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Abstract
There is an increasing awareness that diabetes has an impact on the central nervous system, with
reports of impaired learning, memory and mental flexibility being more common in diabetic
subjects than in the general population. Insulin-deficient diabetic mice also display learning
deficits associated with defective insulin-signaling in the brain and increased activity of GSK3. In
the present study, AR-A014418, a GSK3β inhibitor and TX14(A), a neurotrophic factor with
GSK3 inhibitory properties, were tested against the development of learning deficits in mice with
insulin-deficient diabetes. Treatments were started at onset of diabetes and continued for 10
weeks.

Treatment with AR-A014418 or TX14(A) prevented the development of learning deficits,
assessed by the Barnes maze, while only AR-A014418 prevented memory deficits, as assessed by
the object recognition test. Diabetes-induced increased levels of amyloid beta protein and
phosphorylated tau were not significantly affected by the treatments. However the diabetes-
induced decrease in synaptophysin, a presynaptic protein marker of hippocampal plasticity, was
partially prevented by both treatments. These results suggest a role for GSK3 and/or reduced
neurotrophic support in the development of cognitive deficits in diabetic mice that are associated
with synaptic damage.
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Peripheral neuropathy is the most common of the complications associated with long-term
diabetes and develops in more than half of all diabetic patients. Several studies have also
demonstrated a co-incidence between one or more diabetic chronic complications and
impaired function of the central nervous system (Ryan and Williams 1993), suggesting that
the brain is susceptible to the same processes that underlie other complications of diabetes.
Studies have found a relative risk of about 1.9 to 2.3 of developing Alzheimer’s disease
(AD) for diabetic patients (Ott et al. 1996; Ronnemaa et al. 2009). Most recently, diabetes
was shown to increase not only the risk of dementia but also the risk of progression from
mild cognitive impairment to AD (Velayudhan et al. 2010). Encephalopathy, defined as
electrophysiological and structural disturbances in the brain associated with cognitive
deficits, occurs in both type 1 and type 2 diabetic subjects (Biessels et al. 2008; Cukierman
et al. 2005; Desrocher and Rovet 2004; Reaven et al. 1990; Ryan et al. 1993). Uncontrolled
diabetes (no insulin treatment) was associated with the development of AD, while patients
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with controlled diabetes showed no increased dementia, suggesting a role of impaired
insulin signaling in the development of neurodegeneration and AD (Xu et al. 2009b).
Peripheral insulin deficiency is sufficient to cause learning deficits and AD-like features in
the brain of type 1 diabetic animals (Biessels et al. 1996; Jolivalt et al. 2008). The role of
insulin signaling in the brain is further supported by animal studies showing exacerbation of
learning deficits, of tau deposition into tangles and of amyloid-β accumulation in mouse
models of AD with concomitant insulin-deficient diabetes (Burdo et al. 2009; Jolivalt et al.
2010; Ke et al. 2009) or concomitant diet-induced insulin-resistance (Ho et al. 2004).

Disturbance of insulin signaling by diabetes disrupts assorted signaling pathways, including
those mediated by phospholipase Cγ, mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K). Downstream of the PI3K/AKT pathway, glycogen
synthase kinase-3 (GSK3) is an enzyme that regulates many aspects of cellular structure,
function and survival and whose activity is down-regulated by phopshorylation at serine 9
and 21 (Sutherland et al. 1993). GSK3, and more particularly GSK3β, phosphorylates tau,
decreasing its ability to bind and stabilize microtubules and consequently disturbing the
neuronal cytoskeleton, impeding axonal transport and facilitating neurofibrillary tangle
formation (review in Grundke-Iqbal and Iqbal 1989), while GSK3α, more specifically,
promotes amyloid β (Aβ) formation, which is neurotoxic, inhibits axonal transport (Kasa et
al. 2000) and accumulates into plaques. A number of GSK3 inhibitors are available (review
Martinez 2008) and the ATP-competitive inhibitor AR-A014418 has shown potential for the
treatment of AD (Bhat et al. 2003). AR-A014418 reduces tau phosphorylation in JNPL3
mice, a model of frontotemporal dementia with Parkinsonism and AD (Noble et al. 2005).
Prosaptide TX14(A) is a 14-mer peptide derived from prosaposin that has neuroprotective
properties in rodent models of diabetes (Calcutt et al. 1999; Jolivalt et al. 2006; Mizisin et al.
2001). Preliminary data from our group showed that TX14(A) also possesses GSK3
inhibitory properties. To determine the role of GSK3 and/or the loss of neurotrophic support
in diabetic encephalopathy in a model of type 1 diabetes, insulin-deficient diabetic mice
were treated with AR-A014418 or TX14(A) for 10 weeks from onset of diabetes. Both
therapies prevented diabetes-associated learning deficits and synaptic damage.

