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Abstract

Intracerebroventricular administration (ICV) of streptozotocin (STZ) in rats has
been associated to desensitization of the insulin receptor (IR) and biochemical
changes similar to those occurring in Alzheimer’s disease (AD) or older brains,
so it has been proposed as a suitable model for studying some of the patho-
logical features of AD sporadic type (SAD). In this study, we investigated the
role of glycogen synthase kinase 38 (GSK3p) and protein phosphatase 2A
(PP2A) in the regulation of the phosphorylation of tau (p-tau). Results showed
that ICV-STZ treated rats had deficits in short- (1.5-h) and long-term (24- and
48-h) memory after one month of ICV-STZ treatment and six months relative
to control rats. The memory deficit was associated to increasing [F(3, 12) =
31.48, p < 0.0001] p-tau in the hippocampus but not in prefrontal cortex
(PFC). Likewise, STZ reduced phosphorylation of GSK34 (p-GSK3p) and
PP2A in hippocampus and PFC, indicating that GSK3/ and PP2A contributed
to regulation of p-tau. These data supporting the model with ICV-STZ in rat
are adequate to study the progressive memory impairment associated to hy-
perphosphorylation of tau and the cascade of insulin receptor signaling; con-
firm that phosphatidyl-inositol-3 kinase-protein kinase B (PI3K-PKB/Akt-
GSK3p) and PP2A are involved in the modulation of proteins responsible for
the regulation of neurodegeneration in AD.
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1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia and is characterized
by progressive memory loss and a gradual decline in cognitive function, even-
tually leading to premature death of the individual, which occurs typically 3 - 9
years after diagnosis [1]. The neuropathological hallmarks of AD are extracellu-
lar senile plaques containing aggregates of the S-amyloid peptide (Af), and
intraneuronal neurofibrillary tangles (NFTs) [2] [3] [4] that consist mainly of
intracellular and abnormally phosphorylated tau protein [3] [5]. These patho-
logic features are accompanied by decreased synaptic density, which eventually
leads to widespread neurodegeneration, loss of synapses and failure of neuro-
transmitter pathways, particularly those of the basal forebrain cholinergic sys-
tem, especially in the hippocampus and cortex [3] [6]. Tau phosphorylation (p-
tau) is regulated by numerous Ser/Thr and phosphatases, including glycogen syn-
thase kinase 38 (GSK3p) and protein phosphatase 2A (PP2A); both are consi-
dered to be the major kinase and phosphatase in vivo [7] [8] [9].

Several evidences have been associated between insulin dysfunction and AD
[10]-[16]. For instance, hyperphosphorylation of tau protein has been associated
with brain insulin deficiency or disorder of insulin signal transduction [17]. A
post-mortem study showed that the hippocampal formation in AD cases without
diabetes, exhibited markedly reduced receptor/insulin receptor substratel/ pho-
sphatidyli-inositol-3 kinase (IR-IRS1-PI3K) signaling pathway [18]. The other
study showed that peripheral hyperinsulinemia correlated with an abnormal re-
moval of Af and an increase in tau hyperphosphorylation, consequently of in-
creased GSK3f activity [19]. In fact, hyperinsulinemia and Type II diabetes mel-
litus are considered risk factors for SAD [16] [20] [21] [22] [23]. Importantly,
diabetes animal models suggest that peripheral insulin signaling dysfunction plays
a key role in modulating AD pathology. Indeed, streptozotocin (STZ) adminis-
tration (200 mg/kg i.p.) produced increase of tau phosphorylation in the brain of
non-transgenic mice [7]. Likewise, the ICV administration of low STZ doses (1 -
3 mg/kg) reproduces aspects of SAD abnormalities, including decreased glucose
utilization in rat cortical regions and hippocampus [24] [25] [26] [27], choliner-
gic deficits [25], increase in oxidative stress [28] [29] [30], decrease of IR expres-
sion and hyperphosphorylated tau protein in the hippocampus [31], and amylo-
id formation in leptomeningeal vessels [30]. All these changes are associated to
memory impairment, and tau pathology, resulting in central insulin dysfunction
[30] [31] [32] [33]. Therefore, herein we are testing that ICV-STZ animal model
provides key information about the role of brain insulin disruption in AD pa-
thology, hence, studying the effect at six months following icv STZ administra-
tion on memory function, phosphorylated levels of tau and GSK3/4, and PP2A
levels.

