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Neurobiology of Disease

Awake Intranasal Insulin Delivery Modifies Protein
Complexes and Alters Memory, Anxiety, and Olfactory
Behaviors
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The role of insulin pathways in olfaction is of significant interest with the widespread pathology of diabetes mellitus and its associated
metabolic and neuronal comorbidities. The insulin receptor (IR) kinase is expressed at high levels in the olfactory bulb, in which it
suppresses adominant Shakerion channel (Kv1.3) via tyrosine phosphorylation of critical N- and C-terminal residues. We optimizeda7 d
intranasal insulin delivery (IND) in awake mice to ascertain the biochemical and behavioral effects of insulin to this brain region, given
that nasal sprays for insulin have been marketed notwithstanding our knowledge of the role of Kv1.3 in olfaction, metabolism, and axon
targeting. IND evoked robust phosphorylation of Kv1.3, as well as increased channel protein—protein interactions with IR and postsyn-
aptic density 95. IND-treated mice had an increased short- and long-term object memory recognition, increased anxiolytic behavior, and
an increased odor discrimination using an odor habituation protocol but only moderate change in odor threshold using a two-choice
paradigm. Unlike Kv1.3 gene-targeted deletion that alters metabolism, adiposity, and axonal targeting to defined olfactory glomeruli,
suppression of Kv1.3 via IND had no effect on body weight nor the size and number of M72 glomeruli or the route of its sensory axon
projections. There was no evidence of altered expression of sensory neurons in the epithelium. In mice made prediabetic via diet-induced
obesity, IND was no longer effective in increasing long-term object memory recognition nor increasing anxiolytic behavior, suggesting

state dependency or a degree of insulin resistance related to these behaviors.

Introduction

With the ever rising incidence of diabetes mellitus, obesity-
induced diabetes, and other diabetes variants, it is of critical im-
portance to understand the role of insulin in the CNS. Most
glucose transport into the CNS is not dependent on insulin, and
the poor correlation of insulin receptor location and neuron en-
ergy utilization suggest that insulin has different regulatory roles
in the brain over that of the periphery (Briining et al., 2000;
Hallschmid et al., 2004). Insulin in the brain acts as a neuro-
modulator by affecting synaptic plasticity and neurotransmitter
release (for review, see Plum et al., 2005), enhances working
memory, promotes neuronal survival, and regulates reproduc-
tion via the hypothalamic—pituitary axis (Briining et al., 2000). In
the olfactory bulb, insulin phosphorylates a predominant
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voltage-dependent potassium channel (Kv1.3) to suppress cur-
rent by modifying channel mean open probability (Fadool and
Levitan, 1998; Fadool et al., 2000) and activation of insulin recep-
tor (IR) kinase blocks protein—protein interactions to modulate
cell signaling with expressed adaptor proteins such as postsynap-
tic density 95 (PSD-95) (Marks and Fadool, 2007). Fasted mice
have elevated levels of insulin in the olfactory bulb (OB), but
whether insulin is locally synthesized in the brain or in other
olfactory structures (Banks, 2004; Lacroix et al., 2008; Savinger et
al., 2009) is not fully understood.

A majority of charged or large therapeutic agents are inhibited
from entering the brain because of the blood—brain barrier. De-
velopment of neurotrophin and insulin intranasal delivery (IND)
has emerged as a potential therapeutic route to reduce stroke,
memory degeneration, and brain tumor development associated
with neuro-AIDS, Alzheimer’s, or diabetes (Kern et al., 1999;
Benedict et al., 2004; Gonzalez et al., 2006; Hanson and Frey,
2007; Reagan, 2007; Reger et al., 2008). IND allows rapid delivery
from the nose to the CNS via an extracellular route, which does
not require that the hormone selectively bind or undergo axonal
transport (Dhanda et al., 2005; Hanson and Frey, 2007). Al-
though the safety and efficacy of IND insulin was studied in terms
of nasal irritation (for review, see Khafagy et al., 2007), it is sur-
prising that less clinical attention was focused on modulation of
brain function such as regulation of food intake, memory, me-
tabolism, or synaptic plasticity (for review, see Stockhorst et al.,
2004; McNay, 2007). In particular, there are gaps in our knowl-
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edge of how insulin IND might affect ion channel function/asso-
ciations or whole animal behavior in relation to olfaction despite
the fact that IR kinase expression and insulin binding affinity is
the greatest in this brain region over all other areas of the CNS
(Hill et al., 1986). Intranasally delivered molecules show highest
concentrations in the OB, providing a means to directly deliver
insulin to all OB lamina (Thorne et al., 2004). The OB represents
a simple, well laminated structure for which there is a wealth of
functional and optical recording data of defined neural activity in
response to sensory input (for review, see Shepherd, 2006). Sev-
eral known targets of IR are expressed in all lamina of the OB,
making it an advantageous region to study the effects of insulin
modulation in situ. Moreover, the OB has the highest rate of
blood-borne insulin uptake of all brain regions (Banks et al.,
1999), suggesting it may be an important sensor of changes in
metabolic and hormonal state (Apelbaum and Chaput, 2003;
Aimé et al., 2007; Julliard et al., 2007). There are well designed
behavioral paradigms to test olfactory function (for review, see
Stevenson and Wilson, 2007; Wilson and Linster, 2008), allowing
insulin-evoked physiological or biochemical changes to be stud-
ied in tandem with behavior. As a consequence, we developed a
7 d insulin IND paradigm in awake mice to investigate anatomi-
cal, biochemical, and behavioral changes correlated to hormone
delivery to a CNS location of highest IR expression. We demon-
strate that insulin IND does not damage the olfactory epithelium,
alter glomerular projection, or decrease olfactory sensory neuron
(OSN) numbers. Insulin evokes phosphorylation of Kv1.3 ion
channel in situ, and modifies native channel protein—protein in-
teractions. Behaviorally, insulin enhances short- and long-term
object memory recognition, increases odorant discrimination af-
ter habituation, evokes anxiolytic behavior, and does not primar-
ily affect odorant threshold.

Materials and Methods

Animals. C57BL/6 mice were housed at the Florida State University
(FSU) vivarium on a 12 h light/dark photoperiod. Mice were individually
housed after weaning at postnatal day 21 (P21) and used for experiments
ranging from P41 to P60. Food and water were provided ad libitum in
conventional style cages. A separate group of male C57BL/6 mice were
similarly maintained but were placed on either a control chow diet (Pu-
rina 5001) or a moderately high fat diet (MHF) (Purina D12266B; 31.8%
fat) starting at 3 months through 15 months as purchased from Research
Diets. These mice were weighed weekly and used for experiments after 12
months of MHF dietary regimen.

Solutions and antisera. Human recombinant insulin was purchased from
Roche and was used for intranasal delivery at a working concentration of 5
g/ ul, and for stimulation for biochemical analyses at a concentration of 10
ug/ul. «AU13, a rabbit polyclonal antiserum, was generated against a 46 aa
sequence, 478 MVIEEGGMNHSAFPQTPFKTGNSTATCTTNNNPND-
CVNIKKIFTDV 523, representing the unique coding region of Kv1.3 be-
tween the C terminus and transmembrane domain 6 as initially character-
ized (Tucker and Fadool, 2002). This antibody was used for immunoprecipi-
tation (IP) (3-5 ug/1 ml lysate) and Western blotting (1:1000). Olfactory
marker protein (OMP) antiserum was purchased from Wako (catalog #544-
10001) and used at 1:1000 for immunocytochemistry. Anti-olfactory GTP-
binding protein (G,) (1:500) was a generous gift from Dr. Albert Farbman
(Northwestern University, Evanston, IL), who generated the antiserum
by using the same antigen as Reed’s antiserum (CY coupled to
KTAEDQGVDEKERREA, near the N terminus of rat G;) (Jones and Reed,
1989). Polyclonal antisera directed against the 3 subunit of the human IR
(IRg; catalog #MAB1139) was purchased from Millipore and has been pre-
viously characterized for cross-reactivity for cloned IR expressed in heterol-
ogous expression systems (Fadool and Levitan, 1998; Marks and Fadool,
2007) and native rodent OB tissue at 1:1000 (Fadool et al., 2000; Marks and
Fadool, 2007). Anti-phosphotyrosine (4G10) (catalog #05-1050) was pur-
chased from Millipore and has been well characterized for detection of Kv1.3
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phosphorylation at 1:1000 (Colley et al., 2004, 2007; Fadool et al., 2004;
Marks and Fadool, 2007). Insulin antisera (catalog #sc-9168) was purchased
from Santa Cruz Biotechnology and was used for peroxidase-based immu-
nolabeling at 1:200. Monoclonal B-actin (catalog #A2228) antisera was pur-
chased from Sigma-Aldrich and used at 1:800 for Western blots as a second-
ary control for equivalent protein expression. Kv1.3 (catalog #AB5178a),
PSD-95 (catalog #MAB1596), and Pan Homer (catalog #AB5875) antisera
were purchased from Millipore, and used at 1:200, 1:500, and 1:1000,
respectively.

The three buffers (A-C) used to visualize B-galactosidase reaction
product contained the following: buffer A, 0.1 M phosphate buffer, 2 mm
MgCl,, and 5 mm EGTA; buffer B, 0.1 M phosphate buffer, 2 mm MgCl,,
0.01% sodium deoxycholate, and 0.02% Nonidet P40; buffer C, buffer B
with 5 mm potassium ferricyanide, 5 mMm potassium ferrocyanide, and
600 pg/ml X-gal. X-gal was purchased from Research Products Interna-
tional. All other solutions for cell lysis, homogenization, immunocyto-
chemistry, and protein biochemistry were used as described fully previ-
ously (Fadool et al., 2000; Cook and Fadool, 2002; Biju et al., 2008).

