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Abstract

Traumatic brain injury (TBI) results in learning and memory dysfunction. Cognitive deficits result from cellular and
metabolic dysfunction after injury, including decreased cerebral glucose uptake and inflammation. This study assessed
the ability of intranasal insulin to increase cerebral glucose uptake after injury, reduce lesion volume, improve memory
and learning function and reduce inflammation. Adult male rats received a controlled cortical impact (CCI) injury
followed by intranasal insulin or saline treatment daily for 14 days. PET imaging of [I8F]-FDG uptake was performed
at baseline and at 48 h and 10 days post-injury and MRI on days three and nine post injury. Motor function was tested
with the beam walking test. Memory function was assessed with Morris water maze. Intranasal insulin after CCI
significantly improved several outcomes compared to saline. Insulin-treated animals performed better on beam walk
and demonstrated significantly improved memory. A significant increase in [18F]-FDG uptake was observed in the
hippocampus. Intranasal insulin also resulted in a significant decrease in hippocampus lesion volume and significantly
less microglial immunolabeling in the hippocampus. These data show that intranasal insulin improves memory, increases
cerebral glucose uptake and decreases neuroinflammation and hippocampal lesion volume, and may therefore be a viable
therapy for TBI.
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Introduction to the body of knowledge that shows a period of hyper-

metabolism acutely after injury followed by a signifi-
cant reduction in metabolic function which is not solely
a product of ischemia.” The reduction in glucose uptake

Traumatic brain injury (TBI) is a serious public health
concern that results in long-term cognitive deficits for
which there is no current treatment.! TBI results in a
triphasic metabolic response: an initial hypermetabolic
state, a significant reduction in cerebral glucose uptake

and a slow increase over time back to normal glycemic
uptake values.”> A chronic state of reduced cerebral
glucose uptake is directly correlated with negative
long-term patient outcome.”

This metabolic response has been examined in
animal studies using several methods including micro-
dialysis of metabolic byproducts and in vivo positron
emission tomography (PET) imaging.”® Byproducts of
metabolism include lactate and pyruvate, which can
give information about CMRglc; ['*F]-FDG PET ima-
ging shows the accumulation of glucose in specific
regions of the brain. These methodologies contribute
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Table 1. Animal cohorts and experimental outcomes.

Cohort Groups

Experimental outcomes

| (1) CClI with intranasal insulin (n=9)
(2) CCI with intranasal saline (n=10)
(3) Uninjured with intranasal insulin (n=6)
(4) Uninjured with intranasal saline (n =6)

(I) CCI with intranasal [125l] insulin (n =4)

3 (I CCI with intranasal insulin (n=4)
(2) CCl intranasal saline (n=4)

Morris water maze

Beam walking/peg board task

Lesion volume

IBAI and GFAP

PET with [I18F]-FDG

MRI

Quantification of [125l]-insulin distribution in brain

Blood glucose testing at baseline, post-injury
and 3 h after treatment

chronically after injury is often attributed to neuronal
cell death.*’

The brain consumes 60% of the body’s total glucose,
and it is thought that this is primarily used to maintain
membrane potential and for neurotransmitter produc-
tion.® Glucose relies on the presence of GLUTs in the
membrane for its facilitated diffusion into cells.”'”
GLUT membrane translocation in the periphery is pri-
marily dictated by the presence of insulin; insulin in the
brain promotes metabolism, glycogen synthesis, neuro-
transmitter synthesis, cell survival and proliferation (for
review, see“‘12). Together, these effects of insulin in the
brain are thought to significantly promote learning and
memory function.'?

The movement of insulin into the brain, like many
substrates, is limited and tightly regulated by trans-
porter expression on the BBB.'* Therefore, systemic
insulin administration with the goal of increasing glu-
cose uptake in the brain is limited by its ability to pass
the BBB and carries the risk of inducing hypoglycemia.
Intranasal administration of insulin to the brain
bypasses the BBB by using olfactory and trigeminal
neurons that pass through the cribriform plate.'>!’
Intranasal insulin administration has been shown
to promote glucose uptake, cognitive function, and
verbal memory in memory impaired adults.'®
Intranasal insulin has also been shown to reverse age-
related cognitive deficits in the Morris water maze task,
a test of memory.'” Additionally, one study has shown
that intranasal insulin administration in a model
Alzheimer’s disease to improve memory function,
increase synaptic proteins, and significantly reduce the
presence of pro-inflammatory microglia in the brain.*®
Taken together, these data suggest that intranasal insu-
lin is an appropriate therapy to increase glucose uptake
after brain injury and improve cognitive function.

This study therefore examined the efficacy of intra-
nasal insulin to increase cerebral glucose uptake after
injury, improve motor and cognitive function and
reduce the pathological effects of controlled cortical
impact (CCI) injury in adult male Sprague Dawley rats.

