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Introduction

Diabetes has been associated with cognitive dysfunction, an
elevated risk of dementia, cerebral atrophy and presence of
heightened white matter abnormalities (WMAs). Diabetes-
associated cognitive dysfunction, first described nearly a
century ago (Miles and Root, 1922), occurs in both type of
diabetes. In type I diabetes, impaired learning, memory,
problem solving skills, and intellectual development have

been described (Ryan, 1988; Ryan ef al., 1993; Ryan and
Williams, 1993; McCarthy et al., 2002; Schoenle et al.,
2002). For patients with type I diabetes, the greatest impact
of diabetes upon brain structure and function seems to
occur at the extremes of age, with little observable effect
during the middle adult years (Wessels et al., 2007, 2008;
Biessels et al., 2008; Kloppenborg et al., 2008). Also,
cognitive dysfunction does not appear to relate to
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hypoglycaemic episodes in diabetes (Kramer et al., 1998;
Schoenle et al., 2002; Jacobson et al., 2007). Similar
cognitive deficits occur in type II diabetic adult patients,
with impaired performance on abstract reasoning and
complex psychomotor functioning (Reaven et al, 1990;
Strachan et al, 1997; Ryan and Geckle, 2000). Diabetes-
mediated cognitive changes seem to occur at the two
extremes of life: either in childhood (Northam et al., 2001;
Schoenle et al., 2002; Fox et al., 2003) or during later stages
of life (Stewart and Liolitsa, 1999; Awad et al., 2004; van
Harten et al, 2006) when neurodegenerative processes
may initiate (Biessels et al, 2008). There are less clear
indications that diabetes impacts upon cognitive function-
ing in middle-age adults (Stewart and Liolitsa, 1999; Awad
et al., 2004; Jacobson et al., 2007; Weinger et al., 2008).
In animal models of diabetes, cognitive dysfunction has
been demonstrated by impaired performances in the Morris
water maze by streptozotocin (STZ)-induced diabetic rats
(Biessels et al., 1996, 1998). Both pre- and post-synaptic
deficits have been associated with impaired long-term
potentiation in the diabetic hippocampus (Biessels et al.,
1996; Kamal et al., 2006). Short-term replacement of insulin
in STZ-treated rats from the onset of diabetes prevents
cognitive decline and protects against hippocampal poten-
tiation deficits, but cannot reverse these electrophysiol
changes (Biessels et al., 1998). Long-term protection ag
development of diabetic encephalopathy via lgg
ered insulin has not yet been attempted.
Structural defects within the diabet
include cerebral atrophy identified
techniques (Schmidt et al., 2004;
Musen et al., 2006; Ikram et al
Cerebral atrophy, possibly actj
associated with cognitive d
Manschot et al., 2006). L
presence in some i
Murray et al., 2005; @
2006; Musen et al., 2006 ; %
in others (Schmidt er al., . By themselves, WMAs in
humans are a risk factor for stf@ke (Knopman et al., 2001),
cognitive deficits (Pantoni et al., 2007) and abnormalities in
gait associated with falling (Schwartz er al., 2008). The
presence of cerebral atrophy or WMA has been linked to
cognitive dysfunction in a number of human studies
(Manschot et al., 2006; Verdelho et al., 2007). Rodent
models of diabetes have also demonstrated cerebral atrophy
(Lupien et al., 2006; Toth et al., 2006) and WMAs (Toth
et al.,, 2006) due to long-term diabetes. Such pathological
changes have been associated with cognitive decline over
time in mouse models of diabetes (Toth et al., 2006) and in
diabetic rats where hippocampal electrophysiological
changes were present (Biessels et al., 1996; Kamal et al.,
2000). One pathogenic factor related to presence of brain
atrophy and WMA in experimental diabetes is the presence
of the receptor for advanced glycation end products
(RAGE) (Toth et al., 2006). However, another important

risk factor for WMA
b a arcia, 1997;

G. ). Francis et al.

factor may be relative impaired insulin levels and activity in
the brain exposed to diabetes (Li et al., 2005; Haan, 2006),
as described in the human Alzheimer’s disease brain (Craft
et al, 1998; Hoyer, 2004). Insulin receptors (IRs) are
present at central neurons, synapses, and upon glia (Adamo
et al., 1989; Unger et al., 1989; Wickelgren, 1998; Abbott
et al., 1999; Zhao et al., 2004a); therefore, it is assumed that
insulin and its signalling play an important role in neur-
onal, glial, and overall cognitive and memory functioning.
Insulin replacement within the central nervous system may
prevent or even reverse such diabetes-associated changes,
although its systemic delivery is complicated by hypogly-
caemia. Also, potentially impaired function of the blood—
brain barrier may prg ulin transport from achieving

gl., 2000). An alternative
0o the brain could be
diabetes-accelerated

permits insulin or similar
periphery and the blood-brain
et al., 2005), reaching the brain and
brospinal fluid (CSF) within minutes.

ave been successfully delivered to the brain using
thod (Chen et al., 1998; Liu et al., 2004; Ross et al.,
2004; Thorne et al., 2004; Reger et al., 2006, 2008; Vig et al.,
2006). Transport of molecules delivered intranasally occurs
through extracellular bulk flow transport along olfactory
and trigeminal perivascular channels, as well as possibly
through axonal transport pathways (Benedict et al., 2004;
Thorne et al., 2004; Reger et al, 2006). This technique
permits targeted delivery to the brain to assess the direct
effect of insulin upon its receptors without significant
changes in plasma insulin or glycaemic levels (Patti et al.,
1995; White and Yenush, 1998; Leinninger et al, 2004;
Reger et al., 2006, 2008; Yu et al., 2006).

We hypothesized that long-term replacement of insulin
within the experimental type I diabetic mouse brain could
slow or prevent such changes. Insulin’s ligation to highly
expressed IR in brain regions including the hippocampus
and upon synapses (Abbott et al., 1999), may promote
learning and memory (Zhao et al., 2004a). We used daily
intranasal delivery of insulin over a life span while per-
forming behavioural and neuroimaging measures to
monitor progression. These studies were also performed
to assist in delineation of insulin’s trophic and anti-
hyperglycaemic effects upon development of diabetic
encephalopathy. Given the absence of neuronal loss in
prior studies of the diabetic murine brain (Toth et al.,
2006), we also examined for evidence of synaptic loss, as
well as the previously detected myelin loss. We postulated
that intranasal insulin delivery would sustain the diabetic
nervous system, potentially limiting cognitive decline, brain
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atrophy and WMAs, while limiting serious systemic side-
effects that could occur with systemic insulin delivery.

Materials and Methods
Animals

We studied a total of 484 male Swiss Webster wild-type (wt) mice
with initial weight of 20-30g, in strict pathogen-free plastic
sawdust-covered cages with a normal light-dark cycle and free
access to mouse chow and water. All protocols were reviewed and
approved by the University of Calgary Animal Care Committee
using the Canadian Council of Animal Care guidelines. Mice were
anaesthetized with pentobarbital (60 mg/kg) prior to all proce-
dures. At the age of 1 month, 304 mice were injected with
streptozotocin (Sigma, St. Louis, MO) intraperitoneally with once
daily doses with each of 60 mg/kg, 50 mg/kg and then 40 mg/kg
over three consecutive days, while the remaining 180 mice were
injected with volume-equated placebo carrier (sodium citrate) for
3 consecutive days. One hundred and forty-four mice injected
with STZ and 80 mice injected with carrier were held aside for
morphological studies to be performed at 1, 3 and 5 months after
injections; the remaining mice were followed for the entire length
of the study (8 months of diabetes or equivalent for carrier-
injected mice) as mortality permitted. Monthly weights were
obtained and monthly whole-blood glucose measurements were
performed using the tail vein and a blood glucometer, (OneTquch
Ultra Meter, LifeScan Canada, Burnaby, BC, Canada) with
glycaemia verified 1 week after STZ injection; a fasting w!
blood glucose level of >16 mmol/l (normal 5-8 m
criterion for experimental diabetes. In all cases,

additional insulin, glucose
the mouse was obviou

an ill mouse, euthanasia wa

We studied cohorts with 4 of eight mice in each
group initially due to resource li ions. After the initial cohorts
containing eight mice each were studied, a second cohort was used
to obtain additional mouse data for mouse cohorts with higher
levels of mortality. For any animal that experienced mortality after
the 20-week point of the cognitive studies, their data were carried
through using the last obtainable data point.

