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Impairment of insulin signaling in the brain has been linked to
neurodegenerative diseases. To test the hypothesis that neuronal
insulin resistance contributes to defects in neuronal function, we
have performed a detailed analysis of brain/neuron-specificinsulin
receptor knockout (NIRKO) mice. We find that NIRKO mice exhibit
a complete loss of insulin-mediated activation of phosphatidylino-
sitol 3-kinase and inhibition of neuronal apoptosis. In intact ani-
mals, this loss results in markedly reduced phosphorylation of Akt
and GSK3p, leading to substantially increased phosphorylation of
the microtubule-associated protein Tau, a hallmark of neurode-
generative diseases. Nevertheless, these animals exhibit no alter-
ation in neuronal proliferation/survival, memory, or basal brain
glucose metabolism. Thus, lack of insulin signaling in the brain may
lead to changes in Akt and GSK3p activity and Tau hyperphospho-
rylation but must interact with other mechanisms for development
of Alzheimer’s disease.

he insulin receptor (IR) and its substrates are widely ex-

pressed in the CNS; however, the role of insulin signaling in
the brain remains debatable. The highest level of IR expression
is found in the hypothalamus, and several physiological studies
have suggested a role of neuronal IR in the regulation of food
intake and energy homeostasis (1, 2). Recent studies using
conditional inactivation of the IR in the CNS, intracerebroven-
tricular application of insulin, IR antisense mRNA, and blocking
anti-IR antibodies have established a role for neuronal insulin
signaling in these processes in vivo (3-5). However, there is still
controversy over the role of insulin signaling in the regulation of
brain glucose metabolism, learning and memory formation, and
the development of neurodegenerative diseases (6, 7).

In primary fetal brain cell cultures, insulin plays a role in the
control of metabolism and growth (8), and clinically it has been
demonstrated that patients suffering from Alzheimer’s and
Parkinson’s diseases exhibit reduced expression of IR in the
brain (9). It also has been shown that learning acutely regulates
expression and tyrosine phosphorylation of the IR in the hip-
pocampus of rats (10). Taken together, these findings suggest
that insulin exerts pleiotropic effects in neurons, including the
regulation of neuronal proliferation, apoptosis, synaptic trans-
mission, neuronal degeneration, and learning. However, it is still
debated whether impaired glucose tolerance or type 2 diabetes
represents a risk factor for neurodegenerative diseases, and, if so,
whether insulin resistance in the brain or other metabolic
consequences of the pleiotropic syndrome of insulin resistance
may contribute to this phenomenon (11). To investigate the
impact of isolated CNS-specific insulin resistance in vivo, we
have performed a detailed analysis of learning, neuronal sur-
vival, and the biochemical processes associated with neurode-
generation in mice with conditional inactivation of the IR gene
in the CNS, i.e., brain/neuron-specific IR knockout (NIRKO)
mice.

Methods

Animals and Genotyping. NIRKO mice were generated as de-
scribed (3) and backcrossed onto a C57BL/6J background for
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five generations. Animals were housed on a 12-h light/dark cycle
(0200 on/1400 off) and were fed a standard rodent chow. All
animal procedures were performed in accordance with the
German Laws for Animal Protection and were approved by the
local animal care committee and the Bezirksregierung Koln.
Imaging was performed under general anesthesia induced by i.p.
administration of ketamine/xylazine (120 pl of 20 mg/ml ket-
amine/0.4% xylazine in saline per animal).

Histology and Immunostaining. For immunostaining, animals were
transcardially perfused with PBS followed by perfusion with 4%
paraformaldehyde for 30 min. Brains were either paraffin-
embedded or cryoprotected in 30% sucrose, and five 30-um
sections were prepared. Terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) assays were per-
formed with the DNA FragEL Kit (Oncogene Research Prod-
ucts). Nissl and hematoxylin/cosin staining as well as
immunostaining with anti-glial fibrillary acidic protein (GP-52;
Progen, Heidelberg) or anti-BrdUrd (Boehringer Mannheim)
antibodies was carried out according to the manufacturer’s
guidelines. Antibodies against phosphatidylinositol-3, 4, 5 phos-
phate (PIP3) were from Echelon Science (Salt Lake City).

BrdUrd Incorporation. BrdUrd (Boehringer Mannheim) at 100
wng/g of body weight was injected i.p. into mice at postnatal day
6. Tissues were harvested after 6 h, fixed in 4% paraformalde-
hyde, and processed for immunohistochemistry as described
above.

