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Background and Purpose: Attention training reverses the neurodegeneration and

memory loss promoted by infusion of amyloid‐β (Aβ) peptide in rats and increases

the density of α7 nicotinic ACh receptors (α7nAChRs) in brain areas related to mem-

ory. Hence, we aimed to assess the role of α7nAChRs in the memory recovery pro-

moted by attention training.

Experimental Approach: C57Bl/6 mice were chronically infused with Aβ, Aβ plus

the α7 antagonist methyllycaconitine (MLA), or MLA alone. Control animals were

infused with vehicle. Animals were subjected weekly to the active avoidance shuttle

box for 4 weeks (attention training). The brain and serum were collected for biochem-

ical and histological analysis.

Key Results: Aβ caused cognitive impairment, which was reversed by the weekly

training, whereas Aβ + MLA also promoted memory loss but with no reversal with

weekly training. MLA alone also promoted memory loss but with only partial reversal

with the training. Animals infused with Aβ alone showed senile plaques in hippocam-

pus, no change in BDNF levels in cortex, hippocampus, and serum, but increased

AChE activity in cortex and hippocampus. Co‐treatment with MLA increased AChE

activity and senile plaque deposition in hippocampus as well as reducing BDNF in

hippocampus and serum, suggesting a lack of α7nAChR function leads to a loss of

neuroprotection mechanisms.

Conclusions and Implications: The α7nAChR has a determinant role in memory

recovery and brain resilience in the presence of neurodegeneration promoted by

Aβ peptide. These data support further studies concerning these receptors as

pharmacological targets for future therapies.
1 | INTRODUCTION

Alzheimer's disease (AD) is still the principal concern all over the world

regarding the ageing process, as it is the main cause of gradual
NF, brain‐derived neurotrophic factor;
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enhancement in cognitive disability (Lane, Hardy, & Schott, 2018). It

is well known that AD has a multifactorial aetiology resulting in pro-

gressive and irreversible dementia. Most of the patients (99%) present

the sporadic form of the disease, with a late onset (beginning after
CAR, conditioned avoidance response; MLA, methyllycaconitine; α7nAChR, α7 nicotinic ACh
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What is already known

• Cholinergic system modulates memory, and its function

can be influenced by an individual's lifestyle.

• Strategies like attention training can reverse memory loss

promoted by neurodegeneration, forming a cognitive

reserve.

What this study adds

• Antagonism of α7nAChRs prevented neuroplasticity,

increased senile plaques, and decreased cognitive

function.

What is the clinical significance

• It is possible that α7 agonists and anticholinesterasic

agents together with complementary strategies could be

used to maintain cognitive reserve.
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65 years of age) characterized by an increase in amyloid‐β (Aβ) accu-

mulation, leading to a great number of senile plaques, formation of

neurofibrillary tangles, and inflammation (Ballard et al., 2011; Masters

et al., 2015; Thal, Walter, Saido, & Fändrich, 2015; Scheltens et al.,

2016; Lane et al., 2018). A small proportion of patients (1%), however,

present the familial, most severe form of the disease, with mutations in

genes related to the processing of Aβ peptide and early onset—around

45 years of age (Wattmo & Wallin, 2017). As a consequence for both

forms, the neuronal loss and synaptic disruption impair learning and

memory, cognitive capacity, and ability to deal with daily living skills

(Dorostkar, Zou, Blazquez‐Llorca, & Herms, 2015; Wattmo & Wallin,

2017). Whitehouse et al. (1982) showed that AD patients presented

75% loss in cholinergic neurons of the nucleus basalis of Meynert, indi-

cating that a deficiency in function of the cholinergic system is critical

for the development of the disease. After that, the loss of cholinergic

neurons and the consequent reduction in choline transportation and

in the density of ACh receptors were also reported in many studies.

Post‐mortem examinations have shown a significant reduction in the

activity of choline acetyltransferase, the enzyme that synthesizes

ACh, and an increase in AChE, which degrades the neurotransmitter

ACh (Duan et al., 2014; García‐Ayllón, Silveyra, & Sáez‐Valero, 2008;