Intranasal insulin delivery and tissue processing. There are two major
routes for noninvasive insulin delivery: pulmonary (inhaled) and intra-
nasal (IND). In pulmonary routes of administration, insulin is absorbed
into the pulmonary vasculature to affect systemic glucose levels (Hol-
lander, 2007). In IND routes of administration, insulin can be paired
with a carrier to enhance nasal absorption into the vasculature of the
main olfactory epithelium (MOE) to affect systemic glucose levels or
insulin can be unpaired and delivered either as an aerosol or liquid to
gain entry into the CNS via extracellular spaces in the cribriform plate. In
IND routes of administration (unpaired), aerosolized insulin in humans
(Hallschmid et al., 2008) and insulin solutions in animal models has
proven to use an identical route to deliver the hormone into rostral brain
structures without reaching the blood serum that would elicit systemic
side effects. We modified IND delivery in mice that was originally piloted
for Sprague Dawley rats by Thorne et al. (2004). In this, and subsequent
experiments using animals, animal protocols were conducted per Florida
State University Laboratory Animal Resources and American Veterinary
Medical Association (AVMA)-approved methods. For anesthetized de-
livery, P45-P55 C57BL/6 mice were anesthetized with 60 mg/kg sodium
pentobarbitol diluted in saline (full dose). Up to two maintenance half-
doses were given as needed. A meniscus of insulin containing solution
was formed using a standard P10 pipette tip and presented to the naris of
the anesthetized mouse while in a supine position with airway passages
supported open using a gauze roll under the neck. Two microliter drops
of 3 ug/ulinsulin or PBS vehicle were inhaled into alternating nares every
2 min for 30 min total. Ten minutes after the last intranasal dose, mice
were killed via an overdose of sodium pentobarbitol and decapitated.
Olfactory bulbs were dissected out, homogenized, and subjected to im-
munoprecipitation as described above.

For awake intranasal insulin delivery, P41-P51 mice were weighed and
given an identifying mark (hair shaving) before the first treatment. For
delivery, mice were hand-restrained, placed in a supine position, and
given three 10 ul drops of 5 ug/ul insulin, PBS, or 5 ug/ul insulin heated
at 95°C for 15 min (boiled) into both nares simultaneously. A meniscus
of solution was similarly formed and presented for inhalation by the
awake mouse as was described above for the anesthetized condition.
Mice were given an extra 10 ul treatment drop if the subject forcibly
ejected or sneezed out solution. Mice were held supine for 5-10 s after
delivery to ensure all fluid was inhaled. Because of the viscous nature of 5
pg/ul insulin solution, it was impossible to deliver the meniscus to a
single naris effectively; hence all awake treatments were administered to
both nares. It was previously shown that intranasally delivered insulin-
like growth factor reaches the OB with an efficiency of 0.11% (Thorne et
al., 2004). Based on those calculations and the equivalent molecular
weight of insulin, it is estimated that 9 nM insulin is the effective dose of
insulin reaching the OB. This treatment was repeated for ~30 min, or
until all mice had received 90 total ul of solution. This protocol was
repeated twice daily at 7:00 A.M. and 7:00 P.M. for 5 d. On days 6 and 7,
mice continued their insulin treatment regimen and were subjected to
behavioral testing ~3 h after their morning dose. On the evening of day
7, mice were given their last treatment at 7:00 P.M. and killed 3 h later to
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ensure that biochemical analyses were performed using the same pre-
treatment increment as the behavior tests. Mice were killed via CO,
inhalation followed by decapitation. The olfactory bulbs were dissected
out and prepared for immunohistochemistry or immunoprecipitation.
The remainder of the nose was immersion fixed in 4% paraformaldehyde
for 24 h, and then placed in a vacuum chamber for 2 h to ensure complete
fixation inside the nares. Noses were decalcified in 0.5 M EDTA for 3—4d,
and then cryoprotected in a series of 10, 20, 30% sucrose PBS. Approxi-
mately 4 ml of embedding medium was added and the tissue was placed
in a vacuum chamber for 2 h. Tissue was frozen, and 16—20 wm coronal
sections were cut on a cryostat and stored at —20°C for later use.

Peripheral blood glucose concentration was determined for animals
receiving awake intranasal delivery by sampling tail blood acquired at
time 0, 5, 30, 60, and 90 min after IND treatment and monitoring glucose
levels with a glucose meter (Ascensia Contour; Bayer Healthcare LLC).
Quantified trunk blood was determined to have consistently lower blood
glucose concentration than that of tail sampling (~40 mg/dl); therefore,
most measurements were uniformly taken from the tail to acquire a
paired or repeated blood sampling. It was not possible to sample enough
blood from a tail for ELISA; therefore, isolated serum from trunk bleeds
had to be used on harvest to determine blood insulin concentrations.
Blood insulin concentration after chronic IND was determined via
ELISA technique per manufacturer’s specifications (Ultrasensitive
Mouse Insulin kit #10-1150-01; Mercodia).

Protein chemistry. Harvested OBs were homogenized in ice-cold lysis
buffer including protease and phosphatase inhibitors as described previ-
ously (Fadool et al., 2000). Since OBs were harvested from single animals
and not pooled, homogenates were rotated at 4°C for 4—6 h to increase
protein extraction. The lysates were then clarified by centrifugation at
14,000 X g for 30 min at 4°C, and precleared for 2 h with 3 mg/ml protein
A-Sepharose (GE Healthcare). The protein of interest was immunopre-
cipitated from the cleared lysates by incubation overnight with 5 pg/ml
specific antibody at 4°C. The immunoprecipitates were then washed four
times with wash buffer, and proteins were separated on 10% acrylamide
gels by SDS-PAGE, followed by electrotransfer to nitrocellulose mem-
branes. The nitrocellulose membranes were blocked with 5% nonfat milk
or 2% bovine serum albumin (TBST-Block; Sigma-Aldrich) and incu-
bated overnight at 4°C with primary antibody. Membranes were then
incubated with species-specific horseradish peroxidase (HRP)-
conjugated secondary antiserum diluted in TBST for 90 min at room
temperature (rt). Labeled proteins were visualized by enhanced chemi-
luminesence (ECL) (GE Healthcare) and band pixel density was quanti-
fied using scanning densitometry as previously described (Cook and Fa-
dool, 2002; Marks and Fadool, 2007).

Behavior. After 5 d of IND, mice were tested for general anosmia and
short-term (1 h) and long-term (24 h) object memory as previously
performed and analyzed (Jeon et al., 2003; Fadool et al., 2004). These
same mice were also subjected to odor habituation trials (Fletcher and
Wilson, 2002; Fadool et al., 2004) and light/dark box (LDB) testing
(Bourin and Hascoét, 2003). To test for discrimination of a second odor
after the habituation to a first odor, odor mixtures (peppermint, geranyl
acetate) or single odorant alcohols differing by number of carbon atoms
(alcohol C9/C10) were diluted 1:100 in mineral oil or water and applied
to a cotton swab. The cotton swab was introduced to the mouse through
the top of the testing cage and time of active investigation/smelling of the
odor was recorded over a 1 min trial period. Mice were habituated to the
first odor of an odor pair combination by repeat stimulation with the
odor saturated swab for seven trials using 1 min resting intervals. On the
eighth trial, the second odor of the odor pair was presented and time of
exploration was scored. All recorded times were normalized and com-
pared with the animal’s original exploration time before habituation to
minimize the between-animal variance. For light/dark box testing, a rat
cage (29.2 X 19.1 X 12.7 cm) was modified as follows: A black cardboard
divider was cut to the exact width and height of the cageand a7 X 7 cm
square opening was cut in the middle on the bottom edge. The divider
was placed in the middle of the cage, creating two equally sized compart-
ments. One side of the cage was painted black (dark), and the other side
was painted white (light). Another black cardboard piece was cut for the
top of the dark chamber and fitted tightly in place, ensuring no outside
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light entered the dark chamber. A 60 W light bulb was then hung 70 cm
directly over the center of the white chamber. For testing, mice were
placed in the center of the light chamber and a timer was started at the
time of release. The time period from release to mouse entrance into the
dark chamber (latency) was measured. Entrance into a chamber was
defined as all four paws of the mouse crossing into that chamber. The
number of times a mouse crossed between chambers was also scored
(transitions), and the total time the mouse spent in the light chamber was
measured. The test lasted for 5 min (300 s), and the time spent in the dark
chamber was calculated by subtracting total time in the light chamber
from 300 s.

A separate set of IND-treated mice were subjected to the marble-
burying (MB) test (Nicolas et al., 2006) and the elevated plus maze
(EPM) (Stowe etal., 2005) as parallel tests for anxiety. In these trials, mice
were prescreened on separate days for each anxiety test, treated for 5 d
with insulin or PBS vehicle, and then retested for each anxiety test on the
sixth or seventh day of IND treatment, respectively. For marble-burying
trials, mice were habituated for 15 min to a rat cage (29.2 X 19.1 X 12.7
cm) filled with 5 cm of bedding material. Eighteen evenly placed marbles
(6 X 3 array) were then arranged in the test cage. At the end of a 45 min
test period, the mouse was returned to its home cage and the fraction of
buried marbles was scored. A marble had to be buried at least two-thirds
of the way with bedding before it was considered as buried. Although it is
not exactly understood why the mice bury the marbles, it has been shown
the drugs that induce anxiolytic activity in humans, also decrease the
number of marbles buried in this test (Nicolas et al., 2006). The EPM was
constructed by Columbus Instruments and has been validated for suc-
cessful use in rats, mice, and voles (Pellow et al., 1985; Lister, 1987; Stowe
etal., 2005). The EPM was comprised of two open arms [35 cm (L) X 6.5
cm (W)] and two closed arms [35 cm (L) X 5cm (W) X 15 cm (H)] that
crossed in the middle and was elevated 45 cm off the ground. Mice were
individually placed on the cross intersection of the EPM facing an open
arm and scored by videocinematography for 5 min under standard light-
ing conditions. Postexperiment analysis was assisted by home-written
software (Yuval Perez, FSU Computer Science, Tallahassee, FL) that
scored numbers of entries into open or closed arms, time spent in each
arm or in the center, and number of falls. An entry into an arm was
counted only when all four paws of an animal crossed from the center
panel onto the arm. The maze was wiped with 70% ethanol between
trials.