Intranasal insulin or saline delivery

125 Jabelled I-1 and subcutaneous insulin (S-1) administration
were performed at the University of Minnesota for determination
of targeting of insulin delivery methods. This procedure was
approved by the institutional animal care and use committee at
Regions Hospital. Prior to experimentation, 21 non-diabetic
animals were acclimated to handling for awake intranasal delivery
over ~2 weeks. '*I-labelled I-I was provided to 12 Swiss Webster
mice (male, 6-8 weeks, Charles River) and '*I-labelled sub-
cutaneous insulin S-I was provided to nine mice under
pentobarbital anaesthesia (60mg/kg). Insulin (Humulin R, Eli

Brain (2008), 131, 3311-3334 3313

Lilly, Toronto, Canada) with an initial concentration of 100 U/ml
or 4033.98 mg/ml was dissolved in PBS and custom-labelled with
2] (GE Healthcare, Piscataway, NJ, USA). Synthesized radio-
labelled insulin solution contained 344.3 uCi/ug. '*’I-labelled I-I
delivery was performed in a fume hood behind a lead-
impregnated shield, with anaesthetized mice placed supine. A
mixture of '*°I insulin (15.8 uCr) and unlabeled insulin (3.3 pg)
were administered as I-I or S-I. '’ I-I was delivered over
alternating nares as eight 3-pl drops with an Eppendorf pipetter
every 2min, for a total volume of 24 pl. This schedule of delivery
has been modified from a previously used method in rats to
quantify radiolabelled delivery of molecules within the Frey
laboratory (Thorne et al., 2004). For subcutaneous delivery, 1251
S-I was delivered with a single subcutaneous injection of 24 pl in
a fume hood behind a legdmmpregnated shield. Each desired dose

cardiocentesis
performance dial perfusion using 120 ml

ouse was maintained under

well as portions of the central and
were harvested. Gamma signal was
region with autoradiographic imaging
screen. Concentrations of '*°[ insulin were
culated based ®pon the gamma counting data, tissue weight,

ific act@ity of the insulin administered and standards

Daily I-I (Humulin R, Eli Lilly, Toronto, ON) or intranasal
aline (I-S) was administered to both diabetic and non-diabetic
male Swiss Webster mice over 8 months of diabetes. A total of
24 pl containing either a total of 0.87 U of insulin or 0.9% saline
only was provided as four 6-pl drops by an Eppendorf pipetter
over alternating nares every minute while each mouse was held in
supine position with neck in extension. Daily S-I (0.87U/d,
Humulin R, Eli Lilly, Toronto, ON) and subcutaneous saline (S-S)
were also administered to either diabetic or non-diabetic male
Swiss Webster mice. All therapies began immediately after
confirmation of presence of diabetes for each cohort. In the first
week, daily glucometer testing was performed for all mice,
followed by once-a-month testing. In this work, mice with
diabetes were indicated with a ‘D’, while mice without diabetes
(control mice) are indicated with a ‘C’. Delivery of subcutaneous
saline is indicated as ‘S-S’, subcutaneous insulin as ‘S-I’, intranasal
saline as ‘I-S’ and intranasal insulin as ‘T-T’.

We attempted to use other control groups, but their utility was
limited in each case. First, we attempted to use subcutaneous
insulin via a sliding scale approach in six diabetic mice in order to
maintain normal or mildly high glycaemia levels. This approach
required daily checks of whole-blood glucose using a tail vein;
over the span of 1 month, all of the six diabetic mice developed
infection over the tail, leading to amputation in three mice (50%)
and was probable cause of death in two mice (33%). During the
course of an 8-month-long study, the morbidity associated with
this procedure would be unacceptable and confounding. We also
attempted to maintain a protected venous catheter in the tail vein
for obtaining whole-blood glucose, but this was associated with
auto-removal of the catheter and failure at re-insertions due to
fibrosis of tail tissues. We also studied six diabetic mice receiving
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a half dose of the desired I-I dose (0.43U/d) over 1 month. One
mouse (17%) died of confirmed hypoglycaemia, with the other
five mice surprisingly had no statistical difference in glycaemic
levels when compared to a complementary group of six diabetic
mice receiving subcutaneous placebo injections. Therefore, we
selected the S-I dose to be equivalent to the I-I dose for the
cohorts studied.

Behavioural testing
A minimum of eight mice in each cohort [32 diabetic (D I-I, D I-
S, D S-I and D S-S) and 32 control mice (C I-I, C I-S, C S-I and
C S-S)] had cognitive behavioural testing performed once weekly
for evaluation of procedural, visuospatial and recognition
memory. All behavioural tests were conducted under regular
light between 09:00 and 15:00 h after fasting overnight from 19:00
onwards. Every mouse was trained in each test paradigm for
3 weeks before initiation of test recording and prior to diabetes
initiation, beginning after 2 weeks of diabetes at 1.5 months of
age. Behavioural equipment was maintained in the identical
position and climate on each occasion and was recorded by the
same observers in order to ensure stability of distant navigational
cues provided by objects around the testing. Testing always
occurred in the order of Holeboard test, Radial arm test, Object
Recognition test (each performed while fasting) followed by
feeding and then the Morris Water-Maze test 1 h later. Whilg the
Holeboard and Radial Arm tests evaluate spatial infor
processing and memory, the Morris Water Maze also eval
procedural memory and aversive motivation. In

Due to the possibility of motor limitations
of cognitive testing, concurrent testing
linear running speed were performe

in diameter) and eight ag
constructed of black p

C each occasion at 180
from the starting point of the e placed in the middle of the
central platform. A mouse was rec@led as entering an arm when
it passed the midpoint of the arm in a centrifugal fashion. Each
trial ended when the reward was collected or when 720s expired.
Variables recorded during each test were latency for collecting
reward and the number of errors made, defined as a re-entry into
an arm previously entered, classified as a reference memory error.

The Holeboard test was modified from a previous reported
design (File and Wardill, 1975), and was composed of a
rectangular open field (60 x 90 cm) made of opaque white acrylic
surrounded by opaque walls 60cm high. Eight holes (2.5cm
diameter) were placed in two lines of four, equidistant from each
other and from the walls. Each mouse was started in the same
corner while the food reward (Cheerio) was placed in the same
hole (second hole in the far row, kitty-corner from the starting
point). The latency to collect the reward and the number of times
the mouse placed its head in each individual hole was recorded,
with errors defined as repeat visit of a previously visited hole,
classified as a reference memory error.

G. ). Francis et al.

The Object Recognition task was performed in an open wooden
box (60 x 60 x 60cm) with unique objects to be discriminated
constructed from children’s blocks. On the day of the test, at the
first 2-min sample trial (T1), two identical objects (termed as
sample objects) were presented in two corners of the box. Then, in
the second 2-min choice trial (T2) performed 30 min later, one of
the objects presented in T1 was replaced by a new object. Objects
were cleaned between trials and between mouse to prevent the
possibility of scent traces forming an olfactory cue. The time (in
seconds) as well as the number of visits taken by mice in exploring
objects in the two trials were recorded, with exploration
considered as directing the nose to the object at a distance
<2m and/or touching it with the nose. This paradigm has been
termed delayed ‘spatial non-matching-to-sample’ (SNMTS) testing
(Rothblat and Kromer,

A mouse-adapted

er-maze task (Morris, 1984;
2005) was performed after
ular pool 88 cm in diameter
at 25°C. The position of the
ned fixed for all testing over
ouse was placed at an identical
idden platform. Animals were left

f the pool containing the platform (thigmotaxis).

