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Abstract

The cannabinoid system has the ability to modulate cellular and molecular mechanisms, including excitotoxicity, oxidative stress,
apoptosis, and inflammation, acting as a neuroprotective agent, by its relationship with signaling pathways associated to the
control of cell proliferation, differentiation, and survival. Recent reports have raised new perspectives on the possible role of
cannabinoid system in neurodegenerative diseases like Alzheimer disease’s (AD). AD is a neurodegenerative disorder charac-
terized by the presence of amyloid plaques, neurofibrillary tangles, neuronal death, and progressive cognitive loss, which could
be caused by energy metabolism impairment, changes in insulin signaling, chronic oxidative stress, neuroinflammation, Tau
hyperphosphorylation, and A3 deposition in the brain. Thus, we investigated the presumptive protective effect of the cannabi-
noid type 1 (CB1)-selective receptor agonist arachidonyl-2'-chloroethylamide (ACEA) against streptozotocin (STZ) exposure
stimuli in an in vitro neuronal model (Neuro-2a neuroblastoma cells) and in vivo model (intracerebroventricular STZ injection),
experimental models of sporadic AD. Our results demonstrated that ACEA treatment reversed cognitive impairment and in-
creased activity of Akt and ERK triggered by STZ, and increased IR expression and increased the anti-apoptotic proteins levels,
Bcl-2. In the in vitro model, ACEA was able to rescue cells from STZ-triggered death and modulated the NO release by STZ. Our
study has demonstrated a participation of the cannabinoid system in cellular survival, involving the CB1 receptor, which occurs
by positive regulation of the anti-apoptotic proteins, suggesting the participation of this system in neurodegenerative processes.
Our data suggest that the cannabinoid system is an interesting therapeutic target for the treatment of neurodegenerative diseases.
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Introduction

The cannabinoid system has been widely studied in neurode-
generative disorders due to its capacity to act as a central
nervous system (CNS) modulator in different neurophysiolog-
ical processes (Di Marzo et al. 2009; Di Marzo et al. 2015).
Cannabinoids mediate a retrograde signaling in the brain that
may inhibit the release of neurotransmitters by activating CB1
presynaptic receptors (Wilson and Nicoll, 2002;
Hashimotodani et al. 2007). Heretofore, there are two well-
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characterized endocannabinoid receptors, type 1 (CB1) and
type 2 (CB2), which along with its endogenous compounds
as anandamide or exogenous cannabinoids derived from the
plant Cannabis sativa, exert neuroprotective properties in dif-
ferent in vivo and in vitro models of neurodegeneration
(Matsuda et al. 1990; Munro et al. 1993; Fernandez-Ruiz
et al. 2008; Sanchez and Garcia-Merino 2012). Those studies
have demonstrated the neuroprotective effect of cannabinoid
compounds mediated by CB1 receptors (Abood et al. 2001,
Karanian 2005; Gilbert et al. 2007), mediated by CB1 and
CB2 receptors (Fernandez-Lopez et al. 2006), or non-
receptor mediated (Marsicano et al. 2002), in several models
of neurotoxicity (hypoxia and deprivation of glucose, 6-
hydroxydopamine, ischemia, and oxidative stress).

The cytoprotective effects by cannabinoid compounds can
be correlated with its homeostatic regulation and influence on
cell death and survival through phosphorylation of several
proteins, such as phosphoinositide 3-kinase (PI3K)/protein
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kinase B (Akt) and MAPK/ERK, both pro-survival signaling
pathways (Derkinderen et al. 2003; Blazquez et al. 2015). The
activation of the PI3K stimulates the protein kinase Akt path-
way that influences several cellular signaling mechanisms
(Ramalingam and Kim 2014), including regulation of glyco-
gen metabolism, survival, and protein synthesis (Coffer et al.
1998). Some lines of evidence suggest that ERK and Akt
activation can control the mechanisms of apoptosis through
Bcl-2 family proteins, in maintaining the balance between
pro-apoptotic and anti-apoptotic proteins (Ellert-
Miklaszewska et al. 2005; Pilchova et al. 2014).

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by the presence of amyloid plaques, neurofibril-
lary tangles (NFTs), neuronal death, and progressive cognitive
loss (Weksler et al. 2005). NFTs are formed by neuronal cy-
toskeleton collapse due to Tau hyperphosphorylation, a
microtubule-associated protein (Kosik et al. 1987) while am-
yloid plaques are formed by accumulated protein fragments
(amyloid-p3, Af) resulted from amyloid precursor protein
(APP) abnormal metabolism (Kang et al. 1987), especially
in the hippocampus and cerebral cortex, relevant to learning
and memory (De Felice and Ferreira 2002; Salkovic-Petrisic
et al. 2013).

The major risk factors in AD are advanced age, genetics,
and the environment (Kar et al. 2004). As advanced age is one
of the major risk factors of sporadic AD (sAD), it could be
associated with biochemical, molecular, and cellular abnor-
malities in the brain, including increased genes and cell death
signaling pathway activation, energy metabolism impairment,
changes in insulin signaling, mitochondrial dysfunction,
chronic oxidative stress, neuroinflammation, Tau
hyperphosphorylation, and A3 deposition in the brain (De la
Monte and Wands 2005; Lester-Coll et al. 2006). It is inter-
esting to note that the key mechanism of neuronal death in
sAD has been associated with an insulin-resistant brain state
(IRBS), combined with cerebral glucose hypometabolism
(Nitsch and Hoyer 1991; Henneberg and Hoyer 1995;
Lannert and Hoyer 1998; Hoyer 2002; De Felice et al. 2014;
De La Monte and Tong 2014). IRBS is a condition character-
ized by the reduced response of insulin receptor (IR) and its
downstream effectors, PI3K and Akt pathway in the brain,
which, particularly considering the neurotrophic, neuroprotec-
tive, and neuromodulatory roles of insulin in the brain, may
lead to neurodegeneration and cognitive impairment as seen in
AD (Salkovic-Petrisic et al. 2009). In addition to its well-
known role on insulin signaling, the PI3K/Akt/glycogen syn-
thase kinase (GSK3) cascade regulates APP metabolism and
Tau phosphorylation (Ishiguro et al. 1993; Phiel et al. 2003;
Salkovic-Petrisic et al. 2006).