A separate group of mice were used in a two-choice paradigm to as-
certain odorant threshold as previously described (Colacicco et al., 2002;
Fadool et al., 2004). During the apparatus habituation period and acqui-
sition phase in which the mouse is trained to make a decision (dig) to
uncover a baited reward (honey-flavored cereal) under an odor-scented
litter compartment, the animal is fasted to 75—-85% of its body weight
(days 1-3). Once mice were trained near 100% efficiency to dig for the
food reward by odorant pairing, odorant threshold testing began (days
4-6). For each daily test session, mice were progressively tested on se-
quentially lower dilutions that were prepared in 10-fold dilution step
increments. A test of a given dilution consisted of four to eight trials. If a
mouse responded with 90-100% for correct decisions, it was tested on
the next lower dilution. Since mice only had the capacity to stay attentive
to the task for 30—45 min (~15 trials), the lowest dilution at which 100%
correct decisions was made was resumed on the next day. If the mouse
responded incorrectly (60—80% correct decisions), it was retested twice
with the previous stronger dilution. Once mice reached a dilution at
which they scored a combined average of 80% correct choice, insulin
treatment was started. Mice received either insulin (intact hormone) or
boiled insulin (denatured hormone) at 7:00 P.M. and 7:00 A.M. in order
that behavioral testing could be performed 3—4 h after treatment in a
room isolated from external noise. During the 5 d IND treatment period
(days 7-11 overall), mice were not behaviorally tested. Mouse weights
were also allowed to increase at the start of insulin treatment to protect
against a trend of 4—5% body weight loss with chronic treatment. Mouse
weights were carefully monitored and slowly lowered via food restriction
over the course of intranasal treatment back down to 75-85% of original
body weight. On the sixth day of IND treatment (day 12 overall), mice
were started at the successful odor dilution, and testing to determine
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odorant threshold was resumed. Odorant threshold was determined at
50% correct decisions or retrieval of reward by chance alone. This behav-
ioral paradigm was designed based on modification of protocols de-
scribed by Yee and Wysocki (2001), Colacicco et al. (2002), and the Hyde
Laboratory (Schering Plough Research Institute, Kenilworth, NJ).

A separate group of male mice were placed on a control or matched
MHEF diet to test for state dependency of IND-related channel phosphor-
ylation and behaviors. The method of IND (insulin or PBS vehicle) was
identical with that previously described with the exception of the adult
age of the mouse at onset of treatment (16 months) required to accom-
modate diet-induced obesity. Mice were provided either control Purina
or MHF diet ad libitum at 3 months of age for 55 weeks. Animals were
weighed weekly and tail blood was sampled 1 week before IND treatment
to confirm induction of hyperglycemia by glucose meter. Behavior phe-
notyping was conducted using a paired metric, before and subsequent to
IND treatment, to include 24 h object memory, LDB, EPM, and marble-
burying trials. IND treatment interval (without intervening behavioral
testing) remained a 5 d window, and total IND treatment was extended to
9 d overall to complete the battery of post-IND treatment behavioral
tasks. Mice were phenotyped for LDB and the first day of object memory
on sixth day of IND, second day of object memory on seventh day of
IND, marble burying on eighth day of IND, and EPM on ninth day of
IND. This paradigm mostly limited the animal testing interval to <15
min per day to minimize stress/handling. Tail blood and olfactory bulb
tissue were harvested 3 h after final IND treatment on the evening of day
9.

X-Gal staining. M72-IRES-tau-LacZ mice were generated previously
via placement of an internal ribosome entry site (IRES) directing the
translation of taw:lacZ fusion protein immediately downstream of the
M?72 odorant receptor (OR) stop codon (Mombaerts et al., 1996; Zheng
et al., 2000). These mice were a generous gift from Dr. Peter Mombaerts
(Max Planck Institute of Biophysics, Frankfurt am Main, Germany).
OSNs of these mice that express these modified M72 receptors can be
visualized by histological staining for 3-galactosidase activity along with
the odorant receptor (Mombaerts et al., 1996; Zheng et al., 2000). Mice
were killed with an overdose of sodium pentobarbital and perfused with
4% paraformaldehyde per Florida State University Laboratory Animal
Resources and AVMA-approved methods. Heads were decalcified in 0.3
M EDTA for 48 h at 4°C. Both the nasal epithelium and olfactory bulbs
were exposed and rinsed in PBS. A total of 16 animals, four per IND
treatment (insulin, PBS, boiled insulin, and untreated) were processed
for whole-mount staining (Biju et al., 2008). Briefly, tissue preparations
were washed with buffer A for 5 min and then again for 25 min at rt.
Tissues were then twice incubated with buffer B for 5 min each, followed
by a 6 h to overnight incubation in buffer C at rt. Whole mounts were
examined with a Leica MZ FLIII stereomicroscope and images were ac-
quired with an Olympus DP10 digital camera. After whole-mount imag-
ing, tissue was cryoprotected in a series of 10, 20, 30% sucrose in PBS, and
coronally sectioned at 16 wm on a cryostat. Sections were washed with
buffer A for 5 min and then again for 25 min at rt. Sections were then
twice incubated with buffer B for 5 min each, followed by a 6 h to over-
night incubation in buffer C at rt. Cryosections were counterstained with
neutral red after the above X-gal processing to visualize targets of projec-
tions and number and distribution of M72-expressing OSNs by light
photomicroscopy (Zeiss Axiovert S 100). Manual counts of positively
identified OR-expressing OSNs were statistically compared across
groups using a one-way ANOVA with a Student-Newman—Keuls
follow-up test (o = 0.05).

Results

Intranasal insulin delivery to anesthetized and awake animals
significantly increases Kv1.3 tyrosine phosphorylation

Kv1.3 is a target for tyrosine phosphorylation by the insulin re-
ceptor kinase, which has been demonstrated in HEK 293 cells and
cultured OB neurons (Fadool and Levitan, 1998; Fadool et al.,
2000; Marks and Fadool, 2007). Although these are excellent par-
adigms to study protein—protein interactions, they do not accu-
rately represent the native environment of the olfactory bulb. To
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demonstrate that the insulin receptor kinase phosphorylates
Kv1.3 in situ, 10 anesthetized animals (5 hormone and 5 PBS
vehicle) received IND as described in Materials and Methods.
Animals were killed per National Institutes of Health-approved
methods and OBs were quickly harvested. Kv1.3 was immuno-
precipitated from the clarified OB lysate, separated by SDS-
PAGE, and probed with «4G10, an antiserum recognizing phos-
photyrosine. As shown in Figure 1A, insulin-treated animals
(I+) show a significant increase in Kv1.3 phosphorylation (IP,
gel lanes 1-2) but no change in channel protein expression (ly-
sate, gel lanes 3—4). These data were quantified by pixel densi-
tometry and statistically compared in the bar graph below the
Western blot (Fig. 1C) (Kv1.3 Phosphorylation Anesth, Student’s
f test, @ = 0.05). In this and subsequent analyses, plotted pixel
values for the immunoprecipitated Kv1.3 protein were normal-
ized within blot to that of the vehicle alone condition (V) to
eliminate differences in ECL exposure times between
autoradiographs.

The effect of single-treatment insulin IND was next compared
with a chronic IND paradigm using awake animals as described
in Materials and Methods. The frequency of insulin delivery was
optimized to best mimic clinical insulin nasal sprays previously
marketed (for review, see Barnett, 2004; Dunn and Curran,
2006a,b). Mice were given intranasal insulin (I+), PBS (V), or
boiled insulin (B) twice a day for 5 d before being subjected to
behavioral tests on the sixth and seventh days of treatment. After
the mice were killed on day 7, Kv1.3 was immunoprecipitated
from the clarified OB lysate, separated via SDS-PAGE, and
probed with 4G10, an antiserum recognizing phosphotyrosine.
A total of 14 animals in each treatment group were used for
biochemistry to ascertain the phosphorylation state of the Kv1.3
channel. The data demonstrate that there is a 2.5-fold increase in
Kv1.3 tyrosine phosphorylation after 7 d of intranasal insulin
treatment (Fig. 1 B,C) (Kv1.3 Phosphorylation Awake, Student’s
ttest, @ = 0.05). This effect is specific to insulin (I+) because the
PBS vehicle (V) or denatured hormone (B) evoke no increase in
Kv1.3 tyrosine phosphorylation. Thus, chronic insulin IND
treatment evokes robust phosphorylation of Kv1.3 in situ. Insulin
(I+) did not alter expression of Kv1.3 channel protein compared
with that of PBS vehicle-treated animals (V) as demonstrated in
OB lysates probed with aKv1.3 (input) or stripped and reprobed
with a-actin (additional control) (Fig. 1 D). Albeit not the tar-
geted focus of our study, we confirmed that awake insulin IND
treatment extended beyond the delivery range of the OB as re-
ported by others (Thorne et al., 2004; Dhanda et al., 2005). We
were able to detect increased phosphorylation of IR kinase in the
hippocampus using the same paradigm above (data not shown).
After insulin IND compared with that of PBS vehicle, there was a
1.3-fold increase in tyrosine phosphorylation of the IR in the
hippocampus detected via immunoprecipitation of tyrosine
phosphorylated proteins (a4G10) and probing with aIR ki-
nase—analogous to biochemical strategies performed above in
the OB (not significantly different, Student’s ¢ test, & = 0.05).