Materials and methods
Study design

The study includes three cohorts of adult male Sprague
Dawley rats (Taconic, Germantown, NY 250-400 g).
Cohorts are outlined in Table 1. All animals were
weighed prior to injury and regularly throughout the
course of the study. The first cohort received a moder-
ate CCI or no injury and intranasal insulin or vehicle
treatment followed by motor and cognitive testing
and assessment of tissue at 21 days post injury (see
Figure 1(a) for a timeline). This cohort included four
groups: (1) moderate CCI with intranasal insulin treat-
ment (n=9), (2) moderate CCI with saline treatment
(n=10), (3) uninjured with insulin treatment (n=0),
and (4) uninjured with saline treatment (n=06).
Treatment groups were randomly assigned and the
experimenter was blinded to treatment. Two animals
in the uninjured saline cohort received only isoflurane
exposure without intranasal saline but were not found
to be different than the saline treated and their results
were grouped with the rest of the group. A sub-group
of this cohort (n=10; n=5/group moderate CCI with
intranasal insulin or saline) received PET/CT scans
with ['"®F]-FDG at prior to injury and 2 and 10 days
post injury. Of these PET animals, six of these animals
(n=3/group moderate CCI with intranasal insulin or
saline) underwent magnetic resonance imaging (MRI)
scan at three and nine days post injury. The second
cohort (n =4) received a moderate CCI and was treated
with intranasal ['*°I] insulin 4 h after injury. This group
was euthanized 15min after the conclusion of treat-
ment. The third cohort (n=4/per group) received a
moderate CCI and intranasal insulin or saline treat-
ment with blood glucose testing at baseline, 4h after
injury/immediately before treatment and 3 h after treat-
ment. This group was euthanized after the final blood
glucose sample. For all studies, animals were dual
housed on standard wood chip bedding. Bedding was
changed to diamond soft for the week following injury.
Animals were given free access to food and water and
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Figure |. Intranasal insulin delivery after CCl acts primarily in the CNS. The timeline displays times at which animals underwent
surgery, behavior training, PET/CT imaging, and sacrifice.(a) The dose of intranasal insulin given was not sufficient to cause a significant
change in blood glucose following CCl in intranasal insulin-treated animals (n =4) compared to saline-treated injured controls (n =4)
as measured by tail vein blood draws at baseline, after injury/immediately prior to treatment and 3 h after treatment.(b) There was also
no effect of intranasal insulin on body weight, measured through 21 days post-injury with 14 days of daily administration (n = 7/group
injured n =4/group uninjured; (c). CCl injury does not inhibit the pathway of intranasal administration to brain regions. (d) There was
no significant difference between the ipsilateral and contralateral brain region and insulin was detected in the olfactory bulb, cere-
bellum, brain stem, hippocampus, and cortex 45 min after administration (n =4). Data are represented as mean & SEM.

a 12-h light/12-h dark cycle. Animal baseline weight
was obtained prior to injury and weight was monitored
throughout the course of the study. All experiments
complied fully with the principles set forth in the
“Guide for the Care and Use of Laboratory
Animals” and were approved by the Uniformed

Services University IACUC. Experiments were
reported based on ARRIVE guidelines.

Moderate TBI

Moderate CCI was performed as previously

described.?! Briefly, rats were anesthetized with isoflur-
ane (4% induction, 2.5% maintenance) and tempera-
ture was measured rectally and maintained at
36.5-37.5°C. The animal was placed in a standard
rodent stereotaxic frame and positioned using ear and
incisor bars. A 5-mm circular craniotomy was per-
formed over the left motor cortex at —2.5mm lateral
and —3.0mm posterior from Bregma. Following the

craniotomy, the CCI device (Impact One™, Leica
Microsystems, Buffalo Grove, IL) with a 3-mm flat
impactor tip was placed in the center of the craniotomy
site and a moderate injury was induced with 5m/s
speed, 200ms dwell time, and 2mm deformation
depth. The skull flap removed in the craniotomy was
not replaced after injury. The incision site was closed
with surgical staples or sutures if the animal was receiv-
ing a PET/CT scan. Animals were placed in a heated
chamber and monitored after injury until anesthesia
effects had worn off and the animal was returned to
home cage.

Intranasal insulin treatment

Humulin R-100 insulin (61U per daily treatment,
Eli Lilly, Indianapolis, IN) or an equal volume of
saline (60 pL) was administered to the nasal cavity
using a 10-uL pipettor dose based on previous
research.”? Animals were placed in a supine position
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in an anesthesia chamber, while drug was administered
in 6 uL droplets to alternating nares with each admin-
istration occurring 2min apart. The first dose was
administered 4h post-injury and continued daily for
14 days. Animals were anesthetized during treatment
with 2.5% isoflurane and temperature was maintained
using a heating pad. Treatment groups were randomly
assigned using a block randomization approach with
almost an even number of control and treatment rats
represented in each block. Treatment groups were
randomized and the experimenter was blinded to
treatment.

Intranasal administration of [' %] insulin

Four hours after injury, rats were anesthetized with
2.5% isoflurane and received approximately 10 puCi of
insulin intranasally. A 50 uCi lot of ['*°I] insulin (Perkin
Elmer, specific activity =2200 Ci/mmol 378.8 nCi/pgl,
molecular weight=5931.6) powder was aliquoted in
equal volumes (125 pL) of Humulin R (Eli Lilly) and
sterile saline. This dilution allowed for the delivery of
approximately 10 pCi of insulin in 50 pL (10, 5 uL drops
administered to alternating nares, 2min apart).
Following the final dose, the animal remained in a
supine position for 15min under anesthesia before
euthanasia (sodium pentobarbital Euthasol solution,
0.1ml/g) followed by transcardial perfusion with
1 x PBS. The brain was then divided into the ipsilateral
and contralateral hemispheres and the following
regions were collected: cortex, hippocampus, olfactory
bulb, brainstem, and cerebellum. A gamma counter
(Perkin Elmer, Model WALLAC Wizard 3” 1480-011)
was used to calculate total radioactive content of each
brain region. Samples were weighed and radioactivity
was calculated by normalization to sample weight, cal-
culation of specific activity of control and gamma coun-
ter efficiency (82%).

Blood glucose

Blood glucose levels were obtained via tail vein blood
using an Accu Chek Aviva Plus blood glucose system
(Roche Diagnostics, USA) in non-fasted rats anesthe-
tized with 2.5% isoflurane. A bascline blood glucose
level was obtained prior to injury. Animals received a
moderate CCI and one treatment of intranasal insulin
4h after injury. Blood glucose was collected immedi-
ately before beginning treatment. Three hours after
treatment, a final blood glucose level was obtained.

Beam walking assay

Animals were trained for three days prior to injury on
a beam/peg board walking motor function test as

previously described.>® Briefly, rats were trained to
walk across beams of decreasing width (4, 3, 2, and
I cm) and a pegboard, a 2-cm wide board with circular
pegs projecting from the top, to return to their home
cage (as previously described®®). Time to cross the
beam/peg board and number of footfalls were mea-
sured at baseline, and at 1, 7, 14 and 21 days post
injury by an investigator blinded to group. The post-
injury measurements were averaged for each trial and
compared to baseline values collected. Animals were
tested on beam/peg board walking assay immediately
before treatment as to avoid adverse residual effects of
isoflurane exposure.