Magnetic resonance imaging

t each month of diabetes, four mice from each cohort [16
diabetic (D I-I, D I-S, D S-I and D S-S) and 16 control mice
(CI-I, CI-S, C S-I and C S-S)] underwent magnetic resonance
(MR) scanning at the Experimental Imaging Centre at the
University of Calgary. MR images were obtained in animals
anaesthetized by mask with isoflurane using a quadrature volume
coil and a Bruker 9.4 Tesla MR imaging system. Respiration and
temperature were monitored and inner core temperature was
maintained to be within 36-37°C with a heated air feedback
system. The head was restrained using ear pins. Three different
sets of MR scans were performed using sequences that acquired
T,-weighted images, diffusion-weighted (DW) images for calculat-
ing an apparent diffusion coefficient of water (ADC) map and T,-
weighted images for determining T, maps within a total of 24
slices through the cerebrum. T,-weighted images were acquired
using a spin echo sequence with a repetition time (TR) of 500 ms
and an echo time (TE) of 8 ms. Diffusion-weighted (DW) images
were acquired using a spin echo sequence with TR/TE=1200/
49ms and b values of 46 and 767 s/mm?, respectively. T, maps
were obtained from multi-spin-echo images at TR=1200ms, 12
echoes and TE=12.5ms. The field of view was 2 x 2 cm, with an
acquisition matrix of 256 x 256 and a slice thickness of 0.75 mm.
MR images of brain were analysed using locally available software
(Marevisi, IBD) by an observer blinded to the treatment group.
Calculation of T, values, perfusion values, and ADC values within
brain regions of interest were performed bilaterally for each of the
control and diabetic animals. Apparent visualized abnormalities in
T;- and T,-weighted images were also recorded for each animal.
In addition, MR images were used to calculate brain widths at
pre-determined anatomical landmarks as well as to measure
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overall brain volume. Volumetric brain measurements were
calculated as a summation of cross-sectional areas for each slice
multiplied by the thickness of the MR slices.

Tissue harvesting

Prior to sacrifice after 1, 3, 5, 7 or 9 months of diabetes, animal
weights and blood glucoses were determined. A total of 0.5ml of
whole intracardiac blood was obtained for glycated haemoglobin
measurements to be performed with affinity chromatography
(Procedure 422; Sigma Diagnostics). Euthanasia for animals was
performed with an overdose of pentobarbital intraperitoneally,
followed by harvesting of brain tissues, placement of half of all
brain tissues in 2% formaldehyde and embedding in paraffin. For
these specimens, 10 um sections were cut for morphological and
immunohistochemical studies. The other half of mouse brain
tissues were placed in Trizol reagent (Life Technologies Inc.,
Rockville MD, USA) or liquid nitrogen for quantitative real-time
reverse transcriptase polymerase chain reaction (qRT-PCR) and
Western blot studies respectively with storage at —80°C for a
maximum of 1 month.

Brain sectioning and staining
Degrees of myelination were determined by staining paraffin brain
sections for either Luxol Fast Blue (LFB) or myelin basic protein
(MBP) (1:100, Stemcell Technologies Inc., Vancouver). For LFB
staining, slides were de-waxed and stained in LFB overni
37°C followed by alcohol washing and subsequent differenti
of the stain with 0.05% lithium carbonate and then alcghol. SIt

secondary antibody (bovine anti-

Inc., San Francisco) for 1h.
Brain sections stained for

defined regions of intere

al., 2000; Tullberg
t of MBP labelling was
performed using Image Pro Pl4gsoftware (Image Pro Plus 5.0,
MediaCybernetics, Silver Spring, MD) in order to measure the
optical density or degree of immunofluorescence within each brain
region of interest. LFB staining was assessed using optical density
measurements with Photoshop software for quantification of blue.
All assessments of brain sections were performed by an
investigator blinded to the experimental conditions.

Additional immunohistochemistry was performed to identify
neurons with microtubule-associated protein (MAP)-2, and to
identify oligodendrocytes with PDGFRo immunohistochemistry.
Background staining was blocked using 1% bovine serum albumin
for 1h, and then slides were stained with monoclonal mouse
anti-MAP-2 (1:100, Abcam, Cambridge, MA) or PDGFRa
(1:100, Abcam, Cambridge, MA) for neuron and oligodendro-
cyte detection, respectively. The secondary antibody used was
anti-mouse IgG Cy3 (1:100, Zymed Inc., San Francisco) in both
cases.

Detailed counts of both neuronal and oligodendroglial cell
numbers within grey matter areas of interest (Appendix 1) were
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performed using standard unbiased stereological methods for
those slides stained with the neural marker MAP-2 (Gundersen
et al., 1988; Toth et al., 2006) and the oligodendroglial marker
PDGFRo. Volume and total cell number were performed with the
examiner blinded to the condition and treatment of each mouse
brain. Twelve sampled areas were counted for each brain region in
each brain, with neurons distinguished based upon nuclear size
and appearance.

Quantitative real-time PCR

Total RNA was extracted from brain regions stored in Trizol
reagent (Life Technologies Inc., Rockville, MD). Total RNA (1 pg)
was processed directly to c¢DNA synthesis using the Tag-
Man\Reverse Transcription Reagents kit (Applied Biosystems).
All PCR primers and 4 probes were designed using soft-
ware PrimerExpress
data from the N

primer sequences were: for-
-3’; reverse 5'-GCCCATT
er sequences were: forward,
-3/, reverse, 5-GCCCGAAGT

GGCCTGTCCGATGTGAAG-3'; reverse, 5-TCCC
GCATGTG -3'. ChAT primer sequences were:
"CTATGAGAGTGCATCCATCCGC-3'; reverse, 5'-GG
CATGGCTTGCACAA-3'.

RT?PCR was performed using SYBR Green dye. All reactions
were performed in triplicate in an ABI PRISM 7000 Sequence
etection System. Data were calculated by the 27T method
and are presented as the fold induction of mRNA for RAGE in
diabetic tissues normalized to '®S for comparison to non-diabetic
tissues (defined as 1.0-fold).

Western blot

Thalami and sensorimotor cortices from brains for each cohort
were homogenized using a RotorStator Homogenizer in ice-cold
lysis buffer (10% glycerol, 2% SDS, 25mM Tris—-HCI, pH 7.4,
Roche Mini-Complete Protease Inhibitors). Samples were then
centrifuged at 10000g for 15min. Supernatant was stored at
—20°C prior to SDS-PAGE and immunoblotting analysis. Equal
amounts (150png) of protein were loaded and samples were
separated by SDS-PAGE using 10% polyacrylamide gels with
800V-h of current applied. Separated proteins were transferred
onto nitrocellulose paper (BioRad) over 16 h at 200 mA in Towbin
transfer buffer (25mM Tris, 192mM glycine, 20% v/v methanol,
0.1% v/v SDS). The blot was blocked for 1h in 7.5% (w/v) milk
(Nestle, Carnation) in TBS [50 mM Tris, 137 mM NaCl, 51 mM
KCL, 0.05% (v/v) Tween-20]. The PI3K and Akt pathway were
investigated with PI3K (1:1000), PKB/Akt (1:1000), pAkt (1:1000).
The nuclear signalling transcription factor NFkB p65 and p50
subunits (1:1000 each) were also examined, and additional
immunohistochemistry was performed for CREB (1:200, Abcam
Inc., Cambridge, MA) and glycogen synthase kinase 3 (GSK3p)
(1:200, Abcam Inc., Cambridge, MA). Quantification of synaptic
presence was performed using anti-synaptophysin (SYP) (1:1000;
Santa Cruz, Santa Cruz, CA, USA, polyclonal) and Anti-
Choline Acetyltransferase (ChAT) (1:500, Abcam, Cambridge,
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UK, polyclonal). Identification of proteins for IRP (C-19) (1:500,
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and insulin
(1:500, Abcam, Cambridge, UK, polyclonal) were also performed
using Western blotting. For a housekeeping protein, anti-p-actin
(1:100, Biogenesis Ltd. Poole, UK) was applied to separate blots.
Secondary anti-rabbit, anti-mouse or anti-human IgG HRP Linked
antibody (Cell Signaling) was applied at 1:5000 in each case as
appropriate. Signal detection was performed by exposing of the
blot to enhanced chemi-luminescent reagents ECL (Amersham)
for 2min. The blots were subsequently exposed and captured on
Kodak X-OMAT K film. In each case, three blots were performed,
and analysed with Adobe Photoshop (Adobe Photoshop 9.0,
Adobe, San Jose, CA, 2005) for quantification of relative protein
content.

Analysis of Western blots used a ratio of protein of interest to
B-actin protein for each region of brain tissue and each cohort.
Quantification of the luminosity of each identified protein band
was performed using Adobe Photoshop software (Adobe
Photoshop 7.0, Adobe, San Jose, CA, 2002).