2. Methods
2.1. Animals

Male Wistar 4-month-old rats weighing 320 - 340 g were used. The animals were
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placed on an individual cage after STZ administration during recovery time after
surgery (one week). During the experimental phase they were maintained at
22°C + 2°C and 12 h light/dark cycle, with free access to food and water previous
to experimental manipulation. The experimental protocol was revised and ap-
proved by the Institutional Review Committee (CICUAL; Project No. 047/02) for
the use of animal subjects in compliance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals (publication No. 85 - 23, revised
1985).

2.2. Surgical Procedure and Icv STZ Administration

Adult male Wistar rats were anesthetized with ketamine (75 mg/kg, i.p.) and xy-
lazine (10 mg/kg, i.p.). The animal body was placed in position in the stereotaxic
apparatus and in its head a midline sagittal incision was made in the scalp. Then,
holes were drilled in the skull on both sides over the lateral ventricles. The fol-
lowing coordinates were used for ICV injection: 0.8 mm posterior to Bregma, 1.5
mm lateral to sagittal suture, 3.6 mm ventral from the surface of the brain [28].
Coordinates for placement of cannulas were determined by using the atlas of-
Paxinos & Watson [34]. STZ was dissolved in citrate buffer (CB; pH 4.5; 28, 32)
just prior to injection. The STZ group was injected bilaterally with STZ (3
mg/kg) in two divided doses on Days 1 and 3 asreported previously [28]. The
concentration of STZ was adjusted so as to deliver 2 pL/ventricule of the solu-
tion as described previously [32]. In control group were given icv injection of the
same volume of CB on 1 and 3 day as in STZ injected rats. Post-operatively, as
above mentioned rats were maintained in an individual cage and received free
access to food and water. One week previous to the behavioral task body weights
were reduced to 85% by gradually reducing food intake until the last experimen-

tal day in order to perform the behavioral task.

2.3. Behavioral Protocol

2.3.1. Autoshaping Learning Task

In an autoshaping or sign-tracking setting, a hungry animal is placed in a condi-
tioning chamber to find food pellets (unconditioned stimulus [US]) in the food-
magazine and is then given a Pavlovian sequential pairing (stimulus-stimulus
[S-S]) of a lighted key or a retractable-illuminated lever (conditioned stimulus
[CS]) and food (US). After a number of such presentations, the animal approaches
the CS and presents instrumental responses (conditioned response [CR]), such as
peck, nose-poke, and lever-press responses. Then, CR or autoshaped responses
result from the S-S association and are sustained by response-stimulus (R-S) as-
sociation [35]. Importantly, within the continued progress of behavioral memo-
ry tasks development, a Pavlovian/Instrumental autoshaping (P/I-A) task com-
bines both Pavlovian and instrumental conditioning; which offers the opportu-
nity to study hippocampus-mediated declarative memory and striatum-medi-
ated R-S “habit formation” [36]. Furthermore, except for magazine training, P/I-

A is almost completely automatized, considerably reducing human intervention.
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It is sensitive to small increases or decreases in various behavioral parameters
(ie, not measuring the same event twice), including sign tracking (e, condi-
tioned behavior directed toward the localized retractable and illuminated lever;
CS), and goal tracking (Ze., the place where the US is delivered). The latest is
quite important, as it allows the study of bidirectional expression of an enhanced
or impaired memory formation. P/I-A clearly separates training for testing sessions,
and it has been useful to detect changes in memory formation elicited by drugs

or aging [35].