Morris water maze

Animals in the second cohort underwent testing in the
Morris water maze with minor modifications to the
protocol as described by Morris et al.?®> on days
11-14 post injury. Animals were tested immediately
before treatment as to avoid adverse residual effects
of isoflurane exposure. The testing paradigm included
four training sessions on four consecutive days during
which the animal was placed in each of the four quad-
rants of the pool and had 60s to locate a hidden plat-
form located in the Northwest quadrant of the pool.
Four large visual cues were posted outside of the pool
to guide the subject to the correct quadrant. Animals
that did not find the platform within the 60-s window
were directed to it at the end of the trial. One hour after
the training session on the fourth day, animals under-
went the probe trial. In this trial, the platform was
removed from the pool and animals were placed
in the pool for 60s. Data were collected using
AnyMaze™ Video Tracking System version 4.70
(Stoelting Co. Wood Dale IL). Swim speed and latency
to platform were collected. Island crosses during the
probe trial were counted by a blinded investigator
with the requirement that the head of the rat must
pass through the island region to count as a cross.
Search strategy analysis was conducted on traces col-
lected during the probe trial by two blinded experi-
menters using a scoring method previously described.?®

PET/CT with ['®F]-FDG imaging

Serial ['"*F]-FDG PET/CT scans were obtained in 10
rats (n=>5/group; CCI with intranasal insulin or
saline) prior to injury (baseline) and at 2 and 10 days
post injury. Animals were scanned within 3 h of their
treatment on that day. PET and CT images were
acquired using an Inveon multimodality preclinical
scanner (Siemens Medical Solutions, Erlangen,
Germany) in the small-animal PET/CT facility of the
Translational Imaging Core, Center for Neuroscience
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and Regenerative Medicine, Uniformed Services
University. Under 1-2% isoflurane anesthesia in
oxygen at 2 L/min, rats were injected with 1.5-2mCi
["*F]-FDG via the lateral tail vein. Rats were main-
tained under anesthesia for a 45-min uptake period
and for the duration of the imaging session.
Physiologic monitoring included measurements of tem-
perature, respiration rate, heart rate and oxygen
saturation. A brief CT scan was acquired for attenu-
ation correction and anatomical localization (80 kvP,
500 pAs, 420 ms, 195° rotation in 120° steps) and recon-
structed in real time using a modified-Feldkamp algo-
rithm (down sample 2, bin 4) with a Shepp-Logan filter
and beam hardening correction applied. The CT image
matrix was 352 x 352 x 592 with isotropic voxel dimen-
sions of 0.23mm>®. A 30-min static PET scan was
acquired in list mode (350-650keV, 3.432ns) with an
axial field of view of 12.7cm.

PET data were reconstructed with Inveon
Acquisition Workplace software, version 1.5 (Siemens
Medical Solutions, Erlangen, Germany). Corrections
were applied for dead-time, decay, attenuation and
scatter and a requested resolution smoothing setting
of 0.5mm was used. The reconstruction algorithm
was a three-dimensional ordered-subset expectation
maximization/maximum a posteriori (OSEM 3D/
MAP) iterative protocol (2 OSEM3D iterations and
18 MAP iterations). The image matrix was 256 x 256
with final voxel dimensions of 0.39 x0.39 x
0.80 mm’mm. The intrinsic resolution of the system
was 1.4mm full width half maximum at the center of
the field of view.

PET/CT image processing

Processing and analysis of ['"*F]-FDG PET data was
performed using Vivoquant software version 1.22
(inviCRO, LLC Boston, MA). PET data were
resampled to match reference CT voxel size (0.23 mm’®
isotropic) and dimensions (352 x 352 x 536). Pre-
processing of image data, including PET unit conver-
sion, PET to CT image registration, and image
cropping, was achieved via a scripted process. PET
data were converted to units of activity (uCi) and regis-
tered to the CT image using an automatic algorithm
(six parameter, rigid-fast). The coregistered PET/CT
image was cropped to a region surrounding the
brain (170 x 170 x 240) and an additional automatic
registration (six parameter, rigid-fine) was applied
post-cropping. The coregistered, cropped dataset was
manually reoriented (Z-axis rotation) and saved as a
DICOM file.

Pre-processed PET/CT data were registered to a
13-region rat brain atlas by way of the CT, using
an automatic algorithm that combines a rigid

transformation of the data and scaling of the atlas. A
manual correction process was required to improve
Data-Atlas co-registration for select subjects. Briefly,
CT data were manually translated and rotated (six par-
ameters with linear interpolation) to better fit the skull
to the brain atlas. The transformation matrix was
applied to the PET data and the data were reprocessed
to generate a new quantitative output. The inviCRO rat
brain atlas provides the following 13 regions of interest
(ROIs): basal ganglia, thalamus, amygdala, cerebellum,
cortex, hypothalamus, midbrain, corpus callosum,
olfactory, hippocampus, septal arca, white matter and
other (ventricles). Quantitative output was obtained for
left, right and combined hemispheres for a total of 41
ROIs. The uptake concentration for each ROI was nor-
malized to the uptake concentration of the entire
atlas (whole brain normalization) for inter-subject
comparison.

MRI

The MRI scans were performed on a 7T Bruker
Biospec 70/20 USR Superconducting Magnet System
(Bruker Biospin, Inc., Billerica, MA), equipped with a
birdcage transmit coil in combination with actively
decoupled four channel receive array coil. Animals
were anesthetized in an induction chamber with a mix-
ture of isoflurane in oxygen (4%), and maintained with
2% isoflurane in oxygen during the MRI procedures.
The animals were placed in a prone position on a dedi-
cated rat bed with a circulating warm-water to maintain
body temperature. The respiration rate, heart rate, sat-
uration of peripheral oxygen (SpO2), and rectal tem-
perature (SA-instruments, Stony Brook, NY; Harvard
Apparatus, Holliston, MA) were continuously moni-
tored through the experiments.

