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a b s t r a c t

Insulin regulates glucose uptake and storage in peripheral tissues, and has been shown to act within the
hypothalamus to acutely regulate food intake and metabolism. The machinery for transduction of insulin
signaling is also present in other brain areas, particularly in the hippocampus, but a physiological role for
brain insulin outside the hypothalamus has not been established. Recent studies suggest that insulin may
be able to modulate cognitive functions including memory. Here we report that local delivery of insulin to
the rat hippocampus enhances spatial memory, in a PI-3-kinase dependent manner, and that intrahippo-
campal insulin also increases local glycolytic metabolism. Selective blockade of endogenous intrahippo-
campal insulin signaling impairs memory performance. Further, a rodent model of type 2 diabetes
mellitus produced by a high-fat diet impairs basal cognitive function and attenuates both cognitive
and metabolic responses to hippocampal insulin administration. Our data demonstrate that insulin is
required for optimal hippocampal memory processing. Insulin resistance within the telencephalon
may underlie the cognitive deficits commonly reported to accompany type 2 diabetes.

Published by Elsevier Inc.

1. Introduction

Since its first identification and characterization in 1922 (Ban-
ting & Best, 1922), insulin has been established as the primary hor-
monal regulator of systemic glucose concentration. Insulin acts
both to suppress hepatic glucose output and to stimulate glucose
uptake in muscle and adipose tissues. The latter effect occurs via
activation of the phosphatidylinositol-3-kinase (PI3K) signaling
pathway and subsequent translocation of the insulin-responsive
glucose transporter GluT4 to the cell surface. More recently, it
has been shown that insulin can also modulate feeding behavior
and metabolism via actions within the hypothalamus (and in par-
ticular within the arcuate nucleus (Plum, Belgardt, & Bruning,
2006; Schulingkamp, Pagano, Hung, & Raffa, 2000; Schwartz, Fig-
lewicz, Baskin, Woods, & Porte, 2000; Woods, Schwartz, Baskin, &
Seeley, 2000)). The remainder of the brain has generally been con-
sidered to be an insulin-insensitive organ, largely based on the fact
that whole-brain glucose uptake and metabolism measurements
have consistently shown little effect of insulin on total cerebral
glucose metabolism, in line with some recent MRS and PET studies
of the cerebral cortex (Hasselbalch et al., 1999; Seaquist, Damberg,
Tkac, & Gruetter, 2001). However, recent studies have suggested

that the hippocampus, which expresses high levels of insulin
receptors (Dore, Kar, Rowe, & Quirion, 1997), as well as GluT4
(McEwen & Reagan, 2004; Reagan, 2005; Vannucci et al., 1998)
and PI3K (Figlewicz & Szot, 1991), might be responsive to insulin.
Insulin has been reported to cause translocation of GluT 4 to the
membrane of hippocampal neurons in similar fashion to its effects
in the periphery (McEwen & Reagan, 2004; Reagan, 2005), suggest-
ing that insulin might increase hippocampal glucose uptake and/or
metabolism, in contrast to the findings when the brain is taken as a
whole.

There is an extensive literature showing that hippocampal cog-
nitive performance is critically dependent on an adequate supply
of glucose to meet the local metabolic demands of cognitive pro-
cesses, and that provision of additional glucose to the hippocam-
pus can enhance memory performance (Gold, 2005; McNay,
Fries, & Gold, 2000; McNay & Gold, 2002). Furthermore, in vitro
studies have shown that insulin can modulate hippocampal synap-
tic plasticity (Izumi, Yamada, Matsukawa, & Zorumski, 2003; van
der Heide, Kamal, Artola, Gispen, & Ramakers, 2005; Zhao, Chen,
Quon, & Alkon, 2004), i.c.v. administration of insulin has been
shown to enhance performance on a passive-avoidance memory
task (Park, Seeley, Craft, & Woods, 2000), and spatial memory
training has been reported to alter hippocampal expression of
insulin receptors (Zhao et al., 1999; Zhao et al., 2004). Hence, there
are substantial reasons for believing that insulin might act within
the hippocampus, a key brain area for learning and memory, to
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support memory performance. In keeping with this possibility,
recent clinical observations in Alzheimer’s disease (AD) patients
suggest that insulin may enhance performance on hippocampal-
ly-mediated tasks (Watson & Craft, 2004), and enhancement of
memory following systemic glucose administration has been sug-
gested to be mediated, at least in part, via an increase in insulin
delivery to the brain (Craft & Watson, 2004; Craft et al., 1996; Kern
et al., 2001; Long, Davis, Garofalo, Spangler, & Ingram, 1992). Con-
sistent with this latter suggestion, recent animal studies have sug-
gested that delivery of insulin to the hippocampus might be able to
modulate hippocampal memory processes. Unfortunately these
studies have to date used both hyperphysiological insulin doses
and aversive paradigms with elevated systemic glucose and epi-
nephrine, making interpretation of any insulin effect difficult
(Babri, Badie, Khamenei, & Seyedlar, 2007; Moosavi, Naghdi, &
Choopani, 2007; Moosavi, Naghdi, Maghsoudi, & Asl, 2006).