Materials and Methods
Animals

Adult female Swiss Webster mice were purchased from Harlan Industries (Placentia, CA,
USA). Animals were housed four to a cage with free access to food and water. All cages
were maintained in a vivarium approved by the American Association for the Accreditation
of Laboratory Animal Care. All study protocols were approved by the Institutional Animal
Care and Use Committee of the University of California San Diego. Eight to twelve animals
were used per group.

Induction of Diabetes
Insulin-deficient diabetes was induced at six to eight weeks of age by i.p. injection of
streptozotocin (STZ, Sigma, St. Louis, MO) at 90mg/kg dissolved in 0.9% sterile saline
solution after an overnight fast on two consecutive days. Hyperglycemia was confirmed 4
days post-STZ administration using a strip-operated glucose meter (One Touch Ultra,
Lifescan, Milpitas, CA, USA) on a blood sample obtained via tail prick as well as on a blood
sample obtained at the conclusion of the study. Glycemic control was tested by measuring
HbA1c levels at termination of the study using a multi-test A1C system (A1C now, Bayer
Healthcare, Sunnyvale, CA, USA).
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Drugs
TX14(A) (Prosaptide) was supplied by Myelos Corporation in PBS solution at 4mg/ml. The
ATP-competitive GSK3 inhibitor AR-A014418 (Astrazeneca) was purchased from Sigma.
AR-A014418 was dissolved in PBS containing 4% DMSO. AR-A014418 was administered
daily at 30 μmol/kg i.p. and TX14(A) at 1 mg/kg 3 times a week, determined from studies in
diabetic painful neuropathy (Calcutt et al. 1999; Mizisin et al. 2001). Vehicle (4% DMSO in
PBS) was administered to a group of control and a group of STZ-diabetic mice. Drugs and
vehicle were administered at 10ml/kg i.p. for 10 weeks.

Barnes Maze test
Learning behavior was assessed using the Barnes maze test as previously described (Jolivalt
et al. 2008). The Barnes maze was used as an equivalent to the Morris water maze test
without the stress component. Indeed, concerns arise when studying protein phopshorylation
as stress (water stress) can modulate phosphorylation of protein, including tau (Korneyev
1998; Okawa et al. 2003). Briefly, the Barnes Maze consists of a brightly lit circular white
platform with 20 holes with equidistant spacing around the periphery. An escape box was
placed beneath one of the holes marked by a visual cue. Before testing began the mouse was
placed in the box for 1 minute. The mouse was then placed in the center of the table and
allowed to explore until it either found the box or 5 minutes elapsed. The time to locate the
escape box was recorded. At the end of the session, the mouse was left or placed in the
escape box for an additional minute. The test was performed at 9 weeks of diabetes every
day for 5 days.

Object Recognition test
The object recognition test was used to assess short-term memory and is based on the
premise that rodents will explore a novel object more than a familiar one, if they remember
the familiar object. The test was performed at week 10 using an 18×9 inch transparent box in
a dimly lit room isolated from extraneous noise. Two identical objects are placed equidistant
from each other and from the sides of the box. Mice are given 10 minutes to achieve 20
seconds of exploration time of the two objects, after which they are placed back to their
home cage. Exploration is defined as the mouse facing and being within approximately 1
inch of the object. An hour later, one of the objects is replaced with a novel object and the
mouse is given 5 minutes to explore. The time the mouse spend exploring the familiar and
novel objects is recorded. Mice with normal cognitive function typically spend more time
with the novel object.

Rota-Rod
To assess the effect of diabetes and treatments on motor functions that could affect learning
and memory tests, mice were placed on a Rota-Rod (Stoelting Co., Wood Dale, IL, USA).
The device accelerated from 4 to 40 RPM over 5 minutes. The amount of time spent on the
rod before loss of balance was recorded over three trials. All trials were performed on the
same day.