The anatomical proton density and T2-weighted
images at different echo times (TE) were acquired
for injury assessment, structural changes, and edema
progression tracking. The 2D multi echo Rapid
Acquisition with Relaxation Enhancement (2D
RARE) sequence with repetition time TR =9000 ms,
echo time TE =20, 60, 100, 140 ms, echo train length
ETL=4, number of averages NA =2, matrix
102 x 102, FOV 25.6 x 25.6mm?, in-plane resolution
250 x 250 yum?, slice thickness Thk =500 pm, number
of slices NS =60, scan time 7.5 min.

The MRI data were processed and analyzed using
VivoQuant (InviCRO, Boston, MA). T2 maps were
calculated using exponential decay model. Brain lesions
were identified using a semi-automated approach based
on quantitative information obtained from T2 maps.
Briefly, lesion was defined by thresholding voxels
within the lesion region with T2 values above the T2
mean plus two standard deviations of T2 values in the
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contralateral non-injured cortex. Four measures were
obtained by two investigators blinded to treatment
group. Total lesion volume, defined as the entire
lesion area, including hypo- and hyper-intense regions,
was outlined manually in each slice through the lesion
and the volume obtained for all samples. Lesion volume
including edema in the cortex or hippocampus, hyper-
intense region volumes were calculated by outlining the
region of interest (cortex or hippocampus) on both ipsi-
lateral and contralateral hemispheres. Mean T2 signal
was then calculated for the uninjured ROI, and area
containing T2 signal more than two standard devi-
ations above the mean were assessed in the lesioned
ROI through slices in three dimensions throughout
the lesion. Finally, total hippocampal volume was
ascertained by manually outlining the hippocampal
structure on both the ipsilateral and contralateral hemi-
sphere throughout the visible lesion. Volume obtained
from the semi-automated method was used for the sub-
sequent analysis.

Tissue collection and processing

Rats were deeply anesthetized with a pentobarbital
solution (Euthasol, 0.3mg/kg) and perfused with
saline followed by 10% formalin before the 5-mm
region surrounding the lesion site of the brain was dis-
sected for histology (n =4 per group). Brain tissue was
sectioned at 20 um for histological analysis.

Standard hematoxylin and eosin (H&E) stain
was used for lesion volume quantification. Brain
tissue was immunolabeled for microglia (Ibal, 1:100,
Wako Chemicals USA, Richmond, VA) and
astrocytes (GFAP, 2.5:1000, Abcam, Cambridge,
MA). Fluorescent secondary antibodies (Alexa-Fluor
Secondaries, Invitrogen, Grand Island, NY) were
used to visualize primary antibodies. Images were
then collected with an Olympus BX43 microscope
(Olympus America) with Olympus cellSens micros-
copy software (Olympus, Center Valley, PA, USA)
or the NanoZoomer Digital Pathology System
(Hamamatsu). Scion image analysis (http://rsb.info.
nih.gov/nih-image) was used to quantify pixel density
of immunolabeling using stain intensity as threshold.
Measurement was performed, as previously described,
on a minimum of four equally spaced images with a
random start within the ipsilateral hippocampus
in CAl. All images were obtained at
20 x magnification.?”*®

Statistics

All data were collected by an investigator blinded to
treatment group. Power analysis was conducted on

pilot data. Beam and peg board walking data were
compared to baseline values and statistical significance
was determined by a two-way ANOVA, Sidak’s mul-
tiple comparisons. Morris water maze island crosses
during the probe trial were compared to vehicle control
and analyzed using a two-way ANOVA, Sidak’s mul-
tiple comparisons. Morris water maze trace analysis
was conducted by two blinded investigators and a Chi
square analysis of the four groups was conducted. Pixel
density was measured for histological comparison and
a two-tailed unpaired ¢-test was conducted and
reported. Uptake values obtained from PET data
were logged and statistical analysis of changes over
time in a group was calculated using repeated measures
ANOVA, Sidak’s post multiple comparisons. All stat-
istical analysis was conducted using Graphpad Prism
Software version 6.01. (GraphPad Software, San
Diego, CA). A p value < 0.05 was considered statistic-
ally significant.

Results

Intranasal insulin delivery does not alter blood
glucose or weight

In order to demonstrate that the intranasal insulin at
the dose delivered would have no or limited negative
peripheral effects, blood glucose and body weight were
assessed. Blood glucose was measured at three time
points: prior to CCI, prior to treatment at 4h post-
injury, and at 3 h post treatment with intranasal insulin
(Figure 1(b)). While some variability was observed at
baseline in animals, attributable to the animals not
being fasted prior to assessment, there was no pre-
injury difference between groups (p value=0.2500;
repeated measures two-way ANOVA with Sidak’s mul-
tiple comparisons). There was no significant difference
as a result of interaction between time and treatment
(p=0.2834), time factor alone (p =0.0626), or injury
factor alone (p=0.3929; repeated measures two-way
ANOVA). This demonstrated that neither injury nor
insulin  administration altered systemic glucose
concentration.

The weight of the animals in the second cohort
was monitored over the course of the 21-day study
(Figure 1(c)). The uninjured cohorts treated with intra-
nasal insulin or saline showed a steady increase in
weight over time but no significant difference between
treatment groups. The injured groups showed an acute
decrease in weight after injury that recovered over time
and remained consistent between the two groups. There
was no significant difference in weight between the
intranasal insulin or intranasal saline-treated groups
at any time point.
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CCl injury does not inhibit intranasal insulin delivery
to the central nervous system

To verify that CCI does not disrupt the pathways of
intranasal drug delivery to the brain and to confirm
targeted delivery of insulin, we traced the delivery of
iodinated insulin after injury. After a moderate CCI,
animals were treated with intranasal ['*’I]-insulin com-
bined with Humulin 1-100. The total iodinated dose
administered was approximately 10pCi per animal.
['**I]-insulin was detected in all regions investigated
(Figure 1(d)). The highest concentration of tagged insu-
lin was found in the olfactory bulb, with amounts
exceeding 5nM of ['*’T-insulin. The next highest
regions were the cerebellum, brain stem, hippocampus
and cortex, respectively. There was no significant dif-
ference between the ipsilateral and contralateral sides of
any of these brain regions, indicating that the injury
does not significantly hinder delivery along the intrana-
sal pathway (p > 0.05, two-tailed 7 test).