2.3.2. Food Magazine and Autoshaping Training

Following one month of the icv STZ administration, individually, each rat was
placed in an experimental chamber for a habituation period (=15 min) with
access to 50 food-pellets (45 mg each) previously placed into the food magazine.
The criterion was that once the animal ate all 50 food-pellets and presented 150
nose-pokes (as measured by a photocell) into the food-magazine, the autoshap-
ing training program was initiated [35] [37]. The autoshaping program had been
reported previously [37] [38], and this consisted of discrete trials. A trial began
with the presentation of a retractable and illuminated lever for 8 s (conditioned
stimulus; CS) followed by a food-pellet (unconditioned stimulus; US) delivery.
There was an inter-trial interval time (ITI) of 60 s. When the animal pressed the
CS, it was considered a conditioned response (CR), which shortened the trial, re-
tracted the lever, turned off the light, and a US was delivered. The CR increment
or decrement was considered an index for enhancement or impairment in me-
mory consolidation, respectively. There was an autoshaping training session (10
trials) lasting nearly 12 min, and three training/testing (20 trails each) sessions,
lasting nearly 24 min. All sessions were conducted over three consecutive days.
The autoshaping training session is followed by consecutive training/testing ses-
sions at 1.5 h for short-term memory (STM), and 24 and 48 h for long-term mem-
ory (LTM). Subsequently, a 20 minute testing session was conducted each month
for 6 consecutive months (Figure 1).

2.4. Measured of Brain Proteins

2.4.1. Tissue Preparation

As previously reported [38], the rats treated with CB or STZ were sacrificed by
decapitation after the autoshaping testing session at 6 months (Figure 1), and their
brains were quickly removed, placed on ice in order to dissect the prefrontal cortex
and hippocampus (from CALl area to dentate gyrus) for each group according to
Paxinos and Watson, 2005. Hippocampal and prefrontal cortex were homogenized
with lysis buffer containing 150 mM NaCl, 50 mMTris-HCI, 5 mM EDTA and
protease inhibitors (PMSF, aprotinin, leupeptin and pepstatin). The lysates were
centrifuged at 12,000 g per 20 min at 4°C. The supernatants were removed and
kept in new Eppendorf tubes. Samples were frozen and stored at —70°C until
further analysis. Total protein concentration was determined. The amount of
protein was assayed according to the method of [39] (Sigma; Cat. No. B6916).
For calibration curve bovine serum albumin (BSA) standard was used (Sigma).
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Experimental Design

Autoshaping learning task

Protocol for short-& long-term memory

Habituation period  Training session

0 1.5 24 48 Hours
(10 trials) (20 trials) (20 trials) (20 trials)

T L'_T Testing session
(20 trials)

STM LT™M 1

I \
1 3 Days 1 2 3 4 5 6I M;onths
Surgery and o
Injection of  Injection of
i icv STZ or
o cB Brain removal and dissection of

prefrontal cortex and hippocampus

l

Quantification of tau protein,
GSK3B and PP2A by western blot

Figure 1. Experimental design. Under anesthesia Wistar rats were bilaterally injected in lateral ventricles with streptozotocin
(STZ) or citrate buffer (CB; vehicle) twice on day 1 and 3, after one month short- (STM) and long-term memory (LTM) was as-

sessed in autoshaping, an associative learning task. Subsequently, testing session was conducted each month for 6 consecutive

months. The animals were sacrificed at 6 months, the brains were removed and the hippocampus and prefrontal cortex were dis-

sected in order to measure tau protein, GSK34and PP2A by western blot. ICV: intracerebroventricular.

The concentration was determined by measurement of the absorbance at 595

nm.