A potential role for insulin in enhancement of cognitive function
is of particular interest in the context of type 2 diabetes mellitus
(T2DM). T2DM is characterized by systemic hyperglycemia and
insulin resistance and is associated with deficits in cognitive func-
tions, including memory (Gispen & Biessels, 2000; Winocur et al.,
2005). Animal models of T2DM show impaired hippocampal trans-
location of GluT4 (Reagan, 2005; Winocur et al., 2005), reduced
hippocampal synaptic plasticity (Mielke et al., 2005), and attenu-
ated hypothalamic responsiveness to insulin in control of food in-
take (Clegg et al., 2005; Figlewicz et al., 2004) as well as reduced
temporal lobe insulin signaling (Moroz, Tong, Longato, Xu, &
Monte, 2008). Moreover, neuronal insulin resistance has been sug-
gested to be directly linked to the development of neurodegenera-
tive disease (Schubert et al., 2004), and drugs which improve
sensitivity to insulin are currently being tested in human trials
for treatment of AD; indeed, AD has been described as ‘‘Type 3 dia-
betes” (Steen et al., 2005). Here, we show that acute delivery of
physiological doses of insulin, but not IGF-1, directly to the hippo-
campus specifically enhances spatial working memory via a PI3K-
dependent mechanism, and increases local glucose removal from
interstitial fluid, whereas blockade of endogenous hippocampal
insulin either with PI-3-kinase antagonists or small anti-insulin
antibody-like peptides impairs cognitive performance below base-
line. Diet-induced as before, T2DM reduces baseline hippocampal-
ly-mediated cognitive function and impairs the ability of insulin to
enhance memory performance and/or increase hippocampal fuel
metabolism. Importantly, we also show that direct, specific block-
ade of endogenous intrahippocampal insulin produces marked cog-
nitive deficits, supporting a role for insulin in physiological
hippocampal memory processes.

2. Methods

2.1. Animals

Male Sprague–Dawley rats (Charles River, Wilmington, MA),
were studied, starting at one month of age. Rats were individually
housed, with food and water available ad libitum, on a 12:12 h
light:dark schedule (lights on 0700 h). At 6 weeks of age, animals
were randomly assigned to either standard lab chow (control ani-
mals, 6% fat, Purina) or a high-fat (diet-induced obese (DIO) and
diet-resistant (DR) animals, 31.8% fat by calories from butter and
corn oil, Research Diets #D12266B) chow and maintained on this
diet until cognitive testing at 20 weeks. Room/cage temperature
was maintained at 70 F. All procedures were approved by the Yale
University Institutional Animal Care and Use Committee. Animals
were handled regularly prior to testing. At the time of testing,
the top tertile of high-fat diet animals, by weight gain, was defined
as DIO; the bottom tertile was defined as DR.

2.2. Surgery

Animals received either a microinjection guide cannula (Plastics
One) or microdialysis guide cannula (CMA12, CMA/Microdialysis)
into the left hippocampus as described previously (McNay et al.,
2000) with coordinates relative to bregma +3.8 mm AP, +5.0 mm
lateral, !4.5 mm from dura, nosebar at 5.0 mm above interaural
line. Animals were given 1 week for recovery post-surgery prior
to testing during which time they were handled extensively daily.

