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Abstract

Intranasal insulin is a safe and effective method for ameliorating memory deficits associated with pathological brain aging. However, the impact
of different formulations and the duration of treatment on insulin’s efficacy and the cellular processes targeted by the treatment remain unclear.
Here, we tested whether intranasal insulin aspart, a short-acting insulin formulation, could alleviate memory decline associated with aging
and whether long-term treatment affected regulation of insulin receptors and other potential targets. Outcome variables included measures of
spatial learning and memory, autoradiography and immunohistochemistry of the insulin receptor, and hippocampal microarray analyses. Aged
Fischer 344 rats receiving long-term (3 months) intranasal insulin did not show significant memory enhancement on the Morris water maze
task. Autoradiography results showed that long-term treatment reduced insulin binding in the thalamus but not the hippocampus. Results
from hippocampal immunofluorescence revealed age-related decreases in insulin immunoreactivity that were partially offset by intranasal
administration. Microarray analyses highlighted numerous insulin-sensitive genes, suggesting insulin aspart was able to enter the brain and
alter hippocampal RNA expression patterns including those associated with tumor suppression. Our work provides insights into potential
mechanisms of intranasal insulin and insulin resistance, and highlights the importance of treatment duration and the brain regions targeted.
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Intranasal insulin (INI) has become a well-recognized method for ad-
dressing numerous neurodegenerative conditions. Several laboratories
have provided evidence that it is a favorable and relatively noninvasive
technique for selective delivery to the brain (1-5). Using methods de-
veloped by Frey and colleagues (Frey WH II, Method for adminis-
tering insulin to the brain; Patent 6,313,093 B1, issued November 6,
2001), INT’s potential as a therapeutic for mild cognitive impairment-
or Alzheimer’s disease (AD)-associated memory decline has been in-
vestigated in both clinical and preclinical studies. These trials have
been encouraging, citing both the safety of INIL, as well as its positive
impact on memory function (6) and components of peripheral me-
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tabolism (7,8). Early work from Craft and colleagues (9) highlighted
IND’s impact on memory, reporting that individuals with early AD or
amnestic mild cognitive impairment receiving 20 international units
(IU) of INI for 21 days retained more verbal information than con-
trols. However, the cognitive benefits of INI are not limited to only
AD or mild cognitive impairment patients. In a study of 38 healthy
male participants (aged 18-34 years), 8-week INI administration cor-
related with improved immediate and delayed word recall, attention,
and mood (6). This was corroborated by improved word-list recall in
healthy male participants following INI using the rapid-acting insulin
analogue aspart (2). Together, these studies highlight the important
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role of insulin in both declarative and spatial memory and suggest INI
may target areas associated with these processes. Potential mechan-
isms suggested to underlie these actions include alterations in glucose
metabolism (3), reductions in inflammation and glial cell activation
(3,10,11), and a rapid and reliable increase of cerebral blood flow
(12,13). This latter mechanism is particularly interesting as healthy
young participants also respond favorably to INI. However, as the
nature of clinical studies limits their ability to identify mechanistic
processes, further analyses in animal models are required.

Following clinical studies, investigations of INI in animals have
used models mimicking early-stage AD or mild cognitive impair-
ment (14). Critical work from Banks and colleagues (15) reported
transport of INI into the brain parenchyma, while relatively low, is
nevertheless effective and long lasting, as no efflux mechanisms for
the peptide appear to exist (16). These same investigators recently
reported that ligand transport did not differ between AD-like (older
senescence accelerated mouse-prone 8) or AD-predisposed (younger
senescence accelerated mouse-prone 8) mice compared to healthy
controls (17), suggesting INI is a viable method for elevating insulin
in the brain regardless of AD status or severity.