In this context, the intracerebroventricular (icv) administra-
tion of streptozotocin (STZ) in rats is a well-established, val-
idated, and widely accepted animal model to study sAD
(Lannert and Hoyer 1998; Salkovic-Petrisic and Hoyer

2007). STZ is a glycosamine nitrosourea compound, which
induces cognitive impairment and changes in the brain that
resembles those found in AD patients. Previously, icv STZ
injection was shown to induce oxidative stress (Zhu et al.
2003; Rai et al. 2014), neuronal cell damage (Kamat et al.
2016), and dysfunctions in learning and memory (Shoham
et al. 2007; Santos et al. 2012; Crunfli et al. 2018).
Accordingly, icv STZ model has been used to assess the ther-
apeutic potential of various drugs, as well as other non-drug
therapeutic strategies.

Therefore, the present study was aimed at exploring wheth-
er the presumptive protective effect of the cannabinoid type 1
(CB1)-selective receptor agonist arachidonyl-2'-
chloroethylamide (ACEA) depends upon its activity on the
CBI1 receptor, and involving the IR/PI3K/Akt, MAPK/ERK,
and pro-survival signaling pathways. To this purpose, the neu-
roprotective effects of ACEA was evaluated both in vivo, in a
rat model of AD induced by icv STZ injection, and in vitro, in
a neuronal model (Neuro-2a neuroblastoma cells) exposed to
STZ.

Materials and Methods
Animals

Adult male Wistar rats (RRID: RGD 2312511; 12 weeks of
age), weighing 300-350 g at the beginning of the experiments
(n=6-8/group), were obtained from the Facility for SPF rat
production at Institute of Biomedical Sciences, University of
Sao Paulo (Animal Facility Network at USP), and maintained
at humidity- and temperature-controlled room (22 °C +2) un-
dera 12 h light/12 h dark cycle (lights on at 06:00). A group of
3—4 animals per polyacrylic cages were kept with free access
to food and water. All behavioral tests were carried out be-
tween 7:00 a.m. and 1:00 p.m. for each time point and after
30 min of habituation in the testing room.

The experimental protocol was evaluated and approved by
the “Ethics Committee for Animal use” of the Institute of
Biomedical Sciences, University of Sdo Paulo (Protocol no.
33/55/02) following the Brazilian Federal Law (no. 11794; 10/
08/2008). All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were
followed.

Intracerebroventricular Injection of STZ

Intracerebroventricular injections of STZ were conducted as
previously described (Santos et al. 2012; Crunfli et al. 2018).
The animals were anesthetized with 2,2,2-tribromoethanol
(2.5%, 1 mL/100 g i.p., Sigma, St. Louis, MO, USA), and
positioned in a stereotaxic frame (David Kopf Instruments,
Tujunga, CA, USA). The injection of STZ was performed
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using a pressure injection system (Picospritzer) following co-
ordinates: AP — 0.8 mm; ML + 1.4 mm; DV — 3.4 mm relative
to the bregma (Paxinos and Watson 2007). The STZ
(CgH;5N;307; 3 mg/kg; Sigma) or the same volume (4 pL)
of citrate buffer (0.05 mol/L; pH 4.5) was injected bilaterally
into the lateral ventricles. After surgery, the animals received a
polyantibiotic (0.1 mg/kg i.m.; Laboratorio Bravet, Rio de
Janeiro, RJ, Brazil). Clinical signs were also monitored daily
after the surgery, including general body condition and
dehydration.

Administration Intraperitoneal of ACEA

The animals received an intraperitoneal treatment with the
selective cannabinoid type 1 (CB1) receptor agonist ACEA
(3 mg/kg; Sigma) diluted in vehicle solution (saline, DMSO,
Tween 8:1:1) or vehicle only. The treatments were performed
during 7 days after the stereotaxic procedure. ACEA doses
were based on earlier reported studies (Tsvetanova et al.
2006; Rutkowska and Gliniak 2009).

The animals then constituted the following groups: animals
receiving citrate treated with vehicle solution (control = CTL);
animals receiving STZ treated with vehicle solution (STZ);
animals receiving citrate treated with ACEA (ACEA); animals
receiving STZ treated with ACEA (STZ + ACEA).

Novel Object Recognition Behavioral Test

The object recognition test analyzes non-spatial working
memory with characteristics of episodic memory that relies
on intact cortical and hippocampal function (Mumby 2002;
Winters et al., 2004). After surgery recovery (approximately
72 h), the animals were tested (n =6-8 for each group) in a
novel object recognition test based on the innate tendency of
rodents to differentially explore novel objects over familiar
ones in an open field arena. The behavioral assay consisted
of three phases: training phase, testing phase 1 (short-term
memory), and testing phase 2 (long-term memory) as previ-
ously described (Crunfli et al. 2018). In the training phase
(third and fourth days), rats were habituated to the open field
arena (@ =90 cm; height=50 cm), for 10 min, three times a
day with intervals of 1 h, for 2 days, in the absence of any
object and then were taken back to their home cage. Each rat
was tested separately and any olfactory/taste cues in the arena
and objects were eliminated between each animal.