2.3. Sample analysis

Microdialysis samples were assayed for glucose and lactate
using a CMA600 analyzer. Measurements were corrected for
in vivo probe recovery using the slope of a hippocampal ECF
zero-net-flux plot under the same experimental conditions (McNay
& Sherwin, 2004b; McNay et al., 2000). Plasma glucose was mea-
sured by the glucose oxidase method (Beckman, Fullerton, CA).
Catecholamine analysis was performed by high-performance li-
quid chromatography (ESA, Acton, MA). Insulin analysis was done
by radioimmunoassay (Linco Research).

2.4. Microinjection/microdialysis procedures

Microinjections were given to maze-tested animals over 2 min
in a total volume of 0.5 lL, into the left hippocampus, 10 min prior
to testing. The vehicle for all groups (including controls) was arti-
ficial ECF (aECF; 153.5 mM Na, 4.3 mM K, 0.41 mMMg, 0.71 mM
Ca, 139.4 mM Cl, 1.25 mM glucose, buffered at pH 7.4 (McNay &
Sherwin, 2004b)) with the exception of groups receiving Affibod-
ies, which were administered as supplied in PBS. Injection cannu-
lae were left in place for a further 2 min after injection to ensure
diffusion. Animals used for microdialysis measurements had a
fresh probe inserted into the left hippocampus on the morning of
measurement, followed by an acclimation period of at least 2 h.
The dialysis membrane was 3 mm long and thus sampled across
several regions of the hippocampus. Rats were allowed to move
freely in their home cages throughout measurement. Insulin was
administered via reverse dialysis, a liquid switch allowing addition
to the microdialysis perfusate without disturbance to the animal.
Probes were perfused at 1.5 ll/min with artificial extracellular
fluid as previously described (McNay et al., 2000). All reagents
were obtained from Sigma (St. Louis, MO).

2.5. Alternation memory testing

Rats were placed into the center of a four-arm maze and al-
lowed to explore for 20 min. Rats spontaneously alternate between
unbaited maze arms, using spatial working memory to retain
knowledge of arms previously visited. Spontaneous alternation
has been extensively used as a spatial working memory task that
examines acute learning and memory (e.g. Conrad, Lupien, & McE-
wen, 1999; Dember, 1989; McNay & Gold, 1998; McNay et al.,
2000; Sarter, Bodewitz, & Steckler, 1989; Winocur & Gagnon,
1998). Specifically, the measure of memory performance used
was percent 4/5 alternation. An alternation is counted when the
rat visits all four arms within any span of five consecutive arm
choices; the maximum number of alternations is N!4, where N is
the total number of arms entered. The actual number of alterna-
tions made is expressed as a percentage of this number. Chance le-
vel on this measure is 44%.

2.6. Euthanasia and histology

After maze testing, rats were killed by i.p. overdose of sodium
pentobarbital, brains were removed, and sections were taken for
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confirmation of probe placement using cresyl violet staining for
identification of probe track location; only data from animals with
correct probe placements were included in analyses. Plasma sam-
ples for glucose and insulin measurements were taken from trunk
blood following euthanasia and decapitation.