With respect to aging, Apostolatos and colleagues (18) have
shown improved spatial memory on the radial arm water maze
following 4 weeks of daily INI with human recombinant in-
sulin in aged (18-month-old) male C57Bl/6 mice. Studies of older
(16-18-month-old) female mice showed that 7-day INI prevented
anesthesia-induced reductions in spatial memory performance while
reducing tau hyperphosphorylation (19). Fadool and colleagues (20)
have provided evidence that short-term (5-day) INI human recom-
binant insulin increases novel object recognition and odor discrim-
ination in 2-month-old male C57Bl/6 mice. However, this effect
was not present when extended exposures (30-60 days) were used
in 5-month-old animals (21), suggesting that duration may affect
efficacy. We have investigated the ability of INI lispro and detemir
to offset age-related cognitive decline in the Fischer 344 (F344) rat
model of aging. In these studies, INI improved memory recall of the
platform location on the Morris water maze (MWM) test in aged
animals (22). Another study in the same animals using INI glulisine
did not improve performance, but did facilitate mechanisms that
could promote memory, including increasing cerebral blood flow
and insulin receptor (IR) signaling in aged animals (23). Overall, the
evidence appears to robustly support the hypothesis that insulin is
involved in memory processes in both humans and animal models,
and makes a strong case for INI as a clinically relevant therapy to
ameliorate age- and/or AD-associated cognitive decline. However,
the impact of insulin formulation and treatment duration on the ef-
ficacy of INIL, as well as the cellular mechanisms targeted by this
approach, remain unclear.

The premise of our work has been to address age-related reduc-
tions in insulin activity, represented by declining insulin concentrations
and IR density (24-26), with a restorative increase in brain insulin
levels using INL. As recently highlighted, the elements responsible for
brain insulin insensitivity include diminished IR signaling through
its canonical pathway (ie, insulin receptor substrate 1, glycogen syn-
thase kinase-3 beta), a reduction of the ligand in the brain, and/or
decreased insulin transport at the blood-brain barrier (reviewed in
27). As these mechanisms are likely connected, alterations in any of
these processes could lead to reduced insulin signaling or function.
Here, we present a series of experiments designed to test: (i) whether
insulin aspart, a clinically relevant formulation that has shown en-
hanced brain penetration (2,28), could alleviate cognitive decline in
F344 animals, and (ii) if repeated, daily INI across three consecutive

months could cause changes in IR expression and modify insulin’s
impact on hippocampal function. We also investigated the hypoth-
esis that downregulation of IRs in the hippocampus or elsewhere
following chronic INI is more pronounced in aged animals. The fol-
lowing outcome variables were obtained: spatial learning and memory
and reversal learning, IR autoradiography and immunohistochemistry,
and hippocampal microarray analysis. Results showed a small albeit
nonsignificant amelioration of memory performance on the MWM
reversal probe test in animals treated with INT aspart. The treatment
significantly reduced *’I-insulin binding in the thalamus, but not in
the hippocampus. Hippocampal immunofluorescence revealed a sig-
nificant age-related decrease in IRs in stratum pyramidale and oriens.
Hippocampal microarray analyses identified several pathways sensi-
tive to INL, including novel genes associated with tumor suppression,
neurogenesis, and synaptic stabilization.

Methods

Animal Models

The work strictly adhered to the regulations of our institutional
licensing committee for the care and use of animals (Institutional
Animal Care and Use Committee). 22 young (2-month-old) and
26 aged (18-month-old) male F344 rats were obtained from the
National Institute on Aging colony. One young and one aged animal
died within a week of arrival. Animals were housed in pairs except
for the two animals that lost their cage mates. Animals were tail
marked for identification, maintained on a 12-hour ON, 12-hour
OFF light schedule, and fed Teklad global 18 per cent protein ro-
dent diet ad libitum (2018; Harlan Laboratories, Madison, WI). As
expected, young animals gained weight during the duration of the
study. Aged animals neither gained nor lost weight. INI aspart did
not affect animal weights (data not shown). Experimenters were
blinded to the treatment groups and codes were revealed only after
statistical analyses were performed. All brain tissues used in this
study were harvested from non-fasted animals.

INI Delivery

Intranasal delivery of insulin aspart to the remaining 46 ani-
mals began 1 week after arrival and followed our previously pub-
lished protocol (22,23). Animals were transiently held supine in a
DecapiCone (Braintree Scientific, Braintree, MA) whereas two 5 pL
doses of either sterile saline or insulin aspart (NovoLog), given 1
minute apart, were delivered to the right naris using a P10 pipette.
INI continued for 3 months (62-64 doses per animal: 5 days a week,
once a day, for 12 weeks). Insulin aspart was made fresh weekly
and diluted from a U-100 vial (Novo Nordisk Inc., Plainsboro, NJ)
using sterile saline. We chose a concentration of 0.0715 TU/10 pL as
it mimics the approximate dosage used in numerous clinical trials.