2.4.2. Western Blot

Equal amounts of total protein (20 ug per sample for enzyme for analyses) were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using
10% polyacrylamide gels and transferred to Polyvinylidenedifluoride (PVDEF)
membrane [40] [41]. The PVDF membranes were blocked by incubation in 5%
non-fat milk added to phosphate buffered saline (PBS-T) containing 137 mM de
NaCl, 2.7 mM de KCI, 10 mM de Na,HPO,, 2 mM de KH,PO,, pH 7.4, 0.5%
Tween 20, 1 h at 22°C for p-GSK3/ and total GSK3. Blocked blots were incu-
bated on the next day with primary antibody anti-phospho-GSK3/ (Ser9) rabbit
(1:1000; Cell Signaling, Inc.), total GSK34 (27 C10) rabbit (1:1000; Cell Signal-
ing, Inc.), Tau (Tau46) Mouse (1:10,000; Cell Signaling, Inc.), phospho-tau
(Ser396) (PHF13) Mouse; (1:1000, Cell Signaling, Inc.), PP2A subunit A (6G3)
rat (1:1000, Cell Signaling, Inc.) and anti-GAPDH clone 6C5 (1:5000; Milipore,

Inc.) overnight at 4°C. After incubation, the membranes were washed three times
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with PBS-T 1% and incubated for 1 h at room temperature with secondary anti-
body solution anti-rabbit IgG (1:2000) p-GSK3p, total GSK3p, total tau, phos-
pho-tau and PP2A (1:2000; Milipore, Inc.), and anti-mouse IgG (1:10,000, Mili-
pore, Inc.) for GAPDH. The specificity of the signal was checked on control
membranes that were not incubated with primary antibody. After washing three
times in PBS, the membranes were immunostained using chemiluminescence
western blotting detection reagents (Bio Rad) and exposure to an X-ray film. Re-
lative optical density of bands was analyzed using MCID gel analysis software,
Imaging Research Inc.

2.4.3. Statistical Analysis

The values of the conditioned responses (CR) were expressed as a percentage of
the total trials (10 or 20) per session (mean = SEM) in the autoshaping test,
meaning that, e.g., 2 - 3 CR corresponded to 20% - 30%. The CR was expressed
as means (+SEM) and was analyzed by Student’s t test (two groups). The n per
group was 6 - 8 animals. The p-tau, total tau, p-GSK3/ and total GSK3p values
were expressed as means (+SEM) and they were analyzed by one way ANOVA
(Three or more groups) followed by Tukey test post-hoc. The PP2A was ex-
pressed as means (+SEM) and they were analyzed by Student’s t test (two groups).
In all comparisons p < 0.05 was considered as significant. The n per group was 4 -
5 animals. The statistical software used was GraphPad Prism version 6.00 for
Macintosh, San Diego California USA.

3. Results
3.1. Short and Long Term Memory Deficit in Icv STZ-Treated Rats

The results showed that one month after icv injection of STZ did not change con-
ditioned responses (CR) during phase training. Nevertheless, CR significantly
#18) = 3.128, p = 0.0058 decreased during STM (1.5 h) and #18) = 3.16, p =
0.0054; #(18) = 4.514, p = 0.0003 LTM (24 & 48 h) relative to vehicle animals
(Figure 2(a)). Memory was assessed every month for a period of six months,
and the memory deficit was significantly maintained #14) = 8.804, p < 0.0001;
#(14) = 2.98, p = 0.0099; #14) = 5.688, p < 0.0001; #10) = 5.179, p = 0.0004; £10)
= 5.440, p = 0.0008; #(12) = 4.371, p = 0.0009, respectively (Figure 2(b)).

3.2. STZ Effect on Tau Phosphorylation (P-Tau)

Western blot analysis (Figure 3(a)) demonstrated that p-tau levels were signifi-
cantly [F(3, 12) = 31.48, p < 0.0001] higher in STZ groups than the control group
at 6 months in the hippocampus (Figure 3(b)). There were no changes in total
tau levels (Figure 3(b)). The ratio between p-tau/tau was significantly f4) =
2.456, p = 0.0494 increased (Figure 3(c)) in STZ

Western blot analysis (Figure 4(a)) in the PFC p-tau levels significantly [F(3,
12) = 21.01, p < 0.0001] augmented in STZ groups compared with controls at 6
months (Figure 4(b)). However, total tau levels significantly [F(3, 8) =9.154, P <
0.0058] also increased in STZ group compared to control (Figure 4(b)). With
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respect to the ratio between p-tau/tau total was not observed significant differ-

ences in control and STZ rats (Figure 4(c)).