Isolation and Culture of Cerebellar Granule Cells and Analysis of
Neuronal Apoptosis. Cerebellar granule neurons were isolated and
analyzed for neuronal apoptosis by using Hoechst dye 33342.

Immunoblotting. Brains or primary cerebellar granule cells were
lysed and processed for Western blot analysis as described (3).
Primary antibodies against the IR B-subunit, insulin-like growth
factor (IGF)-IR B-subunit, and Tau (Santa Cruz Biotechnol-
ogy); Akt, pAkt, glycogen synthase kinase (GSK)3B, and
pGSK3B (Upstate Biotechnology, Lake Placid, NY); and AT8
and AT180 (Innogenetic, Ghent, Belgium) were used.

Morris Water Maze Task. Animals performed four trials during five
daily acquisition sessions plus one session in the next week. Each
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Fig. 1. Abolished IR expression and insulin-stimulated signaling in NIRKO neurons. (A) Immunoblot analysis of IR expression on protein extracts from
microdissected individual brain regions of control and NIRKO mice. (B) IR and IGF-1-IR expression in cultured neurons from control and NIRKO mice analyzed by
Western blot. The blots were probed with a polyclonal antiserum specific for the p-subunit of the IGF-IR and the g-subunit IR. (C) Inmunoblot analysis of
insulin-stimulated tyrosine phosphorylation of the IR B-subunit (top blot) and of cellular proteins (second blot) on protein extracts from control and NIRKO mice.
Insulin-stimulated activation of Akt and Erk by Western blot analysis using phospho-specific antibodies against Akt (Ser-473) and Erk (Tyr-204) from control and
NIRKO hypothalami (third and fourth blots) also are shown. Insulin-stimulated IRS-1- and IRS-2-associated phosphatidylinositol 3-kinase activity from control and
NIRKO hypothalami (fifth and sixth blots) was determined 15 min after i.v. injection of 5 milliunits of insulin. (D) Immunohistochemistry with anti-PIP3 (Upper)
and anti-pSTAT3 (Lower) antibodies. Sections through the hypothalamus were prepared from control (Wild) or NIRKO mice that had been injected with vehicle
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alone, 5 milliunits of insulin, or 10 ug of leptin per g of body weight through the tail vein at 30 min before harvesting.

of four starting positions (north, east, south, and west) was used
once in a series of four trials in randomized order. A trial was
terminated as soon as the mouse had climbed onto the escape
platform or when 60 sec had elapsed.

Open Field (OF) Test. The OF was a polypropylene box (40 X 40 X
45 cm) with a floor subdivided into 10 X 10-cm squares by lines.
Avideo camera mounted above the OF registered the horizontal
movements of the animals. Testing was performed between 0800
and 1200 hours in a quiet room. Immediately after a mouse was
placed in the center of the OF, its movements were scored by
means of the automatic video-tracking system ETHOVISON (ver-
sion 1.92; Nodus, Wageningen, The Netherlands) for 5 min on
each of 5 successive days.

Positron-Emission Tomography (PET). /n vivo PET imaging was
performed in NIRKO mice (n = 7) in comparison with wild-type
mice (n = 7) and was repeated once. Radiolabeled 2-['8F]fluoro-
2-deoxy-D-glucose (['8F]FDG) was administered i.v. (into the
tail vein) into experimental animals with doses ranging between
3.7 and 7.4 MBq per mouse. To study ["®F]FDG tracer accu-
mulation within the brain, PET imaging was performed by using
a high-resolution microPET (Concorde Microsystems, Knox-
ville, TN; 63 image planes; 2.0-mm full width at half maximum).
Emission scans (30-min duration) were obtained starting 30—-60
min after tracer application. For quantitation of images, a set of
['8F]FDG reference standards of different radioactivity concen-
trations was placed within the field of view of the PET scanner.
Data evaluation was based on a regions-of-interest (ROI) (1)
analysis of transaxial ['®F]FDG-PET images through brain and
mediastinum to determine radioactivity concentrations. Data
were corrected for decay and divided by the total injected dose
to represent percentage injected dose per gram (%ID/g) and
were expressed as the fold difference from background (medi-
astinum) activity (brain-to-background ratio, B/BG). To ensure
proper ROI placement within the brain and to avoid partial
volume artifacts from harderian glands (12), ['®F]JFDG-PET
images were aligned with high-resolution magnetic resonance
images.
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MRI. I vivo MRI was performed with one representative animal
per group on a 7-T horizontal animal scanner (BioSpec 70/30;
Bruker Biospin, Ettlingen, Germany) equipped with actively
shielded gradient coils (200 mT/m) and home-built rf electron-
ics for the optimization of sensitivity. rf pulses were applied by
a 12-cm-diameter Helmholtz coil actively decoupled from the
single-loop receiver surface coil of 22 mm in diameter. Gradient-
echo magnetic resonance images were recorded as 3D data sets
with time to repeat/time to echo (TR/TE) = 60/22 ms, exci-
tation pulses of 20° and a field of view of 30 X 17 X 17 mm,
resulting in a pixel resolution of 59 X 132 X 132 um. The total
measurement time was 17 min.