Spatial Behavior

On the 12th week of INI, animals (aged 5 or 21 months) underwent
a spatial learning and memory test using the MWM. The testing pool
measured 190 ¢cm in diameter. A 15 cm escape platform was placed
1.5 cm below the water’s surface. Water was maintained between 25°C
and 26°C and made opaque to hide the platform using black tempura
paint. A semi-random drop location was used for each trial. Animals
were allowed 60 seconds to find the platform, after which they were
guided to its location by the investigator. A Videomex-V acquisition
and Water Maze analysis software (v4.64; Columbus Instruments,
Columbus, OH) was used to track and measure movement. Each
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animal remained on the platform for 30 seconds before returning to
a heated holding chamber for approximately 2 minutes.

On the first day of MWM, a visual acuity test was performed
with a white cup placed above the partially submerged platform
for three consecutive trials. Three animals in the aged insulin aspart
group failed to find the platform in all trials and were removed from
the behavioral analysis. After a 2-day rest, animals were subjected
to three training trials per day for 3 days (~2.5 minutes intertrial
interval). Twenty-four hours after the last training day, a probe trial
was initiated with the platform removed (up to 60 seconds of max
swim time). The following day, the platform was placed in the op-
posite quadrant and animals were trained on its new location (re-
versal learning). After 72 hours, a reversal probe trial was initiated
with the platform removed. Following behavioral testing, brains
from 20 animals were used for autoradiography measures. Brains
from the remaining 26 animals were hemisected; left tissues (hemi-
spheres) were used for IR immunohistochemistry and right tissues
(whole hippocampi) were used for microarray analyses.

We present behavioral data on path length measures and number
of platform crossings on the 24-hour memory recall (probe), as well
as time in goal quadrant in the first 30 seconds of the 72-hour re-
versal probe, from 43 animals (young saline # = 11, young aspart
n = 10, aged saline n = 13, aged aspart 7 = 9). Swim speed was
averaged from the three trials on the third training day. As previ-
ously presented (22,23) aged animals swam more slowly than young
(F(1,39) = 24.9, p < 0.0001; data not shown) and INI did not have
an impact on swim speed (F(1,39) = 0.4, p > 0.05).

25]-Insulin Receptor Autoradiography

Whole brains, including olfactory bulbs, were extracted from ran-
domly selected animals (7 = § per group) following anesthesia (5
per cent isoflurane). Brains were placed on finely crushed dry ice,
covered by the ice, and submerged in chilled 2-methylbutane.
Tissues (16 pm sections) were mounted on slides and prepared for
25T-insulin receptor autoradiography using the assay described by
Kar and colleagues (29). Briefly, slides were incubated for 18 hours in
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer
(pH 8.0) containing 0.5 per cent bovine serum albumin, 0.025 per
cent bacitracin, 0.0125 per cent N-ethylmaleimide and 100 kIU
aprotinin (Sigma-Aldrich, Saint Louis, MO), and 25 pM »I-insulin
(2,000 Ci/mmol; PerkinElmer, Waltham, MA) at 4°C, then washed
twice (5 minutes each, 4°C) with 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (pH 8.0). Slides were then
washed once with a 10-fold dilution wash buffer and again with
deionized water (10 seconds each, 4°C), air dried, and stored in a
vacuum-sealed desiccator. The next day, slides were incubated on
tritium-sensitive film (Amersham Hyperfilm MP; GE Healthcare,
Chicago, IL) and stored in x-ray cassettes for 2 months. Films were
then processed in a Kodak D-19 Developer for 5 minutes, run
through a 30 seconds indicator stop bath, and exposed to Kodak
rapid fixer for 5 minutes. Images were captured using a Northern
Lights desktop illuminator (Model B95; Imaging Research, Ontario,
Canada) and a Sony XC-77 CCD camera via Scion LG-3 frame
grabber. Image] v1.59 (National Institutes of Health, Bethesda,
MD) was used for quantitative image analysis. Data are reported as
uncalibrated optical density (7 = 17-18 animals). Two animals from
the aged insulin aspart group were removed from analysis: one for
poor tissue quality, one for failing the visual acuity test. For binding
measures in the olfactory bulb (internal plexiform layer), data from
one aged saline animal was removed due to poor tissue quality.