3.3. STZ Effect on GSK3 Phosphorylation (p-GSK3p)

Western blot analysis (Figure 5(a)) showed the values of p-GSK3/ levels signif-
icantly [F(3, 12) = 31.81, p < 0.0001] decreased in STZ groups compared with
the control group at 6 months in hippocampus. The total GSK3/ showed no sig-
nificant changes in STZ groups in relation to the controls groups (Figure 5(b)).
The ratio between p-GSK38/GSK3 S significantly #4) = 6.073, p = 0.0009 dropped
in the STZ group (Figure 5(c)).

In the PFC (Figure 6(a)), p-GSK3 levels did not changes at 6 months in rats
with STZ in relation to control group. Total GSK3f and the ratio between p-GSK-
38/GSK3p were unchanged compared with control (Figure 6(b) and Figure
6(c)).

3.4. STZ Effect on PP2A Levels

PP2A levels significantly #4) = 5.730, p = 0.0012 decreased at 6 months in the
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Figure 2. Short and long term memory deficit in icv STZ-treated rats. (a) Short (STM; 1.5
h) and long-term memory (LTM; 24 and 48 h) were evaluated one month after STZ icv
injection; (b) Memory was evaluated each month during a period of 6 months. Data are
plotted as mean + SEM of conditioned responses. n = 6 - 8. Student’s £ test, *p < 0.05
control vs. treated groups. STZ: streptozotocin.
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Figure 3. STZ effect on p-tau in hippocampus. (a) Representative immunoblots of p-tau
and total tau, (b) tau phosphorylation and total tau and (c) p-tau/total tau ratio. Six
months after injection of STZ-treatment, hippocampal protein extracts were immunob-
lotted for p-tau (Ser396) (PHF13) and total tau (Tau46). Quantification of tau was nor-
malized against GAPDH. (b) Data expressed as mean + SEM, n = 4 - 5 animals per group.
Significant differences (**p < 0.01) in STZ vs. control group; one-way ANOVA followed
by Tukey test. (c) Data are presented as mean + SEM, n = 4 - 5 animals per group. Stu-
dent’s ttest, *p < 0.05 relative to control group.
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Figure 4. STZ effect on p-tau in prefrontal cortex. (a) Representative immunoblots from
a typical experiment, (b) tau phosphorylation and total tau and (c) p-tau/total tau. Six
months after injection of STZ prefrontal cortex protein extracts were immunoblotted for
p-tau (Ser396) (PHF13) and total tau (Tau46). Quantification of Ser396 p-tau and t-tau
were normalized to GAPDH. Data expressed as mean + SEM, n=4 - 5 animals per group.
Significant differences (*p < 0.05, **p < 0.01) in STZ vs. control group; one-way ANOVA
followed by Turkey test. (c) Data are presented as mean + SEM, n = 4 - 5 animals per
group. Student’s £test.
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Figure 5. STZ effect on p-GSK34 in hippocampus. (a) Representative immunoblots of
p-GSK3p, (b) Total GSK34 and (c) p-GSK3f/total GSK34. Six months following STZ-
treatment, hippocampal protein extracts were immunoblotted for p-GSK3/ (Ser9) and
total GSK3/4 (27 C10). Quantification of GSK3/ was normalized against GAPDH. (b)
Data expressed as mean + SEM, n = 4 - 5 animals per group. Significant differences (*p <
0.05) in STZ vs. control group; one-way ANOVA followed by Turkey test. (c) Data are
presented as mean + SEM, n = 4 - 5 animals per group. Student’s ¢ test, *p < 0.05 relative

to control group.

hippocampus of rats with STZ icv compared with the control group (Figure
7(a), Figure 7(b)). PP2A levels did not change at 6 months (Figure 7(c), Figure
7(d)) in the PFC of rats with STZ in relation to control group.

