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ARTICLE INFO ABSTRACT

Alzheimer's disease (AD) is the most prevalent neurodegenerative disorder worldwide. While the causes of AD
are unclear, several risk factors have been identified, including impaired glycemic control, which significantly
increases the risk of cognitive decline and AD. In vitro and in vivo studies show that human adenovirus 36
(Ad36) improves glycemic control by increasing cellular glucose uptake in cells, experimental animal models
and in humans who are naturally exposed to the virus. This study, tested improvement in glycemic control by
Ad36 and delay in onset of cognitive decline in APPswe transgenic mice (Tg2576 line), a model of genetic
predisposition to impaired glycemic control and AD. Three-month old APPswe mice were divided into Ad36
infected (Ad36) or mock infected (control) groups and baseline glycemic control measured by glucose tolerance
test (GTT) prior to infection. Changes in glycemic control were determined 10- and 24-week post infection.
Serum insulin was also measured during GTT. Cognition was determined by Y-maze test, while motor co-
ordination and skill acquisition by rotarod test. Glycemic control as determined by GTT showed less dete-
rioration in Ad36 infected mice over time, accompanied by a significant attenuation of cognitive decline.
Analysis of brain tissue lysate showed significantly reduced levels of amyloid beta 42 in Ad36 mice relative to
control mice. Golgi-Cox staining analysis also revealed reduced dendritic spines and synaptic gene expression in
control mice compared to Ad36 infected mice. This proof of concept study shows that in a mouse model of AD,
Ad36 improves glycemic control and ameliorates cognitive decline.
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1. Introduction was around 214 billion dollars [3], only slightly less than the total es-

timated cost for diabetes care in 2012 at 245 billion dollars, an increase

Alzheimer's disease (AD) is an age dependent progressive neurode-
generative disease in which f-amyloid plaques and hyperpho-
sphorylated tau accumulate in the brain with associated cognitive de-
cline, dementia and eventual death [1]. AD cases are increasing with an
estimated global prevalence of about 80 million predicted by 2040 [2].
While deaths from heart disease and stroke decreased by 16% and 23%
respectively between 2000 and 2010, deaths due to AD increased by
68% [3]. Type 2 diabetes (T2D) is a chronic disease characterized by
progressive insulin resistance (IR) and hyperglycemia with major
complications including kidney disease, heart disease, retinopathy,
neuropathy and cerebrovascular disease (CVD) [4,5]. Prevalence of
T2D in 2013 was 410 million, a 133% increase over 13 years, the lar-
gest increase for any health condition [6]. Both T2D and AD are chronic
conditions comprising an enormous public health burden. Cost of de-
mentia care in 2014 for those over the age of 65 in the United States

in 41% since 2007 [7].

Though aging is the strongest predictor of AD, T2D is a risk factor
for developing all cause dementia and dementia attributable to AD,
demonstrated in several prospective longitudinal cohort studies [8-15].
This suggests that the correction of blood sugar dysregulation may re-
present a crucial step in the prevention or treatment of this devastating
disease.

To investigate the role of improved systemic glycemic control and
its effect on ameliorating cognitive decline in a mouse model of AD, we
conducted a pilot study with transgenic APP mice (Tg2576) infected
with human adenovirus 36 (Ad36). Natural Ad36 infection in humans
and experimental Ad36 infection of animals (chickens, rats, mice, non-
human primates) is correlatively and causatively linked with obesity
[16-18]. Further studies showed that Ad36 infection improves glycemic
control and attenuates hepatic steatosis in rodents, despite a 60% fat
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diet [19,20]. Here we show that in APP transgenic mice susceptible to
impaired glucose control and AD, Ad36 infection improves glycemic
control over time and prevents cognitive decline by reducing the ac-
cumulation of soluble amyloid beta (Ap) and preserving normal neu-
ronal morphology.

2. Materials and methods

Transgenic amyloid beta precursor protein (APP) mice (Tg2576
mice line or APP) were generated using the mutant human APP gene
695 amino acid isoform and a double mutation (Lys670Asn and
Met671Leu) (Swedish mutation). The resultant human APP transgenic
mouse line exhibits an age-dependent appearance of Af} plaques, which
is confined to the cerebral cortex and the hippocampus and consistent
with features of AD found in humans with AD. The APP mice begin to
show cognitive impairment beginning at 6 months of age and progres-
sing with age. The human APP transgene is maintained in the C57BL6/
SJL background of these mice. Presence of the human APP transgene
was determined by genotyping, in accordance with the TTUHSC Policy
on Genotype Tissue Collection, using the DNA prepared from tail biopsy
and PCR amplification, as described in Manczak et al. [21].