Intranasal insulin significantly reduces hippocampal
lesion volume

MRI scans were conducted on a small cohort at days 3
and 9 post injury. From these scans, we calculated cor-
tical lesion volume (Figure 2(b) and (c)), hippocampal
lesion volume (Figure 2(d)) and total hippocampal
volume (Figure 2(e)). Total cortical lesion volume was
calculated by manually outlining the lesion (hyper- and
hypo-intense regions on a T2 scan), while cortical lesion
volume/edema was evaluated as the amount of arca
within an ROI that was two standard deviations
above the mean T2 value of the same area on the
contralateral hemisphere. No significant difference
was observed with treatment in the total cortical
lesion volume. We found that cortical lesion volume/
edema was significantly reduced over time, but there
was no effect of treatment (Figure 2(b), two-way
ANOVA). However, we did observe a significant
decrease in hippocampus lesion volume/edema (mea-
sured as T2 values within the hippocampus two stand-
ard deviations above the mean of the contralateral
hippocampus) in insulin-treated animals in comparison
to saline-treated animals at both day 3 and day 9
(Figure 2(d), two-tailed ¢ test *p <0.05). There was
also no significant difference in hippocampal volume,
as measured by manual outlining of the hippocampal
structure throughout the lesion site with insulin treat-
ment (Figure 2(e), two-tailed ¢ test). Despite a small n
for this experimental outcome (n = 3/group), we found
statistical significance and promising trends that future
studies will expand upon.

Intranasal insulin treatment increased glucose
uptake in the hippocampus

In order to determine the effect of intranasal insulin
administration on cerebral glucose uptake in a moder-
ate CCI, we conducted a longitudinal PET ['*F]-FDG
study. ['*F]-FDG uptake was visualized as a heat map
and aligned with CT scan. The Vivoquant V1.22 atlas
was then aligned to the scan for detailed regional
uptake data. Baseline values were consistent with
no significant difference detected between treatment
groups (p > 0.05, repeated measure two-way ANOVA,
Sidak’s multiple comparisons test, Figure 3(a)). There
was no significant difference in ['*F]-FDG uptake in
any region between the groups at 2 or 10 days post
injury. (p <0.05 repeated measure two-way ANOVA,
Sidak’s multiple comparisons test). However, examin-
ation of the animals treated with insulin alone, at
10 days post injury, revealed that this group had sig-
nificantly higher ['"*F]-FDG uptake in the ipsilateral
hippocampus compared to baseline values (p =0.0329;
repeated measures two-way ANOVA) and uptake at
two days post injury (p=0.0189; repeated measures
two-way ANOVA, Sidak’s multiple comparisons test)
(Figure 3(a)). There was no significant difference in
['"8F]-FDG uptake in animals treated with saline at 2
or 10 days post injury compared to uptake at baseline.
Analysis of both saline-treated and insulin-treated
groups showed that time was a significant source of
variation (p =0.0033; two-way ANOVA, Sidak’s post-
test) but there was not a significant interaction effect
between time and treatment (p =0.4586).

The ipsilateral and contralateral portion of the
remaining atlas regions: basal ganglia, thalamus,
amygdala, cerebellum, cortex, hypothalamus, mid-
brain, corpus callosum, olfactory, hippocampus,
septal area, other (ventricles), white matter, entire
atlas were examined as well, but no other regions
showed significant changes in ['*F]-FDG uptake as a
result of treatment (Supplemental Figure 1).

Intranasal insulin improved aspects of motor and
cognitive function

Rats were trained on two motor function tasks, beam
and peg board walking, prior to injury and tested at 1,
7, 14, and 21 days post injury. The injury to the motor
cortex increased the number of footfalls in both the
insulin-treated and saline-treated groups but there was
no significant difference in number of footfalls between
the groups at any time point (Figure 4(a), p > 0.05, two-
way ANOVA). Time was a significant source of vari-
ation in both treatment groups in footfalls on the beam
walk (p <0.0001; two-way ANOVA, Sidak’s post-test)
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Figure 2. Intranasal insulin decreased lesion volume in the hippocampus. Representative images at nine days post injury (a) from
saline treated (left panel) and insulin treated (right panel. The colored ROls indicate: red = uninjured control lesion area, green-
=injured lesion area, blue = edema. Total cortical lesion volume is significantly reduced over time, but there is no significant effect of
treatment. (b, two-way ANOVA) There was no significant difference in cortex lesion volume (specific for edema, blue) between saline
and insulin treated at days 3 or 9 post injury. (c, two-tailed t test) There was a significant decrease in hippocampus lesion volume in
insulin-treated animals between days 3 and 9. (d, two-tailed t test *p < 0.05) There is no significant difference in hippocampal volume

with insulin treatment over time. (e, two-tailed t test).

but there was no significant interaction effect of treat-
ment. However, animals treated with intranasal insulin
demonstrated a significant decrease in time to cross the
beam walk in comparison to animals treated with intra-
nasal saline one day after CCI (Figure 4(b), p =0.0209;
two-way ANOVA, Sidak’s multiple comparison test).
There was no significant source of variation from the
interaction of time and treatment (p=0.2014), time
(»p=0.0523), or treatment (p=0.1104; two-way
ANOVA, Sidak’s post-test) in time to cross the beam

walk. There was no significant difference between
intranasal insulin-treated and intranasal saline-treated
in time to cross the beam at 7, 14, and 21 days post
injury,

Cognitive function, including learning and memory,
was assessed in animals from cohort 1 using the
Morris water maze task from days 11-14 post injury.
There was a significant effect of time (p <0.0001) and
treatment (p=0.0032) but no significant interaction
(p=0.4462; two-way ANOVA, repeated measures,
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Sidak’s post-test) in latency to platform. Uninjured rats
treated with insulin learned the location of the hidden
platform slightly faster (3.7 £0.6s) than uninjured rats
treated with saline (6.54+1.9s) by day 4 of training
(Figure 5(a)). In addition, injured insulin-treated rats,
reached the platform slightly faster (within 15.1 £3.1s)
by day 4 of training compared to saline-treated animals
(20.4+4.95s). Although the interaction effect was not