On the fifth day (testing phase 1), rats were allowed to
explore two identical objects (same size, color, and material)
arranged in a symmetric position from the center of the arena,
for 10 min (objects A and A’). The animals returned to their
home cage for a retention period. The exploratory rat behavior
was measured in terms of the time spent actively exploring
(sniffing or touching with the nose and/or forepaws) the ob-
jects. One hour later, the rats were placed into the arena in
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presence of one familiar object (object A) and a novel object
(object B) of the same size, color, and material, but with a
different format. The exploratory activity was measured dur-
ing 5 min, in order to test the short-term memory.

Finally, 24 h after the first test (testing phase 1), the rats
were placed again into the arena in the presence of one famil-
iar object (object A) and another object of equivalent size but
with a different shape and color (object C). The exploratory
activity was measured during 5 min, in order to test the long-
term memory (testing phase 2). The intraperitoneal treatments
with ACEA or vehicle were made after completing the train-
ing phase and test phases 1 and 2. The animals were sacrificed
24 h after testing phase 2, and the hippocampi were collected
for protein analysis by Immunoblotting (seventh day).

A discrimination index (DI) was obtained considering the
exploration periods of each object. The DI was determined as
the ratio between the time spent to explore the new object
(Thew) over the total time spent exploring both objects
(Tiotar), known as discrimination index (DI = T,ow/Tiotal)-

Immunoblotting

Animals tested in behavioral tasks were euthanized by decap-
itation and the hippocampi were rapidly dissected and homog-
enized in extraction buffer (Santos et al. 2012; Crunfli et al.
2018), and protein concentration of the samples was deter-
mined by Bradford method (Bio-Rad, Hercules, CA, USA).
Thirty micrograms of protein were loaded on standard SDS-
PAGE procedure (10% polyacrylamide minigels) followed by
electrotransference to nitrocellulose membranes using a semi-
dry Trans-Blot cell system (Bio-Rad, Hercules, CA, USA).
The membranes were then blocked for 2 h at room tempera-
ture with phosphate-buffered saline (PBS) containing 0.05%
Tween-20 (TTBS) and 5% non-fat milk and incubated over-
night at 4 °C with the following specific primary antibodies: a
rabbit polyclonal anti-insulin R3 (Santa Cruz Biotechnology,
cat. no. sc-711, RRID:AB_631835), a rabbit polyclonal anti-
PI3K p85 (Cell Signaling Technology, cat. no. 4292,
RRID:AB 329869), a rabbit polyclonal anti-Akt1/2 (Santa
Cruz Technology, cat. no. sc-8312, RRID: AB 671714), a
rabbit polyclonal anti-phospho Akt1/2 Ser 473 (Santa Cruz
Technology, cat. no. sc-7985-R, RRID: AB_667741), a rabbit
polyclonal antibody anti-phospho-p44/42 MAPK (ERK1/2)
(Cell Signaling Technology, Thr202/Tyr204; cat. no. 9101;
RRID: AB 331646), a mouse monoclonal antibody anti-
ERK1/2 (MK1) (Santa Cruz Biotechnology, cat. no. sc-
135900; RRID: AB 2141283), a mouse polyclonal anti-
GSK3w/f total (Santa Cruz Biotechnology, cat. no. sc-
56913, RRID:AB_783600), a rabbit polyclonal anti-
phospho-GSK3 /3 (Ser21/9) (Cell Signaling Technology,
cat. no. 9331, RRID:AB _10171207), a rabbit polyclonal
anti-BAX (Cell Signaling Technology, cat. no. 27728,
RRID: AB 10695870), a rabbit monoclonal anti- Bcl-2
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(Cell Signaling Technology, cat. no. 2876,
RRID:AB 2064177), all diluted 1:1000. A loading control
was conducted in all experiments by using a mouse monoclo-
nal antibody anti-GAPDH (Santa Cruz Biotechnology, 6C5;
cat. no. sc-32233, RRID: AB_627679) diluted 1:5000. After
incubation with the corresponding secondary antibody (anti-
mouse or anti-rabbit IgG; 1:10,000; Amersham Biosciences;
Little Chalfont, Buckinghamshire, UK), blots were visualized
using a chemiluminescence system in a digital scanner (Li-
Cor Biosciences, Lincoln, NE, USA) and densitometrically
analyzed by the Image Studio Digits v.4.0 software (Li-Cor
Biosciences). The corresponding bands normalized by
GAPDH in each experiment were expressed as percentage
of protein changes in relation to control mean value.

Cell Culture

In order to investigate the underlying molecular mechanisms
of the ACEA neuroprotective effects on neuronal cells, exper-
iments with the mouse neuroblastoma Neuro-2a cell-line
(American Type Culture Collection, ATCC, Richmond, VA,
USA #CCL-131, RRID: CVCL _0470) were performed. Cells
were cultured as previously described (Crunfli et al. 2018;
Vrechi et al. 2018) and seeded to reach 70-80% confluence
by the end of the experiment in Dulbecco’s Modified Eagle
Medium, DMEM (Gibco, Walthmam, MA, USA; cat. no.
12800017), at 37 °C and 5% CO,.