2.1. Animal experiments

The protocols for animal studies described in this study were ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of
the Texas Tech University Health Sciences Center. APP transgenic mice
were placed on a 12 h light-dark cycle at 25 °C and individually housed
in micro-isolator cages under Biosafety level-2 containment (BSL2),
with ad libitum access to food and water. End of study sacrifice was
conducted by cervical dislocation followed by decapitation.

2.2. Viruses

Human adenovirus Ad36 was obtained from American Type Culture
Collection (ATCC cat. nos. VR913). To propagate and make viral stocks,
Ad36 was plaque purified following propagation in A549 cells (human
lung cancer cell line) as described [22,23] and stored at -80 °C. During
the viral stock generation and handling of viral cultures strict BSL-2
safety procedures were carried out with appropriate personal protection
equipment.

2.3. Glucose tolerance test

Mice were fasted for 4 h during the end of their dark cycle (feeding)
period and conscious mice were injected with p-glucose (1.5 mg/kg of
body weight) intraperitoneally. Tail vein blood was collected from the
fasted mice prior to glucose injection (time 0) and at then at 15, 30, 60,
and 120 min post-injection. Circulating blood glucose was measured
using a glucometer (Breeze contour, Bayer) over time 120 min. Blood
was also collected at the above mentioned time points to determine
serum insulin.

2.4. ELISA for serum insulin

Serum from the tail vein and trunk blood was separated from by
centrifugation at 14,000 rpm for 10 min. To determine serum insulin a
microtiter plate assay (Rat/Mouse Insulin ELISA, #EZRMI-13K,
Millipore) was used as per the manufacturer's instructions and the
plates read at 450 nm and 590 nm absorbance on a plate reader.

2.5. Quantitative real-time PCR
During mice sacrifice, the liver was isolated, snap frozen in liquid

nitrogen and stored at —80 °C. RNA was extracted from the liver tissue
using RNeasy® Plus Universal Mini Kit (cat. no. 73404). Liver tissues of
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Table 1
Primer sequences for genes used in qRT-PCR.

Gene name Primer sequence (5’-3") GenBank accession
no.

Srebplc Forward GCTTCTCTTCTGCTTCTCTG NM_001358314.1
Reverse GGCTGTAGGATGGTGAGT

Chrebp Forward TTCCACAAGCATCCTGACT NM_001359237.1
Reverse AGAAGCGTGTTCACAAGTTG

Fasn Forward GTCGTCTATACCACTGCTTACT NM_007988.3
Reverse =~ ACACCACCTGAACCTGAG

Scd1 Forward TGCCTCTTAGCCACTGAAT NM_009127.4
Reverse ACTGTTGAGATGTGAGACTGT

Accl Forward GCAGCAGTTACACCACATAC NM_133360.2
Reverse TCCGCCATCTTCCACAATA

Pepck Forward GACATTGCCTGGATGAAGTT NM_011044.3
Reverse CGTTGGTGAAGATGGTGTT

Gé6pase Forward GGAAGGATGGAGGAAGGAAT NM_008061.4
Reverse TCAGGTCAGCAATCACAGA

L-fabp Forward GTCAAGGCAGTCGTCAAG NM_017399.5
Reverse ATGGTATTGGTGATTGTGTCTC

Fatp5 Forward AGCCAGCCATCTTATCACAT NM_009512.2
Reverse AAGCAGCCAAGGAATCCA

ApoB Forward TAGCAAGTTACAGAGCAGACA NM_009693.2
Reverse AGTGACATCAACAGAGGAAGT

Tnf-a Forward ACCACCATCAAGGACTCAA NM_013693.3
Reverse ~ AAGGTCTGAAGGTAGGAAGG

I-18 Forward TTCAGGCAGGCAGTATCA NM_008361.4
Reverse CCAGCAGGTTATCATCATCATC

Mcp-1 Forward CTCTTCCTCCACCACCAT NM_011333.3
Reverse =~ GCTCTCCAGCCTACTCATT

Foxol Forward GCTCTGTCCTGAAGAATCCT NM_019739.3
Reverse CTAATCCTGCCACTGTCTGTA

Lipinl Forward GCCGTGTCATATCAGCAAT NM_001130412.1
Reverse ATCGCCAGAAGTAGAGGAG

B2m Forward GAAGCCGAACATACTGAACTG NM_009735.3
Reverse =~ CTGAAGGACATATCTGACATCTCT