Tissue Preparation
Hippocampi and cortex were dissected within 1 min of decapitation and were homogenized
in buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Triton X, 1 mM EDTA, protease
inhibitor cocktail). The homogenates were then centrifuged at 13,000g for 30 minutes. Clear
cytosolic extracts were stored at −80°C. For tau Western-blot analysis, a portion of the
cytosolic extract was boiled for 5 minutes in detergent free solution, after which the samples
were centrifuged for 30 minutes to remove insoluble material. Protein concentrations were
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determined using the bicinchroninic acid method (BCA protein assay kit, Pierce, Rockford,
IL, USA).

Western Blotting
Cytosolic extract aliquots were boiled in Laemmli LDS sample buffer (Invitrogen, Carlsbad,
CA, USA). Four (tau western blot) to 15μg of extract proteins were separated on 4–12%
Bis-Tris SDS-PAGE gels (Novex, Invitrogen). Separated proteins were then blotted on
nitrocellulose. Blots were incubated with antibodies against phospho-GSK3β (phospho-
Ser9; 1/1000, Cell Signaling technology, USA), GSK3 (1/10 000, Millipore, Billerica, MA,
USA), Actin (1/2000, Sigma, Saint Louis, MO, USA), phospho-tau threonine 231 (1/3000,
Biosource, Camarillo, CA, USA) and Tau-5 (1/3000, Biosource, Camarillo, CA, USA),
Amyloid β (1/1000, clone 6E10, Covance/Signet Laboratories, Berkeley, CA, USA), and
Synaptophysin (1/10 000, Chemicon International, Temecula, CA, USA) followed by
incubation with the anti-mouse or -rabbit secondary antibody tagged with horseradish
peroxidase (HRP, 1/20 000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were
developed using Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific,
Rockford, IL, USA). Densitometric scanning using Quantity One (BioRad, San Diego, CA,
USA) was used for quantification. Band intensities for each protein were normalized by
calculating the ratio of intensity of the band of interest to that of actin and total (non-
phosphorylated) protein where applicable and percent intensity reported in graphs represents
the percent of the mean intensity of the control group.

Immunofluorescence staining
Hemibrains were collected within 1 min of decapitation and post-fixed for 24 h in 4%
paraformaldehyde in 0.1 M sodium phosphate buffer. Samples were embedded in paraffin
and sections were cut at a thickness of 6 μm and collected onto glass slides. Aldehyde
fluorescence was blocked using a solution of 0.5% sodium borohydride in 1% dibasic
sodium phosphate buffer. The sections were then treated with sodium citrate antigen
retrieval buffer (pH 6.0) followed by 5% normal goat serum (Vector Laboratories #S-1000,
Burlingame, CA, USA) for 1 hour. Sections were incubated with synaptophysin antibody
(1:2000; Millipore #MAB5258, Billerica, MA, USA) overnight at 4° C. They were then
washed and incubated with Alexa Fluor 488-conjugated goat anti-mouse secondary antibody
(1:500; Invitrogen #A11001, Carlsbad, CA, USA). Nuclear staining was performed using a
DAPI solution at 1/20 000 (4′,6-Diamidino-2-Phenylindole, Dihydrochloride) (Invitrogen
#D1306). The samples were viewed using an Olympus BX51 fluorescence microscope
equipped with a QImaging Retiga 2000R camera.

Statistical analysis
Data from the Barnes maze test are expressed as group median for non-parametric data due
to the cut-off limit of time set at 300s and were analyzed using repeat measure ANOVA
followed by Dunnett’s post hoc test. All other data are expressed as group mean ± SEM and
differences between groups were analyzed using one-way ANOVA followed by Tukey’s
post-hoc test.