2.7. Phospho-Akt immunoblotting

Samples were obtained by punch biopsy, and were transferred
immediately to 1" LDS NuPAGE sample buffer (Invitrogen No-
vex). After treatment with a handheld tissue grinder (Kontes),
samples were heated to 95 !C for 10 min. in the presence of 2%
2-mercaptoethanol. Insoluble debris was pelleted by centrifuga-
tion at 13,200 rpm for 5 min. in an Eppendorf 5415C benchtop
microfuge at room temperature. The supernatants were trans-
ferred to new tubes and placed on ice. Protein concentrations
were measured in triplicate using an EZ-Q protein assay (Invitro-
gen Molecular Probes), which was read using a PerkinElmer Vic-
tor3 plate reader. Equal amounts (#12 lg) of each sample were
separated on precast 4–12% gradient bis-Tris NuPAGE gels (Invit-
rogen), then transferred to nitrocellulose membranes using a
semidry electrotransfer apparatus (Biorad). All gels were trans-
ferred simultaneously, immunoblotted in the same solutions,
and exposed to film in parallel, so that conditions were identical
and samples can be compared meaningfully. Immunoblotting
was done as previously described (Yu, Cresswell, Loffler, & Bogan,
2007). Membranes were blocked for 1 h at room temperature in
phosphate buffered saline containing 0.02% Tween-20 and 5% (w/
v) nonfat dry milk. Primary antibodies were diluted 1:1000 in
this same buffer, with the exception of the phospho-Akt antibody
which was used at 1:500 in phosphate buffered saline, 0.02%
Tween-20, 5% bovine serum albumin. Antibodies used were di-
rected to phospho-Akt-Ser473 (Cell Signaling Technology Cat.
No. 4060), Akt (pan-isoform, Cell Signaling Cat. No. 4691, and
Hsc70 (Stressgen Bioreagents, Cat. No. SPA-815). Peroxidase-con-
jugated secondary antibodies were from Jackson Immunore-
search, and were used at 1:50,000 in phosphate buffered saline
containing 0.02% Tween-20 and 5% (w/v) nonfat dry milk. Signals
were detected on film using enhanced chemiluminescence. Expo-
sures in the linear range of the film were analyzed by densitom-
etry. Films were imaged by transillumination on an Epson
Expression 1680 scanner driven by SilverFast Ai software (Laser-
soft Imaging, used as an Adobe Photoshop plugin). Images were
acquired at 16 bit pixel depth, and linear gamma was maintained
throughout. Quantification was done using ImageJ (NIH), and lo-
cal background was subtracted for each band.

To meaningfully compare band intensities, all samples were
electrophoresed, transferred, immunoblotted, and exposed to
film in parallel, and insulin stimulated and control samples were
run on the same gels. The mean and standard error of the band
intensities for each group of samples was calculated and plotted
using Excel (Microsoft) and Kaleidegraph (Synergy Software).
Statistical significance was assessed using a one-way ANOVA
and Prism software (Graphpad). Because the main point of the
experiment was to compare the insulin-stimulated ipsilateral
samples to each of the other groups, Dunnett’s multiple compar-
ison test was used post hoc with an alpha value of 0.05 (95%
confidence intervals).

In addition to comparing the mean intensities of the phospo-
and total Akt bands from each group of samples, ratios of the
band intensities were compared using Hsc70 as a loading con-
trol. Thus, both phospho-Akt and total Akt immunoblots were
reprobed using an antibody to Hsc70, as described above. This
abundant 70 kD heat shock protein runs slightly above the Akt
band (55 kD), and was detected using a rat antibody. Thus, Akt
(detected using rabbit antibodies) was not also observed on

the reprobed membranes. By comparing P-Akt and total Akt each
to Hsc70, detected on the same membrane, the need to strip the
immunoblots was obviated (this can be a source of error).
Importantly, calculation of the compound ratio, (P-Akt/Hsc70)/
(total Akt/Hsc70), for each sample confirmed results using the
mean band intensities within each group. Statistical analysis
(one-way ANOVA followed by Dunnett’s Multiple Range test)
showed that this compound ratio was significantly greater for
insulin-stimulated ipsilateral samples compared to all other
groups of samples.

2.8. Statistical analysis

All tests were conducted using two-tailed, unpaired t-tests or
one-way analysis of variance (ANOVA) with individual group dif-
ferences vs. control determined by Dunnett’s Multiple Comparison
post hoc tests where indicated, with alpha = 0.05 in all cases. N of
each behavioral group was between 8 and 14.

3. Results

3.1. Spatial working memory performance is specifically enhanced by
intrahippocampal insulin administration

Spatial working memory is sensitive to acute manipulations of
activity and metabolism within the left hippocampus (McNay &
Gold, 1998; McNay, McCarty, & Gold, 2001; McNay et al., 2000).
Administration of insulin (Humulin, Lilly) to the left hippocampus,
10 min prior to testing, produced an inverted-U dose-related
enhancement of performance on the spontaneous alternation spa-
tial memory task (Fig. 1). Doses of 100 lU and 1 mU insulin signif-
icantly improved alternation performance, with both higher and
lower doses having no performance effect. Administration of insu-
lin to the striatum, a brain area involved in both motor function
and some forms of memory, did not affect alternation performance
(Fig. 2a). Insulin is able to bind to and activate the insulin-like
growth factor 1 receptor (IGF-1R), albeit with much lower affinity
than for the insulin receptor (Rechler & Nissley, 1985). To confirm
that insulin was not acting to enhance memory via actions at hip-
pocampal IGF-1R, we delivered IGF-1 to the left hippocampus at a
dose either of equal protein concentration to that of the 100 lU
insulin group (to control for any effect of protein delivery per se),
or of 1% of that concentration to match the activation of IGF-1R ex-
pected with 100 lU insulin. No effect on memory performance was
seen at either dose (Fig. 2a).