Srebplc, sterol regulatory element binding protein 1c; Chrebp, carbohydrate
response element binding protein; Fasn, fatty acid synthase; Scdl, stearoyl-
Coenzyme A desaturase 1; Accl, acyl CoA carboxylase 1; Pepck, phosphoe-
nolpyruvate carboxykinase; G6pase, glucose 6-phosphatase; L-fabp, liver fatty
acid binding protein; Fatp5, solute carrier family 27 (fatty acid transporter),
member 5; Apob, apolipoprotein B; Tnf-a, tumor necrosis factor a; IlI-1f, inter-
leukin 1 B; Mcp-1/Ccl-2, chemokine (C—C motif) ligand 2; Foxo1, forkhead box
0O1; B2m, Beta-2-Microglobulin.

each mouse were dissolved (~20 mg/900 puL) in QIAzol® reagent (cat.
no. 79306) and homogenized in Tissuelyser LT. Complementary DNA
was synthesized with the Maxima H Minus First Strand Complementary
DNA Synthesis Kit (Thermo Fisher Scientific, cat. no. K1681) from 1 ug
of RNA.

The expression of genes associated with liver fat metabolism was
determined by quantitative real-time polymerase chain reaction (qRT-
PCR). Specific primers for each gene were designed using Sigma Aldrich
Oligo Architect software, listed in Table 1.

The RT-PCR reaction mix had a final volume of 20 uL; 50 ng of
cDNA, 450 nM of the forward and reverse primers, and 10 uL of 1 X
SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad Laboratories,
cat. no. 172-5271). PCR reactions were carried out in 96-well plates
using the Bio-Rad CFX RT-PCR detection system. All reactions were
done in duplicates. The relative amount of all mRNAs was calculated
using the 24T method. Mouse B2m gene was used as the reference.
Primer sequences for genes used in qQRT-PCR are listed in Table 1.

Synaptic genes, synaptophysin (Syp) and Psd95, expression was also
determined as described above. The following primers used were:

Syp (NM_009305.2)- Forward: CCTGTCCGATGTGAAGATG
Reverse: GGTGTTGAGTCCTGAAGTC

Psd95 (NM_001109752.1)- Forward: ATCCTGTCGGTCAATGGT
Reverse: AATCGGCTATACTCTTCTGGTT
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2.6. 'Y maze

Spontaneous alternation as determined by Y-maze, tests for habi-
tuation and spatial working memory. The animal is allowed to freely
explore all three arms of the Y-maze and spontaneous alternation is
calculated. Total arm entries and continuous spontaneous alternation
test were performed in a Y-maze (San Diego Instruments, San Diego,
CA) at 12-week and 23-week post infection in uninfected control APP
mice and APP mice infected with Ad36. Briefly, a mouse was placed in
the Y-maze and allowed to explore for 5min and behavior was mon-
itored, recorded, and analyzed. A mouse was considered to have en-
tered an arm if the whole body (except for the tail) entered the arm and
to have exited if the whole body (except for the tail) exited the arm. If
an animal consecutively entered three different arms, it was counted as
an alternating triad. Because the maximum number of triads is the total
number of arm entries minus 2, the score of alternation was calculated
as “the number of alternating triads / (the total number of arm en-
tries — 2).”

2.7. RotaRod test

Single mouse rotarod (MedAssociates, Inc.) was used to assess
general motor function. Animals were placed on the rotarod one after
the other facing away from the experimenter with the apparatus set to
gradually increase rotation speed from 2 to 40 rpm over the course of
300s. When the animal falls, an IR beam is broken, stopping the motor
and the timer. The time for each trial was recorded, with a maximum of
300s. Mice were then removed and following a rest of 30 min, tested
for the remaining two sessions, yielding a total of three trials a day for
three consecutive days. A measurement was made by monitoring la-
tency to fall and the maximal rotation rate before the mouse fell down.
To avoid any physical injury to the mouse during falls, a soft pad was
placed under the equipment as a precautionary measure.