Immunohistochemistry

The immunohistochemistry groups were split as follows: young sa-
line 7 = 6, young aspart # = 5, aged saline n = 8, aged aspart n = 7.
Animals were anesthetized with Fatal-Plus (390 mg/mL pentobar-
bital) and perfused with oxygenated saline (~10 minutes), after
which brains were harvested and hemisected. The left hemisphere
was placed in 4 per cent paraformaldehyde for 48 hours, then trans-
ferred to 30 per cent sucrose for approximately 24 hours. Tissues
were placed in an antifreeze solution at 20°C until sectioning. Tissue
slices were cut on a cryostat (35 pm) and probed for insulin receptor
alpha subunit using a standard immunohistochemistry protocol
(1° antibody: Abcam 5500, 1:200; fluorescein isothiocyanate-
conjugated 2° antibody: Abcam 150077, 1:200; Abcam, Cambridge,
MA). Slices were placed on subbed glass slides, covered with
4’,6-diamidino-2-phenylindole  (DAPI)-supplemented mounting
medium (P36966; Invitrogen, Carlsbad, CA), and cover slipped.
A Nikon fluorescent microscope using a spectral analysis camera
and Nuance software (Nuance Communications, Burlington, MA)
together with Image] was used to quantify percent area of a region
of interest in the CA1 cell body region. Images were thresholded to
identify individual cell bodies. Percent area positively labeled was
determined from the particle size algorithm. Percent areas are re-
ported in hippocampal subsections (strata pyramidale, radiatum,
and oriens) obtained from four to eight animals per group. The same
size region of interest was used for each subsection across slices.
To control for cell density across age and hippocampal subfields,
data were normalized to the immunopositive area for DAPI signal
in each section. Data presented are derived from the average of two
independent scorers.

Hippocampal RNA Extraction and Microarray

Right hippocampi from 26 animals (young saline 7 = 6, young aspart
n = 5, aged saline n = 8, aged aspart n = 7) were isolated over ice
and placed in a -80°C freezer until processed for RNA extraction.
To extract RNA, hippocampi were thawed on ice and homogenized
in RiboZol Extraction Reagent (97064-948; VWR, Radnor, PA).
RNA was precipitated with chloroform and isopropanol, then resus-
pended in a 75 per cent ethanol solution. Following extraction, RNA
integrity numbers were obtained for each sample using standard
protocols (University of Kentucky Genomics Core, Lexington, KY).
Mean values for each group were as follows: young saline = 7.32 =
0.14, young aspart = 7.34 = 0.15, aged saline = 7.33 = 0.12, aged
aspart = 7.29 = 0.13. No significant difference in integrity num-
bers was noted between the groups (two-way analysis of variance
[ANOVA]; p > 0.5). Samples were stored in a -80°C freezer until
thawed for microarray analysis (Affymetrix rat Clariom S Assay;
Thermo Fisher Scientific, Waltham, MA). Gene signal intensities
were calculated using the Robust Multiarray Average algorithm at
the transcript level and data were associated with vendor-provided
annotation information.

Statistical Analysis

Spatial memory results are based on a total of 43 animals.
Statistical outliers (>2 SDs from the mean) were excluded from
analysis. Immunofluorescent data were filtered using an interquar-
tile range approach. Drug and aging effects on endpoint measures
were determined using two-way ANOVAs with Bonferroni post
hoc tests. Significance for all comparisons was set at p < 0.05,
except for microarray data, where a significance level of p < 0.03
was chosen.
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Results