4. Discussion

The present study found STM and LTM, and progressive memory impairment
following one and six months of icv STZ injection, respectively. It is known that

insulin and IR are selectively distributed in the brain, including olfactory bulb,
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hypothalamus, cerebral cortex, amygdala and hippocampus [42] [43]. The ex-
pression of IR in cerebral cortex and hippocampus suggests that insulin is in-
volved in memory process [43]. In this context, it should be noted that the levels
of IR and mRNA were increased in hippocampus of rat after a spatial memory
task, suggesting that insulin might regulate normal memory function [44]. In
accordance with this notion, it has been reported in icv STZ rats’ decrease in in-
sulin gene, IR protein and hyperphosphorylated tau protein in the hippocampus
and cortex [31], and decrease in IR expression and key proteins of the insulin sig-
naling cascade (e.g. phosphorylation of IRS-1 and Akt) in the CA3 hippocampal

region associated with memory damage [45]. Furthermore, the treatment with an
(a) Prefrontal cortex
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Figure 6. STZ effect on p-GSK3f in prefrontal cortex. (a) Representative immunoblots of
p-GSK3p, (b) Total GSK3/4 and (c) p-GSK3p/total GSK3/ ratio. Six months following
STZ-treatment, prefrontal cortex protein extracts were immunoblotted for p-GSK3p
(Ser9) and total GSK34 (27 C10). Quantification of GSK3/ was normalized against
GAPDH. (b) Data expressed as mean + SEM, n =4 - 5 animals per group. Significant dif-
ferences in STZ vs. control group; one-way ANOVA followed by Tukey test. (c) Data are
presented as mean + SEM, n = 4 - 5 animals per group. Student’s #test, *p < 0.05 relative
to control group.
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Figure 7. STZ effect on PP2A levels in hippocampus and prefrontal cortex. (a), (c) Representative immunoblots of

PP2A and (b), (d) PP2A levels in hippocampus and prefrontal cortex. Six months following STZ-treatment, pro-
tein extracts were immunoblotted for PP2A subunit A (6G3). Quantification of PP2A was normalized against
GAPDH. Data are presented as mean = SEM, n = 4 - 5 animals per group. Student’s ¢ test, *p < 0.01 relative to

control group.

insulin sensitizer (e.g., pioglitazone) reversed memory deficit in icv STZ rats [30]
[38]. On the other hand, insulin dysfunction (e.g., chronic hyperinsulinemia or
diabetes mellitus) has a negative impact on memory and cognitive function [46]
[47], and clinical studies demonstrate a beneficial effect of intranasal insulin on
memory and cognitive function in AD patients [48].

Interestingly, we observed increased tau phosphorylated, decreased p-GSK343
and PP2A in hippocampus but not in PFC. Hyperphosphorylation of tau is con-
sidered as one of the typical pathological changes in AD [49]. In the normal
brain, balance between phosphorylation and dephosphorylation of tau results in
structural and conformational changes that regulate the stability of the cytoske-
leton and axonal morphology [50] [51] [52] [53]. During the development of AD
and other neurodegenerative disorders, tau is phosphorylated at multiple sites as
a result of the imbalance of numerous Ser/Thr kinases (GSK3) and phospha-
tases (PP2A) [50] [51] [52] [53], and integrates paired helical filaments (PHF)
leading to NFT's and losing their physiological functions [54] [55] [56]. In this
study, the increase observed in p-tau was obtained using a monoclonal phospho-
tau (Ser396). Notably, here the total tau did not change in hippocampus; how-
ever, increased p-tau and total tau were observed in PFC. The proportion of
p-tau/tau total augmented in hippocampus. Hence, the present results might be
due to post-translational modifications (increase in phosphorylation) and not by
increase in tau protein in hippocampus, but not in PFC.