2.8. Sandwich ELISA for the soluble amyloid beta

Snap- frozen cerebral cortex from each mouse brain during sacrifice
was homogenized. Briefly, protein from cortical and hippocampal tis-
sues was homogenized in Tris-buffered saline (pH 8.0) containing pro-
tease inhibitors (20 mg/mL pepstatin A, aprotinin, phosphoramidon
and leupeptin; 0.5mM phenylmethanesulfonyl fluoride and 1 mM
ethylene glycol-bis (flaminoethyl ether)-NN tetraacetic acid). Samples
were briefly sonicated and centrifuged at 10,000g for 20 min at 4 °C.
The soluble fraction was separated and used to determine soluble Af} by
ELISA. For each sample, AB1-40 and AB1-42 were measured with
commercial colorimetric ELISA Kits (Biosource International, Camarillo,
CA, USA) specific for each species. A 96-well plate reader was used,
following the manufacturer's instructions. Each sample was run in du-
plicate. The protein concentration of the homogenates was determined
by the BSA method, and A} was expressed as pg AB/mg protein.

2.9. Immunofluorescence analysis - amyloid beta deposits

To determine the effects of Ad36 infection in AP deposits in APP
mice, we performed immunohistochemistry and immunofluorescence
analyses using the 6E10 antibody that recognizes both AB40 and AB42
deposits in uninfected control and Ad36 infected APP mice. We fixed
the fresh-frozen midbrain sections (covering the hippocampus and
cortex) from the control and Ad36 infected mice by dipping the sections
into a 4% paraformaldehyde solution for 10 min at room temperature.
The sections were incubated overnight at room temperature with the
6E10 antibody (dilution 1:400; Covance). The next day, sections were
incubated with a secondary antibody conjugated with Alexa Fluor 594
(Catalog # A-21203, Invitrogen, USA) for 1 h at room temperature. The
sections were washed 3 times with PBS and mounted on slides.
Photographs were taken with a fluorescence microscope at 5x and
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10 x magnifications. Background-subtracted in the digital images and
then performed quantitative analysis for deposits size and number,
using NIH ImagelJ.

2.10. Golgi-Cox staining and dendritic spine count

To determine normal and abnormal morphology of neurons we used
Golgi-Cox impregnation. The morphology of neuronal dendrites and
dendritic spines were observed in the brains of mice by Golgi-Cox
staining, which was performed using the FD Rapid GolgiStain Kit (FD
NeuroTechnologies, Columbia, MD, USA). Briefly, following sacrifice of
the mice, brain tissue was carefully removed as quickly as possible. The
intact brain tissues were rinsed with Milli Q water and impregnated
with equal volumes of Solutions A and B. The impregnation solution
was replaced the following day and the tissues stored at room tem-
perature in the solution in dark for 2 weeks. Following the 2 weeks,
brain tissues were transferred to Solution C. Similarly, Solution C was
replaced the following day and brains further stored at 4 °C for 72 h in
the dark. The Brain sections (100 pm thickness) were generated using a
cryotome and the chamber temperature set at —22 °C. Each section was
mounted on gelatin coated microscope slides using Solution C and ex-
cess solution removed from the slide using a Pasteur pipette and further
absorbed with stacks of filter paper. The sections were allowed to dry
naturally at room temperature (3 days). The dried brain sections were
processed as per the manufacturer's instructions. Briefly, dendrites
within the CA1 subregion of the hippocampus were imaged using a 4 x,,
20%x, 40x and 64X objective using EVOS microscope-AMG
(thermofisher.com) and Olympus1X71. Dendritic spines were detected
along CA1 secondary dendrites starting from their point of origin on the
primary dendrite and the counting was performed by an experimenter
blinded to the group of each sample [24].

2.11. Statistical analysis

Differences in glucose clearance during GTT and insulin levels be-
tween control and Ad36 groups were analyzed by two-tailed Student's
‘t’ test. Probability levels were set at p < 0.05. Multiple groups were
compared using one-way ANOVA followed by Tukey's test post-hoc
adjustment.