Scaffolding of ion channels, receptor-linked tyrosine kinases,
and adaptor proteins is altered by chronic insulin IND
treatment

Previous work has demonstrated a PSD-95-dependent associa-
tion between Kv1.3 and IR that is enhanced by insulin-evoked
channel tyrosine phosphorylation (Marks and Fadool, 2007).
Phosphorylation is known to provide additional docking sites on
channels for adapter proteins; hence, changes in known protein—
protein interactions with Kv1.3 were examined. Kv1.3 was im-
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munoprecipitated from the OB lysates of
IND-treated animals as described in Mate-
rials and Methods, and immunoprecipi-
tated Kv1.3 channel was separated via
SDS-PAGE and probed for PSD-95 and
IR. Additionally, IR was immunoprecipi-
tated from a subset of treated animals, sep-
arated via SDS-PAGE, and probed with
anti-phosphotyrosine (@4G10) to confirm
the extent of receptor activation and auto-
phosphorylation (Fig. 2A). Figure 2, Band
D, demonstrates that insulin IND treat-
ment increased PSD-95 coimmunopre-
cipitation with Kv1.3 and IR approxi-
mately fourfold to fivefold. Insulin IND
treatment also markedly increased the
amount of IR that coimmunoprecipitated
with Kv1.3 (Fig. 2C). The increases in pro-
tein—protein interaction with Kv1.3 are at-
tributed specifically to insulin because PBS
or the denatured hormone fails to evoke
autophosphorylation of IR kinase as quan-
tified in Figure 2E. Thus, insulin IND
treatment evokes activation of IR in situ
and enhances the scaffolding association
of Kvl.3, IR, and PSD-95 protein
complexes.

Gene-targeted deletion of Kv1.3 evokes
changes in expression of a wide variety of
receptor-linked tyrosine kinases (RTKs)
and adaptor proteins (Fadool et al., 2004).
Insulin-evoked Kv1.3 current suppression
in situ could likely mimic the state of the
null animals; hence the protein expression
of various RTKs and adaptor proteins was
analyzed. OB whole-cell lysates were sepa-
rated by SDS-PAGE, electrotransferred to
nitrocellulose, which was then probed
with Kvl1.3, IR, PSD-95, TrkB, and Pan
Homer antisera to determine whether in-
sulin treatment evoked changes in protein
expression levels. These lysates were ac-
quired as matched aliquots before immu-
noprecipitation as above (input) (Fig. 24,
top panels) and were run in the same elec-
trophoretic front as the IPs but on differ-
ent gels. Controls included strip of the IP
and reprobe with aKv1.3 or aIR as in Fig-
ure 1 (data not shown) and probe of lysates
with aKv1.3, oIR, or af-actin (Fig. 24,
bottom panels) to quantify lack of expres-
sion changes with treatment. Kv1.3, IR,
TrkB (data not shown), and PSD-95 ex-
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Figure1. Intranasal insulin evokes Kv1.3 tyrosine phosphorylation in anesthetized and awake animals. Representative West-
ern blots and quantitative scanning densitometry summary histograms of Kv1.3 tyrosine phosphorylation under anesthetized
(Kv1.3 Phosphorylation Anesth) (A, €) or awake (Kv1.3 Phosphorylation Awake) (B, () states. Under both conditions, mice were
intranasally administered insulin (I+), PBS vehicle (V), or boiled insulin (B) as indicated. Details of delivery and animal handling
can be found in the methods. OBs were harvested, and Kv1.3 channel was immunoprecipitated from clarified OB lysates (IP:
Kv1.3), separated via SDS-PAGE, and probed with anti-phosphotyrosine (blot: 4G10). OB lysates (lysate) were run in tandem with
immunoprecipitated samples to demonstrate equal Kv1.3 expression and input (blot Kv1.3). ¢, Summary bar graph is the mean
(==SEM) pixel density of the phosphorylated Kv1.3 band as normalized to the vehicle (dashed line, ratio of 1.0). D, Summary bar
graph is the mean (== SEM) pixel density of two controls, total Kv1.3 channel (input) or actin as quantified from the lysates and
similarly normalized to the vehicle. *Significantly different from vehicle by Student’s ¢ test, o = 0.05, arc-sin transformation for
percentage data. Sample sizes are as indicated.

short duration of our 5-7 d treatment. To address this, noses

pression did not change with insulin IND treatment; however,
the expression of the 54 kDa isoform of Homer increased by 50%
(Fig. 2 A, last panel). Thus, chronic insulin IND treatment did not
affect the expression of the majority of proteins examined, except
for that of a Homer isoform.

Chronic insulin IND treatment does not damage the olfactory
epithelium or cause general anosmia

The repeated delivery of fluid into the nares raised the possibility
that damage to the olfactory epithelium could occur despite the

from IND-treated animals were processed as described in Mate-
rials and Methods. Sections from insulin, PBS, boiled, and un-
treated animals were double labeled for OMP and G (Hartman
and Margolis, 1975; Jones and Reed, 1989). Sections were then
visualized on a confocal microscope to ascertain the morphology
of the nasal epithelium and the OSNs. Figure 3 demonstrates that
there were no gross morphological changes nor outward damage
visible for any of the groups examined. G, expression over-
lapped with OMP signal in the fine ciliary layer (Fig. 3D, H,L,P),
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Figure2. Insulin IND treatment enhances Kv1.3 protein—protein interactions with PSD-95 and IR. A, Representative Western
blots and quantitative scanning densitometry summary histograms (B—E) of channel or kinase phosphorylation or coimmuno-
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onstrated as an additional control. Sample sizes are as indicated.

zand OSN cell bodies are clearly visible in an intact epithelium
visualized with 4’,6'-diamidino-2-phenylindole (DAPI)-labeled
nuclei (Fig. 3C,G, K, O). Additionally, sections from each treat-
ment group were stained with a simple trichromatic acidic tolu-
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idine blue/neutral red/fast green mixture
to demonstrate excellent tissue structure
and histology (data not shown).

The abundance of OSNs is decreased in
mice with Kvl.3-gene-targeted deletion
(Biju et al., 2008), therefore, we wondered
whether insulin-evoked Kvl1.3 suppres-
sion could result in the same anatomical
phenotype. Images were taken from two
ectoturbinates and two endoturbinates on
each epithelium section at various depths
along the rostral-caudal axis. The number
of OMP-positive cells per 300 wm of epi-
thelium was counted and compared across
turbinates of all IND treatment groups us-
ing a two-way ANOVA with a Student—
Newman—Keuls test (o = 0.05) (Fig. 3Q).
The data demonstrate that there was no
significant difference in the number of ol-
factory sensory neurons per 300 wm of ep-
ithelium in any of the four turbinates ex-
amined nor across IND treatment groups.

Another possibility was that, although
the structure and morphology of the olfac-
tory epithelium remained intact, the func-
tional cellular transduction machinery in
the OSNs or general olfactory processing
might be damaged and cause general anos-
mia in the animal. To address this, a test
for general anosmia was performed as de-
scribed in Materials and Methods. Figure
3R demonstrates that insulin, PBS, and
boiled insulin IND treatment groups show
similar retrieval times of a food odor
(cracker) over that of a matched, un-
scented object (marble) when compared
with that of untreated mice. Thus, re-
peated IND treatment does not damage
the olfactory epithelium, does not decrease
the number of OSNs, nor does it elicit gen-
eral anosmia.

Chronic insulin IND treatment does not
affect glomerular position or number of
olfactory sensory neurons expressing
the M72 odor receptor

Gene-targeted deletion of Kv1.3 evokes a
decrease in glomerular size, an increase in
glomerular number, and the appearance
of supernumerary glomerular projections
(Fadool et al., 2004; Biju et al., 2008). Be-
cause insulin-evoked tyrosine phosphory-
lation of Kv1.3 suppresses channel current
(Fadool and Levitan, 1998; Fadool et al.,
2000; Marks and Fadool, 2007), it is possi-
ble that chronic IND treatment could pro-
duce similar axonal targeting defects as ob-
served in the Kv1.3 gene-targeted deletion.
To address this, M72 (IRES) Tau-LacZ

transgenic mice were IND-treated with insulin, PBS, or boiled
insulin for 7 d. The use of targeted mutagenesis in the germline of
mice affords an advantage over human models because the trans-
lation of a single class of odorant receptor (in these mice, the M72
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odorant receptor) is linked with tauLacZ
to allow direct visualization of the geneti-
cally identified sensory axons and their
projections into the brain (Mombaerts et
al., 1996). Therefore, this technology per-
mitted the monitoring of select glomerular
synaptic targets and their molecularly
identified presynaptic OSNs. There were
four mice in each treatment group, along
with four other mice left untreated as a
standard measurement and control. Mice
were killed and processed for whole-
mount X-gal staining (Biju et al., 2008).
Images of whole mounts were taken in the
transverse plane to determine the location
and number of M72 glomeruli. The im-
ages demonstrate that there is no qualita-
tive difference across treatment groups in
M?72 glomerulus location, intensity of ax-
onal projections, nor refinement of pro-
jections (absence of supernumerary glo-
meruli) (Fig. 4A-D). In each group, there
were two M72 glomeruli per olfactory
bulb, one lateral and one medial. All lateral
glomeruli were posterior to a rostral—cau-
dal axis midline, and at least ] mm from
the sagittal midline of a single olfactory
bulb. The medial glomeruli can be ob-
served by gently spreading the area be-
tween each olfactory bulb ~1 mm and
were in the same location in all groups.
Gene-targeted deletion of Kv1.3 also
produces a decrease in the overall number
of M72-positive OSNs (Biju et al., 2008).
To determine whether this occurred with
chronic intranasal IND treatment, the
same whole mounts described above were
cryoprotected and coronally sectioned on
a cryostat. Because the M72 glomeruli ex-
ist so close to the surface of the olfactory
bulb, whole-mount X-gal staining time
can be significantly reduced, thus elimi-
nating nonspecific background staining of
the olfactory epithelium. After fully expos-
ing the olfactory bulb, if the outer mem-
brane just underneath the bone covering
the snout is left intact, little X-gal staining
is observed in the epithelium. After 6 h of
treatment in buffer C, there is some non-
specific background staining in the epithe-
lium; however, when whole mounts are
sectioned at 25 um, nonspecific back-
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Figure 3.  IND treatment does not damage the olfactory epithelium, decrease olfactory sensory neuron numbers, or cause