Cell Viability Measurements

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reduction assay
(Mosmann 1983). Briefly, cells were seeded into 24-well
plates (2.5 x 10* cells per well) and cultured for 2 days.
Cells were then exposed to STZ, ACEA, and AM251 and
their viability measured 24 h later with MTT solution
(0.5 mg/mL; Amresco; Solon, OH, USA) in serum-free
DMEM medium at 37 °C in the dark during 3 h. The absor-
bance was determined spectrophotometrically at 550 nm in a
microtiter plate reader (BioTek, Winooski, VT, USA).

Determination of Spontaneous Nitric Oxide Donation

The total nitrite level was measured in culture medium after
24 h of the STZ and ACEA Neuro-2a cell exposition. The
spectrophotometric assay was performed according to the
Griess reaction principle (Green et al. 1982), which consists
of incubating 50 pL of Griess’s reagent [0.1% of N-(1-
naphthyl)ethylenediamine dihydrochloride, 1% sulfanil-
amide, 2.5% phosphoric acid] with 50 puL of the culture me-
dium from treated cells. Incubation was performed for 10 min,
followed by reading the absorbance at 548 nm in a spectro-
photometer plate compared to a nitrite standard curve. The

standard curve was made with known concentrations of sodi-
um nitrite.

Statistical Analysis

Data were expressed as mean + SEM. Statistical significance
analysis was assessed by using two-way or one-way analysis
of variance (ANOVA) followed by Tukey’s multiple compar-
ison test between groups. All analyses were performed using
the GraphPad Prism 6.0 software (San Diego, CA, USA) and
a significance level of p <0.05 was adopted.

Results

ACEA Improves Cognitive Impairment Triggered
by STZ

The evaluation of short-term memory demonstrated that the
selective CB1 receptor agonist ACEA was able to improve the
memory deficit caused by the icv injection of STZ (STZ fac-
tor: p=0.0158; treatment factor: p = 0.0307; and interaction:
p<0.0001). The STZ and ACEA groups showed a reduction
0f 34.09% (p <0.0001) and 17.56% (p =0.0061), respective-
ly, in the DI of short-term memory compared to CTL group.
However, the STZ + ACEA group exhibited an increase of
33.07% (p<0.0001) in the DI of short-term memory com-
pared to STZ group (Fig. 1a). Regarding the total time of the
exploration, the two-way ANOVA showed treatment signifi-
cant effects (p = 0.0236; Fig. 1b), in other words, both ACEA
treatment groups (ACEA and STZ + ACEA) exhibited an in-
creased exploration total time.

We also observed that ACEA was able to improve the long-
term memory deficit caused by the injection of STZ (STZ
factor: p=0.0017; treatment factor: p <0.0001, and interac-
tion: p =0.0007). The evaluation of long-term memory dem-
onstrated that STZ group exhibited a decrease 0f 36.82% (p =
0.0001) in the DI compared to CTL group, and ACEA treat-
ment increased 43.21% (ACEA, p<0.0001) and 44.94%
(STZ + ACEA, p<0.0001) when compared to STZ group
(Fig. 1c). The total time of the exploration on testing phase 2
was not significantly different (Fig. 1d).

Effects of ACEA Treatments on Protein Expression
Related to Insulin Signaling After Exposure to STZ

Analysis of the insulin signaling pathway showed that ACEA
treatment altered the decrease of IR triggered by STZ (treat-
ment factor: p =0.0128; interaction: p =0.002). The STZ +
ACEA group showed an increase of 92.13% (p =0.0012) in
the IR levels when compared to the STZ group (Fig. 2a). The
PI3K levels were modified only by the action of STZ (STZ
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Fig. 1 Effects of ACEA treatment a Short-term memory b Total time exploration
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factor: p <0.01). ACEA treatment did not alter PI3K protein
levels (Fig. 2b).

The PI3K activation stimulates the protein kinase Akt path-
way that influences several cellular signaling mechanisms
(Ramalingam and Kim 2014), including regulation of glyco-
gen metabolism, survival, and protein synthesis (Coffer et al.
1998). We observed that ACEA reversed the increased activ-
ity of Akt triggered by STZ (interaction: p = 0.007). The STZ
group showed an increase of 121.2% and 154.9% in Akt
phosphorylation levels when compared to the CTL and
STZ + ACEA groups, respectively (p=0.0394; p=0.012;
Fig. 3a). The Akt kinase activity results in the phosphorylation
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GAPDH |:
37 kDa | —— ——

Fig. 2 Effects of ACEA treatment after intracerebroventricular STZ
injection on the level of IR and PI3K protein evaluated by
immunoblotting, after 7 days. The ACEA treatment altered the decrease
of a IR triggered by STZ and b STZ icv increased the PI3K levels. Data

@ Springer

of GSK3f in Serine 9 (Ser9) and GSK3« isoform in Ser21,
which in turn, inhibits GSK3 activity (Hooper et al. 2008).
There was no significant difference in GSK3 phosphorylation
levels (Fig. 3b). However, we observed that STZ group
showed an increase of 30.8% in total GSK3 protein levels
(p=0.0389) and there is an interaction between STZ and
ACEA treatment in total GSK3 protein levels (p =0.0162).
The CB receptor activation regulates the ERK1/2 activ-
ity protein (Laezza et al. 2010; Caffarel et al. 2012). We
demonstrated that the interaction between STZ and ACEA
were able to modulate ERK phosphorylation (p =0.0004).
The phosphorylation/total protein ratio of ERK was

200 &
T
o
o 150
<
Q
2
2 1004 T
= 100 T
[}
o
2
50
0 T T
CcTL sTZ ACEA = STzZ+
ACEA