3. Results
3.1. Ad36 infection improves glycemic control in APP mice

Two month-old APP mice on chow diet (PicoLab Select Rodent 50
IF/6F 5V5R) were divided into two weight matched groups (n = 10
each; control and Ad36) and baseline GTT performed as described in
methods, to determine blood glucose clearance. Both groups show si-
milar glycemic control when challenged with a bolus of glucose (1.5 g/
kg) (Fig. 1A-C). Following baseline GTT, mice were infected with Ad36
(1.2 x 10° PFU), or mock infected with media (control) intranasally,
intraperitoneally, and orally and continued on chow diet for an addi-
tional 24 weeks.

GTT performed 10-week post infection shows faster glucose clear-
ance in Ad36 infected mice with a 1.3-fold lower area under the curve
(AUC) compared with mock-infected control mice (Fig. 1D-E), while
Ad36 infected mice show better metabolic adaptability by secreting
insulin to clear blood glucose (Fig. 1F). In comparison, the uninfected
control mice are unable to secrete adequate insulin (Fig. 1F) displaying
impaired glucose clearance (Fig. 1D-E).

The Ad36 infected mice continue to clear blood glucose faster than
the control mice even after 24-weeks post infection with a 1.25-fold
lower AUC (Fig. 1G-H) compared with control mice. Both groups of
mice appear to secrete similar amounts of insulin in response to the
glucose challenge (Fig. 1I), which is higher than the baseline or 10-
week post infection.
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Fig. 1. Ad36 infection improves glycemic control in APP mice. Transgenic APP mice (Tg2576 mice line) infected with Ad36 show improved glycemic control as
measured by glucose clearance during GTT compared with control uninfected mice. (A) Baseline GTT and (B) corresponding AUC and (C) serum insulin during GTT is
shown. GTT performed 10-weeks post infection (D) and 24-weeks post infection (G) is shown with their respective AUC (E and H) and corresponding serum insulin

levels (F and I).

3.2. Ad36 infection reduces deterioration of glycemic control in APP mice

Improvement in glucose metabolism was further determined by
comparing the change in glycemic control over the 24 weeks post in-
fection with Ad36. When compared between groups, the AUC shows a
significant deterioration from baseline to 24 weeks in the control mice
(Fig. 2A), while Ad36 infected APP mice do not show any significant
change in glycemic control from baseline to 10 weeks post infection or
24 weeks post infection (Fig. 2A). Comparison between 10-week and
24-week AUC does not show any difference between the groups
(Fig. 2A). As seen in Fig. 2B, when we compared within the groups, in
control mice, the glycemic control deteriorated over the 24 weeks from
baseline. The AUC for GTT in control mice increased significantly at 10-
weeks and at 24-weeks (Fig. 2B) over baseline. In comparison, Ad36
infected mice, did not display any significant increase in AUC at 10-
weeks and at 24-weeks (Fig. 2B) over baseline. The percent change over
time measured as a difference (delta) from baseline, control mice
showed greater percent change at 10-weeks (17.2%) and at 24-weeks
(49.7%) compared with Ad36 infected mice at 10-weeks (10.7%) and at
24-weeks (28%) respectively.

3.3. Ad36 protects the liver from increased fatty acid transport

We determined if improvement in systemic glycemic control caused
changes in liver metabolism. Using quantitative real time PCR (qRT-
PCR) analysis we measured RNA expression of genes involved in liver
de novo lipogenesis, fatty acid transport, inflammation and