general anosmia. AP, Representative coronal sections (16 —20 um) of the MOE were double immunolabeled with «OMP (4, E,
I,M) and oG (B, F,J, N), and then stained with the nuclear marker DAPI (C, G, K, 0). Sections were acquired from awake mice
receiving IND treatment (1, insulin; P, PBS control; B, boiled insulin) or handled but not treated (U, untreated) for 7 d. Inmunola-
beled proteins were visualized on a confocal microscope using sequential channel scanning with a merged overlay (D, H, L, P).
Note: OMP-positive OSN cell bodies and axon bundles are clearly visible, as well as G, immunoreactivity in the cilia layer. Scale bar,
50 wm. @, Bar graph plot of the mean number (== SEM) of OMP/DAPI positive cells per 300 rum of epithelium on two ectoturbi-
nates (Ect 1/Ect 2) and two endoturbinates (End 1/End 2) of five animals treated as indicated. Sections were immunolabeled with
«OMP and stained with DAPI, and digital images from each channel were captured and merged. The means were not significantly
different by two-way ANOVA with a Student—Newman—Keuls test (c« = 0.05). R, Bar graph plot of mean (== SEM) retrieval time
of a hidden food odor (cracker) or similarly shaped object (marble) as a test for general anosmia for five awake IND-treated mice
as indicated. *Significantly different by Student’s ¢ test, « = 0.05.

ground color cannot be observed. Thus, whole-mount images as
well as coronal sections from the same animal can favorably be
obtained (Fig. 4A’=D"). Sections were counterstained with neu-
tral red to count the number of M72-positive OSNs for each
animal sampled across ~2600 wm of the epithelium (Fig. 4 A%~
D?). There was no significant difference observed in the numbers
of LacZ-positive neurons counted between any treatment groups
(insulin, 2427 * 266; vehicle, 2672 = 604; boiled, 2824 * 299;
untreated, 2932 * 263). Additionally, the mean width of the
longest axis and the cross-sectional area of M72-positive glomer-
uli was obtained and compared between IND treatment groups

(Fig. 4E, F). There was no statistical difference between long-axis
width or glomerular cross-sectional area between any IND treat-
ment groups. Thus, chronic insulin IND treatment does not af-
fect glomerular position, size, axonal projection, nor the num-
bers of M72-positive OSNs.

Chronic intranasal insulin treatment does not alter
peripheral glucose homeostasis

Central delivery of insulin is not reported to alter peripheral
blood glucose (Reger and Craft, 2006; Benedict et al., 2008;
Hallschmid et al., 2008); therefore, it was not anticipated that the
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intervals subsequent to IND as reported in
Figure 5. Although the mean, nonfasting
glucose level was near 100 mg/dl before
IND treatment by tail sampling (PBS vehi-
cle, 118.5; insulin, 102.5; not significantly
different, Student’s ¢ test, « = 0.05), glu-
cose levels rose sharply and quickly fell at
the 5 min time point in all animals, pre-
sumably in concert with the stress of han-
dling. After 7 d IND treatment, blood glu-
cose level as sampled by trunk bleed (in
milligrams per deciliter) was not signifi-
cantly different between insulin- or
vehicle-treated animals (PBS vehicle,
88.3 = 3.4, n = 4;insulin, 88.4 = 2.8, n =
5; Student’s t test, &« = 0.05), and neither
treatment group had a blood glucose level
that fell outside of that considered normal.
Consistent with measured glucose ho-
meostasis, ELISA analysis of serum plasma
harvested from an identical collection pe-
riod also revealed no change in peripheral
hormone levels after 7 d of insulin or vehi-
cle IND treatment (data not shown).
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Figure 4.  Insulin IND treatment does not affect glomerular position, diameter, or cross-sectional area. A-D, Representative

whole-mount images of awake M72TauLacZ mice IND treated as in Figure 3. The inset box represents area of tracked M72
glomerulus after coronal sectioning and counterstaining staining with neutral red as shown in single prime lettering, respectively
(A", B’, (", D"). Double prime lettering (4%, B2, €, D?) are representative M72-positive OSNs sampled in the epithelium from
animals in the respective treatment groups. Mice (N = 4 per treatment group) were IND-treated for 7 d. Note: No gross change in
0SN morphology or axonal targeting to the M72 specific glomerulus was apparent. Histogram summary of the mean (== SEM)
glomerular diameter (E) or cross-sectional area (F) of the identified M72 glomerulus as in A”, B, €', and D”. Not significantly
different, one-way ANOVA with a Student—Newman—Keuls post hoc test (o = 0.05). Scale bar: A-D, 1 mm; A’=D’, 50 jum;

A2-D?,10 um.
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Figure 5.  Insulin IND treatment does not alter peripheral glucose. Line graph of the mean
(== SEM) resting (fed) blood glucose when acutely measured after awake insulin (Hl) or vehicle
control (L) IND, as repeatedly sampled from the tail. Final measurements were sampled by
trunk bleeds (see Results). NS, Not significantly different mean (£SEM) by Student’s ¢ test,
« = 0.05; insulin (V = 5) or vehicle control (V = 4) IND.

IND-treated mice would undergo repetitive hypoglycemia that
would impact behavior or associated metabolism. To confirm
that this was indeed so under our experimental paradigm, blood
glucose was measured in awake insulin IND-treated mice at time

Chronic intranasal insulin treatment
enhances short- and long-term object
memory recognition

Intranasal insulin is known to affect work-
ing memory and spatial learning (Craft et
al., 1999; Park et al., 2000; Benedict et al.,
2004) (for review, see Plum et al., 2005), so
it was of interest to test object memory rec-
ognition in IND-treated mice. Addition-
ally, memory is required for the two-
choice paradigm for odorant threshold, so
it was also necessary to ascertain adequate
memory function to proceed with that paradigm. Both short- and
long-term object memory tests were performed on insulin, PBS,
boiled insulin, and untreated mice (Fig. 6). The tests were per-
formed as described in Materials and Methods, and the percent-
age exploratory time for each object was scored. When mice were
exposed to the initial two unfamiliar objects (objects 1 and 2),
they spent ~50% of their time exploring each, indicating there
was no bias across the objects or position during the familiariza-
tion phase. When then exposed to object 1 (now familiar) versus
a novel object (object 3), their time of exploration of the novel
object significantly increased as determined by a Student’s £ test
(a = 0.05). When exploratory times for the novel object are
compared in both short-term (1 h) and long-term (24 h) memory
recognition tests, mice in the insulin IND treatment group show
a significantly longer time of exploration (85%) than that of the
other three groups (65%). Thus, mice receiving insulin IND
treatment exhibit short- and long-term object memory retention
that is consistent with reports of clinical trials (for review, see
Strachan, 2005; Hallschmid et al., 2008) and would not be pre-
dicted to perform poorly in olfactory threshold testing that re-
quires memory.

Chronic insulin IND treatment evokes anxiolytic effects
During initial insulin IND treatment trials, it was observed that
insulin-treated mice displayed far less resistance to hand restraint
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and insulin delivery. To systematically ex- A
plore this unusual behavior, a well de-
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Martin, 1989). Time in light, transitions,
and latency on day 6 were normalized to
that of day 0 and compared using a paired
t test (o = 0.05) within treatment. Insulin
IND-treated mice spent a significantly
longer amount of time in the light cham-
ber, whereas there was no difference
among groups in the number of transi-
tions between chambers (Fig. 7A, B). Insulin IND-treated mice
showed no change in latency; however, PBS and boiled insulin mice
showed a significant decrease in latency on day 6 (data not shown).
Untreated mice showed no decrease in latency; hence it appears that
repeated handling over 6 d evokes a significant decrease in latency of
entrance into the dark chamber. Insulin IND treatment, therefore,
appears to reverse this handling-induced decrease in latency.

The light/dark box is an excellent test to determine levels of
anxiety and drugs or compounds that increase time in light are
referred to as anxiolytic (Imaizumi et al., 1994a,b,c). It is also
prudent, however, to test parallel anxiety paradigms to strongly
confirm phenotype. We therefore decided to extend the LDB
anxiety testing by performing two subsequent tests that are indi-
cators of anxiety behavior: MB behavior and EPM performance.
In parallel to the LDB-measured reduction in anxiety after insu-
lin IND, mice receiving vehicle control IND buried significantly
more marbles after treatment, whereas those animals receiving
insulin solutions did not (Fig. 7C) (paired t test, & = 0.05). Since
these tests were designed as a paired metric, recording numbers of
marbles buried within an animal before and after IND, the data
indicate handling alone increases burying activity, but that appli-
cation of insulin decreases this behavior. Performance in the
EPM also identified changed anxiety state of the animals after
insulin IND treatment for a proportion of the measured param-
eters. Animals that received vehicle control IND spent signifi-
cantly less time in the open arms of the maze after 7 d of treat-
ment, whereas animals receiving insulin were not significantly
different from during pretreatment performance (Fig. 7D)
(paired £ test, one-tailed, & = 0.05). The identical result was
achieved when scoring number of entries into the maze open
arms (Fig. 7E). Similar to what was observed in the LDB para-
digm, IND treatment did not differentially affect total arm entries
or number of transitions; however, both sets of animals showed a
reduction in transitions over time, presumably indicative of han-
dling alone (Fig. 7F). Collectively, the results of the three anxiety
tests demonstrated that chronic insulin IND treatment evokes
anxiolytic behavior and does not affect basic locomotor activity.

