong mag
netic ticlds. Electrons trapped in this wav
hounce back and torth <o rapidly benween
charaed plates capping the ticld lines thar they
smooth out any structures that micht form in
that Jircetion. The experimenters focus on
twesdimensional (2D patterns thar develop
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across the ticld lines, like the
eddies in a spinning bucket of
water or the swirls in a sus-
pended soap tilm. The big dit- l

maximun entrepy theony would
predict o vorticiey distribution
omething like sand thrown ran-
Jomlv i apiles with o single,
broad peak. But the two theorises
recognized, savs Dubing “thae the
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vorticity in the strong vortices is

and other turbulent fuids i
that  Driscoll's  magnetically
caved plisma has almost no
viscosity or friction with the
walls, soit otters apurer picture
of wrbulence and any <orae
tures that may emeree trom it

trapped and cannot bemixed
Those vortices are sostromg that
nothine can et to them.” These
persistent, large vortices stir up
the hackeround, increasine its en-
tropy and fosine enerav. And be
i cause the total entropy increases,

Diriscoll cencrares turbu-

the vortices can serrle intoan or-

lent initial states by injecting !
pulses of clectrons from tila
ments mounted onone of the
end caps. He then “phoro-
araphs” the plasma atter vari-
ous time delavs By dumping i
ontoa phosphoreseent screen

Joerly pattern—a ervstal.

Bizure s the outcome may
seem its not the tiest time phvsi-
cists have recovnized that entropy
can create paradosical parches of
order (Seienees 28 Marche p
1S40 Andthe theory accurarely

at the other end, which alows

brivhrer where the electrons
are concentrated. These snap-
shots showed that one or sev-
cral strong vortices vrew as the
smaller vortices present in the
stormy - initial stare mereed.
The vortices, embedded in

[‘I'k\li(l\ the J\‘I.Iil\ ot Il\L‘ VOTteN
crvatals Driscoll's croup observed.
“The amazing thing to mes s an
experimentalisteis thar the theory
actuallv works" savs Diriscoll

[t mavabsowork insvstems far
trom the trictionless ws of elec-
trons. For example, the eneray ot

\\'Lulkcl' l‘.l(lx"_'l‘«\lllhl L\]\IIU\
eventuallv stopped rartling l
around ond chilled™ into
crvstalline parterns. .
Dubin and fin wricd toun i
derstand the erystals By draws &
ine on a venerable radirion ! S

Jaring back o work by David i

vorrices inalaree and nearly 2D
svstem fike the tlme ot aimoe-
sphere on Jupiter micht over-
% whelm viscosite, allowing such
3 strange etects 1o emeree. They
7 cocould onlv o sor however, it

crvstalline pattems take
l shape trom vortices that canspin
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Monteomery, now at Dart
mouth Collece in Hanover,
New Hampshire, and others
in the 19705 The pair treared
the 2D plasma vortices and eddies statist
cally. Thevanalyzed the wavs in which vortic-
ity could be distribured in the tluid to tind the
most likely patterns, recardless of how they
came about. [esessenrially the same approach
that sav< rouchlv equal numbers of heads and
tails will come up when vou toss 108 pennies,
no marter how individual pennies spin and
full. Because the most likely patterns are also
the most disordered ones, theorists call this
the maximum-enteopy approach.

It the Taree vortices Break up over time,

Orderly tornadoes. Vorti-
ces in a turbulent sea of
electrons “crystallize” into a
regular pattern.

in both directions, unlike those
in the cleciron caso which are
torced tospin in the same dire
tion by the interaction ot the
clectrons and the maanceric field lines.

<o far Dubin and Jin's theory doesn't sy
whether that is possible. Bur both the theo-
rists and the experimentalists are hoping o
tind our. Adding the clectrons” positively
chareed, antimartter
1o the Taboratory sostems would pro

COUNTCTPArts  posi
rrons
Jduce both Tetr- and riche-handed vortices.
To paraphrase a tamuoos kean, that <hould
reveal whether the ervstals imount toomaore
than the sound of one hand clappine.

~James Glanz
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