Statistical Analysis. In the Morris water maze task the effect of the
mutation in the acquisition of the water escape task was assessed
by using ANOVA with the factor mutation (wild-type vs. mu-
tant) and the repeated-measures factor sessions (days 1 to 6 of
training) (SAS 8.02 for WINDOWS, SAS Institute, Cary, NC). To
compare glucose metabolism in wild-type vs. NIRKO mice,
regional values for percentage injected dose per gram (%ID/g)
and brain-to-background ratios (B/BG) were compared be-
tween both groups by using Student’s ¢ test (SIGMASTAT 7.0 for
WINDOWS, SPSS, Chicago).

Results

Previously we have shown (3) that mice homozygous for a
loxP-flanked exon 4 of the IR gene and expressing Cre-
recombinase under control of the rat nestin promoter exhibit a
neural tissue-specific knockout of the IR (NIRKO) with >95%
reduction in expression of the IR in the brain compared with
control mice. In the present study, a similar reduction was
observed when several isolated brain regions were analyzed by
Western blotting, including frontal and parietal cortices, hip-
pocampus, and cerebellum (Fig. 14). Moreover, analysis of
protein extracts from cultured cerebellar granule neurons of
NIRKO and control mice revealed that IR expression in NIRKO
mice was abolished (Fig. 1B). Expression of the IGF-1 receptor,
on the other hand, remained unaltered (Fig. 1B).

To assess the impact of IR deletion on insulin-stimulated
signaling in the brains of NIRKO mice, we analyzed tyrosine
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Fig. 2. Neuronal insulin resistance causes Tau hyperphosphorylation in vivo. (A) Western blot analysis of brain extracts derived from individual randomly fed
mice with antibodies against Akt or pAkt (Ser-473). (Lower) The densitometric quantification as mean = SEM [control (open bars) and NIRKO (filled bars) mice]
of at least eight animals of each genotype is shown (**, P < 0.01 by unpaired Student'’s t test). (B) Western blot analysis of brain extracts derived from individual
randomly fed mice with antibodies against GSK38 or pGSK3p (Ser-9). (Lower) The densitometric quantification as mean + SEM [control (open bars) and NIRKO
(filled bars) mice] of at least eight animals of each genotype (**, P < 0.01 by unpaired Student’s t test). (C) Immunohistochemistry of layer V of the frontal cortex
(Left) and the pyramidal cells of the CA1 region of the hippocampus (Right) with antiserum specific for pGSK3p (4’,6-diamidino-2-phenylindole counterstaining).
(D) Immunoblotting of protein extracts from whole brain lysates of control and NIRKO mice with the AT180 (paired helical filament-Tau phosphorylated at
Thr-231) and AT8 (paired helical filament-Tau phosphorylated at Ser-202) antibodies. Data represent mean + SEM [control (open bars) and NIRKO (filled bars)

mice] of at least six animals of each genotype (**, P < 0.01 unpaired Student’s t test).