Figure 6.

Chronic insulin IND treatment affects odor habituation for
two sets of odorants

Gene-targeted deletion of Kv1.3 produces an increased discrim-
ination between two odor molecules as assessed via odor habitu-

Insulin IND treatment enhances object memory recognition. Bar graphs of the percentage of time used to explore
two objects during a familiarization phase (object 1 vs object 2) or object recognition phase (object 1vs object 3) after 5 d of IND
treatment in awake mice. Mice (N = 5 per treatment group) were either challenged with a short-term object recognition test of
1h (A) or a long-term object recognition test of 24 h (B). Data are expressed as mean (==SEM) percentage exploratory time
(dashed line, ratio of 50%). Significantly different exploratory time across IND treatment (**) or across objects (*) (object 1 vs
object 3) was defined by a two-way ANOVA with a Student—Newman—Keuls post hoc test, o = 0.05.

ation paradigms (Fadool et al., 2004). It was hypothesized that
chronic insulin IND treatment, which would be predicted to
elicit strong phosphorylation of Kv1.3 and correlate current sup-
pression, might mimic such effects as observed in the Kv1.3-null
mice. Mice received IND treatment of insulin, PBS, or boiled
insulin for 5 d, and on the sixth and seventh days, mice were
subjected to an odor habituation trial that tested discrimination
between two complex odorants, geranyl acetate and peppermint
(Fig. 8A). There was also an age-matched group of animals that
were not repeatedly treated or handled (untreated). All groups
similarly habituated to the first odor of the pair (trials 1-7); how-
ever, insulin IND-treated mice showed a significant increase in
mean exploratory time toward the unhabituated odorant (trial 8)
(paired £ test, @« = 0.05). We next tested the mice for discrimina-
tion between a more difficult odor pair consisting of two alcohols
that differed by a single carbon atom (C9/C10) (Fig. 8 B). As with
the complex odorant pair, insulin IND-treated mice significantly
increased mean exploratory time for the unhabituated odor;
however, the range in magnitude was less, implicating a greater
difficulty in discrimination (geranyl acetate/peppermint odor
pair, 3.3—4.8 X increase, vs C9/C10 odor pair, 2.1-2.7 X increase)
(Fig. 8C).

Odorant threshold is not significantly affected by chronic
insulin IND treatment

Kv1.3-null mice exhibit an increased olfactory ability (“super-
smeller”) in terms of odor detection threshold (Fadool et al.,
2004) that we conjectured might be mimicked via insulin-
induced Kv1.3 suppression. To address this question, a two-
choice paradigm that defines odorant threshold based on deci-
sion to dig for an odor-paired food reward was performed as
described in Materials and Methods. Because of the fact that there
was no difference between IND treatment and control groups
(PBS, boiled insulin, and untreated) for either behavior or bio-
chemical experiments thus far examined, combined with the
length and complexity of training for the two-choice paradigm,
only IND treatments testing the intact (I+) and the denatured
hormone (B) were examined. Mice were initiated into the thresh-
old testing phase of the paradigm for a period of 3 d while care-
fully decreasing their body weight to 75-85% of ad libitum feed-
ing body weight (testing days 4—6) (Fig. 9A). Both groups of mice
demonstrated 94—100% correct decisions for peppermint odor
dilutions ranging from 10 ~* to 10 ~7. For the 10 ~® dilution, both
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Figure7. Insulin IND treatment evokes anxiolytic affect in three paradigms to measure anxiety behavior. Bar graph summary of the time spentin the light (4) and the number of transitions across
compartments (B) for mice receiving awake IND treatment and then challenged with the LDB behavioral task. Mice (N = 5 per treatment group) were subjected to a light/dark box paradigm (for
details, see Materials and Methods) 1 d before IND treatment (day 0) and after 6 d of IND treatment (day 6). Age-matched untreated animals were included and tested in the same manner
(untreated), but not given any IND treatment in the intervening days between tests. A, Dashed line, Ratio of light/dark of 1.0. B, Dashed line, Mean reported values for (57B6/J mice using this
standard paradigm. €, Bar graph summary of the portion of marbles buried in a 45 min trial interval for mice receiving insulin (insulin) or control vehicle (vehicle) via IND. Marble-burying behavior
was assessed 1d before IND treatment (day 0) and after 6 d of awake IND treatment (day 6) for five and four mice, respectively, in each group. D—F, Bar graph summaries of the mean time spent in
open arms (D), number of transitions to open arms (E), and total number of transitions (F) for mice receiving insulin (insulin) or control vehicle (vehicle) and then challenged with the EPM behavior
task. EPM behavior was assessed 1d before IND treatment (day 0) and after 7 d of awake IND treatment (day 7) for five mice in each treatment group. *Significantly different mean (==SEM) after
repeated measure (within treatment) by paired t test, « = 0.05. B, F, Note number of transitions across IND treatment is not different across treatments, indicating that basal locomotor activity in

these paradigms is not affected by IND treatment.

groups of mice performed at ~80% correct decisions. At this
point, behavioral testing was stopped, and IND treatment was
started for a period of 5 d (testing days 7-11). After 5 d of IND
treatment, behavioral testing was resumed at the 10 ~® pepper-
mint dilution. Neither group of mice showed a significant in-
crease in decision performance in the second 10 ~® peppermint
dilution trial. Boiled insulin IND-treated mice reached their
odorant threshold at 10 ~'°, at which percentage correct decision
was 55 = 10%. Insulin IND-treated mice performed better at
10 ~'%and were able to continue one order of magnitude lower to
the 10 "' peppermint dilution (Fig. 9B). Thus, insulin IND-
treated mice appear to have a decreased odor threshold that is
only slightly better than that of boiled insulin IND-treated ani-
mals. There was a trend that insulin IND-treated mice took less
time to make a decision (Fig. 9C) and made less transitions across
compartments before digging (decision) (Fig. 9D); however,
these values did not reach statistical significance (Student’s £ test,
a = 0.05).

Insulin IND treatment slightly reduces body weight

Intranasal insulin evokes a reduction in body weight that appears
to be sex-selective based on the given dosage (Schwartz 2000;
Hallschmid et al., 2004). To determine whether 5 ug/ul insulin

IND treatment evoked a similar body weight decrease, mouse
weights were recorded before the first IND treatment, and before
the killing. Data analysis using a paired ¢ test (a = 0.05) demon-
strated that there was no significant difference between day 1 and
day 7 weights in any IND treatment group (data not shown).
There was, however, a slight noticeable body weight reduction
trend in insulin IND-treated animals of 5 = 0.01%. Although this
change is not statistically significant, it remains unclear whether
longer insulin IND treatment might evoke a stronger decrease
body weight over the treatment course.

Insulin and IR expression in the olfactory epithelium

The distribution for insulin and insulin receptor kinase have been
well characterized in the OB (Young et al., 1980; Baskin et al.,
1983; Hill et al., 1986; Matsumoto and Rhoads, 1990; Wickelgren,
1998; Fadool et al., 2000; Marks and Fadool, 2007), but their
expression patterns in the epithelium, which could inherently
contribute to olfactory behavior and detection, has only been
recently reported (Lacroix et al., 2008). Moreover, Kv1.3 channel
is not expressed in the epithelium (Biju et al., 2008); therefore,
insulin-activated pathways specific to the epithelium would not
involve channel modulation. To determine the extent of periph-
eral insulin distribution in the MOE after chronic IND treatment,
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Figure 8. Insulin IND treatment increases odor discrimination in an odorant habituation
paradigm. A, B, Line graph of the mean exploratory time of an odorant for awake IND-treated
mice. Habituation is induced via repeated presentation of the first odorant of the pair at a
frequency of 1 min (trials 1-7), followed by a test for discrimination after habituation via
exposure to a second odor on trial 8. Mice (N = 5 per treatment group) were either challenged
with an odor discrimination between mixtures (geranyl/peppermint) (A) or a more difficult
discrimination between a single odorant varying in chain length (C9/C10 alcohol) (B). Data are
normalized (within animal) to the initial exploratory time on trial 1 to control for interanimal
variability in oriented behavior. Dashed line, Ratio of 1.0. , Bar graph of the mean exploratory
time ratio (unhabituated/habituated) calculated by dividing the exploratory time of the novel
odorant (trial 8) by that of the last exploratory time of the habituated odor (trial 7). Error bars
indicate SEM. *Significantly different over trial, one-way ANOVA with Student—Newman—
Keuls post hoc test, cc = 0.05.
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turbinate sections from treated groups were labeled with cOMP,
alnsulin, and DAPI. The insulin and boiled insulin IND treat-
ment groups show strong immunoreactivity for insulin in all
layers of the olfactory epithelium compared with basal insulin
levels of vehicle IND-treated mice (Fig. 10 B, F,J ). Although boil-
ing insulin breaks the intramolecular disulfide bonds and elimi-
nates biological activity, the epitope to which the insulin antisera
was raised apparently remains fully intact (Fig. 10]). The PBS
treatment group demonstrated no insulin reactivity, whereas
there appears to be very slight reactivity in the OSN cilia of the
untreated group (Fig. 10F,N). To better resolve this and deter-
mine whether insulin exists natively in the untreated olfactory
epithelium, more sensitive peroxidase-based immunostaining
was performed on sections from untreated animals (Fig. I0Q,R).
Very light insulin expression in the cilia can be observed (Fig.
10 R) over that of the no primary condition (Fig. 10Q), indicating
low levels of endogenous insulin within the epithelium.