gluconeogenesis. Liver de novo lipogenesis genes sterol regulatory
element-binding protein 1c (Srebplc), fatty acid synthase (Fasn) and
acetyl CoA carboxylase (Accl) did not show any difference between
Ad36 infected and uninfected control mice (Fig. 3A). The carbohydrate
responsive-element binding protein (Chrebp) however showed sig-
nificantly increased expression in Ad36 infected mice compared with
control mice (Fig. 3A). Further, we determined the expression of genes
in the fatty acid transport into the liver, namely fatty acid binding
protein (L-FABP), fatty acid transport protein-5 (Fatp-5) and apolipo-
protein B (ApoB). As seen in Fig. 3B, gene expression for all three genes
is significantly down regulated in Ad36 infected mice compared with
control mice (Fig. 3B). Inflammatory genes, tumor necrosis factor-a
(Tnf-a), monocyte chemoattractant protein-1 (Mcp-1) and interleukin-
1B (IL-1p) did not show any difference in expression between the Ad36
infected and uninfected control mice (Fig. 3C). We also determined the
expression of genes involved in the gluconeogenesis pathway. Fig. 3D
shows that phosphoenolpyruvate carboxykinase (Pepck), glucose-6-
phosphatase (G6Pase), forkhead box O1(Foxo-1) and Lipin-1 did
change in expression between Ad36 infected and control mice (Fig. 3D).
But stearoyl-CoA-desaturase-1 (Scd-1) gene expression was significantly
lower in Ad36 mice compared with control mice (Fig. 3D).

3.4. Ad36 infection prevents cognition decline in APP mice
(a) Y-Maze

During the 5min test session in a Y-maze, APP mice infected with
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Fig. 2. Ad36 infection reduces deterioration of glycemic control in APP mice.
(A) The AUC, when compared between groups, shows a significant deteriora-
tion from baseline to 24 weeks in control mice, while Ad36 infected mice do not
show any significant change in glycemic control from baseline to 10 weeks post
infection or 24 weeks post infection. Groups not sharing an alphabet are sig-
nificantly different. (B) Compared to baseline, control uninfected mice show
significantly higher deterioration in glycemic control over 24 weeks compared
with Ad36 infected mice. Groups not sharing an alphabet are significantly
different. (C) The difference in glycemic control between baseline and 10-weeks
or 24-weeks was also higher in control mice compared with Ad36 infected mice.

Ad36 had a significantly higher probability of alternating three con-
secutive entries than uninfected control APP mice at 12-week and 23-
week post infection (Fig. 4 B and D respectively). This result suggested
that the spatial working memory of Ad36 treated APP mice was en-
hanced compared with untreated APP mice. We also analyzed the total
number of arm entries. Ad36 infected mice had significantly more total
arm entries than uninfected control mice at 12-week (p = 0.003;
Fig. 4A) and 23-week post infection (p = 0.01; Fig. 4C), suggesting
increased general activity in Ad36 infected mice.

(b) Rotarod test
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Rotarod, motor coordination and motor skill acquisition were de-
termined in control and Ad36 infected mice. As seen in Fig. 4E-F, Ad36
infected mice show a 1.6-fold lower latency to falls, indicating less
impairment in motor learning and coordination compared to control
mice due to mutant APP expression.

3.5. Ad36 infection reduces amyloid beta-40 and 42 levels and deposits in
APP mice

Abnormal APP level and amyloid beta toxicities are the key factors
responsible for amyloid pathology and cognitive decline in APP mice
and AD. We determined the levels of amyloid beta-40 and 42 protein in
the cerebral cortex of APP control mice (n = 4) and Ad36 infected APP
mice (n = 4). Sandwich ELISA analysis of tissue lysate showed sig-
nificantly reduced levels of amyloid beta 42 (p = 0.0007) in APP mice
infected with Ad36 relative to uninfected control APP mice (Fig. 5A).
The tissue level of amyloid beta 40 was also found to be decreased in
Ad36 infected APP mice (p = 0.07; Fig. 5A) compared to control APP
mice, although it was not significant.

As shown in Fig. 5B, immunohistochemistry staining of A} deposits
shows distinctly lower presence of AP plaques in Ad36 infected APP
mice compared with control mice. Upon quantification, we found sig-
nificantly fewer AB plaques in the hippocampus/cortical sections
(p = 0.0023; Fig. 5C) of Ad36 infected APP mice, relative to the unin-
fected control mice. We also found the size of AB plaques to be sig-
nificantly smaller in the Ad36 infected APP mice (p = 0.0003; Fig. 5D),
compared with the uninfected control mice. These observations
strongly suggest that Ad36 infection reduces amyloid number and size
in APP mice.