Regarding GSK3/ role, several studies have been shown that insulin could re-
gulate tau phosphorylation in neurons [57] [58] [59]. For instance, binding of
insulin to IR induces activating signal transduction cascade of the PI3K pathway
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[60]. The activation of the PI3K, in turn activates protein kinase B (Akt/PKB),
then Akt/PKB phosphorylates the GSK3, that results in inactivation of GSK3
[61]. Hence, disruption of IR-PI3K-Akt/PKB signaling cascade leads to the de-
phosphorylation in Ser9 of GSK3f increases in the activity of GSK34[31]. Nota-
bly, the activated GSK3 S isoform has been involved in tau-protein phosphoryla-
tion [62]. Moreover, it is recognized that GSK3 S isoform is the major kinase that
phosphorylates in vivo tau [63] [64], and, that phosphorylates tau in several
sites; hyperphosphorylated in PHF, is present in tangles of brain of AD patients
[57] [65] [66]. Our results showed decrease in p-GSK3pf and p-GSK3p/total
GSK3p ratio; this indirectly suggested an increase in the active GSK3/ form,
therefore, this might explain the consequent increase of p-tau. Consistent with
these results, in our laboratory, we found that insufficient inhibitory GSK34
control in STZ-icv rats was demonstrated by a decrease in p-GSK3flevels in the
hippocampus, which was associated to STM and LTM impairment (38). Addi-
tionally, lithium (GSK3 inhibitor) and pioglitazone (insulin sensitizer) treatment
reversed this memory deficit and restored the inhibitory activity of GSK3/ in
hippocampus [38]. Similarly, other studies have demonstrated that specific inhi-
bition GSK3 activity by lithium prevents hyperphosphorylation of tau, and spa-
tial memory loss resulting from inhibiting the PI3K and PKC [67]. In addition,
transgenic mice (Tet/GSK3p) that conditionally over-expresses GSK3 in neurons
of the hippocampus and cortex showed spatial memory deficit [68].

Finally, PP2A diminished in the hippocampus but not in PFC; the former was
colocalized with tau and microtubuled in the brain [69], and it was apparently
the most active enzyme in dephosphorylating the abnormal tau to a normal-like
state [9] [63] [70]. In AD brain, both the activity and the mRNA of PP2A are
decreased [71] [72] [73]. Thus, the reduction in the activity of the PP2A pro-
motes the hyperphosphorylation of tau and seems to be an important factor in
the progression of the AD [71] [72] [73] [74]. Therefore, the abnormal phos-
phorylation of tau observed herein in hippocampus, might be as a result of de-
crease in p-GSK3, but also by diminished dephosphorylating activity of PP2A. In
agreement with this, the inhibition of PP2A with okadaic acid (OKA), e, a po-
tent and selective inhibitor of PP2A and PP1, produces memory impairment in
the Morris water maze and oxidative stress, treatment with memantine (10 mg/kg,
po) or donepezil (5 mg/kg, po) for 13 days post-OKA, improves memory and re-
duces oxidative stress [75].

In brief, a failure in IR signaling pathways (PI3K-Akt-GSK3p) and/or insuffi-
cient regulation of phosphorylation by PP2A, might be contributing in the regu-
lation of memory functions and tau protein phosphorylation, hence, the insulin
signaling played an important role in AD. These data also suggest that inhibition
of GSK3p and activation of PP2A could contribute to inhibiting neurofibrillary
degeneration and, which represents an important therapeutic target for AD. The
hippocampus is perhaps the brain structure that participates the most notably in
the regulation of tau phosphorylation than the frontal cortex. The present evi-

dence supports the experimental approach to sporadic AD, based on the insu-
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lin-resistant state induced in the brains of animals following the icv STZ, also,

supports the notion that ICV-STZ rat is a suitable model to represent essential

features of the SAD and for investigating effective treatments to prevent or re-

verse memory deficits and neurofibrillary degeneration.
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