Since the endogenous ligand was localized to the cilia, it was
predicted that we should be able to detect the receptor here as
well, and after IND treatment it might show an increase in phos-
phorylation. IR immunoreactivity in the olfactory cilia could be
observed in untreated mice (Fig. 11 A—H ), which was confirmed
by peroxidase-based staining to rule out nonspecific binding and
edge effect (Fig. 11I-K). Moreover, lower magnification images
of turbinates on adjacent sections stained by immunofluores-
cence and peroxidase-based methods demonstrate nearly identi-
cal labeling (Fig. 11K, L). It was hypothesized that, because much
of IR expression was observed in the cilia, there would be a rela-
tively small amount of IR protein expressed overall. Unlike pre-
vious quantifications of IR in OB membrane protein prepara-
tions (Fadool et al., 2000), IR protein could not be detected in the
olfactory epithelium across a series of postnatal ages but could be
concentrated sufficiently for immunoprecipitation (Fig. 11 M). If
loaded protein is sufficiently increased over that which we typi-
cally separate for native SDS-PAGE analyses (35 ug), then IR
protein (M, = 97 kDa) starts to be resolved between 60 and 80 ug
of loaded sample when coupled with high concentration of sec-
ondary antibody HRP conjugate (Fig. 11 N). Finally, insulin IND
treatment does not robustly elevate «4G10 labeling of phosphor-
ylated proteins at the cilia of the epithelium (Fig. 12B,F,],N),
suggesting that the contribution of MOE-derived insulin path-
ways to behavior modulation may be minimal.

Effect of diet-induced obesity (hyperglycemic state) on
insulin IND-induced behaviors

The hyperglycemic state of prediabetes is brought to homeostasis
via a combination of diet, exercise, or pharmacologic interven-
tion (Unger and Moriarty, 2008). We were therefore curious as to
the memory- and anxiety-associated behaviors after elevation of
brain insulin in an altered glycemic state. Animals were placed on
a MHF diet and their weight was monitored weekly for 55 weeks
(Fig. 13A). Mice on the MHF diet weighed significantly more
than that of control fed mice after a period of 3 months as shown
in the bar graph in Figure 13B. Unfasted blood glucose levels (in
milligrams per deciliter)—determined by tail bleed before kill-
ing—were not measured until week 50 and demonstrate a signif-
icant increase that is consistent with chronic hyperglycemia or
prediabetic blood chemistry (control fed, 104.5 = 7.8, n = 4;
MHE diet, 139.6 = 6.5, n = 5; Student’s t test, « = 0.05). Because
peripheral insulin levels (in nanograms per milliliter)— deter-
mined by ELISA from trunk blood isolated serum—were also
now elevated (control fed, 4.5 = 0.1, vs MHF diet, 13.1 = 0.13)
and presumably would have access across the blood—brain bar-
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application of these same paradigms in the

obese mice yielded differential effects de-

m— nsulin pending on task. In both the LDB and the

T === Boiled EPM paradigms, the number of transi-
[ tions (either across light/dark compart-
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the LDB paradigm, the control fed insulin
IND-treated animals did not exhibit a
changed percentage of time spent in the
light after 5 d of IND treatment (Fig. 14 B,
bar graph 1) (paired ¢ test, @ = 0.05). Since
the additional variable between the two
groups of insulin IND-treated animals
phenotyped in the LDB paradigm (com-
pare Figs. 7A, B, 14 B) was age (6 weeks vs
>1 year), we additionally tested control
fed vehicle IND-treated animals that were
aged matched. Unlike that of the younger
animals, >1 year adult animals that were
control fed and vehicle IND-treated exhib-
ited a decreased percentage of time spent

6 7 8 8 9 10 11

Figure 9. Insulin IND treatment only slightly affects odorant threshold and does not affect time to decision or the number of
choices in a two-choice paradigm for odorant threshold. 4, Line graph of the mean body weight for awake IND-treated mice in
which either insulin (@) or boiled insulin (O) was administered on days 7—12. Body weights were carefully lowered via food
restriction to 75— 85% ad libitum feeding body weight during important days of the two-choice paradigm in which mice were
scored for correct decision (dig) to receive a hidden food reward (honey-flavored cereal) buried under peppermint-scented litter.
Working trial days are denoted by underlining and start of the IND treatment i indicated by the arrow. B-D, Histogram plot of the
percentage correct decision (B), the time to reach decision (C), and the number of transitions before decision versus odorant
concentration (D) represents the mean (== SEM) for 8 mice in each of the two treatment groups (insulin, solid bar; boiled insulin,
open bar). Each property on the abscissa was plotted against successive 10-fold diluted odorant concentration as indicated on the
ordinate (1 X 10 ). Acquisition of behavior task took place on testing days 4 — 6, during which mice first fell at or below 80%
correct decision (B, dashed line). After 5 d of IND treatment (days 7—11), mice were retested at the 1 X 10 ~® odorant concen-
tration (day 12) through a series of dilutions until odorant detection threshold was reached (50% correct choice, equivalent to
chance alone). Note: Insulin IND-treated mice were able to detect odorant at 1 log unit lower magnitude than that of boiled
insulin-treated mice (B), but neither treatment yielded a significant difference in the time to make a decision (C) nor number of

in the light after 5 d of IND treatment (Fig.
14 B, bar graph 3). Under a MHF dietary
regimen, insulin IND-treated mice no
longer exhibited an equal percentage of
time spent in the light before and after
IND treatment (Fig. 7D) but, rather, ex-
hibited a decreased percentage of time
spent in the light (Fig. 14 B, bar graph 2).
These collective LDB data infer that the
hyperglycemic condition of diet-induced
obesity blocked the ability of insulin IND
treatment to stabilize or reduce anxiety.

transitions between choices (D).

rier, we wanted to compare Kv1.3 basal phosphorylation versus
that after insulin IND to determine whether there was insulin
resistance. Most interestingly, the increase in insulin-induced
Kv1.3 phosphorylation via IND was significantly less in the OBs
from mice raised on the MHF diet compared with that from mice
maintained on control diets (Fig. 13C) (Student’s t test, @ =
0.05). Given changes in blood chemistry and altered phosphory-
lation of known IR kinase substrates, we explored any dampening
effects of insulin IND on object memory or anxiety-associated
behaviors. Because of the number of behavioral phenotyping
tasks and the importance of minimizing handling to ~15 min per
day (see Materials and Methods), diet-induced obese mice were
only tested for long-term (24 h) and not also short-term (1 h)
object memory (Fig. 14 A). Most interestingly, unlike that of con-
trol fed, insulin IND-treated animals (Fig. 6 B), mice that became
obese and hyperglycemic via a MHF dietary regimen, no longer
exhibited an increased object memory performance when ad-
ministered insulin IND even though control vehicle IND-treated
obese animals still retained a preference for the novel object,
signifying adequate performance for long-term object memory
(Fig. 14 A). When comparing across the three paradigms used to
phenotype anxiety-related behaviors in control fed mice (Fig. 7),

The MB paradigm indicated that diet-
induced obesity had no effect on marble-
burying behavior in that the number of
marbles buried by the insulin IND-treated animals was indepen-
dent of whether they were control or MHF diet fed (Figure 14C)
(paired f test, & = 0.05). The EPM paradigm indicated that diet-
induced obesity decreased the time animals spent in the open
arms, indicating a state-dependent change in anxiety-related be-
haviors for this task. Both control and MHF diet fed animals that
were administered insulin IND treatment showed a reduction in
time spent in the open arms of the plus maze (Fig. 14 D, bar graph
1,2), whereby the MHF diet fed animals reached statistical signif-
icance (paired f test, « = 0.05). Similar to what was observed in
the LDB paradigm, the vehicle IND-treated animals rarely en-
tered the open arm at all compared with insulin IND-treated
animals, indicating that their anxiety set point was significantly
different from that of control fed animals after 9 d of insulin.

Discussion

We demonstrate that chronic IND treatment of awake mice is a
reliable method to deliver a modulatory and metabolic hormone
across the blood—brain barrier, evoking changes in olfactory bulb
biochemistry and related behaviors. IND treatment does not
cause damage to the olfactory epithelium nor does insulin IND
treatment perturb OR-specific patterns of axonal targeting to
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defined glomeruli, size and abundance of
glomeruli, or number of developing olfac-
tory sensory neurons. After insulin IND
treatment, however, measurable changes
in ion channel phosphorylation are ob- 1
served as well as alteration of protein—pro-
tein interactions with a major voltage-
dependent potassium channel in the
olfactory bulb. At the behavioral level, an-
imals demonstrate a trend in weight loss,
and significant changes in object memory P
performance, levels of anxiety, and in-
creased olfactory discrimination. Given
that expression of insulin receptor kinase
is among the highest in the OB of all brain
regions (Hill et al., 1986; Schulingkamp et
al., 2000), and the fact that this region of B
the brain is the first to receive insulin when
clinically delivered via nasal sprays
through passages in the cribriform plate
(Kernetal., 1999; Dhanda et al., 2005), it is
important to carefully examine the many
potential olfactory targets for modulation U
that this hormone might evoke to eluci-
date the basis of potential side effects of
therapeutic insulin IND treatment.

Our data support a changed level of
Kv1.3 phosphorylation after a single ses-
sion of insulin IND treatment consisting
of 10 alternating naris deliveries to achieve
a final estimated dose of 3.3 ng/ul insulin
into the OB. The effect of chronic insulin
IND treatment in the awake animal fur-
ther enhanced the level of Kv1.3 phos-
phorylation to ~2.5-fold that of basal. Al-
though it is not certain whether delivery
was less efficient in the anesthetized state

Figure 10.