Additional immunohistochemistry

Immunohistochemistry was performed using PI3K (1:200,
Santa Cruz Inc., Santa Cruz, CA), PKB/Akt [1:200, anti-protein
kinase B (Akt), Stressgen, Victoria, Canada], pAkt [1:200, anti-
phospho-Akt (Ser473), Cell Signaling Technologies, Danvers,
and the nuclear signalling transcription factor NFkB
subunit (1:200, anti-NFkB p65, Santa Cruz, Santa Cruz,
and p50 subunit (1:200, anti-NFkB p50, Santa Cru
CA). For synaptic identification,

UK, polyclonal) were used. Identific
was performed with immunohisto

(Zeiss  Axioskope,
Toronto, Canada) at 4

well as the relative luminos as performed using Adobe
Photoshop (Adobe Photoshop 9.08Adobe, San Jose, CA, 2005).
In grey matter regions, the total numbers of neurons per trans-
verse section, as well as the numbers of neurons with positive
immunolabelling for the above markers, and their potential
nuclear activation, were recorded. Luminosity was classified as
none-low (luminosity value of 0-150), moderate (150-250) or
high (>250) using Adobe Photoshop software (scale of 0-255 with
arbitrary units). An additional measurement of neuronal nuclear
immunolabelling for pAkt and NFkB was also performed using a
pre-determined luminosity measurement threshold of 150 (no
units), below which negative nuclear reactivity was assigned for
both neurons and glia. All measurements were performed by a
single examiner blinded to the group identity. For synaptic
presence, cortical sections immunostained with synaptophysin and
ChAT were examined with densitometry using Image-Pro Plus
image analysis (Media Cybemetics). A total of 25 randomly chosen
areas of cortex, thalamus, and hippocampus from 10 animals per
cohort group were examined at 400x.

G. ). Francis et al.

Electrophoretic mobility shift assays

For evaluation of CREB binding to DNA, brain tissue was obtained
and placed in Totex buffer (20 mM HEPES pH 7.9, 350 mM NaCl,
20% glycerol, 1% igepal, I mM MgCl,, 0.5 mM EDTA, 0.1 mM
EGTA, 0.1 mM PMSF, 5 pg/ml aprotinin, 50 uM DTT), followed by
cell lysis on ice for 30 min, centrifugation at 14 000 r.p.m. for 15 min
at 4°C, with supernatant retained. Protein levels were determined by
the Bradford method (Biorad) and samples stored at —80°C. Equal
amounts of protein were incubated in a 20-pl reaction mixture
containing 20 ug of bovine serum albumin; 1 pg of poly (dI-dC);
2 pl of buffer containing 20% glycerol, 100 mM KCl, 0.5 mM EDTA,
0.25% NP-40, 2mM dithiothreitol, 0.1% phenylmethylsulphonyl
fluoride and 20 mM HEPES, at pH 7.9; 4 ul of buffer containing
20% Ficoll 400, 300mM KCl, 10mM dithiothreitol, 0.1%
phenylmethylsulphonyl 4 and 100 mM HEPES, pH 7.9; and
ed oligonucleotide (S) corre-
-CAA TGA CAT GCG GCT
3/). After 20min at room
separated on a 12% non-
adioactivity of dried gels was
-Omat film, and images on the

g biotin end-labelled double-stranded DNA probes
ed with the Biotin 3’ End DNA Labeling Kit (Pierce). The
g probe used was 5-TCGACAGA[GGGACTTTCC]GAGA
GGC-3', with the binding site indicated in square brackets, and
old letters indicating regions of variable nucleotides. Electro-
phoretic mobility shift assay (EMSA) was performed with a
LightShift Chemiluminescent EMSA Kit (Pierce). Briefly, nuclear
extracts (10 pg protein) and the 10 x binding buffer with 2.5%
glycerol, 5mM MgCl,, 50 ng/pl poly(dI-dC), 0.05% NP-40, 1 mM
DTT and 20 fmol biotin 3’-end labelled double-stranded oligonu-
cleotide were incubated at room temperature for 1h in a volume
of 20 pul. For NF«B supershift analysis, an anti-NFkBp65 poly-
clonal antibody (Santa Cruz; 1pg per reaction) was incubated
with the nuclear proteins on ice for 1h before labelled oligo-
nucleotide was added. Reaction products were separated by
electrophoresis [5% acrylamide (29:1 acryl/bis)] in 0.5 x TBE.
After electrophoresis, the protein-DNA complexes were trans-
ferred onto nylon membranes and detected using chemilumines-
cence (LightShift kit; Pierce).

Analysis

All statistical comparisons were intended between the following
groups: D I-I and D S-I; D I-I and D I-S; D I-I and C I-I; D S-I
and D S-S; D S-I and C S-I; C I-I and C S-I; C I-I and C I-S; and
C S-T and C S-S. Comparison testing was not performed between
other grouped cohorts, with Bonferroni corrections applied as
appropriate for the above group comparisons.

Data collected in the groups were expressed as mean = standard
error. One-way matched/unmatched ANOVA and Student’s t-tests
were performed to compare means between diabetic and control
groups. The Repeated Measures ANOVA assessment was per-
formed for data obtained during the four cognitive studies, as
individual scoring during 1 week partially depended upon
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performance of the prior week, with the D I-I group compared to
the D S-I and D I-S groups, and the D S-I group compared to the
D I-S and D S-S groups. Also, Area Under The Curve statistical
testing was performed for cognitive testing other than object
recognition tasks. Again, only the groups intended to have
statistical comparisons were analysed as such. For the purposes
of molecular studies and comparisons, one control (non-diabetic)
group was used as a control value, with subsequent comparisons
to other diabetic groups for the molecular test studied.

Results

Intranasal insulin delivery quantification
Quantification of radiolabelled insulin delivery identified
peak delivery to the brain within 1h after I-I delivery and
around 6h with S-I. Systemic insulin concentrations with
intranasal delivery were limited as compared with sub-
cutaneous delivery (Fig. 1). Mice receiving I-I treatment did
not suffer adverse effects throughout the 1-, 2- and 6-h
monitoring periods before sacrifice. S-I delivery led to much
higher concentrations of whole blood insulin and develop-
ment of hypoglycaemia-induced illness in approximately
one-third of mice. Hepatic and kidney insulin levels were
overall two to three times higher in mice administered S-I.

Diabetes

After STZ injection, mice developed diabetes within 2 we

weight better than D I-S mice.
identical in D I-I or D I-S mice,

as significantly higher
ough mice receiving I-I
iv€ to I-S, S-S and S-I mice
(Table 1) (Kaplan—Meier survival statistics).

The second cohort groups used to complete data within
each intervention group consisted of four mice in each of
the C S-1, D S-S, D S-I, D I-S and D I-I groups. This led to
a data with a minimum of eight mice in each intervention
group (n=9 D I-I, n=10 D I-S, n=9 D S-I, n=10 D S-S,
n=8C I-I, n=11C S-I, n=8C S-S, n=8C I-S).

Cognitive behavioural data

Cognitive testing continued until 33 weeks of diabetes. All
cognitive data was based upon a minimum of eight mice in
each cohort group at all time points. Learning processes for
each of the tasks appeared to be similar between diabetic
and non-diabetic mice over the first several weeks (Fig. 2).
Diabetic mice performed better than non-diabetic mice in

Brain (2008), 131, 3311-3334 3317

the first weeks of the Radial Arm Test, as demonstrated
previously (Toth et al, 2006), hypothesized to be due to
hyperphagia contributing to greater exploratory behaviour.
In general, diabetic mice demonstrated waning perfor-
mances on each of the behavioural tasks after 7-10 weeks of
diabetes, with impaired performances continuing through-
out the remainder of the 33 weeks of testing. Both D I-I
and D S-I mice performed better than diabetic cohorts
(D I-S and D S-S) in the Morris Water Maze, Holeboard
Test and Radial Arm Test tasks (Fig. 2), although D I-I
mice consistently outperformed D S-I mice, particularly in
the Morris Water-Maze task. In the Morris Water Maze,
diabetic mice also spent less time in the hemisphere of the
hidden platform (tag gne) than non-diabetic mice,
although D I-I mig to spend time in the target
iabetic mice (Supplemen-
her of the Holeboard or

istakes as non-diabetic mice
ouse performance in the Object

control mi d D I-I mice, but not in other diabetic
ort groups (Fig. 2, Supplementary Fig. 1). Additional
using the Area Under the Curve for each
cohort revealed statistically different perfor-
on cognitive testing as described in the figure
legends. Analysis provided by the Repeated Measures
NOVA testing revealed early and late time points for
differences in intervention groups, as demonstrated in
Fig. 2 and Supplementary Fig. 1.