Results
Diabetes

Every mouse injected with STZ (90mg/kg i.p.) after an overnight fast on two consecutive
days exhibited hyperglycemia (blood sugar >270 mg/dl) 4 days after STZ injection. Ten
weeks later, blood glucose levels for diabetic mice were significantly higher than for non-
diabetic mice and treatment with AR-A014418 or TX14(A) did not affect blood glucose
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levels (Table 1). Similarly, glycated hemoglobin A1c (HbA1c) was significantly elevated in
STZ-diabetic mice and was not affected by either treatment (Table 1). STZ-injected mice
expectedly lost some weight in the first week following the induction of diabetes but
maintained a healthy weight over the 10-week period (Fig. 1). The treatment with AR-
A014418 or TX14(A) did not affect the mouse body weight (Fig. 1). Occasional
administration of two units of insulin (s.c.) was used to maintain healthy weight in some
animals that had lost more than 20% of their starting body weight. This resulted in 1 or 2
injections for 2 or 3 mice per group for all diabetic groups during the course of the 10 weeks
of the study and did not affect final blood glucose or HbA1c. The occasional insulin
injection may have temporarily activated the insulin signaling pathway and therefore
modulated GSK3 activity, however this treatment was limited over the course of the study
and to few mice per group and if any effects were to be detected they were limited as we
have detected a significant decreased phosphorylation of GSK3 in the diabetic group that
also received occasional insulin injections.

Barnes maze test
Learning abilities were testing using the Barnes maze after 9 weeks of treatment for 5
consecutive days. On the first day of testing, all 4 groups of mice found the escape box with
a similar time (Fig. 2A). The time to find the escape box for control mice receiving vehicle
was progressively reduced over the 5 days of testing while STZ-diabetic mice receiving
vehicle find the escape box with a reduced time only by day 4 (Fig. 2A, p<0.001, repeated
measures ANOVA), indicative of learning deficits for the diabetic group. After 9 weeks of
treatment, diabetic mice receiving AR-A014418 (p<0.001, repeated measures ANOVA
compared to STZ + Vehicle) or TX14(A) (p<0.05, repeated measures ANOVA compared to
STZ + Vehicle) showed a learning curve similar to that of control mice (Fig. 2A), suggesting
that both treatments significantly prevented the learning deficits induced by insulin-deficient
diabetes. Using area under the curve (AUC) analysis, STZ-diabetic mice receiving vehicle
showed significant (p<0.01) learning deficits in the Barnes maze compared to control mice
receiving vehicle (Fig. 2B) and 9 weeks of treatment with TX14(A) partially prevented the
learning deficits while treatment with AR-A014418 significantly (p<0.05) prevented the
diabetic-induced deficits (Fig. 2B). The differences observed were not due to lack of
exploration, as the rate of holes visited (error/min) by treated mice were similar to that of
vehicle-treated diabetic mice (Fig. 2C). In addition, after 9 weeks of diabetes, no significant
difference in motor ability was observed in the Rota-Rod task between any of the 4 groups
(Fig. 2D).

Object recognition test
STZ-diabetic mice showed a significantly (p<0.05) reduced time spent on the novel object in
the object recognition test, demonstrating a deficit in working memory (Fig. 3). Treatment
with AR-A014418 for 10 weeks significantly (p<0.05) prevented the memory deficits
induced by diabetes, while treatment with TX14(A) had no effect (Fig. 3).

GSK3β phosphorylation
Phosphorylation of GSK3β at the recognized inactivating site (ser 9) was significantly
(p<0.05) reduced in STZ-diabetic mice brain after 10 weeks of diabetes (Fig. 4). Ten weeks
of treatment with AR-A014418 or TX14(A) prevented the reduction of phosphorylated
GSK3β (Fig. 4A), while there was no significant effect on total GSK3 protein expression
(Fig. 4B). Similar results demonstrating increased activity of GSK3β in diabetic mice brains
that was prevented by both treatments were observed for the phosphorylation of GSK3β at
the activating site (tyr 216) (percent of control group intensity for WT: 100±4.2, STZ:
118.2±7.2*, STZ+ AR-A014418: 104.2±7.2, STZ+ TX14(A): 108.5±7.8, *p<0.05 vs WT).
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Tau phosphorylation
Normalized to total tau, tau phosphorylation at the threonine 231 site that is part of the
microtubule-binding domain and phosphorylated by GSK3β, was significantly (p<0.01)
increased in the brain of STZ-diabetic mice receiving vehicle (Fig. 5A) and this was not
significantly prevented by treatment with AR-A014418 (Fig. 5A). Treatment with TX14(A)
tended towards reducing tau phosphorylation but this effect was not significant from control
nor diabetic group data (Fig. 5A).

Amyloid β levels
Levels of soluble oligomers of Aβ (24kDa) were significantly (p<0.001) increased in the
brain of STZ-diabetic mice receiving vehicle and 10 weeks of treatment with AR-A014418
or TX14(A) did not significantly prevent the diabetes-induced increase (Fig. 5B).