phosphorylation of the IR and other cellular proteins by Western
blotting after in vivo insulin stimulation. Within 10 min after
peripheral iv. injection, there was a robust stimulation of
tyrosine phosphorylation of the IR B-subunit and the IR sub-
strates (IRS proteins) (Fig. 1C). In brain extracts from NIRKO
mice, insulin-stimulated tyrosine phosphorylation of the IR and
IRS proteins was abolished (Fig. 1C). Similarly, insulin almost
completely failed to stimulate IRS-1- and IRS-2-associated
phosphatidylinositol 3-kinase activity as well as Akt and Erk
phosphorylation in brains from NIRKO mice (Fig. 1C). These
data were substantiated further by the analysis of insulin-
stimulated formation of PIP; by using immunohistochemical
staining of PIP; in hypothalamus. Although insulin potently
stimulated PIP3 formation in paraventricular areas and hypo-
thalami of control mice, it failed to do so in NIRKO mice (Fig.
1D). Similarly, whereas insulin promoted tyrosine phosphoryla-
tion of Stat3 in hypothalami of control mice, it failed to stimulate
Stat3 activation in NIRKO mice (Fig. 1D). This result was not
caused by general inhibition of PIP5 formation and Stat activa-
tion, because leptin efficiently stimulated these signaling path-
ways in NIRKO mice (Fig. 1D). These analyses indicate that IR
deletion was complete in neurons of NIRKO mice and that
insulin-stimulated signaling was abolished without compensa-
tory up-regulation of IGF-1 receptor expression.

Because insulin shares a variety of intracellular signaling
components with other growth and neurotrophic factors, we next
determined the activation of the PIP; downstream target Akt,
which has been implicated in the regulation of neuronal apo-
ptosis, by Western blot analysis using an antibody that recognizes
Akt only when phosphorylated at Ser-473, i.e., in its active state
(13). This analysis revealed a >50% reduction of Akt phosphor-
ylation in brain extracts from NIRKO mice as compared with
control animals, whereas expression of Akt at the protein level
remained unaltered (Fig. 24).

Another downstream target of growth and neurotrophic
factor-activated PIP5 signaling is GSK3B. Consistent with the
decrease in Akt phosphorylation, GSK38 phosphorylation also
was markedly reduced in brain extracts from NIRKO mice as
compared with controls, whereas expression of the enzyme
remained unaltered (Fig. 2B). Immunohistochemical analysis of
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phosphorylated GSK3p also revealed that both the number of
cells exhibiting GSK38 immunoreactivity and the intensity of
signal in labeled cells were reduced in NIRKO brains as com-
pared with controls (Fig. 2C).

Phosphorylation of GSK38 results in a decrease in enzyme
activity (14), and reduced phosphorylation would therefore be
expected to result in an increase in activity. In both cultured
neurons and transgenic mice, overexpression of active GSK3p
has been demonstrated to result in increased Tau phosphoryla-
tion (15). The microtubule-associated protein Tau physiologi-
cally stabilizes microtubules and under pathological conditions is
the major component of neurofibrillary tangles detected in
neurodegenerative diseases (16). Western blot analysis using the
AT180 antibody, which detects Tau phosphorylation at the
potential GSK3p site Thr-231, revealed a 3.5-fold increase in
brains of NIRKO mice (Fig. 2D). Interestingly, similar experi-
ments with the antibody ATS, which recognizes Tau phosphor-
ylated at position Ser-202, demonstrated unaltered phosphory-
lation of this residue in brains of NIRKO mice (Fig. 2D). Taken
together, these data indicate that neuronal insulin resistance
results in reduction of phosphorylation of Akt and GSK3p and
a 3.5-fold increase of Tau phosphorylation at residue Thr-231.
Nevertheless, neurofibrillary tangle formation was not detect-
able in NIRKO mice up to an age of 18 months (data not shown).

Phosphorylation and activation of Akt has been demonstrated
to be essential for the inhibition of neuronal apoptosis (13).
Potassium withdrawal resulted in profound induction of apo-
ptosis (=80%) in cultured cerebellar granule neurons from
NIRKO and control mice. In neuronal cells from control mice,
this result could largely be prevented by 100 nM IGF-1 and, to
a lesser extent, insulin (Fig. 34). These effects were concentra-
tion-dependent, with a decrease from 77% apoptotic cells in the
absence of insulin/IGF-1 to 50% at a concentration of 10 nM
and 35% at 100 nM insulin (Fig. 3B). In control cells, IGF-1 was
clearly more potent in inhibiting apoptosis than insulin, reducing
the percentage of apoptotic cells to ~15% at a concentration of
100 nM (Fig. 3C). By contrast, in neurons cultured from NIRKO
mice, insulin almost completely failed to inhibit apoptosis at any
concentration (Fig. 3 4 and B). Interestingly, neurons cultured
from NIRKO mice also exhibited a shift in the dose-response to
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Fig.3. IR expression is required for insulin-stimulated inhibition of apoptosis in cultured neurons but not in the intact animal. (4) Cultured cerebellar granule
cells of 6-day-old NIRKO (Upper) and control (Lower) mice were subjected to low KCl-containing (5 mM) medium to induce apoptosis (Left); cells were incubated
with 100 nM insulin (Center) and with 100 nM IGF-1 (Right). Condensed nuclei were visualized by Hoechst dye 33342. (B) After reduction of KCl concentrations,
cells were stimulated with 0, 0.1, 1.0, 10, and 100 nM insulin; control (open bars) and NIRKO (filled bars) mice. Data represent the mean = SEM of at least eight
animals of each genotype. (C) Antiapoptotic effect of IGF-1 on primary cerebellar granule cells. After reduction of KCl concentrations, cells were stimulated with
0, 0.1, 1.0, 10, and 100 nM IGF-1; control (open bars) and NIRKO mice (filled bars). Data represent the mean = SEM of at least eight animals of each genotype.
(D) Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assays of cerebella from postnatal-day-5 pups of NIRKO mice and their
littermate controls. Quantification of apoptotic nuclei in the outer granule layer. Data represent the mean * SEM of at least four animals of each genotype.