Insulin

Insulin expression in the main olfactory epithelium after IND treatment. A-P, Representative coronal sections

using a single session treatment or whether
the accentuated increase in phosphoryla-
tion observed for the awake delivery was
attributable to repeated treatment, a week-
long treatment is better representative of
the biochemical changes likely induced
after chronic use of insulin IND. The acti-
vation of IR kinase supported by the four-

(16—20 pem) of the MOE were double immunolabeled with «OMP (4, E, I, M) and aInsulin (B, F, J, N), and then stained with the
nuclear marker DAPI (C, G, K, 0). Sections were acquired from awake mice receiving IND treatment (I, insulin; P, PBS control; B,
boiledinsulin) or handled but not treated (U, untreated) for 7 d. Inmunolabeled proteins were visualized on a confocal microscope
using sequential channel scanning with a merged overlay (D, H, L, P) as in Figure 3. Note: Insulin and boiled insulin IND treatment
conditions (B, J) show robust insulin immunoreactivity in all epithelial layers, especially in the cilia layer. PBS vehicle IND
treatment (F) and untreated animals (N) display virtually no insulin immunoreactivity. Representative sections in which
peroxidase-based immunolabeling was used forimmunodetection of the primary antibody in untreated animals. P, No primary
(NP) control section. R, Moderate insulinimmunoreactivity in all layers of the epithelium, with labeling presentin the cilia layerin
which odor transduction machinery is expressed (arrow). Scale bars: A-P, 100 wm; @, R, 25 wm.

fold increase in autophosphorylation of

the receptor would be anticipated to phos-

phorylate many downstream signaling cascades in OB neurons
that are typically activated to achieve the well known pleiotropic
effects of insulin signaling in other cells (Neubauer and Kulkarni,
2006; McNay, 2007). Kv1.3 channel is only one of those known
downstream substrates; however, even when only considering
ion channels as substrates, many voltage- and ligand-gated chan-
nels are known to be modulated by insulin signaling pathways
(Van Buren et al., 2005; Gao et al., 2006; O’Malley and Harvey,
2007), thereby serving as potential targets for modulation in this
and other brain regions reached by the nasally delivered insulin.
The molecular/structural basis for coassociation of the synaptic
protein PSD-95 and the Shaker family of voltage-gated potassium
ion channels Kvl.x has been well explored (Kim et al., 1995;
Arnold and Clapham, 1999; Marks and Fadool, 2007), but it is
interesting that insulin enhances the adaptor protein interaction
with the channel, indicated by increased coimmunoprecipita-

tion. Not only are previously reported protein—protein interac-
tions with the channel enhanced, such as that with PSD-95 or IR
(Marks and Fadool, 2007), but proteins that we previously dem-
onstrated do not coimmunoprecipitate, such as IR and PSD-95,
now have the capacity to complex after insulin stimulation.

A comparison of mice with Kv1.3 gene-targeted deletion (ab-
sence of channel protein) with that of mice with insulin IND
treatment (reduction in Kv1.3 current via channel phosphoryla-
tion) provides important insights into the role of the ion channel
in olfactory signaling. Insulin IND treatment does not evoke the
anatomical phenotype of the gene-targeted deletion, namely in-
creased number of glomeruli, decreased size of glomeruli and
abundance of olfactory sensory neurons, supernumerary axonal
projections of genetically tagged OR-expressing OSNs to defined
glomeruli, and increased expression of olfactory transduction
proteins such as G, (Fadool et al., 2004; Biju et al., 2008). A
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Figure 11. IR expression in the olfactory epithelium. Same as in Figure 10, but for untreated mice double immunolabeled with -OMP (4) and a-IR (B), and then stained with DAPI (), and
merged (D) to determine the distribution of IR in the epithelium. E=H, No primary controls (NP) demonstrating lack of immunoreactivity in the absence of «OMP or «IR primary antisera. 1, J,
Peroxidase-based immunolabeling: no primary control (NP) when IR antisera is omitted (1), «IR (). K, L, Low field magpnification of ceIR labeling using peroxidase- and fluorescence-based detection
on consecutive sections, respectively. Scale bars: A-J, 20 wm; K, L, 100 um. M, Western blot analysis probing for IR (Blot: IR) in purified MOE membranes (membrane prep) across various postnatal
stages as indicated or in immunoprecipitates (IP: IR) prepared from P20 aged mice; 30 g loaded protein; M, = 97 kDa. N, Same as in M, but for whole-cell MOE lysates in which varying
concentrations of loaded protein (indicated above gel) or donkey anti-rabbit secondary antisera (DAR) (below gel) were tested. Nitrocellulose membranes were cut at the 62 kDa migration marker,
and the bottom one-half was probed with ce-actin (blot c-actin) to verify successive increases in protein loading. Note: IR expression begins to resolve at 60 g of loaded protein and displays very

faintimmunoreactivity at lower protein loading using higher secondary antisera concentrations.

related receptor tyrosine kinase, IGF (insulin-like growth factor)
is required for axonal targeting of OR-specific olfactory sensory
neurons to lateral glomeruli (Scolnick et al., 2008); however, in
our study insulin treatment of adult mice did not appear to

change the olfactory sensory map or axonal connections. Al-
though it may be highly unlikely that axonal projections might
undergo rearrangement in such a short period, other hormones
are known to have effects on the development of the epithelium
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and OB (Brunjes and Alberts, 1980; Pater-
nostro and Meisami, 1996). It is not
known whether continued insulin IND
treatment could induce such characterized
anatomical changes observed in the Kv1.3-
null mice, especially if the duration ex-
tended beyond that known for typical ol-
factory sensory neuronal turnover (~30
d) (Graziadei and Monti-Graziadei, 1978);
nonetheless, phosphorylation of Kvl1.3
that would predict channel suppression
(Fadool etal., 2000) was necessary to cause
increased olfactory discrimination. The
fact that olfactory discrimination was en-
hanced by insulin IND treatment and not
olfactory threshold to a robust extent, may
suggest that the anatomical changes of the
super-smeller Kv1.3-null mouse (Fadool
et al., 2004) drive regulatory mechanisms
that control odor threshold as opposed to
those that regulate odor discrimination,
which appears to be driven more so by
block of channel conduction (phosphory-
lation). This would infer that fine axonal
projections and size of the synaptic glo-
merular organization regulate odor
threshold, whereas that of action potential
shape and frequency, which is regulated by
Kv1.3 in mitral cell neurons, is highly de-
pendent on state-dependent hormonal
cues and neuromodulation to regulate
odor discrimination. Other data presented
here also cannot exclude potential insulin effects with the olfac-
tory epithelium, although these would preclude involvement of
Kv1.3, which is not expressed in the epithelium (Biju et al., 2008).
Leptin and the leptin receptor are expressed with OSN cilia
(Getchell et al., 2006; Baly et al., 2007) and are affected by nutri-
tional and metabolic status of the animal. It is therefore entirely
possible that insulin and IR within the epithelium could also play
a direct role in changes in olfactory discrimination linked with
food intake. Nonetheless, insulin IND-treated mice display many
of the same behavioral phenotypes as Kv1.3-null mice (Fadool et
al., 2004), suggesting that suppression or elimination of OB Kv1.3
current plays a substantial role in our observed behavioral effects.

Our data demonstrating increased short- and long-term ob-
ject memory in insulin IND-treated mice raises the possibility
that insulin also has effects within the hippocampus and is cor-
roborated by strong evidence by others that have found increased
declarative memory is enhanced after insulin treatment (Bene-
dict et al., 2004). The fact that insulin fails to increase long-term
object memory in our diet-induced obese animals would have
important connotations for future therapeutic intervention of
memory loss in heavy weight individuals. Sullivan and Wilson
(2003) and Satou et al. (2005) hypothesize that some form of
olfactory memory may be stored within the OB via changes in
long-term potentiation and changes in synaptic efficacy. Cer-
tainly, insulin enhances PSD-95 and IR protein—protein interac-
tions with Kv1.3, suggesting that synaptic scaffolding is altered in
response to the hormone.

Most interesting are the observed decreases in anxiety for in-
sulin IND-treated animals. The results of two of three of our
anxiety paradigms suggest that obesity modifies the anxiolytic
affect of insulin. Behavior of the obese mice in either the LDB or

OMP
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Anti-phosphotyrosine immunoreactivity does not strongly increase after insulin IND treatment. Same as in Figure
10 (A-P) but for anti-phosphotyrosine (B, F,J, N'). Scale bar, 100 wm.

EPM task is significantly different from that of control fed, insu-
lin IND-treated animals, which infers that obese animals are
more anxious when administered insulin than normal mice. To
our knowledge, there has been no association between insulin
administration and anxiolytic affects in clinical trials or changes
in anxiety of diabetic patients beyond the generic effect of in-
creased stress and strain of having a chronic medical condition
(Schulingkamp et al., 2000; Delahanty et al., 2007; Mosaku et al.,
2008). In fact, subjects receiving IND insulin have reported signs
of enhanced mood, reduced anger, and enhanced self-confidence
in clinical trials (Benedict et al., 2004), which would be in register
with the lack of resistance to handling and treatment that devel-
oped in our insulin IND-treated mice. We previously found that
prolonged fasting induces a rise in OB insulin (Fadool et al.,
2000). It is possible that, in the fasted state, brain insulin levels
rise and produce a reduction in anxiety to facilitate the explora-
tion of novel, unfamiliar, and unusual environments.

The insulin receptor is involved in many signaling cascades
and protein—protein interactions beyond the canonical pathways
for glucose uptake. Noninvasive routes of insulin delivery have
great potential to produce unintentional off-target effects on the
olfactory system and the CNS. We found that some of the off-
target effects of CNS-targeted insulin IND include enhanced ol-
factory discriminatory ability, modified protein—protein interac-
tions, ion channel modulation, as well as enhanced object
memory and reduced anxiety. In light of the present data, broad
exploration into numerous biochemical signaling changes at the
level of the ion channel throughout targeted brain regions needs
to be reevaluated. Careful attention must also be placed on exam-
ining the consequences of an altered metabolic state (i.e., obesity)
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on the efficacy of noninvasive methods of insulin delivery to the
CNS.
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