Ipsilateral Hippocampus [18F] FDG Uptake

Log of [18F] FDG uptake
normalized to whole brain

-8~ Saline + CCI
—i Insulin + CCI
-0.02 T T 1

0 5 10 15
Days Post Injury

Figure 3. PET imaging of ['®F]-FDG reveals significant differ-
ences in uptake patterns following intranasal insulin treatment
compared to intranasal saline-treated animals after CCI (n=15/
group). PET scans of ['®F]-FDG uptake were obtained with a CT
for anatomical localization of brain regions. Uptake values from
these regions were obtained by aligning a rat atlas to the scans.
Regional analysis revealed that at 10 days post injury animals
treated with intranasal insulin treatment following CCl had a
significantly higher ['®F]-FDG uptake in the ipsilateral hippo-
campus (a) than at baseline (p =0.0329) and 2 days post injury
(p=0.0189). Data are represented as mean =+ SEM. *=p < 0.05.

significant, injured animals treated with saline were sig-
nificantly slower to find the platform on trial day 3 than
both uninjured groups treated with saline (p =0.0078)
or insulin (p=0.0031; two-way repeated measures
ANOVA, Sidak’s post-test). Injured animals treated
with saline also performed worse on trial day 4 than
uninjured treated with saline (p=0.0247) or insulin
(p=0.0065). Most notably, there was no significant dif-
ference in latency to platform between injured rats trea-
ted with intranasal insulin and uninjured controls on
any training day.

Treatment with intranasal insulin after CCI also
resulted in a significant increase in target region
(island) crosses during the probe trial (Figure 5(b)). In
this probe trial assessment, in which the hidden plat-
form is removed, saline and insulin-treated naive ani-
mals showed no difference from insulin-treated injured
rats, while saline-treated injured rats showed signifi-
cantly fewer crosses than those that received insulin
(Figure 5(b); p=0.0330; two-way ANOVA, Sidak’s
multiple comparisons test). Additionally, there was a
significant interaction effect between injury and treat-
ment observed (p =0.0182, two-way ANOVA).

To further evaluate this data, the search strategy
utilized by animals during the Morris water maze was
assessed as previously described.”” Data are presented
as a percentage of rats in each group that displayed the
search behavior (Figure 5(c)). Analysis of traces
obtained during the probe trial showed a significant
difference between all of the groups (Figure 5(d);
p<0.0001, Chi square analysis). Neither the insulin
nor saline-treated group of uninjured animals displayed
looping behavior. Uninjured animals treated with
saline displayed equal (50%) amounts of spatial and
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Figure 4. Intranasal insulin treatment after injury improves some aspects of motor function. After injury, both groups of animals
(n=7/group) show a non-significant increase in footfalls indicating a deficit in motor function that recovers over time (a). However,
animals treated with intranasal insulin after injury were able to cross the beam significantly faster than saline-treated rats (b). Uninjured
animals (n=4/per group) show no significant difference in time (a) or foot falls (b). Data are presented as an average of time and
footfalls across the four widths of board the animals were trained to cross. Data are represented as mean + SEM. *=p < 0.05.
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Figure 5. Intranasal insulin treatment improved memory function in Morris water maze tests. After CCl rats treated with intranasal
saline performed significantly worse than uninjured controls at day three (p =0.0078) and day 4 (p =0.0247) of training (a)

(n = 6/group uninjured, n= 10/group injured). However, during the probe trial, the injured animals treated with intranasal insulin
(n=7) crossed the island location significantly more times (p =0.0330) in those treated with intranasal saline (n =8) (b). There was
no significant difference in island crosses between the uninjured treatment groups (n = 6é/group). Search strategy utilized by rats during
the probe trial was analyzed and categorized into one of three major groups (spatial, systematic, and looping) as previously
described.?” Representative patterns are shown (c), and number of animals utilizing each strategy during the probe trial was quantified.
Saline and insulin-treated uninjured animals (control) showed mostly spatial and systematic search strategies (d). A greater proportion
of animals treated with saline after CCl showed a reduction in spatial search strategy and an increase in looping search methods.
Likewise, fewer animals that received intranasal insulin for 14 days after injury displayed looping behavior than saline-treated rats, and a
return of spatial search strategy (p < 0.0001). *p < 0.05 **p < 0.001. Points represent mean =+ SEM.

systematic search strategy. Interestingly, uninjured
insulin-treated animals displayed more systematic
(84%) search strategy than uninjured saline-treated ani-
mals (50%). In contrast, both injured groups demon-
strated looping search strategy, although injured

animals treated with intranasal insulin showed less
looping behavior (14%) than injured animals treated
with saline (50%). The injured group treated with intra-
nasal saline also showed equal amounts of spatial and
systematic search strategy (43%), whereas looping
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behavior was the dominant search strategy for the
saline-treated injured animals (50%) and spatial was
the least used for this treatment group (14%).

Intranasal insulin treatment reduced microglia/
macrophages in the hippocampus but not astrocytes

Immunohistochemical and histological assessment of
tissue was conducted to examine the effects of injury
and treatment on specific cellular populations and over-
all tissue health. H&E staining confirmed that the lesion
was within the cortex and did not penetrate into the
hippocampus. However, despite improved behavioral
outcomes, intranasal insulin did not reduce lesion
volume in the cortex (data not shown). This finding
was also observed in MRI analysis of cortex lesion
volume (Figure 2(a)).

Analysis of immunohistochemistry for the inflam-
matory marker Ibal, an identifier of both macrophages
and microglia, demonstrated a significant reduction
(»p=0.0089; two-tailed unpaired z-test) in Ibal
immunoreactivity in the CAl region of the hippo-
campus (Figure 6(a)) in intranasal insulin-treated
animals (Figure 6(c)) compared to intranasal saline
treated (Figure 6(b)). However, quantification of
GFAP (Figure 6(d)), a marker of astrocytes, showed

no significant difference between intranasal insulin
(Figure 6(f)) and intranasal saline (Figure 6(e)) treat-
ment after injury (p=0.0770; two-tailed unpaired
t-test).