(Magnification, x40.)

the antiapoptotic effect of IGF-1 as compared with cells from
control mice (EDsp = 7.5 nM IGF-1 for NIRKO cells vs. 2.5 nM
for controls). Taken together, these data indicate that, in cul-
tured neurons, insulin mediates its antiapoptotic effect through
the IR, and also that IGF-1-induced inhibition of apoptosis also
is mediated partly through the IR. Despite the lack of insulin’s
ability to inhibit apoptosis in cultured neurons, the assessment of
apoptotic cells in the intact animals did not reveal any significant
differences between control and NIRKO mice (Fig. 3D). Fur-
thermore, assessment of neuronal DNA synthesis in vivo re-
vealed no difference in the number of BrdUrd-positive cells
between NIRKO and control cerebella (data not shown).
Because previous studies have suggested a role for neuronal
insulin signaling in cognitive functions under physiological and
pathological conditions, we assessed learning and memory for-
mation in NIRKO and control mice by using the Morris water
maze at 7 weeks of age. Both control and NIRKO mice pro-
gressively reduced the time needed to escape to the hidden
platform in repeated test sessions with no significant difference
between control and NIRKO mice with respect to the escape
latency or the distance moved to reach the platform (Fig. 44).
Moreover, motoric performance of NIRKO mice was similar to
that of control animals as assessed by swimming speed. Further
assessment of motor coordination by performance in the vertical
pole test, the upside-down grid, placing response, the rota rod,
and grip strength confirmed unaltered motor coordination of
NIRKO mice (data not shown). To exclude the possibility that
impaired learning as a consequence of neuronal insulin resis-
tance might occur as an age-dependent phenomenon, we re-
peated the experiments in animals at the age of 40 to 44 weeks.
Two different subgroups of mice were studied: mice tested at the
age of 7 weeks (experienced group) and mice that had never
encountered the Morris water maze task (naive group). The
performance of naive, older mice was comparable with that seen
in 2-month-old animals with no significant difference between
control and NIRKO mice, both with respect to the escape latency
(Fig. 4B) and the distance moved to reach the platform (data not
shown). Direct comparison of the tests over the 9-month interval
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revealed that, on the second day of the retest, mice of the
experienced group exhibited escape latencies and distances
moved to reach the platform comparable with those of the last
day of the first test (Fig. 4B). This long-term memory effect was
not different between control and NIRKO mice (Fig. 4B).
NIRKO mice also performed normally in the open field and
T-maze tests, confirming unaltered learning in NIRKO mice and
indicating that anxiety-like behavior is unaltered in these ani-
mals (data not shown). Taken together, these data indicate that,
despite the presence of severe neuronal insulin resistance and
increased Tau phosphorylation, NIRKO mice were able to
perform normally with respect to spatial learning and memory,
both short- and long-term, independent of age.

Because previous work has led to the speculation that
neuronal IRs might regulate glucose metabolism in the CNS
and because patients with Alzheimer’s disease show a char-
acteristic pattern of altered cerebral glucose metabolism, we
assessed steady-state cerebral glucose metabolism by micro-
PET in vivo (Fig. 4C). To ensure proper ROI placement within
the brain, ['8F]FDG-microPET images were coregistered with
high-resolution magnetic resonance images (Fig. 4C). The
['®F]FDG brain-to-background ratios (B/BG) were not sig-
nificantly different between NIRKO and control mice under
basal conditions (2.2 = 0.5 vs. 2.1 = 0.4; P = not significant).
These data indicate that within the limits of this test, basal
cerebral glucose metabolism in NIRKO mice was not affected
by the lack of neuronal IRs.