Spatial Learning and Memory

Young and aged animals were able to learn the spatial task and es-
cape onto the platform with decreasing path lengths across the 3 days
of training (young F(2,38) = 11.3, p = 0.0001; aged F(2,40) = 17.5,
p < 0.0001; Figure 1A). INI did not alter learning rates in either age
group (p > 0.05). These results align with our prior work showing
that aged animals are capable of learning the task (22,23,30). Insulin
aspart, much like detemir, lispro, or glulisine (22,23), does not show
a measurable influence on the learning component of the task. The
memory component was investigated with a 24-hour probe and
72-hour reversal probe following learning for a new platform loca-
tion. Path length to goal during the 24-hour probe revealed significant
memory effects from aging (F(1,39) = 12.5,p = 0.0011), but not from
INI (p > 0.05, Figure 1B). Similarly, the number of exact platform
crossings highlighted a significant aging difference (F(1,39) = 16.3,
p =0.0002) without an observed INI difference (p > 0.05, Figure 1C).
We then trained the animals on a new platform location and waited
72 hours before probing again. As expected, analysis of this more
demanding task revealed significant aging differences on time in goal
quadrant during the first 30 seconds of the probe trial (F(1,39) = 7.9,
p = 0.0076; Figure 1D), but also provided some evidence for a
nonsignificant amelioration in memory performance (p = 0.14) in
INI-treated animals. Although the effect did not reach significance,
aged animals showed an approximately 30 per cent increase in time
spent in the correct quadrant whereas young animals showed no such
change. This is likely the reason for a lack of a main effect of INI
on ANOVA testing. These results do not appear to depend on swim
speed (F(1,39) = 0.4, p > 0.05, see Methods section).

Overall, this INI regimen does not appear to have a greater im-
pact on learning and memory performance in aged animals com-
pared to shorter exposures previously used (22,23). Although this
could suggest that longer exposures are less protective, it could also
reflect a short-lived impact of INI that may have been missed using
the current protocol. Given that chronic peripheral hyperinsulinemia
or insulin resistance can reduce insulin transport into the central
nervous system (31-33), we next tested whether 3-month INI could
alter central nervous system IR expression similar to that seen at the
blood-brain barrier (reviewed in 34) or in the periphery.

Quantitative Autoradiography

We harvested brains from randomly selected animals (7 = 5 per
group) to characterize IR binding using autoradiography (Figure
2). Although no significant differences with age or insulin treat-
ment were found in field CA1 of the hippocampus (p > 0.05, Figure
2B), a nonsignificant aging effect was noted in the dorsal blade
of the dentate gyrus (F(1,14) = 3.1, p = 0.10; Figure 2C). Binding
of I-insulin in the thalamus (ventral posteromedial and ven-
tral posterolateral thalamic nuclei) decreased significantly with
long-term INI (F(1,14) = 4.7, p = 0.047; Figure 2D), but no aging
effects were observed. A significant main effect of age, evidenced
by greater binding in the outer plexiform layer (F(1,13) = 7.9,
p = 0.014; Figure 2E) together with a significant interaction term
in response to INI (F(1,13) = 5.7, p = 0.032; Figure 2E), was noted
in the olfactory bulb. These results are somewhat surprising given
previous work highlighting decreased cortical IR numbers (26) and
overall IR mRNA levels with age (35), but are well aligned with
several studies that did not find significant reductions in IR binding,
except in the olfactory bulb of the aged rat (25,36).
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Figure 1. Spatial learning and memory. (A) Path length to goal measures
from 43 animals (young saline n = 11, young aspart n = 10, aged saline
n = 13, aged aspart n = 9) across 3 days of training showed improved
learning over time, though no distinct drug effect was noted. (B) Memory
recall on the probe task (24 h) shows young animals (n = 21) identifying
the platform location more readily than aged animals (n = 22). (C) During
the full 60 s probe task, young animals crossed the exact platform location
more often. (D) The 72-h reversal probe showed that the young animals
spent significantly more time in the new goal quadrant compared to the
aged. Data represent means + SEM. Asterisks (*) indicate significance at
p < 0.05.
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Figure 2. "?|-Insulin receptor binding. (A) Representative images of '?l-insulin
receptor binding on a young and aged control brain section. (B) No significant
differences with age or insulin treatment were found in field CA1 of the
hippocampus (n = 5 per group). (C) Although greater binding of insulin to
the dorsal blade of the dentate gyrus was seen with age, this increase was
not significant (p = 0.10). (D) Binding in the thalamus decreased significantly
with long-term INI. (E) Binding in the internal plexiform layer of the olfactory
bulb increased significantly with age. A significant interaction term was also
noted, with intranasal insulin (INI) decreasing '®l-insulin binding in young
while increasing it in aged. Data represent means + SEM. Asterisks (¥*) indicate
significance at p < 0.05.