Synaptophysin levels
A reduction in intensity of synaptophysin immunoreactivity was observed in the CA1 region
of the hippocampus of STZ-diabetic mice receiving vehicle compared to the control mice
receiving vehicle (Fig. 6A and B). Treatment with AR-A014418 and TX14(A) for 10 weeks
prevented this decrease (Fig. 6C and D).

Synaptophysin, a marker of synapse integrity, was quantified by Western blot. After 10
weeks of diabetes, synaptophysin protein levels were significantly reduced (p<0.05) in the
brain of STZ-diabetic mice receiving vehicle and this reduction was partially prevented by
10 weeks of treatment with AR-A014418 or TX 14(A) (Fig. 6E and F).

Discussion
In this study, we have shown that AR-A014418 and TX14(A) prevent learning deficits
associated with insulin-deficient diabetes in Swiss Webster mice without affecting glycemia
levels. The prevention of learning deficits was associated with a reduction in GSK3β
activity as assessed by decreased phopshorylation of Ser 9. Surprisingly, the prevention
observed was not associated with significant reduction of Aβ protein levels or tau
phopshorylation. However, prevention of learning deficits was associated with a prevention
of synaptophysin protein decrease in the hippocampus of diabetic mice, suggesting a role of
GSK3β in synaptic damage resulting in cognitive deficits.

The role of GSK3 and tau hyperphosphorylation in neurodegeneration is clearly
demonstrated in transgenic mice conditionally overexpressing GSK3β (Lucas et al. 2001),
and in transgenic mice overexpressing tau treated with the GSK3 inhibitor lithium (Noble et
al. 2005). GSK3β overexpressing mice are characterized by a number of structural defects,
neuronal stress and loss (Lucas et al. 2001), while, inversely, tau-overexpressing mice
treated with lithium showed less degeneration (Noble et al. 2005). More recently, the
detrimental role of active GSK3 in learning deficits in a mouse model of AD was shown
using chemical inhibition of GSK3 by lithium or by crossbreeding with mice overexpressing
inactive GSK3β. Similar to hAPP mice treated with lithium, expression of inactive GSK3β
in the hAPP mouse model resulted in reduced Aβ and tau phopshorylation levels as well as
reduced learning deficits (Rockenstein et al. 2007). Recently, lithium was shown to reverse
memory impairments and restore phosphorylated GSK3β levels in rats receiving
intracerebroventricular injection of STZ, but effects on Aβ and tau levels were not studied
(Ponce-Lopez et al. 2011). In the current study, inhibition of GSK3β by AR-A014418 and
TX14(A) did prevent learning deficits in diabetic mice but surprisingly, did not significantly
affect tau phopshorylation or Aβ levels, suggesting other pathways modulating these 2
proteins in addition to GSK3. The lack of correlation between Aβ levels and learning and
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memory functions may be explained by a lack of toxicity of the Aβ species detected in the
diabetic mouse brain. Indeed, recently, Reed et al. (2011) have shown that different sized
Aβ oligomers have different effects on cognitive functions. Trimers extracted from
transgenic mice, in opposition to the 56kDa oligomers, did not cause cognitive impairments
when injected into rat brains (Reed et al. 2011). We have mostly detected 24kDa Aβ
oligomers that, like the 12 kDa oligomer (Reed et al. 2011), may not play a critical role in
cognitive impairments at that stage of the disease.