Discussion

NIRKO mice represent a unique model in which to study the
consequences of isolated CNS-specific disruption of IR signaling
on the biochemistry and function of the brain. The reduced
phosphorylation of Akt and GSK3p in brains of NIRKO mice,
in the presence of otherwise intact neurotrophic signaling,
demonstrates directly the relative contribution and importance
of IR signaling for the activation of this pathway in the CNS.
Moreover, protein extracts from brains of NIRKO mice display
a 3.5-fold increase in Tau phosphorylation. Tau is a neuronal
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Fig. 4. Unaltered spatial learning, long-term memory, and brain glucose

metabolism in NIRKO mice. (A) Escape latency to find the platform after
exposure to the water maze for 7-week-old control (open circles) and NIRKO
(filled circles) mice. Data presented per session represent the mean of four
trials per session and the mean of seven animals of each genotype + SEM. (B)
Escape latency to find the platform after exposure to the water maze for
11-month-old control (circles) and NIRKO (triangles) mice. Data are separated
for mice having performed a Morris water maze task at the age of 7 weeks
(experienced mice, open symbols) and those that have not before encoun-
tered a Morris water maze task (naive mice, filled symbols). Data presented per
session represent the mean of four trials per session and the mean of four to
seven animals of each genotype = SEM. (C) Shown are representative high-
resolution magnetic resonance images (Upper) and matched ['8F]FDG-
microPET images (Lower) through the brain of a representative control mouse
(Upper) and a representative NIRKO mouse (Lower) [transaxial (Left), coronal
(Center), and sagittal (Right)]. ROl were placed in a transaxial plane (arrow).
Distinction between brain and hypermetabolic harderian glands (arrowhead)
is made by coregistration with MRI.

microtubule-associated protein found predominantly in axons,
where it promotes tubulin polymerization and stabilizes micro-
tubules (16).

Hyperphosphorylated Tau is a major component of neurofi-
brillary lesions characteristic of Alzheimer’s disease and other
brain dysfunctions. Immunoblotting revealed site-specific Tau
hyperphosphorylation at Thr-231 but not at Ser-202. Phosphor-
ylation of Tau at Thr-231 in humans has been correlated with
cognitive decline and suggested as a biomarker for Alzheimer’s
disease (17). These findings in NIRKO mice are in contrast to
those obtained in mice lacking IRS-2, which also exhibit Tau
hyperphosphorylation, but this occurs exclusively at Ser-202
(18), a presumed site of cyclin-dependent kinase phosphoryla-
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tion (19). Interestingly, IRS-2-deficient mice exhibit increased
GSK3B phosphorylation and show reduced expression of the
scaffold and catalytic subunit of the Tau-phosphatase PP2A
(18). On the other hand, expression of PP2A is unaltered in
NIRKO mice (data not shown). These data indicate phospho-
rylation-site-specific alterations of Tau phosphorylation in dif-
ferent models of neuronal insulin resistance and suggest that
IRS-2 may regulate PP2A through signals initiated by receptors
other than the IR, and that IR recruits substrates other than
IRS-2 for regulating GSK3p activity in the brain.

Increased Tau phosphorylation resulting from decreased
GSK3p phosphorylation in NIRKO mice is consistent with in
vivo findings obtained in mice overexpressing constitutively
active GSK3p in the CNS (15). These GSK3p transgenic mice
exhibit Tau hyperphosphorylation at Thr-231 as detected by
AT180 but, in contrast to NIRKO mice, also develop deficiencies
in cognitive functions, linking increased GSK3B activity to
neuronal apoptosis and neurodegeneration (15). Whether this is
a quantitative or qualitative difference in the GSK3p activity is
unclear. Analysis of NIRKO mice failed to detect any deficien-
cies in learning and memory; however, the level of GSK3p
activation in these mice is less than that resulting from transgenic
overexpression of a mutant enzyme. Our findings are consistent
with the data indicating that insulin resistance might predispose
for development of the disease and that insulin resistance alone
is not sufficient for the development of overt neurodegenerative
changes. Indeed, none of the animal models for Alzheimer’s
disease resulting from a single genetic manipulation resembles
the full clinical phenotype of this disease (20, 21). Therefore,
future experiments will have to address the impact of neuronal
insulin resistance on the development of neurodegenerative
diseases in the context of other mouse models for Alzheimer’s
disease, such as mice overexpressing mutant APP or presenilin.