Taken together, these behavioural experiments demon-
strated better maintenance of visuospatial, procedural and
objection recognition memory functioning in the diabetes-
exposed brain receiving intranasal insulin as compared to
the diabetic mouse brain not receiving intranasal insulin.

MRI and brain weight data

Volumetric measurements of brain demonstrated diffuse
cerebral atrophy after 5 months of diabetes (Fig. 3), with
protection demonstrated in D I-I mice after 8 months of
diabetes. Although not identified within individual brain
regions at earlier time points, diabetes-associated atrophy was
detected in the sensorimotor cortex, caudate/putamen,
corpus callosum, internal capsule, CA3 portion of hippo-
campus and cerebral peduncle (Fig. 3) after 8 months of
diabetes. In each of these brain regions, D I-I mice had
measurable protection from atrophy (Fig. 3). Measurement of
brain mass showed evidence of brain atrophy after 5 months
of diabetes, with protection against loss of brain mass first
detected in D I-I mice at 8 months of diabetes (Fig. 3).

As found previously (Toth et al., 2006), there were no
changes in MR T, or perfusion-weighted imaging measure-
ments identified. Although initial changes could be seen after
5 months, evidence of diabetes-associated leukoencephalopathy
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A Intranasal and Subcutaneous Insulin Delivery After One Hour

*p<0.05

i D Intranasal Insulin
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Fig. | Radiolabelled insulin detection. After | and 6 h of either |-l (open bars) or S-1 (closed bars), I-| led to more rapid and elevated
insulin presence in central nervous system structures, including at cortex and deep brain structures, with much less insulin detected in
blood than with S-I (A). At 6 h after delivery (B), intranasal insulin amounts rose in blood, and subcutaneously delivered insulin had
slowly penetrated nervous system structures, albeit at lesser amounts than with earlier arrival of intranasally delivered insulin.
Significant differences were determined by matched t-tests, with asterisk indicating significant difference (P <0.05) between the
intranasal and subcutaneous insulin delivery techniques for each tissue (1 =4 mice in each mouse cohort for each time point).

was more easily detected after 8 months of diabetes in all
diabetic mice using quantitative T, map values. Although
D I-I mice were protected from heightened T, map values
after 8 months, there were still diabetes-mediated WMA
present in numerous regions of brain described as white
matter regions including corpus callosum and internal
capsule, while similar T, changes could be identified in
grey matter regions, such as cortex and hippocampus (Fig. 3).

These changes were heterogenous, and were not identified
in other brain regions of interest (Appendix 1).

White matter analysis

Quantitative evaluations of histological sections were
performed to determine myelin presence in brain regions
of interest (Appendix 1). Both LFB preparations and MBP
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Table I Murine weights, fasting glycaemia levels, glycated haemoglobin levels and survival numbers at induction of diabetes and at harvesting at months

, 3, 5 and 8 of diabetes

Timepoint Prior to injection of Month | Month 3
STZ/carrier
Murine weight (g = SEM) (g =SEM) (g =SEM)

Non-diabetic S-S mice
Non-diabetic S-I mice
Non-diabetic I-S mice
Non-diabetic |- mice
Diabetic S-S mice
Diabetic S-1 mice
Diabetic I-S mice
Diabetic I-I mice

Murine glycaemia and

8 month glycated haemoglobin
Non-diabetic S-S mice
Non-diabetic S-I mice
Non-diabetic I-S mice
Non-diabetic |-l mice

Diabetic S-S mice

Diabetic S-1 mice

Diabetic I-S mice

Diabetic I-I mice

Murine survival numbers

Non-diabetic S-S mice
Non-diabetic S-1 mice
Non-diabetic I-S mice
Non-diabetic |- mice
Diabetic S-S mice
Diabetic S-I mice
Diabetic I-S mice
Diabetic I-I mice

256+3.2 (1=25)
258439 (1=25)
251 +£3.7 (n=25)

25433 (1=25)
252433 (1=40)
254434 (1 =40)
25.2 434 (n=40)
256 +3.5 (1=40)

(mmol/l)

55423
54426
60+2.8
58+2.6
57+27
56+2.6
6.1 £29
58+28

Number of mice
25/25 (100%)
25/25 (100%)
25/25 (100%)
25/25 (100%
40 (100%)
40 (100%)
40 (100%)
40 (100%)

32.7+38 (1=25)
304+ 41 (1=20)
32.1 £39 (1=25)
319435 (1=24)

269 +4.2 (n =34) (3 non-diabetic)
264+ 4.8 (n=3l) (2 non-diabetic)
26.2 4.8 (n =33) (3 non-diabeti
278+ 4.0 (n=36) (3 non-diabe

(mmol/l)

59426
35+27
59+26
57+£29

non-diabetic, 82%)
(3 non-diabetic, 92%)
36/39 (3 non-diabetic, 92%)

6+30

32.3+6l1
259458
321 £53
3.6 £50

Number of mice
24/25 (960%)
17/25 (68%)
25/25 (100%)
23/25 (92%)
30/37 (81%)
24/38 (63%)
30/36 (83%)
35/39 (90%)

Month 5

Month 8

30.2£49 (1=22)
348436 (1=133)

(mmol/l)

6.2+30
41+£30
6.1 £31
57+30
32.2+6.2
243456
32.1 £5.2
3l.6£5.2

Number of mice
24/25 (96%)
15/25 (60%)
25/25 (100%)
22/25 (88%)
20/37 (54%)
16/38 (42%)
22/36 (61%)
33/39 (85%)

(g £ SEM)
472449 (n=23)
370 £5.4" (n=12)
481 £52 (1=24)
434+ 48 (=2l
3.5+ 58 (1= 16)
288+ 49 (1=12)
30.4+5.2% (n=18)
35.6 + 4.9% (n=30)

(mmol/l)

(percentage of haemoglobin)
6.6 +3.2" (12.4% +4.8%)
4.0+3.1" ° (9.2% +4.1%)
63127 (12.1% +=47%)
5.7+3.2 (12.6% +49%)

32.44 6.0 (31.6% =+ 6.2%)*
24.8 + 6.1 (24.1% + 6.6%)*
32.3+£5.8 (32.0% + 6.0%)
32.04+5.6 (30.2% £ 6.4%)

Number of mice
23/25 (92%)*
12/25 (48%)* °
24/25 (96%)
21/25 (84%)
16/37 (43%)
12/38 (32%)
18/36 (50%)*
30/39 (77%)% ¢

Glycated haemoglobin values are presented in italics in the 8 month column for glycemia levels. For murine survival, Kaplan—Meier statistics were performed between cohort groups.
All measures are mean & SEM for weights, glycemia levels and glycated haemoglobin levels. *Indicates significance at P <0.05 with comparison of non-diabetic S-S and S-I mice cohort
roups; ¥Indicates significance between diabetic cohort groups receiving I-S and I-I; ®Indicates significance with comparison of diabetic |-l mice to S-S and I-S diabetic cohort groups;
Indicates significance with comparison of non-diabetic S-I mice to all other non-diabetic mice using multiple ANOVA testing with Bonferroni post hoc t-test comparisons (« =0.016).

§

Bold values indicate statistical significance as indicated by the superscripted symbols.
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A Morris Water Maze Test Results for Intranasal Therapy
150 - in Diabetic and Control Mice: Time to Reach Platform
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Fig. 2 Cognitive behavioural data. Mice with diabetes are indicated with a‘D’, while mice without diabetes (control mice) are indicated witha‘C’.