The improvement of learning ability of diabetic mice treated with AR-A014418 or TX14(A)
was associated with partial prevention of decreased synaptophysin protein levels, suggesting
that synaptic damage in the hippocampus is associated with spatial learning deficits and may
precede tau and Aβ pathological contribution to cognitive functions decline in diabetic mice.
Our findings, if somewhat controversial, are supported by the demonstration that synapse
damage, as measured by synaptophysin levels, correlates better with cognitive deficits than
either plaques or tangles in AD brain (DeKosky and Scheff 1990; Sze et al. 1997; Terry et
al. 1991). Also, synaptic dysfunction, including long-term potentiation deficits, manifests in
an age-related manner, but before plaque and tangle pathology in a transgenic mouse model
of AD (Oddo et al. 2003). In diabetic rat brain, changes in synaptic plasticity were observed
at anatomical and chemical levels and were partially prevented by insulin (Grillo et al. 2005;
Magarinos et al. 2001). Similar to our results in diabetic mice, synaptophysin
immunostaining was decreased in prefrontal cortex and CA3 from STZ rats and this was
associated with learning deficits and prevented by treatment with a peptide derived from the
activity-dependent neuroprotective protein (Idan-Feldman et al. 2011). In addition,
consistent with the structural defects, including cerebral atrophy, detected in brain from
patients affected by diabetes (Musen et al. 2006; Schmidt et al. 2004), diabetic rats and mice
showed brain atrophy (Francis et al. 2008; Lupien et al. 2006), without detectable neuronal
loss but with decreased synaptophysin protein levels in the cortex or hippocampus (Jolivalt
et al. 2010; Jolivalt et al. 2008; Toth et al. 2006). Synaptic integrity and spine plasticity are
essential to learning and memory (Xu et al. 2009a; Yang et al. 2009). The presence of both
insulin receptor (Abbott et al. 1999) and GSK3 (Jiang et al. 2005; Peineau et al. 2007) at the
synapse suggest a role for both proteins in structural remodeling of synapses (Lee et al.
2011). Diabetes and subsequent disruption of insulin signaling was shown to potentiate or
exaggerate synaptic damage that was associated with learning deficits in transgenic mouse
models of AD (Burdo et al. 2009; Jolivalt et al. 2010). Recently, a link between insulin
pathway disturbances and impaired synaptic transmission as well as impaired cognitive
performances has been demonstrated in mice with reduced insulin receptor expression
(Nistico et al. 2012). In neuronal culture, the presence of insulin leads to an increase in the
number of spines on neurons (Lee et al. 2011) and was shown to protect hippocampal
neurons from Aβ-induced synaptic spine loss (De Felice et al. 2009). In insulin-deficient
diabetes, as we have shown here and previously (Jolivalt et al. 2010; Jolivalt et al. 2008),
insulin signaling is defective in the mouse brain and may contribute to pathological loss of
spine, as observed in AD (Lee et al. 2011; Terry et al. 1991). Recently, a GSK3 inhibitor
was shown not only to prevent, but also reverse, Aβ-induced inhibition of LTP in brain slice
preparation, suggesting that over-activation of GSK3β is responsible for pathological
synaptic plasticity (Jo et al. 2011). Taken together, these studies and our current data
showing beneficial effects of both AR-A014418 and TX14(A) on synaptophysin protein
levels and immunoreactivity in the hippocampus, learning deficits and activity of GSK3β
without significantly affecting Aβ and phosphorylated tau levels support a pathological role
of GSK3β in the synaptic function that contributes to learning deficits in diabetic mice.

In this study, despite preservation of synaptophysin levels, TX14(A) did not prevent
memory deficits in diabetic mice assessed by the object recognition test contrary to AR-
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A014418. These results point at different mechanisms or cerebral domains participating in
memory versus learning processing that we have not elucidated at this point.