Fig. 1. Memory performance (percent 4/5 alternation) in control animals (on
standard Purina chow) following administration of intrahippocampal insulin.
Asterisks indicate significant group performance enhancement of animals in the
100 lU and 1 mU insulin groups, compared to animals in control group, as
determined by Dunnett’s post hoc tests, both p < 0.01. ANOVA: F = 16.44, p < 0.0001.
Error bars indicate s.e.m. Figures within each bar indicate N of group.
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3.2. Insulin modulation of memory is via the PI3K cascade, not via
binding to KATP channels

Both in the hypothalamus and peripherally, insulin’s actions are
commonly mediated by the PI3K signaling cascade (Niswender
et al., 2003). To confirm that this pathway is also involved in insu-
lin’s modulation of hippocampal function, we coadministered the
PI3K blockers wortmannin or LY294002 with 100 lU insulin. Both
drugs reversed the memory enhancement seen with insulin alone
(Fig. 2b). These data suggest that insulin’s ability to enhance mem-
ory is dependent on the activation of PI3K. Insulin is also known to
open ATP-gated potassium channels (KATP; (Spanswick, Smith, Mir-
shamshi, Routh, & Ashford, 2000)), including within the hypothal-
amus (Pocai et al., 2005), and manipulations of hippocampal KATP

have been shown to modulate spatial working memory (Stefani
& Gold, 2001). To determine whether insulin might be acting at
KATP to modulate memory, we delivered the specific KATP channel
opener diazoxide at a range of doses prior to testing (Fig. 2c). How-
ever, diazoxide in fact produced a dose-dependent impairment of
memory performance.

3.3. Blockade of endogenous PI3K within the hippocampus impairs
memory

To investigate whether insulin signaling is involved in endoge-
nous hippocampal cognitive processes, we administered either
LY294002 or wortmannin, alone, prior to spatial memory testing.
Both drugs significantly impaired performance relative to vehi-
cle-injected controls (Fig. 2d); injection of vehicle alone did not af-
fect performance. We interpret the effects of PI3K inhibitors in
reversing the effects of insulin, and impairing memory when given
alone, as being due to actions on a common pathway. However,
these data might possibly have been a case of two independent
mechanisms acting to cancel out; hence, we confirmed that (as
in other tissues) insulin administration to the hippocampus causes
activation of the PI3K pathway, using phosphorylation of the PI3K
pathway intermediate Akt (Fig. 3) as a proxy for PI3K activity. As
predicted, intrahippocampal administration of 100 lU insulin pro-
duced a local increase of roughly 80% in Akt phosphorylation com-
pared to either control-treated animals or the contralateral
hippocampus of insulin-treated animals.

3.4. Selective blockade of intrahippocampal insulin impairs memory
performance

The fact that administration of exogenous insulin to the hippo-
campus enhances memory performance does not categorically
show a role for endogenous insulin in memory processes. To fur-
ther confirm the specificity of memory enhancement by intrahip-
pocampal insulin, and to confirm that insulin is an endogenous
modulator of spatial memory processes, we blocked intrahippo-
campal insulin signaling using hippocampal microinjection of the
small (5kD) selective anti-insulin antibody-like protein ab31906
(Abcam). Delivery of ab31906 to the left hippocampus impaired
alternation performance (Fig. 2e); no effect was seen with admin-
istration of a control antibody-like protein with affinity for ErbB2.