Immunohistochemistry

Aligned with prior work showing decreases in IR mRNA with aging
(35), we show a significant reduction in immunolabeled area for
IR in field CA1 of the hippocampus in aged animals compared to
young (Figure 3). DAPI signal (percentage of area covered) did not
change with age or treatment (Supplementary Figure 1). Although
no significant effects of INI were noted, a significant age-dependent
reduction in fluorescein isothiocyanate /DAPI was seen in stratum
oriens (F(1,18) = 4.5, p = 0.047; Figure 3B) and stratum pyramidale
(F(1,19) = 6.4, p = 0.021; Figure 3D). No significant difference was
noted in stratum radiatum (Figure 3C). Similar quantification in the
dorsal blade of the dentate gyrus did not show a significant main ef-
fect of age or INI (p > 0.05; Supplementary Figure 2).

Microarray Analyses

Microarray data are presented in Figure 4. Of the initial 11,160 fil-
tered genes, significant main effects of age, insulin, and the inter-
action term identified 1541 genes (two-way ANOVA). We chose a
significance level of 0.03 (false discovery rate = 0.16) based on the
p value frequency distribution which indicated a large increase in
significant genes below that value. As shown in Figure 4A, a greater
number of genes were modified by aging (~1100) than by INT (~400).

Transcriptional targets of age and insulin are presented in
Supplementary Table 1 (GO Accession # GSE130098). A large
proportion of genes upregulated by age in the hippocampus com-
bined into functional annotation clusters using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) hier-
archical clustering analysis, including those involved in neutrophil
activation, myelination, inflammation, and cell migration. We valid-
ated these changes by testing for alignment with eight transcriptional
profiles of aging published in prior work ((37-39), reviewed in 40).
As seen in Figure 4C, aging-significant genes identified here showed
a strong correlation with those highlighted by prior profiles (192
genes; p = 1.09E-46; R? = 0.661). The heatmap representation of the
top 10 genes changed with aging or with insulin is shown in Figure
4D. Genes at the intersection of both main effects (age- and insulin-
sensitive) are displayed graphically as a function of log2 fold change
(Figure 4E). The nearly 140 genes representing the interaction term
of the two-way ANOVA are presented in Figure 4F.

A DAVID heuristic categorization analysis of nonredundant
genes upregulated by INI in the hippocampus identified main bio-
logical processes that included anti-inflammation (Synj2bp), synaptic
stabilization (Pak1, Stx1a), and tumor suppression/antiproliferative
function (Cdh11) genes. RNA signatures downregulated by INI
were associated with cancer development (Erbb2, Myt1) and glial
and neuronal growth (A#l1, Fgf9, Numb, Acap2), perhaps pro-
viding a path for stabilizing established synaptic connections.
Alternatively, the strong presence of Erbb2 in astrocytes and Myt1
in oligodendrocytic precursor cells (41) suggest nonneuronal cell
types may also be targets of INIL. Analysis of genes that responded
to aging and insulin in opposite directions, and are therefore likely
reparative, corresponded to reduced inflammation, DNA repair,
cell growth, and translation stability processes (Figure 4E). Genes
increased with age and decreased by INI included two helicases
(Chd1, Ddx24), a ligase (Xrcc4), and a programed cell death gene
(Dnmll). Those decreased by age and increased by insulin included
anti-inflammatory (Igfbp5), cellular repair (Nrep, H3f3c¢), vascular
function (Nrep), tumor suppression (Nrbp1, Wbp1), and neuronal
growth (Tubalb, Nrbp1) genes. Surprisingly, very few, if any, genes
targeted by chronic INI fell within the canonical insulin signaling
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pathway. It is also interesting that INT altered gene expression simi-
larly in both young and aged animals ((35) and (39) genes, respect-
ively), suggesting that the aged hippocampus may remain sensitive to
insulin provided the ligand is present. Overall, the profiling analysis
presented here reveals that INI likely entered the hippocampus and
significantly altered expression of important genes associated with
tumor suppression, neurogenesis, and synaptic stabilization.

Discussion

This study was undertaken to determine whether INI using a higher-
penetrance insulin analogue could prevent aspects of brain aging.
Aspart provided an observable, albeit small and nonsignificant, be-
havioral enhancement during a particularly challenging memory
task in the aged animals. A significant reduction in IR autoradiog-
raphy was seen in the thalamus in response to INI, but not in the
hippocampus, although a modest increase in hippocampal IR im-
munofluorescence in stratum pyramidale was noted (nonsignificant).
Compared to a prior study from our group using fewer insulin ex-
posures (~10), but conducted in young and aged F344 rats with

similar doses and INI techniques (22), this much longer study (~63
exposures) did not provide greater improvement on memory recall
of spatial information in the aged animals. Importantly, however, we
detected significant changes in gene signatures in the hippocampus
of INI-treated animals including those associated with tumor sup-
pression, synaptic stabilization, and anti-inflammation pathways, all
of which are considered potential therapeutic targets for the amelior-
ation of cognitive decline associated with aging and/or AD.