PI3K
85kDa | s e g -
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37 kDa

represent the mean = SEM (n = 6-8). Statistical significance was
determined by ANOVA two-way followed by Tukey’s posttest;
#p < 0.05; ##p < 0.01 compared to STZ + vehicle group; &p < 0.05 com-
pared to ACEA group
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Fig. 3 Effects of ACEA treatment after intracerebroventricular STZ

injection on the Akt/GSK3 and ERK activities evaluated by immunoblot-

ting, after 7 days. The ACEA treatment reversed the increase of a Akt and

¢ ERK activity triggered by STZ, and b did not altered GSK3 levels. Data

represent the mean + SEM (n = 6-8). Statistical significance was deter-

mined by two-way ANOVA followed by Tukey’s posttest; *p < 0.05

compared to control (CTL) group; #p <0.05; ##p <0.01 compared to
STZ + ACEA group

increased in 125.4% in the STZ group when compared to
CTL group (p =0.0429) and ACEA treatment reduced by
144.9% the ERK activity compared to STZ group (p=
0.0215; Fig. 3c¢).

ACEA Regulates Protein Expression Related
to Apoptotic Pathways After Exposure to STZ

The Akt and ERK proteins could modulate anti- and pro-
apoptotic Bcl-2 family members which control cell survival/
proliferation processes (Granado-Serrano et al. 2006). We ob-
served that ACEA treatment was able to increase the levels of
Bcl-2, an anti-apoptotic protein (treatment factor: p < 0.0001),
indicating a neuroprotective effect of this compound. The
ACEA and STZ + ACEA groups showed an increase of
133.4% and 166%, respectively, when compared to the CTL
group (p =0.0016; p =0.0002). It was also possible to observe
a difference of 110.4% between the STZ + ACEA vs STZ
groups (p =0.0003, Fig. 4a). There was no significant differ-
ence in pro-apoptotic protein levels, BAX. ACEA and STZ
did not alter the levels of this protein in 7 days (Fig. 4b). The
balance between anti- and pro-apoptotic members of the Bcl-2
family is one of the major mechanisms that control apoptosis
in cells. The analysis shown in Fig. 4c was carried out by
Student’s 7 test comparing the percentage of Bcl-2 versus
Bax of each group. Thus, we observed that ACEA and
STZ + ACEA groups showed alteration in the balance of
Bcl-2 and BAX proteins (p = 0.0004; p =0.0017, respective-
ly), in favor of cell survival (Fig. 4c).

ACEA Protects Neuro-2a Cells
from Neurodegeneration Conditions Triggered by STZ

The Neuro-2a cell line has already been used in several studies
as an in vitro neuronal model to screen new compounds with
neurotoxic and neuroprotective properties, and to evaluate the
associated mechanisms (Calderdn et al. 1999; Ahmad et al.
2014; Stygelbout et al. 2014; Café-Mendes et al. 2017). In
addition, this lineage expresses the CB1 and TRPV 1 receptors
and has also been used in studies related to the cannabinoid
system (Sarker and Maruyama 2003; Jordan et al. 2005).

The STZ doses were experimentally determined to set cell
death in 30-40% by MTT reduction assay (Crunfli et al.
2018). The doses of cannabinoid compounds tested were
based on our previous studies (Vrechi et al. 2018; Batinga
et al. 2016) and described in other studies as active doses in
neuronal tissue or in cell culture (Harvey et al. 2012; Caltana
et al. 2015). The lower doses of cannabinoid compounds,
which failed to induce cell death, were chosen for the subse-
quent experiments.

We have previously determined by the dose-response ex-
periments, the doses of 5 mM for STZ, 1 uM for ACEA, and
3 uM for AM 251, a CB1 receptor antagonist/inverse agonist
(Vrechi et al. 2018; Crunfli et al. 2018). The exposure of
Neuro-2a cells to STZ (5 mM) decreased in 32.98% +4.07%
(p=0.0439) the cellular viability compared to control group
and ACEA (1 uM) was able to rescue the cells from death,
producing an improvement of 34.18% + 10.93% (p = 0.0323)
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Fig. 4 Effects of ACEA treatment after intracerebroventricular STZ
injection on the apoptosis marker evaluated by immunoblotting, after
7 days. The ACEA treatment increase the a Bcl-2 and b did not altered
BAX levels. Data represent the mean = SEM (n = 6-8). Statistical signif-
icance was determined by two-way ANOVA followed by Tukey’s post-
test; **p <0.01;****p <0.0001 compared to control (CTL) group;
##p <0.01 compared to STZ+ ACEA group. ¢ The ACEA treatment
changed the balance between Bcl-2 and BAX proteins, in favor to cell
survival. Statistical significance was determined by Student’s ¢ test;
*#p < 0.01;***%p < 0.001 compared the percentage of Bcl-2 vs Bax of
each group

@ Springer

in cell viability compared to STZ group (Fig. 5a). In order to
evaluate whether the ACEA protective effect against STZ was
mediated by CB1 receptor, the CB1 receptor antagonist/
inverse agonist AM 251 was administered in the presence
and absence of ACEA. The ACEA + AM 251 treatments in
1:3 stoichiometry was able to reverse the protective effect of
ACEA in Neuro-2a cells exposed to STZ decreasing in
34.03% (p=0.0447) the cell viability compared to STZ +
ACEA 1 uM treated group (Fig. 5a).

Along with the analysis of nitrite release after treatments, it
was possible to observe that the cells treated with ACEA and
STZ showed a significant increase (22.58% +0.025, p =
0.0010; 17.15% +£0.00327, p=0.011, respectively) in nitrite
production compared to control group. In addition, it was also
observed that STZ + ACEA treatment reversed the increased
release of nitrite produced by STZ, reducing in 36.03% +
0.0173 (p<0.0001) when compared to STZ, and 18.88% +
0.00193 (p =0.0052) when compared to control group,
indicating that ACEA could possibly modulate NO release
(Fig. 5b).