3.5. Insulin and local metabolism

To investigate whether, in vivo, insulin affects local intrahippo-
campal metabolism, we used microdialysis both to sample the
extracellular fluid (ECF) of the left hippocampus and as a means for
delivery of insulin. Delivery of 10 lU/min into the left hippocampal
ECF produced a rapid elevation of local ECF lactate to #130% of
baseline, accompanied by a drop in ECF glucose to#75% of baseline

Fig. 2. (a) Memory performance following administration of (i) aECF, (ii) 100 lU
intrahippocampal insulin, (iii) 100 lU intrastriatal insulin, or (iv and v) intrahip-
pocampal IGF-1. Asterisk indicates significant group performance enhancement of
animals in the 100 lU intrahippocampal insulin group, only, compared to control
animals; ANOVA F = 6.99, p < 0.0002. (b) Memory performance following adminis-
tration of 100 lU intrahippocampal insulin either alone or co-administered with
the PI3K inhibitors wortmannin (39.7 lM) or LY294002 (20.2 mM). Asterisk
indicates significant group performance enhancement of animals in the 100 lU
intrahippocampal insulin group only; ANOVA F = 15.46, p < 0.0001. (c) Memory
performance following administration of intrahippocampal diazoxide. Asterisk
indicates significant impairment of animals in the 2.5 mM diazoxide group; ANOVA
F = 9.02, p < 0.0001. (d) Memory performance following administration of intrahip-
pocampal wortmannin or LY294002, doses as in b. Asterisks indicate significant
group impairment of animals in both drug groups compared to control animals;
ANOVA F = 9.59, p < 0.0001. (e) Memory performance following administration of
intrahippocampal small antibody-like proteins (Affibodies, Abcam; 0.5 lg in 0.5 lL)
against either insulin or the non-brain protein ErbB2. Asterisk indicates significant
group impairment of animals in the anti-insulin group compared to those in both
other groups; ANOVA F = 21.36, p < 0.0001. Error bars indicate s.e.m. Figures within
each bar indicate N of group; aECF and 100 lM hippocampal insulin groups are
repeated for ease of comparison.
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(Fig. 4). The alteration in concentration of both glucose and lactate
persisted for the 30 min duration of the experiment.

3.6. Systemic insulin resistance impairs insulin’s actions within the
hippocampus

To determine the impact of systemic insulin resistance on the
actions of insulin within the hippocampus, we used the diet-in-
duced obese rat model of T2DM (DIO (Levin, Dunn-Meynell, Bal-
kan, & Keesey, 1997); see Section 2). Diabetic animals were
significantly hyperglycemic and hyperinsulinemic compared to
their diet-resistant (DR) controls who did not differ from animals
fed regular chow (random sampling of plasma glucose after 4 h fast

(mean ± s.e.m.) 14.7 ± 0.9 mM for DIO vs. 6.0 ± 0.3 for DR,
t(38) = 9.7, p < 0.0001; plasma insulin 1559 ± 153 pM for DIO vs.
436 ± 27 pM for DR, t(37) = 7.22, p < 0.0001; n = 20 for glucose
samples and DR insulin, n = 19 for DIO insulin). The dose–response
curve for baseline spatial memory performance and for enhance-
ment of memory by insulin in DR animals closely resembled that
of control animals, despite eating the same diet as the diabetic rats.
In contrast, diabetic animals showed a significant impairment in
baseline memory performance and a shift to the right in the
dose–response curve for insulin enhancement (Fig. 5). No treat-
ment altered motor activity, measured by number of maze arms
entered during testing (data not shown). Further, DIO animals
had no significant change in hippocampal ECF glucose or lactate
in response to inclusion of 10 lU/min insulin in microdialysis per-
fusate (Fig. 6); DR animals’ ECF changes were not different to those
of controls (not shown).

4. Discussion

Insulin is well-recognized to be the primary regulator of periph-
eral glucose uptake and metabolism. Within the CNS, insulin has
been primarily studied as a regulator of food intake and energy bal-
ance via actions within the hypothalamus. However, recent studies
have suggested that insulin might also be able to modulate cogni-
tive functions including memory, perhaps via actions within the

Fig. 3. Immunoblotting for phosphorylated Akt (P-Akt) in the hippocampus
following unilateral administration of either 100 lU insulin or aECF (control
animals). Quantitative densitometry was normalized to set the mean for the
ipsilateral-control at 1.0, with group means and SEM being 1.03 ± 0.080 (contra-
lateral insulin), 0.87 ± 0.229 (contralateral control), 1.77 ± 0.104 (ipsilateral insulin),
and 1.00 ± 0.098 (ipsilateral control); N = 6 for each group. Administration of insulin
caused significant elevation of P-Akt in the ipsilateral samples compared to all other
groups; ANOVA F = 8.29, p < 0.001. A similar analysis of total Akt immunoblots
showed insulin did not cause any significant change in total Akt in ipsilateral
samples compared to all other groups.