Sivaprakasam, 2006). Therefore, until today, the pharmacological strat-

egy to delay the progression of the disease in the initial or intermediate

phases is the use of AChE inhibitors (rivastigmine, galantamine, and

donepezil; Kulshreshtha & Piplani, 2016; Waite, 2015), leading to an

increase in cholinergic system function and LTP maintenance. Besides,

several studies point to the involvement of α7 nicotinic ACh receptor

(α7nAChR) as a promising therapeutic target in the management of AD

(Hernandez & Dineley, 2012). α7nAChR is a homopentameric neuronal

receptor permeable to calcium ions and is one of the most frequently

found ACh receptors in the CNS. Its ionotropic/metabotropic dual

action has allowed the receptor's implication in memory modulation

and anti‐inflammatory and neuroprotective mechanisms (Corradi &

Bouzat, 2016; Foucault‐Fruchard et al., 2017; Picciotto, Higley, &

Mineur, 2012). On the other hand, some studies have shown that the

pharmacological blockade of α7nAChRs with the antagonist

methyllycaconitine (MLA) produced cognitive deficits in mice (Addy,

Nakajama, & Levin, 2003; Andriambeloson, Huyard, Poiraud, &

Wagner, 2014). MLA is an alkaloid extracted from the seeds of Delphin-

ium brawnii. It is a highly selective inhibitor of the well‐known

α7nAChR antagonist α‐bungarotoxin in vertebrate brain with

affinity in concentrations as low as the nanomolar range

(Davies et al., 1999; Turek, Kang, Campbell, Arneric, & Sullivan, 1995;

Alkondon, Pereira, Wonnacott & Albuquerque, 1992).

There is, as yet, no efficient strategy to treat neuronal and memory

loss during the development of the disease. However, many studies

have shown that retaining cognitive function during the ageing pro-

cess depends on the formation of cognitive and structural reserves

(Balthazar, Schöwe, Cipolli, Buck, & Viel, 2018; Baraldi et al., 2013;

Grant, Dennis, & Li, 2014; Lavrencic et al., 2018; Stern, 2012). This

could lead to the development of improved brain resilience against

future injuries. These reserves are built through physical, social, motor,

sensorial, and cognitive activities and can be key to separate
preserved memory during normal ageing and the initial stages of

dementia.

In a previous study, our research team showed that rats chronically

infused with Aβ peptide and subsequently submitted to attention

training had an improvement in memory. In addition, an increase in

α7nAChRs in areas related to attention, memory, and emotions was

observed (Viel, Caetano, Albuquerque, Araujo, & Buck, 2012). In this

way, it was suggested that attention training improved cognitive

reserves and helped reverse memory loss by mechanisms dependent

on α7nAChRs. The aim of this study was to assess the role of

α7nAChR in memory recovery produced by sustained attention train-

ing following chronic infusion of Aβ peptide.
2 | METHODS

2.1 | Animal welfare and ethical statement

A total of 77 male C57Bl/6 mice (2 months old) were provided by the

National Institute of Pharmacology Facility, Federal University of São

Paulo. This number of animals was necessary as we had to subject

the animals to the active avoidance apparatus in order to select those

who had the ability to learn and memorize the task (Viel et al., 2008).

The animals were kept in ventilated cages (Alesco, Brazil) at a

controlled room temperature (22–24°C) and humidity (55–65%), on

a 12‐hr light/dark cycle with food and water available ad libitum. All

care procedures were strictly performed according to the guidelines

for animal experimentation as stipulated in the Guide for the Care

and Use of Laboratory Animals (National Institutes of Health Publica-

tion Number 86–23, Bethesda, MD), and all procedures were

approved by the Ethics Committee on Experimental Research of the

Institute of Biomedical Sciences, University of São Paulo, Brazil

(#164, Sheet 143, Book 02). Animal studies are reported in compliance
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with the ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, &

Altman, 2010) and with the recommendations made by the British

Journal of Pharmacology. The authors declare that every effort was

made to minimize the number of animals used and their level of

suffering.
2.2 | Experimental protocols and design

2.2.1 | Assessment of aversive‐related memory
response and sustained attention

Evaluation of memory evocation and neurostimulation were per-

formed using an active avoidance apparatus that produces alert and

sustained attention in animals (Viel et al., 2008), based on a protocol

previously used by our group (Amaral et al., 2010; Lemos et al.,

2010). The trials were performed in a two‐way shuttle box (Ugo

Basile, Comerio, Italy) consisting of two compartments accessible to

each other by a hole in the dividing wall. Each animal was placed

individually and then acclimatized to the shuttle‐box apparatus for

5 min before each session. The animal was then subjected to 50 avoid-

ance conditioning trials (acquisition test), with a pause of 5 min after

the 25th trial. Each trial consisted of a 2‐s conditioned stimulus, that

is, a buzzer (70 dB, 760 Hz) and a light. If the animal did not cross to

the other side during this period, a scramble shock of 0.2 mA for 4 s

was delivered through the floor grid (unconditioned stimulus). Each

trial was separated by fixed intertrial intervals (20 s), during which ani-

mals were left inside the apparatus. Animals were subjected to this

protocol for three consecutive days in order to ensure that all animals

in the experiment had the same level of acquired memory. During this

period, the number of conditioned avoidance responses (CARs), in

which the animals moved to the other compartment of the shuttle

box before the beginning of the unconditioned stimulus, was
FIGURE 1 Timeline of the experimental
design. Animals were subjected to the active
avoidance shuttle box for 3 days. Those that
achieved a response between 30% and 70%
of conditioned avoidance responses were
selected to be subjected to surgery for
infusion of amyloid‐β (Aβ), methyllycaconitine
(MLA), or both. Before and after the surgery, a
locomotion test was performed in order to
verify if the surgery influenced this parameter.