Discussion

This study expands the body of knowledge relevant to
the neurometabolic crisis that occurs after brain injury
and presents a potential novel therapeutic treatment,
intranasal insulin. Our findings show that treatment
with intranasal insulin beginning at 4 h post-injury sig-
nificantly improves several outcome measures, includ-
ing beam walk function, cognitive function, ['"*F]-FDG
uptake at 10 days post injury, and decreases neuroin-
flammation and lesion in the hippocampus. Further,
these improvements in functional outcome were not
complicated by peripheral side effects as intranasal
insulin did not alter blood glucose or weight.
Intranasal delivery of peptides and other drugs using
a pipet has been shown to be successful in previous
rodent studies.'>'>?° However, to date, no previous
study has attempted to deliver intranasal insulin to
rats following CCI or any other model of brain
injury. In order to confirm appropriate delivery and
lack of peripheral effects, we performed a number of
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Figure 6. Treatment with intranasal insulin after CCl reduces macrophage/microglia but does not significantly reduce astrocyte
activation. Quantification of Ibal, a marker of microglia and macrophages, revealed a significant reduction (p =0.0089) (a) in cells in
CAI of the ipsilateral hippocampus in animals treated with intranasal insulin (c) compared to intranasal saline (b) (n=3 per group).
Quantification of GFAP, a cell surface marker of astrocytes, did not show a significant difference (p =0.0770) (d) between insulin-
treated (n=4) (f) and saline-treated animals (n = 3) (e). Points represent mean & SEM. * = p < 0.05.
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control analyses and showed that both the expected
route of delivery was intact after CCI, leading to appro-
priate delivery of insulin to the brain, and that there
was no change in peripheral glucose or weight.
Quantification of ['** 1] insulin showed that there was
no significant difference between ipsilateral and contra-
lateral brain regions indicating that injury did not inhi-
bit pathways necessary to deliver drug. Previous studies
have shown that both the olfactory and trigeminal
neural pathways deliver therapeutic proteins from the
nasal mucosa to a variety of brain regions.”* Our data
show that while insulin reaches the highest concentra-
tion in the olfactory bulb, it also distributes to the
cortex, cerebellum, hippocampus, and brainstem.

The density of insulin receptors in the regions we
identified, successful drug delivery explains our experi-
mental outcomes. MRI data show that cortical lesion
volume is reduced over time but there is no significant
effect in this region. However, in the hippocampus, we
see a significant reduction in hippocampal lesion
volume with intranasal insulin treatment compared to
saline treatment. This suggests that regions with higher
insulin receptor density, like the hippocampus, will dis-
play a more robust response in comparison to low dens-
ity regions like the cortex.

We and others have shown that TBI can significantly
change glucose uptake, as measured with ['*F]-FDG
PET, and CMRglc, in the brain. 7:23.30 Clinical studies
have also shown a correlation between increased ['*F]-
FDG uptake and memory function in normal controls
and Alzheimer’s patients.’! Our study showed a signifi-
cant increase in ['F]-FDG uptake in the ipsilateral
hippocampus at 10 days post injury compared to
2 days post injury in the intranasal insulin-treated
group. This increase at 10 days is interesting as it cor-
relates with the beginning of the Morris water maze
training, in which insulin-treated animals performed
significantly better than saline-treated controls. The
Morris water maze is a test of learning and memory,
which are primarily functions of the hippocampus.
Our findings suggest that the increase in glucose
uptake in the hippocampus may contribute to
improved functional performance. Human studies
have shown a significant acute increase in ATP and
phosphocreatine, which represents the brains energy
reserve levels after intranasal insulin administration.*?

Intranasal insulin treatment significantly improved
time to cross the beam walk after injury in comparison
to saline-treated animals. There was a significant
increase in time to cross at one day post injury observed
in the saline-treated animals that was not observed in
insulin-treated animals. There was a marked increase in
foot falls after injury in both groups verifying that the
injury equally affected this component of motor func-
tion. Intranasal insulin treatment did not improve foot

falls after injury. This difference suggests that treatment
did not have a significant effect in the cortex. This is
supported by data showing no significant difference in
lesion volume between saline and insulin-treated ani-
mals, possibly due to the low insulin receptor density
of the neurons of the cortex.** Second, there is the sug-
gestion that animals treated with insulin showed
increased recall of how to accomplish the task. One
previous study by LeMay et al.** examined the effect
of pre-treatment with peripherally administered insulin
on motor function recover after an ischemic event.
A significant improvement in motor function was
observed in animals pre-treated with an intraparietal
injection of insulin prior to an aortic occlusion at 24 h
post occlusion.”® The difference in motor function
observed in the previous study compared to our find-
ings may be attributed to a number of factors. First, the
previous study uses several different motor function
assays to quantify outcome which may have greater
sensitivity to detecting differences than our beam and
peg walking tasks. Second, the injury models are dras-
tically different. The previous study uses the aortic
occlusion model which induces injury by disrupting
blood flow, whereas CCI induces injury by direct
impact on the brain in the parietal supplementary
motor cortex. Third, the authors attribute the difference
to the hypoglycemia induced by their treatment which
was not observed in our treatment model due to the
mode of administration, intraparietal insulin injection
versus intranasal insulin.

It is well documented that TBI inhibits both learning
and memory recall.*®?” The animal’s ability to locate
the platform during the probe trial is primarily a test of
memory,***” while the animal’s ability to find the plat-
form over the training days is a measurement of learn-
ing.*° Both the injured and uninjured treatment groups
showed the ability to learn over the course of the trials
as they found the platform more quickly each day. This
was an unexpected finding, as we and others have pre-
viously observed impaired learning in the Morris water
maze with moderate CCL.** We did not observe a sig-
nificant difference as a result of treatment within the
injured or uninjured cohorts. This finding suggests
that the repeated isoflurane exposure may contribute
to overall improvement in learning; previous studies
have demonstrated a neuroprotective component of
isoflurane.*'** However, injured animals treated with
intranasal saline were significantly slower to find the
platform on days three and four of training compared
to both uninjured groups. This shows that CCI injury
does reduce learning ability. There was also no signifi-
cant difference between injured animals treated with
intranasal insulin and the uninjured groups. Overall,
this suggests that there is an improvement in learning
with intranasal insulin treatment after injury.