3.6. Ad36 infection maintains dendritic spine morphology and prevents
reduction of synaptic proteins

To determine the effects of Ad36 on dendritic length and spines, we
quantified dendritic length and number of spines using Golgi-Cox
staining in hippocampus of 24 weeks uninfected APP and Ad36 treated
APP mice. As shown in Fig. 6A, we found significantly increased den-
dritic length in Ad36 infected APP mice (p = 0.0001) relative to control
mice. We also found significantly increased number of dendritic spines
in Ad36 infected APP mice (p = 0.0001) compared with control mice.
These observations indicate that Ad36 infection enhances both den-
dritic length and number of dendritic spines in APP mice.

Next to determine the effect of Ad36 infection on synaptic proteins,
we quantified gene expression of synaptophysin and PSD95 from hip-
pocampal tissues. Quantitative real time PCR analysis showed that sy-
naptophysin gene expression was significantly increased in Ad36 in-
fected mice (p = 0.029) compared uninfected control mice (Fig. 6B),
however, PSD95 expression was not significantly different between the
two groups of APP mice (Fig. 6B).

4. Discussion

Many epidemiological and clinical studies have shown that AD pa-
tients often exhibit impairment in glucose and/or insulin regulation,
and that T2D is the second greatest risk factor for AD [25-31]. Fur-
thermore, cognitive decline as well as amyloidosis and tau pathology
has been observed in the brains and pancreas of diabetic patients
[32-34]. This suggests that a pre-diabetic impairment in peripheral
glucose and insulin regulation contributes to AD pathogenesis. In mice,
experimental infection with human adenovirus Ad36 significantly im-
proves systemic glycemic control in chow fed animals [19,35] and
improves hyperglycemia and hepatic steatosis induced by high-fat diet,
without requiring a reduction in adiposity [35]. Therefore, in this
study, we investigated how improvement in peripheral glycemic con-
trol by Ad36 in a mouse model of APP modulates cognition decline,
amyloid beta levels and morphology of neuronal dendrites and
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dendritic spines in the brain.

In mice models of AD, the association of peripheral glucose reg-
ulation in the development of AD neuropathology and cognitive decline
is not clear. There are several inconsistencies among the different
models regarding the age and timing of observed glucose impairment
[36-43]. Recently, two different transgenic mice studies showed that a
pre-diabetic phenotype is present in these mice, which occurs prior to
detection of AD related pathogenesis [44,45]. In APP mice, Ad36 in-
fection improved glucose clearance 10 weeks (Fig. 1A-B) and 24 weeks
(Fig. 1G-H) post infection compared with uninfected control mice. The
improvement in glucose clearance was variable from 10-weeks to 24-
weeks, with more significant improvement observed at 10-weeks
compared with 24-weeks. A possible explanation is that Ad36 is a
human adenovirus and its infection in mice is abortive in nature, hence
we expect to observe a decline in the effect of Ad36 over time. Further,
compared to baseline, the control mice had progressively significant
deterioration in glycemic control over 24 weeks (Fig. 2A-C), while no
significant difference was observed with Ad36 infected APP mice
(Fig. 2A-C). In humans, beyond its accepted role in whole body me-
tabolism regulation [46], insulin also modifies neuronal activity pro-
moting synaptic plasticity [47,48] and improves memory function in
the mammalian brain [49,50]. Several studies have suggested that IR in
the brain directly promotes the development of beta-amyloid (Af3) and
tau pathologies seen during AD [31,51]. IR in the brain may also ag-
gravate pre-existing AD pathology by promoting AP and tau pathology
and is known to be associated with cognitive decline independently of
AD pathology [52,53].

The amyloid precursor protein (APP), a large transmembrane pro-
tein, is cleaved by sequential  and y secretase to form several peptides
between 39 and 43 amino acids in length known as APB. Among the
histopathological hallmarks of AD, most common are aberrant oligo-
merization of certain AP peptides (such as AB42) and extracellular
plaques formed with A fibrils at their center in equilibrium with so-
luble oligomers [54-57]. Ad36 infection showed significantly reduced