Discussion

In this study, we have shown that ACEA treatment for 7 days
was able to reverse the cognitive impairment and modify some
protein alterations of the IR/PI3K signaling pathway generat-
ed by STZ. In particular, the expressive increase of the Bcl-2
anti-apoptotic protein and the NO modulation revealed a pos-
sible neuroprotective mechanism of ACEA.

Endocannabinoid system has been implicated in several
biological functions, and many data have suggested its rela-
tion to chronic neurodegenerative diseases, such as AD,
Huntington’s disease, multiple sclerosis, and Parkinson’s dis-
ease (Pazos et al. 2004; Benito et al. 2007; Ruiz-Valdepefias
et al. 2010). Thus, the pharmacological manipulation of can-
nabinoid system has been proposed as possible therapeutic
approach to treat symptoms and/or progression of neurode-
generative diseases. The neuroprotective role of cannabinoid
system through the activation of cannabinoid CB1 receptors is
supported by findings in both in vitro and in vivo models of
AD (Abood et al. 2001; Karanian 2005; Gilbert et al. 2007).
For example, Milton (2002) reported that anandamide and
noladin ether, CB1 agonists, inhibited A3 toxicity in a
concentration-dependent manner, and the CB1 antagonist,
AM251, prevented these protective effects in differentiated
human teratocarcinoma cell line (Milton 2002). Moreover,
Van Der Stelt et al. (2006) demonstrated that early potentiation
of the endocannabinoid tone leads to neuronal loss prevention
and to an anti-inflammatory response in experimental model
of A3 neurotoxicity in rats.

In AD context, low doses of STZ icv injection has been
associated with morphological, molecular, and behavioral
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viability and NO donation after 24 h, assessed through MTT and Griess
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ity produced by STZ and neuroprotective effect of ACEA mediated by
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changes comparable to those observed in sporadic AD
(Shoham et al. 2007; Santos et al. 2012; Crunfli et al. 2018).
In particular, STZ icv causes brain energy metabolism and
insulin signaling impairments that culminates in a neurode-
generation phenotype resembling sAD (De la Monte and
Wands 2005; Salkovic-Petrisic and Hoyer 2007; Santos
et al. 2012). In relation to AD, it was observed that chronic
treatment with CB1 receptor agonists such as ACEA (Aso
et al. 2012) or WIN 55,212-2 (Martin-Moreno et al. 2012)
resulted in cognitive improvement in two different transgenic
models of cerebral amyloidosis (ARPP/PS1 and Tg APP
mice, respectively). The efficacy of cannabinoid compounds
in reducing cognitive impairment was inversely proportional
to disease progression stage (Aso et al. 2012). In our study,
ACEA treatment was also able to reverse the cognitive im-
pairment generated by STZ, suggesting a neuroprotective ef-
fect of the CB1 agonist. On the other hand, ACEA treatment
alone caused a reduction in discrimination index on short-
memory analysis. Recent researches in rodents suggested that
cannabinoid receptor activation treatments could produce
memory impairments (Barzegar et al. 2015; Goodman and
Packard 2015). However, this view may be not
oversimplified. Conflicting data on the effects of the cannabi-
noid system in learning and memory have been reported
(Terranova et al. 1996; Puighermanal et al. 2009). The canna-
binoid system is widely known as a neuromodulatory system
participating in several important biological functions, like
memory and learning. The CB1 receptor stimulation may pro-
mote a modulation role on CNS that cause memory beneficial
or impairment effects (Puighermanal et al. 2012). In our re-
sults, ACEA treatment impaired memory acquisition but not
altered the consolidation phase that was proven by ACEA
effects on the long-term memory evaluation. Moreover,
ACEA treatment improves the cognitive impairment triggered
by STZ. Consistent with our findings, Ramirez et al. (2005)
reported that the cannabinoid agonist WIN55,212-2 prevented
the cognitive impairment induced by A3 icv administration to
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Wistar rats. This neuroprotective effect was revealed by in-
creased neuronal markers. In general, the modulation of the
cannabinoid system may promote beneficial effects in a wide
variety of pathological states, like AD. Under this conceptual
paradigm, the use of agonists or by enhancing the endogenous
cannabinoid tone may induce beneficial effects on the evolu-
tion of AD (Aso and Ferrer 2014; Zou and Kumar 2018).

In the last decades, the brain insulin receptor (IR) system is
receiving major attention in the context of brain cognitive
functions and neuronal survival regulation (Hoyer et al.
1994; De la Monte and Wands 2005). Some studies showed
reduced expression of IR in the brain of patients suffering
from AD (Frolich et al. 1998; Steen et al. 2005). Moreover,
icv STZ injection in rats also reduced IR expression in the
hippocampus at separate times, 14 days, 1 month, 3 months,
and 6 months, and suggested that hippocampal IR system
might be playing an important role in regulation of memory
functions associated with STZ induced memory deficit
(Agrawal et al. 2011; Osmanovic Barilar et al. 2015). We
did not observe difference between control and STZ groups.
However, the STZ group showed a tendency to a decrease in
the IR expression (a difference of 40.98%). Previous labora-
tory data demonstrated that icv STZ injection at 3, 5, and
7 days decreased IR protein content, and we also have shown
that STZ causes insulin resistance and impairment PI3K ac-
tivity in the Neuro-2a cells (Crunfli et al. 2018). We observed
that ACEA treatment upregulated the IR expression that could
be directly related with the neuroprotection against the STZ
insult conferred by the stimulation of CB1 receptors. ACEA
treatment only had effect in interaction with the STZ insult.
We suggested that was a neuroprotective CB1 receptors re-
sponse against impaired insulin signaling triggered by STZ
related to neurodegenerative processes, resulting in cognitive
improvement. This result was in agreement with a previous
study, revealing that metformin, an insulin sensitizer against
peripheral insulin resistance and a neuroprotective drug (El-
Mir et al. 2008), was also able to increase the impaired insulin-
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stimulated tyrosine phosphorylation of IR[3, completely re-
storing it to that of insulin-sensitive condition (Gupta et al.
2011). In the IR phosphorylation downstream signaling, the
activities of Tau kinases, GSK3b and ERK1/2, were also re-
stored to normal levels by metformin treatment, suggesting a
neuroprotective action.