Delivery of subcutaneous saline is indicated as ‘S-S, subcutaneous insulin as ‘S-I intranasal saline as ‘I-S’and intranasal insulin as ‘I-I. No baseline

differences existed between any of the mouse cohorts. Morris Water-Maze testing demonstrated learning ability in each cohort, regardless of

diabetes presence (A). Times to reach the platform continued to improve after 7-9 weeks in non-diabetic mice and D I-I mice, whereas the

performance of other diabetic mice failed to improve with prolongation of their later times to complete testing. D S-1 mice performed better

than D S-S or D I-S mice at later time points, while D |- mice outperformed all other diabetic mice after 9 weeks of time. In the Holeboard test,
both DI-land D S-I mice outperformed other diabetic mouse cohorts after 7 weeks of testing (B). In the initial stages of the Radial ArmTest (C),
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c Radial Arm Test Results for Intranasal Therapy
in Diabetic and Control Mice: Time to Locate Target
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Fig. 2 Continued S
diabetic mice outperformed non-diabetic mice, perhaps due to enhaficed search behaviour related to hyperphagia. After 5 weeks, D |-l and
D S-1 mice found their targets faster than other diabetic mouse cohorts, whose performance diminished further over time. After 22
weeks, D |-l mouse times were improved relative to D S-I times. The Object Recognition Task results are presented as the average of each
of 8 consecutive weeks. This task demonstrated less novelty-seeking behaviour in terms of both visits (D) and time spent (E) at novel
objects in the T2 portion of the experiment for D I-S, D S-l and D S-S mouse cohort groups. For A—C, Repeated Measures ANOVA testing
revealed both early and late time points of significance for D S-I and D I-I mouse cohorts, indicated under the graph with red bars (D S-I)
or blue bars (D I-l) for the weeks where significant differences were identified, when compared to D S-S and D I-S mice, or all other
diabetic mouse cohorts respectively. For A-C, additional Area Under The Curve measurements identified significantly improved perfor-
mances for D I-I mice compared to the D S-1and D I-S groups (P <0.025 using Bonferroni corrections). For D and E, significant differences
were determined by multiple ANOVA tests, with asterisk indicating significant difference (P <0.016 using Bonferroni corrections) between
the D |-l mouse group and other diabetic mouse cohorts (P <0.016 using Bonferroni corrections) for the respective time points (n=8-I10
mice in each mouse cohort for each time point).
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MR Entire Brain Volumetric Measurements in
iabetic and Non-Diabetic Mice Over Life
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Fig. 3 MRI data. The diabetic murine brain demonstrated atrophy and development of white matter changes over time. There were no
differences between cohort groups for volumetric measurements until after 3 months of diabetes, and no difference between cohort
groups for individual brain region volumetric measurements until 5 months of diabetes. Samples of MR T, images after 8 months of diabetes
are demonstrated using aged-matched non-diabetic mouse brain (top), diabetic mouse brain receiving long-term intranasal insulin (middle)
and diabetic mouse brain receiving intranasal saline (bottom) (A). Volumetric measurements of the entire brain indicated generalized loss of
brain volume over time in diabetes, first demonstrable after 3—5 months of diabetes (B). D I-I mice were protected from cerebral atrophy
when compared to other diabetic mouse cohorts, detectable after 8 months of diabetes. Individual brain regions also showed atrophy after
8 months of diabetes in diabetic mouse cohort groups other than D I-I mice (C). Wet brain mass paralleled MRI volumetric measurements,
again demonstrating cerebral atrophy in diabetic mice after 5 months, with partial protection found in D I-I mice (D). MR T, map values
were significantly elevated in both white and grey matter regions for diabetic mice, with D |-l mice again protected when compared to
their diabetic cohort groups (E). Significant differences were determined by multiple ANOVA tests, with asterisk (x) indicating significant
difference (P <0.0125 using Bonferroni corrections) between the indicated mouse group and other non-diabetic mouse cohorts, while ®
indicates a significant difference (P <0.0125 using Bonferroni corrections) between the D I-I mouse group and the D I-S and D S-S

cohort groups for the respective time points. Finally, v indicates a significant difference (P <0.0125 using Bonferroni corrections)

between the D |-l mouse group and all other diabetic mouse cohort groups for the respective time points (n =4-6 mice in each

mouse cohort for each time point).
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D Wet Brain Mass in Diabetic and Non-Diabetic Mice
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Fig. 3 Continued.

immunohistochemistry detected reductions in myelin quan-
tity within a number of brain regions of interest (Fig. 4).
As determined previously (Toth et al., 2006), none of the
identified WMA had a pattern which could be attributed to
large vessel infarction. Lost MBP expression closely resembled
abnormalities also identified with LFB staining and with T,
measurement changes found with MR imaging (Fig. 4).

As identified previously (Toth et al., 2006), there were
no differences in neuronal density over grey matter regions
of interest after detailed stereological counts. For example,
neuronal densities within the CAl region of hippocampus
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were 1.73 x 10°/mm’ in diabetic mice as compared to
1.79 x 10%/mm° in control mice (P=NS). Neuronal densities
within other grey matter brain regions (Appendix 1) were
similar between diabetic and non-diabetic mouse cohort
groups. Oligodendrocyte counts were performed by exam-
ination of immunohistochemistry for PDGFRa within both
regions of white and grey matter (Appendix 1) and revealed a
44% loss of oligodendrocytes within the internal capsule and
corpus callosum regions in D I-S brains as compared to C I-S
brains, with oligodendrocyte loss protected in D I-I brains,
only demonstrating 17% loss (ANOVA, P<0.01).
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A Luxol Fast Blue Quantification in Diabetic and Non-Diabetic Mice @
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Fig. 4 Quantification of myelin for Both Luxol Fast Blue (LFB) and Myelin Basic Protein (MBP). Data for LFB quantification is demonstrated
as (255 — Luminosity), as higher luminosity would indicate greater light passage and therefore, less myelin content. LFB loss occurred in
both white and grey matter regions (A) of the diabetic murine brain as compared to the non-diabetic brain (C S-S) (B), with partial
protection present in the D I-I brain (C) when compared to the D I-S brain (D). (Bars = 20 um) MBP loss also occurred in both white and
grey matter regions (E) of the diabetic murine brain as compared to the non-diabetic murine brain (C S-S) (F), with partial protection
again present in the D |-l brain (G) when compared to the D I-S brain (H). (Bars = 10 um) Significant differences were determined by
multiple ANOVA tests, with asterisk (x) indicating significant difference (P <0.0125 using Bonferroni corrections) between the indicated
mouse group and other non-diabetic mouse cohorts, while v indicates a significant difference (P <0.0125 using Bonferroni corrections)
between the D I-I mouse group and all other diabetic mouse cohort groups for the respective time points (1 =4 mice in each mouse

cohort for each time point).

mRNA and protein quantification

A relative loss of intraneuronal pAkt and decreased nuclear
pAkt presence (Fig. 5) was associated with diabetic enceph-
alopathy. Insulin provision, however, led to amelioration of
this loss in D S-I mice, and particularly in D I-I mice.

Amongst non-diabetic mouse cohorts, there was no
significant difference in pAkt presence in either cortical or
hippocampal neurons. Quantification of Akt and PI3K
mRNA demonstrated downregulation with diabetes in
general, while a near return to normal for both PI3K and
Akt mRNA levels occurred with I-1 delivery in diabetic mice
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Fig. 5 The PI3K/Akt pathway is rbed in the diabetic murine brain. Levels of pAkt fell within hippocampal neurons exposed to dia-
betes, with partial protection provided in D I-l mice (A). Neuronal activation (presence of pAkt in neuronal nuclei) was also diminished in
diabetic hippocampal neurons (B), with intranasal insulin preventing some of this effect (B). Hippocampal neurons in C S-I mice (C)
demonstrated higher levels of nuclear pAkt presence when compared to D I-I mice (D), which were protected when compared to D S-I
mice (E). (Bars = 25 um) Both PI3K and Akt mRNA fell in diabetic murine brain tissue from both hippocampus (data not shown) and
cortex, (F) although D I-I mice were protected against mRNA loss. Similarly, PI3K and Akt protein levels (representative blots, G) fell
based upon semi-quantitative determination of protein levels in both hippocampus and cortex (H). In addition to changes in PI3K and Akt
protein loss, similar protein loss is seen for PI3K/Akt pathway proteins including pAkt, GSK3f, pGSK3[, CREB and pCREB (G,H). There
was no difference in measurements between non-diabetic cohort mouse groups. Quantitative assessment of electrophoretic mobility shift
assays (EMSA) (example in 1) demonstated a loss of CREB DNA binding in diabetic hippocampus, reversed with intranasal insulin provision
(J)- Meanwhile, phosphorylation ratios for Akt, CREB, and GSK3f within hippocampus were increased with |-l provision in diabetic mice
(K). Quantitative analysis in each situation was performed using three to five samples for each group with multiple ANOVA tests, appro-
priate Bonferroni corrections, and with asterisk indicating significant difference (P <0.016) between groups indicated by horizontal bars.