levels of amyloid beta 42 (p = 0.0007) in the cerebral cortex tissue
lysate relative to uninfected control APP mice (Fig. 5A). Although not
significant, tissue level of amyloid beta 40 was also found to be de-
creased in Ad36 infected APP mice (p = 0.07; Fig. 5A). Im-
munohistochemistry staining of AR deposits showed distinctly lower
presence of AP plaques (Fig. 5B), with significantly fewer and smaller
AP plaques (Fig. 5C and D respectively) in Ad36 infected APP mice
compared with control mice. These observations strongly suggest that
human adenovirus Ad36 might have some molecular interaction with
APP protein and reduces amyloid number and size in APP mice. Al-
ternatively, Ad36 might facilitate amyloid beta clearance, which needs
to be investigated further. Synaptic damage in AD neurons has been
shown to be induced by amyloid beta accumulations at synapses
[58,59]. However the fundamental and specific cellular changes are not
completely understood. Growing evidence suggests that in AD patients
and AD mice, dendritic spine density is critical for synaptic function and
cognitive behavior [60,61]. In this study, using Golgi-Cox staining in
hippocampus of uninfected APP and Ad36 treated APP mice at
9-10 months of age, as seen in Fig. 6A, we found significantly increased
dendritic length (p = 0.0001) and number of dendritic spines
(p = 0.0001) in Ad36 infected APP mice relative to uninfected control
mice. These observations indicate that Ad36 infection enhances both
dendritic length and number of dendritic spines in APP mice. Further,
Ad36 infection increased expression of the synaptic gene synaptophysin
while PSD95 did not show any significant changes (Fig. 6B). The cog-
nitive defects are caused by changes in the structure and function of
synapse as well as frank synapse with accompanied neuronal loss,
which contributes to the neural system dysfunction [61]. Cognitive tests
showed that APP mice infected with Ad36 had a significantly higher
spatial working memory compared with untreated APP mice as de-
termined by Y-maze (Fig. 4B and D). Ad36 infected mice also displayed
significantly more total arm entries than uninfected control mice
(Fig. 4A and C) suggesting increased general activity in Ad36 infected
mice. On an accelerating rotarod test, APP mice displayed reduced
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latency to fall relative to Ad36 infected mice (Fig. 4E and F), indicating
that impairments in motor learning and coordination. Collectively,
these observations suggest that improvement in glycemic control by
Ad36 infection prevents degeneration of dendritic spine structure, sy-
naptic function, and cognition. In rodent models, Ad36 infection has
shown presence of viral DNA in the brain ([77]) and Ad36 infection
affects hypothalamic monoamines and stress axis [19], which is sug-
gestive of a role for Ad36 in modifying brain activity.

Anti-diabetic medication metformin, and other hypoglycemic
medications [62,63], have been shown to significantly improve health-
and lifespan. Although inconsistent, monotherapy with insulin [64,65]
or treatment with other glucose lowering medications [66,67] has
shown some improvement in memory performance in non-diabetic AD
patients and slowing of AD symptom progression. Other studies have
shown that compared with elderly individuals without T2D, similar
people with T2D who are treated with insulin plus other hypoglycemic
agents (i.e., combination therapy) have dramatically less AD neuro-
pathology (reduced densities of neuritic plaques and neurofibrillary
tangles in the cortex) [68]. These studies underscore the importance of
insulin or other anti-diabetic medications as possible treatments for
T2D associated AD pathology. However, insulin and several of the anti-
diabetic drugs depend on a functional insulin-signaling pathway, which
is often impaired during insulin resistance or T2D. Therefore, a ther-
apeutic agent, like Ad36, which can improve glycemic control in-
dependent of insulin or the impaired proximal insulin signaling
pathway [20,69] is very attractive to improve peripheral glycemic

control and AD associated pathology.

Adenovirus 36 is a commonly occurring infection in humans [18].
Natural Ad36 infection is associated with better glycemic control in
humans [20]. A longitudinal study of 1500 middle-aged subjects fol-
lowed for 10 years showed that at baseline, those individuals who were
naturally infected with Ad36 had significantly less deterioration in
glycemic control after 10 years, compared to the uninfected individuals
[76]. It would be interesting to determine if the presence of natural
Ad36 infection is linked with less cognitive impairment in humans.
Also, it would be important to determine Ad36 infection status as a
covariate in estimating AD risk in humans.

5. Conclusion

This proof of concept study shows that in a mouse model predis-
posed to impaired glycemic control and AD, Ad36 improves glycemic
control and ameliorates cognitive decline. Additional and long-term
research is needed to determine if Ad36-based approaches may help in
improving the prognosis of AD. This study also opens up a new angle for
epidemiological investigation of the potential role of Ad36 in reducing
AD risk.
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