Why Insulin Aspart?

The fast-acting insulin analogue aspart includes molecular modifica-
tions that increase absorption rates and peak plasma concentrations
to almost twice that of human insulin (reviewed in 42). Despite these
pharmacokinetic differences, profiles of IR affinity, dissociation and
tyrosine kinase activation rates, insulin-like growth factor 1 binding,
metabolic potency, and ligand degradation rates are comparable
between insulin aspart and human insulin (42,43). In the context
of INI, insulin aspart’s inability to form hexamers may increase
its absorption in the brain. In fact, recent work indicated insulin
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aspart was absorbed more rapidly than longer-acting formulations
following nasal delivery in rats (28). In addition, INT aspart signifi-
cantly improved word-list recall in healthy male participants (aged
18-35 years) compared to human insulin (2).

It is reasonable to assume that increasing the availability and ab-
sorption rate of insulin could enhance delivery to the brain. Although
no statistical comparisons between our prior studies (22,23) and the
current results were performed, insulin aspart does not appear su-
perior at offsetting memory decline in aged animals compared to
insulin detemir (longer-acting) or lispro (rapid-acting) (22). Given
similar receptor affinities of the different insulin formulations, and
assuming equivalent distribution in the brain, it is possible that the
inconsistencies in memory performance in aged INI animals were
due to different exposure frequencies. The greater number of expos-
ures (~63 doses, one per day) did not yield larger improvements in
memory recall compared to the fewer exposures (~10 doses) used
in earlier studies (22). Interestingly, we previously reported that re-
peated doses of insulin glulisine (~18, one per day), another rapid-
acting insulin, also did not improve memory recall in aged animals,
although it did increase hippocampal IR signaling and cerebral
blood flow (23).

Others investigating long-term (30-60 days), repeated dosing of
INT in C57BL6/] mice showed that longer exposures are not as bene-
ficial on olfactory or object recognition memory compared to acute
(21). The authors speculated that longer exposures likely initiate a
state of brain insulin resistance whereby continued IR signaling is
not maintained. Indeed, current evidence indicates variability in re-
sults across laboratories and conditions may be due to the length of
exposure (21), as long-term INI could potentially upregulate insulin
degradation and cause a pharmacokinetic tolerance in the brain.
Whether a larger number of insulin exposures (>10) weakens its im-
pact or if the formulation used is responsible for this inconsistency
remains to be determined. Regardless, the evidence of region-specific
downregulation of IR presented here suggests that insulin resistance
and/or decreases in signaling may not be a generalizable condition.

Difference Between '®I-Insulin Receptor
Autoradiography and Immunofluorescence Results
Prior reports on IR binding in the brain of rodents indicated higher
receptor density in the olfactory bulb and choroid plexus compared
to other structures (25,44). In addition, a reduction in IR binding has
been noted in the olfactory bulb in studies of aging (25,36), whereas
others have shown reduced binding in the cortices of elderly non-
demented participants (>65-years-old) compared to younger adults
(24). Contrary to these studies, we do not show reduced IR binding
with age in the internal plexiform layer of the olfactory bulb, and
instead report greater binding in this area (Figure 2E). Given that
insulin levels in the olfactory bulb fluctuate with feeding state (45),
it is possible this might have influenced IR autoradiography. It is
also interesting to speculate that the exposure to an enriched envir-
onment (eg, MWM and repeated daily handling) in this study might
have increased IR mRNA levels, thereby offsetting the impact of
aging on IR density.