Brabazon et al.

3215

Future studies will examine intranasal insulin adminis-
tration without the use of isoflurane and utilize add-
itional learning paradigms.

We did, however, find a significant difference in
island crosses between our intranasal saline and intra-
nasal insulin-treated injured animals. Animals treated
with intranasal insulin after CCI crossed the island
location significantly more times during the probe
trial, indicating that this group showed improved
recall of the location of the platform. Insulin resistance,
caused by reduced sensitivity of the receptor to ligand,
is observed in Alzheimer’s patients and is correlated
with decreased memory function and learning.*® The
function of insulin has been tested in healthy adults
and the improvement observed in memory function in
the presented study is analogous to human trials where
a significant improvement in long term but not imme-
diate recall of a word list was observed in intranasal
insulin-treated individuals compared to placebo trea-
ted.** Further, there was no difference in attention or
concentration observed between the two treatment
groups in the clinical study, supporting our findings
that this treatment improves memory recall rather
than overall learning.

In addition to platform crosses, we also examined
search strategy. The three major sub categories of
Morris water maze search strategy analysis are spatial,
systematic, and looping; each correlates with familiarity
with the task, level of injury, and general intelligence.*
Looping behavior is typically observed in rodents
on the first day of training or in those with moderate
to severe TBI and is defined by the animal remaining
primarily in the outer quadrant, swimming the perim-
eter. Systematic behavior is defined by the animal pri-
marily scanning the central four quadrants, indicating
recall of the location of the platform. Spatial search
strategy is considered the most efficient and is defined
by the animal searching primarily within the platform
quadrant. Our data show that injured animals treated
with intranasal insulin showed significantly greater spa-
tial search strategy than injured animals treated with
intranasal saline. We also show that injured animals
treated with intranasal saline show significantly greater
looping search strategy than injured animals treated
with intranasal insulin. Looping behavior is typically
observed in animals naive to the task and injured
animals, suggesting that insulin treatment reduces
injury and improves performance. As an animal
learns the location of the platform in the inner quad-
rant, they are more likely to explore the center of the
pool. In contrast, the naive animal will remain in the
outer quadrant close to the wall, where they are less
exposed. Additionally, looping behavior has been
observed in rats with neurotoxic hippocampal lesions,
supporting the idea that decreased looping is indicative

of hippocampal damage and is measurable using this
analysis.*®

Additionally, a significant difference in search strat-
egy was observed in the uninjured cohorts. Uninjured
rats treated with intranasal insulin showed significantly
more systematic search strategy than those treated with
intranasal saline. Neither of the uninjured groups
exhibited looping search strategy behavior. No other
significant differences in Morris water maze were
observed in uninjured cohorts; therefore, this increase
in systematic search strategy is a point of interest and
will be the subject of future experiments as it suggests
that intranasal insulin alter learning strategies.

Examination of insulin action on a cellular level has
shown that insulin acts on neurons to increase GLUT 3
expression on the membrane, directly increasing glu-
cose uptake and the energy available to maintain
cellular homeostasis and produce neurotransmitters
necessary for memory function.*’” This metabolic
response and insulin’s direct effect on promoting sur-
vival in neurons may be responsible for improving
memory function.*® Insulin also increases dendritic
function, leading to long lasting effects that observable
as changes in memory.*>>°

Finally, a significant alteration in neuroinflammation
within the hippocampus was observed. Microglia are the
resident macrophages of the brain. These cells serve an
important purpose in the acute stages following injury of
clearing cellular debris but prolonged activation can be
detrimental.”’  Pro-inflammatory microglia produce
reactive oxygen species and cytokines that can result in
neuronal cell death.’ Intranasal insulin treatment sig-
nificantly reduced the amount of Ibal, a marker of
microglia and macrophages, in the hippocampus at 21
days post injury. The density of Ibal was assessed in
order to evaluate not just cell number but also take
into account cell size and processes, as activated, pro-
inflammatory microglia have an enlarged cell body com-
pared to quiescent microglia.>® Previous studies have
shown that intranasal insulin administration can simul-
taneously restore insulin signaling pathway while redu-
cing microglia activation in a mouse model of
Alzheimer’s disease.”® This reduction in microglia acti-
vation may decrease the amount of pro-inflammatory
cytokines, nitric oxide, and reactive oxygen species pro-
duced by microglia in their activated state following
injury. These compounds result in neuronal cell death,
thus a decrease would promote neuronal viability which
manifests as improved behavioral outcome. Recently,
in vitro studies have supported the in vivo findings by
showing that insulin treatment can significantly reduce
the production of monocyte chemoattractant protein-1
(MCP-1) from activated microglia.>* This chemokine
plays a role in recruiting additional macrophage and
microglia to the site of injury.’> The reduction in this
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molecule would explain the observed reduction in Ibal
following intranasal insulin treatment. Together, these
data suggest that insulin acts directly on microglia to
reduce activation.

In summary, intranasal insulin treatment decreases
lesion volume and improves memory function and glu-
cose uptake in the ipsilateral hippocampus after CCI.
Intranasal insulin was successfully delivered to the
cortex, hippocampus, brain stem, and cerebellum
after CCI injury using a pipette method. This delivery
and dosage did not negatively impact blood glucose or
weight gain in injured or uninjured animals.
Additionally, intranasal insulin treatment significantly
reduced Ibal staining in CAl of the hippocampus.
Together, the data from this study suggest that intra-
nasal insulin treatment is a promising method of treat-
ing the metabolic crisis following TBI, as well as
improving memory function and reduces microglia
mediated inflammation.
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