Fig. 4. Extracellular hippocampal glucose (solid line) and lactate (dashed line) in
control animals following inclusion of insulin (10 lU/min) in the microdialysis
perfusate. Error bars indicate s.e.m. N = 8.

Fig. 5. Memory performance in control (white bars; reproduced from Fig. 1 for
convenience), DR (green bars) and DIO (red bars) animals following administration
of intrahippocampal insulin. Asterisks indicate significant group performance
impairment of animals in the DIO group compared to DR animals, at baseline
[t(14) = 3.21, p < 0.01] and following administration of 100 lU insulin [t(14) = 6.10,
p < 0.0001]. Error bars indicate s.e.m. N for control groups as Fig. 1; N = 8 for all DIO
and DR groups. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Extracellular hippocampal glucose (solid line) and lactate (dashed line) in
DIO animals following inclusion of insulin (10 lU/min) in the microdialysis
perfusate. Error bars indicate s.e.m. N = 8.
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hippocampus. The current study confirms this hypothesis, and
shows that insulin acts directly within the rat hippocampus to
enhance memory. Our results show that acute administration of
insulin into the hippocampus improves spatial memory in a
PI3K-dependent manner. In contrast to the hypothalamus, where
blockade of endogenous PI3K activation prevents modulation of
food intake by insulin but has no independent effect on food intake
(Niswender et al., 2003), administration of PI3K inhibitors alone to
the hippocampus impaired memory function even in the absence
of exogenous insulin administration, suggesting a physiological
role for endogenous, intrahippocampal insulin in hippocampal
memory processes. This possibility was confirmed using small,
antibody-like peptides to produce a specific blockade of endoge-
nous intrahippocampal insulin, which again impaired memory per-
formance. Importantly, the insulin-induced enhancement of
memory performance occurred at a dose within the range of re-
ported measurements of basal (i.e. non food-stimulated) hippo-
campal extracellular insulin levels (McNay, Green, & Craft, 2006),
further supporting a physiological role for insulin in hippocampal
memory processes. Determination of the physiological range for
interneuronal insulin levels is technically challenging, but the
available data reported by McNay, Green et al., (2006) use a micro-
dialysis method specifically developed for interneuronal measure-
ment of peptides and are reassuringly consistent with
measurements of insulin in the rat CSF (Stein et al., 1987).

Local insulin delivery also causes rapid and marked changes in
hippocampal ECF glucose and lactate concentration, consistent
with increased local glucose transport and glycolytic metabolism.
These findings are in keeping with previous work showing that
performance on hippocampally-mediated spatial memory tasks is
limited by glucose availability, and that provision of additional glu-
cose both increases ECF lactate and enhances performance (McNay
& Sherwin, 2004a; McNay et al., 2000; McNay et al., 2001; McNay,
Williamson, McCrimmon & Sherwin 2006). Our data suggest that in
vivo, insulin acts directly on the hippocampus to modulate local
fuel metabolism. This finding stands in contrast to the traditional
model of the brain as an insulin-insensitive organ, but is supported
by recent in vitro experiments suggesting that hippocampal neu-
rons, in particular, may be metabolically responsive to insulin
(Benomar et al., 2006; Duarte, Proenca, Oliviera, Santos, & Rego,
2006) as well as by evidence that insulin administration increases
translocation of GluT 4 to the membrane of hippocampal neurons
(Reagan, 2005). In the current study, direct delivery of insulin to
brain regions outside the hippocampus had no effect on memory
performance, consistent with the hypothesized specificity of insu-
lin’s actions within the hippocampus. Our data confirm activation
of the PI3K signaling cascade as the mechanism by which insulin’s
actions are transduced within the hippocampus, consistent with
results from other tissues. Taken together, our data suggest that
insulin may act to support memory processes within the hippo-
campus by increasing local glucose metabolism. Spatial memory
testing such as that used here is known to be limited by glucose
metabolism within the hippocampus (McNay et al., 2000), with
provision of additional glucose leading to improved performance
with an inverted-U dose–response curve similar to that seen here
for insulin. One likely mechanism by which insulin acts to support
hippocampal memory processes, then, would be via an increase in
cell-surface GluT4 leading to increased intracellular glucose avail-
ability; this would also be consistent with the acute increase in lac-
tate observed in the present data. Insulin might also for instance
act via alteration of hippocampal synaptic plasticity, as seen in
the in vitro studies discussed above.