(Fig. 5) in cortex (also seen in hippocampus). Protein ~ pGSK3f and pCREB (no significant difference for Akt and
quantification in the hippocampus and cortex of diabetic =~ CREB) identified in D I-I mice (Fig. 5). Ratios of
mice revealed generalized suppression with diabetes, with ~ phosphorylated to non-phosphorylated downstream mark-
partial protection against loss of PI3K, pAkt, GSK3B,  ers revealed increased activation (phosphorylation) of Akt
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Semi-quantitative Analysis of PI3K/Akt Related Proteins in Diabetic and Non-Diabetic Mouse Hippocampus
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Fig. 5 Continued.

and CREB, along with increased phosphorylation (inactiva-
tion) of GSK3B in the hippocampus for diabetic mice
receiving I-I (Fig. 5). EMSAs demonstrated maintained
DNA binding for CREB in D I-I mice as compared to D I-S
mice (Fig. 5).

Protein and mRNA for portions of the IR, IRB and IR
subsrate (IRS)-1, were also downregulated in the diabetic
murine brain except when I-I was provided (Fig. 6). Both
IRB and IRS-1 were expressed over the neurolemma of
cortical and hippocampal and cortical neurons, with
decreased levels of expression in diabetes, except in D I-I
mice (Fig. 6). For non-diabetic mice, intranasal insulin
provision also led to elevated IRP levels (Fig. 6).
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Important components of the synaptic complex, the
vesicular protein synaptophysin (SYP) and the enzyme
choline acetyltransferase (ChAT), were both downregulated
in diabetic hippocampus and cortex (Fig. 7). Again, D I-I
mice were partially spared from loss of synaptic compo-
nents within the cerebrum based upon immunofluorescence
quantification, protein blotting and qRT-PCR studies
(Fig. 7). There were no differences between non-diabetic
cohort groups despite the provision of I-I or S-I (Fig. 7),
and no loss of synaptic components was demonstrated in
the thalamus in any cohort.

Diabetes led to greater accumulation of NFkB and its
greater nuclear presence (activation) (Fig. 8). Both neurons
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Fig. 6 Diminution of the insulin pathway in the diabetic murine
brain. Levels of IRf fell within the diabetic murine brain but
replenished with I-1, but not S-I (A). mRNA for both IRP and IRS-1
was also deficient in diabetic murine brain regions (hippocampus
not shown) such as cortex (B). Non-diabetic mice receiving
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and oligodendrocytes in cortical, hippocampal and sub-
cortical regions demonstrated NFxB activation, with
suppressed levels of activation demonstrated in D I-I
mice. As well, D I-I mice also demonstrated partial sup-
pression of overall NFkB mRNA and protein elevation
occurring in both cortex and hippocampus, which exhibited
age-dependent increases over time for both diabetic and
non-diabetic mice (Fig. 8), but greatest in diabetic mice.
Finally, EMSAs demonstrated depressed levels of DNA
binding for NFkB in D I-I mice as compared to D I-S mice,
but levels remained higher in D I-I mice when compared to
non-diabetic mice (Fig. 8). There were no differences in
NF«B levels between non-diabetic cohorts.

Discussion

Intranasal i hbetes-mediated cerebral

ements in behavioural (Fig. 2), morphological (Figs
3 and 4), and molecular abnormalities (Figs 5-8) within the
iabetes-exposed brain. I-I did not confer the risks of
systemic hypoglycaemia identified with S-1 delivery in this
long-term experimental model. Not only did S-I delivery in
either of diabetic or non-diabetic mice lead to greater
mortality (Table 1) and higher systemic delivery than I-I
(Fig. 1), but failed to improve a number of morphological
and molecular deficits identified with diabetic encepha-
lopathy. While subcutaneous delivery of insulin led to
improved glycated haemoglobin levels at sacrifice, intranasal
insulin delivery did not, suggesting that the beneficial
effects of I-I in diabetic mice was not due to effects upon
hyperglycaemia, which occurred in the D S-I cohort
(Table 1). Whereas systemic insulin enters the brain via a
receptor-mediated, saturable form of transport (Woods
et al., 2003), I-I directly enters the brain bypassing the
blood-brain barrier and travelling by extra-cellular bulk
flow transport along olfactory and trigeminal perivascular

intranasal insulin demonstrated heightened IR mRNA, and D I-|
mice received protection against loss of both IRf3 and IRS-I.
Protein levels (C) for IRB and IRS-1 fell in combination with
diabetes as demonstrated with quantitative measurements using
three protein samples for each group (D), with protection again
offered by I-1 in both the diabetic cortex and hippocampus.

There were no differences in measurements between non-diabetic
cohort mouse groups. Multiple ANOVA tests, with asterisk indi-
cating significant difference (P <0.016) between groups indicated by
horizontal bars, were performed.
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Fig. 7 Central synaptic components in the diabetic murine brain are decreased. Choline acetyltransferase (ChAT) and synaptophysin (SYP)
levels are diminished within the cortex and hippocampus (data not shown) of diabetic mouse brains relative to non-diabetic murine brains
(A, D). ChAT and SYP levels within the D I-I brain (B, E) were not different from that of the C I-S brain (A, D), while the D I-S brain
demonstrated loss of ChATand SYP (C, F). Losses in synaptic markers were determined by quantification of density for immunostaining for
both ChAT (G) and SYP (H) within cortex and hippocampus (data not shown). qRT-PCR also demonstrated loss of mRNA for both SYP
and ChAT (I). Finally, quantitative assessment of three protein blots (representative blot, J) also portrays a loss of both SYP and ChAT in
the hippocampus and cortex of the diabetic murine brain, where protection against synaptic loss is again provided by I-I to the diabetic
murine brain (K). Multiple ANOVA tests were performed for each comparison, with asterisk indicating significant difference (P <0.05)
between groups indicated by horizontal bars.
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Fig. 8 Quantification of NFiB expression. Upregulation in diabetic murine brain for NFkB protein and mRNA occurs as compared to non-
diabetic brain. In the hippocampus, neurons identified with NeuN and oligodendrocytes, identified with PDGFRa, co-express NFkBp65
least in the C S-S brain (A) as compared to diabetic murine brain. D |-l mouse brain (B) had less nuclear activation (nuclear presence) than
D I-S mouse brain (C), within both neurons (D) and oligodendroglia (E). mRNA measurements of NFkBp65 expression identified age-
related increases occurring greatest after 3—5 months of diabetes (F), and again ameliorated with I-I. Protein blotting (representative blot,
G) and its quantitative assessment (H) also demonstrated accumulation of NFkBpé5 protein over time, accelerated with diabetes, and
partially suppressed with I-I. The amount of NFkB binding to DNA was significantly upregulated with diabetes (I), with protection from its
increase identied in the D |-l cohort, based upon bands obtained from EMSA, an example of which is demonstrated (J). Quantitative
analysis for Western blots was performed using three samples for each group. For comparisons, multiple ANOVA tests, with asterisk
indicating significant difference between groups indicated by horizontal bars, were performed. All diabetic values were significantly less
than non-diabetic values (significance not visually demonstrated).

$202 1Mdy 61 U0 1s8nb Aq ¥¥G962/L LES/ZL/LE L/OIOIMB/UIRIC/WOD dNO OlWepeoe//:SANY WOl papeojumoq


http://brain.oxfordjournals.org/

3330 Brain (2008), 131, 3311-3334

channels, as well as axonal transport pathways (Benedict
et al., 2004; Thorne et al., 2004), leading to faster uptake
and less systemic insulin presence.