As hypothesized, we show that chronic INI exposure does de-
crease binding, albeit only in the ventral posteromedial and ventral
posterolateral thalamic nuclei of the thalamus. Given prior evi-
dence that hippocampal-anterior thalamic pathways between the
hippocampal formation and the thalamus contribute to episodic
memory function (46), our results may reflect a potential mechanism
by which INI alters thalamic IR density and possibly regulates learning

and memory processes. Further, a significant interaction term (two-
way ANOVA) showing an increase in aged and a decrease in young
animals following INI was noted in the internal layer of the olfactory
bulb. It appears distinct brain regions may respond differently to this
particular dosing regimen, as areas associated with spatial memory
processes (ie, the hippocampus) were less affected than others. With
respect to aging, our results align well with a prior study showing
no difference in insulin binding in the cortex or hippocampal forma-
tion (25). Further, data presented here should not reflect insulin-like
growth factor 1 receptor binding, as an insulin dose well below the
binding affinity for insulin-like growth factor 1 receptor (47) was
used. Thus, our results are novel and given the paucity of binding
studies in normal aging, continual investigations of insulin binding in
aging and/or AD appear warranted.

In addition, the strong hippocampal immunofluorescence for the
insulin receptor alpha subunit not only reflects the presence of IRs in
neurons, but also shows substantial expression in stratum radiatum
astrocytes and what are likely oligodendrocytes near the heavily
myelinated fimbria above stratum oriens (Figure 3). Although sur-
prising given evidence of stronger immunopositivity in primary
neurons compared to other hippocampal cell types (48), this result
was corroborated using another insulin receptor alpha subunit anti-
body from a different company (data not shown), suggesting that
IRs in oligodendrocytes are perhaps relevant to observations of
neuropathy in DM. Immunofluorescence in the primary neuronal
cell layer was mostly somatic, as no dendritic elements appeared to
be immunoresponsive. This was unexpected given previous evidence
of synapse-centric insulin effects on hippocampal neurons (reviewed
in 49).

Overall, the results from hippocampal IR immunofluorescence
do not align well with those from autoradiography. We show a
reduction in immunopositive area in stratum oriens and stratum
pyramidale with age that is not reflected in measures of *I-insulin
binding. This is surprising as both approaches report on plasma
membrane proteins and should represent functional IRs. Our im-
munofluorescence protocol did require the use of a mild detergent
during washing; thus, it is possible that the quantification reported
here includes intracellularly labeled nascent proteins. Further, the
area quantified for autoradiography encompassed most of the
hippocampus while more defined strata were quantified in the im-
munofluorescence assays, which could have influenced our results.
Nevertheless, these results still clearly emphasize the complexity and
dynamic aspect of insulin’s actions in the brain.

Analysis of Hippocampal Genes Altered by Aging

and INI

For the first time, our studies provide a comprehensive analysis
of the hippocampal transcriptome in aging that is sensitive to INI
aspart. These gene targets appear to be involved with processes other
than those strictly aligned with learning and memory. A number
of the genes identified, particularly those modified by aging, are
similar to genes characterized in prior studies, including those as-
sociated with myelination, inflammation, and cell migration. With
respect to genes upregulated by INI, many were also previously rec-
ognized in studies of cardiac and brain health, and are primarily
involved in anti-inflammatory (reviewed in 50) and synaptic stabil-
ization processes (reviewed in 49). Our results offer new evidence
that insulin in the brain may have antiproliferative properties and
could potentially act as a tumor suppressor. In fact, hippocampal
RNA signatures downregulated by INI included Erbb2, one of the
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most well-documented cancer-related genes (51). Perhaps of greater
interest were genes that responded to INI in the opposite direction
from aging and are likely beneficial. Again, these centered on pro-
cesses associated with reductions in inflammation, DNA and cellular
repair, and tumor suppression.

Insulin-mediated processes are thought to be reduced in both
healthy and pathological aging and are often considered reflective of
brain insulin resistance. However, we show that the number of genes
altered by INI in the young and the aged brain are nearly identical.
Given consistent evidence of maintained insulin sensitivity with age
from our group, this is perhaps not surprising. Together, these results
suggest that aging may not affect insulin sensitivity as much as pre-
viously thought (27).

Conclusion

With the expected increase in life expectancy, the resultant growth of
the aged population will increase; therefore, it is important to con-
sider novel therapies and perhaps earlier interventions for successful
brain aging. We report that long-term INI aspart was well-tolerated
and present evidence of mild improvements in memory recall in aged
animals following repeated daily dosing. We also demonstrate the
feasibility of using INI to offset changes associated with brain aging
and provide new insights into potential mechanisms and physio-
logical components that may contribute to its therapeutic efficacy.
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