Conclusions
In AD mouse models with protein overexpression (APP, tau), inhibition of GSK3 is able to
reduce Aβ protein levels, tau phopshorylation, and ameliorate cognitive functions (Noble et
al. 2005; Rockenstein et al. 2007). Despite sharing convergent mechanisms (Correia et al.
2012; Jolivalt et al. 2010; Jolivalt et al. 2008), our mouse model, however, does not
overexpress any particular protein and therefore the deficits observed in diabetic mice may
more closely resemble defects associated with human diabetes or even sporadic AD.
Although Aβ and tau are major elements of AD pathology and are also increased in diabetic
rodent brains, this study raises the question about the role of Aβ and tau phopshorylation in
the learning and memory processes and suggests that Aβ and phosphorylated tau may be late
contributors as it is possible to modulate learning abilities without significantly affecting the
levels of these two proteins. Ameliorating synapse integrity may confer greater
improvement than modulating Aβ and tau phosphorylation, at least in the early stages of the
disease and inhibition of GSK3β may be beneficial to prevent synaptic damage and learning
deficits.
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Figure 1.
Body weight over the duration of the study for control mice receiving vehicle (open square),
STZ-diabetic mice receiving vehicle (closed triangle), STZ-diabetic mice receiving AR-
A014418 at 30 μmol/kg (open circle) and STZ-diabetic mice receiving TX14(A) at 1mg/kg
(closed circle).
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Figure 2.
Effect of AR-A014418 or TX14(A) treatment on learning behavior in the Barnes maze test.
A: Time to find the escape box in the Barnes circular maze test for control (open square) and
STZ-diabetic (closed triangle) mice receiving vehicle, STZ-diabetic mice receiving AR-
A014418 at 30 μmol/kg (open circle) and STZ-diabetic mice receiving TX14(A) at 1mg/kg
(closed circle). Data are represented as Median for non-parametric data. B: Area under the
curve (AUC) for graph A. *p<0.05, **p<0.01 by one-way ANOVA followed by Tukey post
hoc test versus Control + Vehicle group. C: Number of errors performed by the mice in the
Barnes maze test, *p<0.05, **p<0.01 by one-way ANOVA followed by Tukey post hoc test
versus Control + Vehicle group. D: Time to fall off the rotating beam during the Rota-Rod
test after 10 weeks of treatment with vehicle, AR-A014418 or TX14(A).
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Figure 3.
Effect of AR-A014418 or TX14(A) treatment on memory behavior in the Object recognition
test. *p<0.05, **p<0.01 by one-way ANOVA followed by Tukey post hoc test versus
Control + Vehicle group.
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Figure 4.
Effect of AR-A014418 or TX14(A) treatment on GSK3β phosphorylation. A: Intensity of
bands from mouse brain homogenates for phosphorylated GSK3β at serine 9 (p-GSK3β)
over actin. Phosphorylation of serine 9 of GSK3β isoforms results in inactivation of the
enzyme. B: Intensity of bands from mouse brain homogenates for total GSK3β over actin.
C: Representative Western blots performed with brain homogenates obtained from control
(C) and STZ-diabetic (S) mice receiving vehicle and STZ-diabetic mice receiving AR-
A014418 (A) or TX14(A) (T) for phosphorylated GSK3β (ser 9), total GSK3 and actin. Due
to variable antibodies affinity, exposure times were adjusted in order to best visualize all the
bands. Data are mean+SEM, n=8–10/group. *p<0.05 by one-way ANOVA versus control,
followed by Tukey’s post-hoc test.
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Figure 5.
Effect of AR-A014418 or TX14(A) treatment on tau phopshorylation and amyloid β levels.
A: Representative Western blot image and intensity of bands corresponding to
phosphorylated tau and tau. Data are mean+SEM, n=6–8/group. The data represent the ratio
ptau/tau of the intensity of the bands corresponding to phosphorylated tau at threonine 231
over the intensity of the bands corresponding to total tau. *p<0.05, **p<0.01 by one-way
ANOVA versus control, followed by Tukey’s post-hoc test. B: Representative Western blot
image and intensity of bands corresponding to amyloid β over actin. Data are mean+SEM,
n=6–8/group. **p<0.01, ***p<0.001 by one-way ANOVA versus control, followed by
Tukey’s post-hoc test
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Figure 6.
Effect of AR-A014418 or TX14(A) treatment on synaptophysin in mouse hippocampus.
Synaptophysin immunoreactivity in the CA1 region of the hippocampus for control mice
receiving vehicle (A), STZ-diabetic mice receiving vehicle (B), STZ-diabetic mice receiving
AR-A014418 (C) and STZ-diabetic mice receiving TX14(A) (D). Bar scale=20μm. Western
blot analysis of mouse brain: Intensity of bands corresponding to synaptophysin normalized
to the intensity of bands corresponding to actin (E). Data are represented as mean+sem.
*p<0.05 versus control + vehicle group by one-way ANOVA followed by Tukey’s post hoc
test. Representative image (F) of Western blots of brain homogenates from control (C) and
STZ-diabetic (S) mice receiving vehicle and STZ-diabetic mice receiving AR-A014418 (A)
or TX14(A) (T).
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Table 1

Final blood glucose and HbA1c levels for the 4 groups of mice.

Groups Blood glucose (mg/dl) HbA1c (%)

Control + Vehicle 122 ± 2 4.6 ± 0.1

STZ + Vehicle 589 ± 5*** 11.8 ± 0.5 ***

STZ + AR-A014418 587 ± 8*** 12.9 ± 0.1 ***

STZ + TX14(A) 584 ± 16*** 12.8 ± 0.2 ***

***
p<0.001 one-way ANOVA followed by Tukey post hoc test
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