The role of insulin as a neuroprotective
trophic factor

Insulin, a highly conserved peptide that is no longer
thought of as solely a promoter of glucose turnover, has
now emerged as a key neurotrophic factor in the nervous
system alongside and interacting with the IGF-I receptor
system, also important in maintaining cognitive function
(Trejo et al., 2008). Insulin is a potent trophic factor which
becomes lost within type I diabetes. The major site of
insulin’s activity, IR, is found in high concentration in the
brain, particularly in the cerebral cortex, olfactory bulb,
hippocampus (Fig. 6), amygdala and septum (Havrankova
et al., 1978a, b; Baskin et al., 1987; Unger et al, 1991).
Reduced levels of insulin and its signalling molecules occur
in the CSF and brain of Alzheimer disease patients (Craft
et al., 1998; Hoyer, 2004). Also, IRs are present at synapses
for both astrocytes and neurons (Abbott et al., 1999). As
demonstrated in our study, diabetic rodents also demon-
strate a loss of insulin transduction machinery (Fig. 6),
which has previously been linked to the increased e
sion of amyloid precursor protein (APP), APP’s clea
enzyme [-secretase, and other abnormalities tyji

signalling increase levels of a
hyperphosphorylation, leading t
senile plaques and neurofibz
2004b; Freude et al., 2005).
physiologic processes crig
term potentiation, e

modulation of neuro @ &
2004). Finally, insulin d
adrenal-axis activity (Hal id er al., 2008), recently

speculated to contribute to ‘@betes-mediated cognitive
dysfunction (Stranahan et al., 2008).

Potentially preventable changes

in diabetic encephalopathy

Our experiments have demonstrated that long-term intra-
nasal insulin delivery protected against brain atrophy
(Fig. 3). Although other studies have reported evidence of
cerebral neuronal loss in diabetes (Li et al., 2007), we could
not detect any loss of neuronal density in this experimen-
tal diabetic brain model, similar to other recent studies
(Stranahan et al., 2008), but we did determine oligoden-
droglial loss occurs and likely relates to the development
of WMA. One potential cause for our detected diabetes-
associated brain atrophy (Fig. 3) is the presence of large
degree of synaptic loss (Fig. 7), also detected in type II

G. . Francis et al.

diabetic rat models (Li et al., 2007). Synaptic loss may
precede other forms of pathology in some models of
Alzheimer disease (Yoshiyama et al, 2007), including neu-
ronal loss. Diabetes also leads to a synergistic potentiation
of synaptic loss in transgenic models of Alzheimer disease
(Burdo et al., 2008). This may certainly be impacted by the
presence of insulin receptor at central synapses (Heidenreich
et al., 1983; Matsumoto and Rhoads, 1990; Wan et al., 1997;
Zhao et al., 1999). Signal transduction by neuronal IRs is
exquisitely sensitive to soluble AR oligomer-mediated disrup-
tion in vitro, and neuronal response to insulin is also inhib-
ited (Zhao et al., 2008). Such synaptic loss identified in our
experiments of the diabetic brain may herald subsequent
neuronal loss, but othg dels need to be investigated, and
longer duration st ecessary to conclude this.

ays. Insulin stimulation upre-
osphorylation (Mahadev et al.,
ream activation of IRS-2 (Huang
sulin presence leads to activation of Akt

ay, stimulating phosphorylation of Akt and cAMP
se element-binding protein CREB (Marshall, 1995;
Yao and Cooper, 1995; Fernyhough et al., 2003; Viard et al.,
004; Huang et al., 2005b), as well as supporting neuritic
extension and branching (Jones et al., 2003). PI3K also
enhances voltage-dependent calcium channel current func-
tioning in diabetic neurons (Viard et al., 2004). In our
studies, downregulation of PI3K/Akt occurred throughout
the diabetic murine brain (Fig. 5), while insulin delivered
intranasally, and to a lesser extent, subcutaneously,
prevented such downregulation while concurrently leading
to improvements in behaviour and morphology.

Insulin’s benefits in the diabetic brain may relate to
inactivation of GSK-3B and activation of CREB. Besides
regulating the transcriptional activities of CREB (Cohen
and Frame, 2001; Grimes and Jope, 2001), GSK-3f is also a
neuron-specific (Leroy and Brion, 1999) apoptosis pro-
moter in the non-phosphorylated, or active state (Hetman
et al., 2000); Akt-mediated phosphorylation of GSK-38
renders it inactive, giving anti-apoptotic properties (Pap
and Cooper, 1998; Bijur et al., 2000; Hetman et al., 2000).
Similar to insulin in our study, IGF-I also activates the
PI3K/Akt pathway (Dudek et al., 1997; Zheng et al., 2002),
leading to phosphorylation of CREB and GSK-38
(Leinninger et al., 2004). IGF-I provision also induces oli-
godendrocyte progenitor proliferation via Akt activation
(Cui and Almazan, 2007), with GSK-3 phosphorylation in
oligodendrocyte progenitor cells affecting oligodendrocyte
stability (Frederick et al., 2007). pGSK-33 may also regulate
gene expression and activity of transcriptional factor
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binding to the MAG promoter region (Ogata et al., 2004),
promoting myelination and possibly explaining insulin-
mediated protection against WMA development in the
experimental diabetic murine brain (Figs 3 and 4). While
CREB phosphorylation inhibits apoptosis in neurons
(Walton et al., 1999), the loss of CREB results in impaired
axonal growth (Lonze et al., 2002), suggesting that CREB is
neuroprotective. Intranasal insulin led to heightened
PCREB levels as well as greater CREB DNA binding
indicating transcription (Fig. 5). Overall, we hypothesize
that insulin’s benefits in the diabetic murine brain are due
to maintained phosphorylation of CREB and GSK-3p.

The utility of intranasal delivery in
diabetic encephalopathy

In the case of diabetic encephalopathy, and likely the
Alzheimer disease brain, insulin’s trophic effects are lacking.
I-1 delivery without modifying systemic glucose or glycated
haemoglobin (Table 1) (Tomlinson and Gardiner, 2008)
appears to be essential to insulin’s long-term benefits in
brain exposed to diabetes. Human studies have already
demonstrated safe administration of intranasal insulin in
patients with Alzheimer disease, leading to some improve-
ment in cognition and modulating markers of Alzh
disease (Reger et al., 2006, 2008). These studies
concentrated upon the potential benefits of 4

the CNS, such as improvement in
2007, 2008), lowering of food j
2008), and improvement in m
In humans, plasma gluco
impacted by intranasal sl
Reger et al., 2006, 2008

of diabetes itself (Owens et al., 2003; Khafagy et al., 2007).

Our study results must be considered under the
limitations of working in a murine model, and the inability
to achieve a long-term model of murine type I diabetes
with optimal glycaemic management as a suitable control
group. The mouse cohorts were subjected to intensive
testing throughout their lifetime, with the possibility of
stressful impacts upon the results obtained. The use of
multiple cognitive studies, often needed as part of a battery
of tests, may have led to crossover effects affecting results
from one cognitive test based upon the preceding test. It is
also possible that hypoglycaemia may have impacted some
of the results of cognitive testing, and the impact of
hypoglycaemia upon the D I-S and C I-S cohort groups was
anticipated, but difficult to avoid. As well, performance of
behavioural testing within multiple cohorts of mice within

Brain (2008), 131, 3311-3334 3331

each intervention group may have contributed to perfor-
mance disparities. Based upon our studies, it is difficult to
develop a more appropriate control group of diabetic mice
with long-term glycaemic control based upon the STZ-
induced diabetic model. Despite these difficulties, D S-I
mice performed better than D S-S cohort mice during
portions of cognitive testing. Although cognitive changes in
our mice also seem to occur mainly during the younger and
older age time points (similar to expected changes in type I
diabetic patients), explanations for a relative plateau of
function during the middle-aged years are unknown.
(Wessels et al, 2007, 2008; Biessels et al, 2008;
Kloppenborg et al., 2008;) At this time, our results are
limited to murine of type 1 diabetes, and other
forms of diabetes, j dels of type II diabetes, will

need study in irm our results in other
models of dj

ry is a potential therapy to
morphological and molecular
in brain exposed to diabetes over time.

ct upon serum glucose levels, indicating that
important neurotrophic factor in the manage-
of diabetes-mediated brain disease. These data
rt the development of clinical studies for the
revention and slowing of the adverse effects of diabetes
upon the brain using intranasal delivery of insulin.
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Supplementary material is available at Brain online.
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Appendix |

The following brain regions were chosen as areas for close
inspection within this study for MRI and myelin quanti-
fication portions of the experiment:

Caudate putamen

Primary motor/sensory cortex

Internal capsule

Cerebral peduncle

CA1 region of hippocampus

CA2/3 region of hippocampus

Ventroposterior region of thalamus

Corpus callosum

Amygdala

Substantia nigra pars reticulata

Subiculum

Lentiform nuclear region

Primary visual cortex

Cerebellum
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