We also examined the impact of high-fat diet-induced T2DM. A
high-fat diet alone, in the absence of systemic hyperinsulinemia or
increased body mass, did not affect memory performance. How-
ever, DIO animals showed impaired memory performance in the

control (untreated) condition, and a shift to the right in the
dose–response curve for enhancement of performance by intrahip-
pocampal insulin. Further, administration of insulin at a dose
which markedly altered ECF glucose and lactate in control and
DR animals had no effect on ECF glucose or lactate in DIO animals.
Motor performance of DIO animals did not differ from that of other
groups. These data suggest that systemic insulin resistance extends
to impairment of insulin signaling within the hippocampus, consis-
tent with mRNA measurements in the temporal lobe of high-fat-
fed mice (Moroz et al., 2008); a recent study (Clegg et al., 2005)
has shown that a similar impairment of central insulin signaling
in DIO animals exists within the hypothalamus, and induction of
insulin resistance via a high-fructose diet in the hamster showed
similar findings (Mielke et al., 2005), suggesting that this may be
a more general finding with regard to insulin’s actions within the
brain. Our data are somewhat in contrast to those of Schubert
et al. (2004), who showed little or no effect of genetic deletion,
in the mouse, of neuronal insulin receptors on water maze perfor-
mance or basal brain metabolism; there are, though, many possible
explanations for these differences including species, long-term ef-
fects of genetic deletion, increased glucose availability following
water maze stress, actions of insulin on glia rather than neurons,
and so on. Conversely, our data compare intriguingly to recent data
from Stranahan and colleagues, showing that a high-fat, high-fruc-
tose diet contributes to cognitive and synaptic impairment in mid-
dle-aged rats (Stranahan, Norman et al., 2008), and suggesting that
this may in part be via effects on circulating glucocorticoids
(Stranahan, Arumugam et al., 2008); further studies will be needed
to confirm the exact mechanisms by which systemic insulin resis-
tance modulates hippocampal memory processes.

The risk factor for AD in patients with T2DM is several-fold
higher than that of age-matched non-diabetic control patients
(Leibson et al., 1997), and cognitive performance in aged humans
is directly correlated to metabolic control (Hall, Gonder-Frederick,
Chewning, Silviera, & Gold, 1989). Insulin sensitivity in humans de-
clines with age even in the absence of T2DM (Fink, Kolterman, Grif-
fin, & Olefsky, 1983), and hence reduced central insulin signaling
might play an important role in age-related cognitive decline, as
well as in cognitive deficits accompanying e.g. Alzheimer’s disease.
In keeping with this possibility, acute delivery of intranasal insulin
has been reported to partially reverse cognitive deficits in aged hu-
man patients (Reger et al., 2006; Stockhorst, de Fries, Steingruber,
& Scherbaum, 2004), and the abnormal reduction in hippocampal
glucose use seen in the hippocampus of AD patients is accompa-
nied by severe impairment to hippocampal insulin signal transduc-
tion (Frolich et al., 1998; Hoyer, 2004; Steen et al., 2005). In
addition, it appears that chronic hyperinsulinemia is directly
linked to abnormal brain amyloid accumulation (Ho et al., 2004),
a defining marker for AD. Thus, the effects of diminished hippo-
campal insulin signaling may extend beyond impaired glucose
metabolism. The present findings suggest that insulin, much like
glucose, is a mandatory component of hippocampal memory pro-
cesses, enhances cognitive performance when acutely elevated
(e.g. after a meal, an ecologically salient memory stimulus), but
is deleterious if chronically elevated. Our data strongly support
the hypothesis that central insulin resistance may be an important
contributor to the cognitive deficits associated with T2DM, age-re-
lated cognitive decline and dementia.
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