Moving downstream the IR/PIK3/Akt signaling pathway,
activation of IR results in phosphorylation of insulin receptor
substrate (IRS) proteins, creating binding sites for PI3K, a
protein that regulates survival and growth, and influences on
apoptosis and cellular metabolism pathways (Bedse et al.
2015). When PI3K is activated by phosphorylation at
Tyr458 (subunit p85), it leads to activation of the downstream
pathways including the Akt and MAPK cascades (Aso et al.
2012). ACEA treatment did not alter PI3K protein levels,
possibly due to a temporal effect of the activation pathway.
However, ACEA treatment attenuated levels of Akt and ERK,
PI3K-mediated proteins, and normalized the activity of these
proteins that were deregulated by STZ. ERK has been known
for its effects on cell survival. However, the literature also
demonstrates a critical role of ERK in neuron. ERK has been
reported to be involved in the induction of cell death
(Subramaniam et al. 2004); nevertheless, the mechanisms
are not clear. Activated MAPK (pERK1/2) has been reported
to be associated with kinase of tau and neurofibrillary tangles,
hallmarks of AD-type neurodegeneration. In addition, the ac-
tivity of ERK is increased in neurodegenerative diseases like
AD, and its inhibitors are suggested as attractive therapeutic
agents (Colucci-D’Amato et al. 2003). Our findings suggested
that ACEA is a neuroprotective drug by its downregulation
effect on both ERK1/2 and Akt activity, concomitant with
improvement on cognitive deficits.

STZ is a glucosamine-nitrosourea compound that acts as a
nitric oxide donor, wherefore the ERK activation by STZ
could be a response to NO donation or to increase of APP,
AP, and p-Tau (Ferrer et al. 2001). Ramalingam and Kim
confirmed that ERK can be activated by H,O, in glioblastoma
culture and demonstrated that ERK is blocked by insulin at-
tenuating H,O,-induced cell death through downregulation of
ERK1/2 and upregulation of Akt pathways. A different neu-
roprotection action was observed, in which ACEA treatment
downregulated and normalized both ERK1/2 and Akt activity,
concomitant with improvement on cognitive deficits. Akt pro-
tein plays a critical role in cell growth, differentiation, and
survival through phosphorylation of numerous cellular pro-
teins (Ellert-Miklaszewska et al. 2005; Blazquez et al. 2015;
Kokona and Thermos 2015). Akt/PKB has emerged as a cen-
tral player in the signal transduction pathways to contribute to
several cellular functions including metabolism, cell growth,
transcriptional regulation, and cell survival. Albeit Akt is a
protein related to neuronal survival (Ryu et al. 1999), some
toxic substances may activate this protein, i.c., the A3 peptide
activated Akt in SH-SYS5Y cells reflecting an ineffective
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cellular protection response of the cells to a toxic stimulus.
In addition, the PI3k/Akt blocked the pathway, increased A 3-
peptide-induced cell death, suggesting that Akt basal activity
levels are important to cell viability (Wei et al. 2002). In the
STZ model context, we have shown previously that Akt was
deregulated through S-nitrosylation (Crunfli et al. 2018)
which consequently leads to the inactivation of PTEN
(Numajiri et al. 2011). After 1 day of icv STZ injection, Akt
activity was decreased, probably due to high NO levels donat-
ed by STZ, and after 5 and 7 days Akt activity was increased,
presumably by the NO action on PTEN, through S-
nitrosylation and consequent inactivation of PTEN, favoring
the phosphorylation and activation of Akt and PI3K (Crunfli
etal. 2018). We observed that ACEA treatment attenuated Akt
levels and normalized the activity of this protein, presumably
through ACEA modulation of the NO release produced by
STZ.

Akt acting together with the ERK1/2 pathway influences
several targets that results in attenuation of apoptosis through
modulation of pro- and anti-apoptotic proteins of the Bcl-2
family (Yu et al. 2014). These proteins have emerged as key
players in the regulation of apoptosis and have been proposed
to integrate signals from survival-inducing and death-
promoting pathways. Bad, a BH3-only pro-apoptotic protein,
is a common target of Akt kinase and Erk1/2-activated ribo-
somal S6 kinase (p90Rsk), which is inactivated by survival-
promoting factors (Downward 1999). In addition, the phos-
phorylation of Bad regulates effects on Bcl-xL/Bel-2 and Bax
function. Bcl-2 and Bcl-x1 exert anti-apoptotic effect, at least
in part, by binding to Bax and related pro-apoptotic proteins
and preventing them from inducing damage to mitochondria
that would result in release of cytochrome ¢ and activation of
the caspase-9/Apaf. The anti-apoptotic protein (Bcl-2) is
known to regulate the activation of Bax thorough
heterodimerization (Shen et al. 2010). The balance between
anti- and pro-apoptotic members of Bcl-2 family is one of the
major mechanisms that control apoptosis in cells.