Our study also shows that the IR mediates insulin’s antiapo-
ptotic effect in neurons. These data confirm the fact that insulin
is capable of inhibiting apoptosis in cerebellar granule cells (8)
and demonstrate that this response is completely dependent on
the presence of the IR rather than on the IGF receptor.
Interestingly, IGF-1’s ability to inhibit apoptosis also was im-
paired in neurons cultured from NIRKO mice. This phenome-
non could be explained by at least two mechanisms. First, IGF-1
also binds to and activates IRs, and maximum IGF-1-stimulated
signaling thus depends on IRs. Alternatively, IRs and IGF-1
receptors form heterodimers, and this heterodimerization might
be necessary for sensitive IGF-1’s mediated signaling (22). In
contrast to our findings in cultured neurons, brains from NIRKO
mice exhibited no alterations in development and structure or
evidence of increased apoptosis in vivo. Thus, the role of the IR
in vivo can be compensated for by other neurotrophic factors in
NIRKO mice. This finding is particularly striking in the face of
the significantly reduced Akt activation but consistent with the
apparent lack of an apoptotic phenotype of heterozygous Akt-
deficient mice (23).

Attempts to address insulin’s effect on learning and memory
in animals have so far been limited by the availability of adequate
technical approaches. Lannert et al. (24) have described the
intracerebroventricular injection of streptozotocin in rats as a
model for neuronal insulin resistance and inferred from the
impaired learning performance of these rats a role for neuronal
insulin signaling in memory formation. Clearly, this drug that
acts to destroy f3 cells in vivo may have effects beyond serving as
an inhibitor of neuronal insulin signaling. Our data on normal
performance of NIRKO mice in the Morris water maze task are
also in contrast to recent reports describing an improvement in
memory formation after intranasal application of insulin, which
raises specifically insulin concentrations in the spinal fluid (25,
26). This apparent contradiction might be explained by the fact
that at high concentrations insulin’s central effects could be
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mediated through the activation of IGF-1 receptors or that acute
effects of insulin are different from those of chronic lack of
signaling. In any case, the data in NIRKO mice clearly rule out
a role for isolated impairment of neuronal IR signaling in the
development of impaired cognitive functions.

Although the brain is classically viewed as an organ metabo-
lizing glucose independent of insulin, there has been growing
biochemical evidence for expression of the insulin-sensitive
glucose transporter GLUT-4 in the CNS and insulin regulation
of GLUT-1 expression in other tissues (27, 28). More recently,
it has been demonstrated that the related IGF-1 is required for
brain glucose metabolism in mice (29). In humans it has been
demonstrated that insulin acutely regulates brain glucose me-
tabolism during euglycemic hyperinsulinemic clamp studies (30),
and by using labeled 2-deoxyglucose we have found decreased
glucose uptake in brains of NIRKO mice during a euglycemic
hyperinsulinemic clamp (S. Fisher, J.C.B., and C.R.K., unpub-
lished data). In the present study, steady-state brain glucose
metabolism under basal conditions, as assessed by PET imaging
in NIRKO mice in vivo, was normal. This finding suggests that
neuronal IRs are not required for the regulation of basal brain
glucose metabolism. Alternatively, an effect is observed only at
higher insulin concentrations, such as those that occur during a
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clamp, and involves the related IGF-1 receptor or is below the
limit of detection by PET scanning.

In summary, neuronal IR-mediated signaling appears to have
no effect on neuronal growth, glucose uptake, or apoptosis in
vivo and is not sufficient to fully mimic the development of
Alzheimer’s disease. On the other hand, abolishing neuronal
insulin signaling in NIRKO mice leads to major alterations in
Akt and GSK3p phosphorylation and, presumably, activity, and
hyperphosphorylation of the Tau protein at sites associated with
neurodegenerative disease. These observations provide an in
vivo molecular mechanism in which altered insulin signaling in
the brain leads to one of the hallmarks of Alzheimer’s disease
and demonstrate how neuronal insulin resistance potentially
predisposes for the development of neurodegeneration, creating
aclinical link between type 2 diabetes and nonvascular dementia.
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