The anti-apoptotic protein, Bel-2, has been widely shown
to have a protective effect against several insults and to be
involved in neurodegenerative diseases (Paradis et al. 1996;
Winter et al. 2002). Previous studies demonstrated that Bcl-2
downregulation is involved in A 3-induced neuronal apoptosis
(Ferreiro et al. 2007) and the increased Bcl-2 attenuated the
processing of amyloid precursor protein and Tau, reducing the
extracellular deposits of A (Rohn et al. 2008). Nevertheless,
neuronal-directed Bcl-2 overexpression in mice that overex-
press amino-terminally truncated prion peptide reduced
caspase-3 activation, glial activation, and neuronal cell death
in cerebellum by improving locomotor deficits and mice life
expectancy (Nicolas et al. 2007). In our study, the ACEA
treatment increases levels of the anti-apoptotic Bcl-2 protein,
which was an important link between the modulation of Akt
and ERK activity, resulting in neuroprotection action against
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STZ insult. Notably, our data did not show Bcl-2 protein ex-
pression difference between control and STZ groups. It is
interesting to comment, however, that our previous study
showed that expression levels of Bcl-2 were decreased at
1 day and 5 days after STZ icv. Furthermore, we also showed
that STZ modified the balance between Bax and Bcl-2 and its
effector caspase 3, favoring the apoptosis process 5 days after
STZ icv (Crunfli et al. 2018). Accordingly, it was already
shown that icv injection of STZ is capable of inducing
caspase-3 activation, elevating Bax levels and decreasing
Bcl-2 protein expression (Song et al. 2014). The protein acti-
vation time of each signaling pathway could be different.
Therefore, this could explain why STZ did not change Bcl-2
levels after 7 days of icv STZ.

The cannabinoid agonists CB1 have become potentially
attractive neuroprotective agents in neurodegenerative dis-
eases. The cannabinoid compound ACEA is the most potent
and highly CBI1-selective receptor agonist (Ki= 1.4 nM;
Hillard et al. 1999). Its protective effects have been described
against the cytotoxic effect of A342 oligomers on cortical
neurons in culture (Aso et al. 2012) and of LPS and
tunicamycin in Neuro-2a (Vrechi et al. 2018) and against 6-
OHDA damage in dopaminergic neurons (Batinga et al.
2016). The ACEA neuroprotective mechanism involves the
modulation of GSK3-3 (Aso et al. 2012); endoplasmic retic-
ulum stress signaling (EIf2-o«/CHOP/caspase-12) and survival
pathway p44/42 MAPK, ERK1/2 (Vrechi et al. 2018); reac-
tive oxygen species (ROS) reduction, production, and inhibi-
tion of caspase 3 protein (Batinga et al. 2016).

The present in vitro model was established to determine the
potential role of ACEA against neurotoxicity damage of STZ
in neuroblastoma cells. ACEA treatment conferred neuropro-
tection against the cytotoxic effect of STZ to neuroblastoma
cells through cellular viability regulation and NO release. We
also treated the cells with a selective CB1 antagonist receptor
(AM251) to determine receptor-specific responses. AM251
blockaded the ACEA neuroprotective action on cellular via-
bility, indicating the CB1 receptor participation on this mech-
anism. Endogenous and exogenous cannabinoids have shown
to possess neuroprotective effects in different studies by bind-
ing to CBI1 receptors (Esposito et al. 2006; Benito et al. 2007;
Aso et al. 2012). Moreover, in addition to direct neuroprotec-
tive effect on neurons, cannabinoids have also been demon-
strated to induce anti-inflammatory actions that may involve
NO signaling. Importantly, growing evidence suggests that
the cannabinoid system could act as a neuroprotective agent,
in part, by its ability to regulate the production and release of
nitric oxide, which functions as a signaling intermediate
(Lipina and Hundal 2017).

However, cannabinoid compounds are able to regulate the
formation and release of NO and derived ROS, in an either
positive or negative depending on cell type and stimulus, by
acting on distinct molecular targets (Lipina and Hundal 2017).

We have observed that ACEA treatment normalized the NO
release produced by STZ. On the other hand, treatment with
ACEA alone increased the NO levels. Several studies suggest
that cannabinoid system stimulation may act to increase NO
levels under different conditions and in specific cell types. For
example, stimulation of CB1 receptor by the cannabinoid ag-
onists CP 55,940 and WIN 55,212-2 elevated NO production
via nNOS in N18TG2 neuroblastoma cells (Carney et al.
2009). Further studies demonstrated that CB1 selective acti-
vation downregulated iNOS protein expression and NO re-
lease from cultured C6 rat glioma cells challenged with both
LPS and HIV-1 Tat protein (Esposito et al. 2002). Therefore,
in this study, the modulation of ERK activity and the upregu-
lated Bel-2 by ACEA could be coupled with NO release reg-
ulation and consequently the neuroprotective action against
STZ neurotoxicity.

In conclusion, there is a cannabinoid system participation
in cellular survival, involving the CB1 receptor, which occurs
by positive regulation of the anti-apoptotic proteins, and mod-
ulation of NO release by STZ, proposing the participation of
this system in neurodegenerative processes. Our data suggest
that CB1 receptor is an interesting therapeutic target for the
treatment of neurodegenerative diseases and reinforce the hy-
pothesis that targeting the cannabinoid system could offer ap-
proach for the development of novel therapeutic strategies
against AD.
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