No difference in locomotion was observed
among groups after the surgery (control:
377.4 ± 50.10 units, n = 14; Aβ:
340.7 ± 34.27 units, n = 14; Aβ + MLA:
365.9 ± 44.85, n = 12; and MLA:
415.3 ± 53.13, n = 11). During the infusion
period, animals were subjected to weekly
stimulations in the same active avoidance
shuttle box, as a strategy of attention training.
After the behavioural observations, animals
were anaesthetized and killed. Blood and
brain were collected and frozen for posterior
analysis
recorded. Those that reached a satisfactory learning performance—

that is, those achieving CAR rates between 30% and 70% (Amaral

et al., 2010; Viel et al., 2008)—were selected to be subjected to the

surgical procedures (described below). So, from the 77 animals initially

selected for the experiment, 57 were included in the study. Weekly

repetition of the procedure was used to improve sustained attention

and promote reversal of memory loss, as described previously (Viel

et al., 2012). All tests were carried out during the light phase (9:00 a.

m.–3:00 p.m.). While the animal was in the equipment, the operator

only observed and appropriately saved data. The equipment does

not permit any operator interference, but any sign of freezing (immo-

bilization of animal) during the protocol was sufficient to make the

operator stop the equipment and take the animal out. Animals that

presented this behaviour accounted for those with less than 30%

CAR rates. The experimental design is shown in the timeline below

(Figure 1).

2.2.2 | Surgery for mini‐pump implantation

The selected animals (total of 57) were randomly divided into four

groups and subjected to surgery for the implantation of mini‐osmotic

pumps (Model 1004, Alzet, Cupertino, CA, USA). The animals were

injected with atropine (0.04 mg·kg−1) 15 min before the injection of

the anaesthetics (8.3 mg·kg−1 ketamine and 0.30 mg·kg−1 xylazine;

anaesthetics and atropine were administered intraperitoneally) in

order to avoid bradycardia induced by these drugs. After anaesthesia,

a stainless steel cannula (Brain Kit 1, Alzet, Cupertino, CA, USA) was

implanted in the animal's lateral ventricle using a stereotaxic instru-

ment at coordinates: −0.8 mm anteroposterior, −1.4 mm mediolateral

to the bregma, and −3.5 mm dorsoventral to the cranium (Franklin &

Paxinos, 2007). The other extremity of the cannula was attached to

a PVC catheter (medical grade, OD = 1.14 mm, ID = 0.69 mm)
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connected to the mini‐osmotic pump that was implanted s.c. in the

dorsum of the animal's neck. The contents of the mini‐osmotic pumps

were delivered at a flow of 0.11 μl·hr−1, having a total volume of

100 μl, according to the manufacturer's guidelines (Amaral et al.,

2010). As described earlier (Amaral et al., 2010; Frautschy et al.,

1998; Viel et al., 2008), E‐64 was infused together with the Aβ pep-

tide to induce neurodegeneration. E‐64 is a cysteine protease inhibitor

known for increasing the neurodegeneration caused by Aβ infusion.

The groups were formed as follows: control group (n = 14): mini‐

pumps filled with the vehicle (4‐mM HEPES, pH 8.0—plus 0.22‐nmol

E‐64); Aβ group (n = 14): mini‐pumps filled with human (1–42) Aβ pep-

tide (0.46 nmol) plus 0.22‐nmol E‐64; Aβ ± MLA group (n = 12): mini‐

pumps filled with Aβ (0.46 nmol) plus the α7 nicotinic antagonist MLA

(256‐nmol MLA and 0.22‐nmol E‐64); and MLA group (n = 11): mini‐

pumps filled only with MLA (256 nmol), following a method previously

described (Frautschy et al., 1998; Viel et al., 2008).

After the surgery, all animals received indomethacin (1 mg·kg−1, s.c.)

to avoid inflammation and pain and were placed individually in a trans-

parent cage to prevent them from fighting and displacing the cannula.

Six animals out of 57 died during the surgery or during the recuper-

ation period, following surgery, on account of cardiorespiratory arrest

probably due to sensitivity to the drugs used during the procedure.

After the behavioural observations, the animals were anaesthe-

tized with isoflurane, and the blood was collected by cardiac puncture.

After 30 min in room temperature, blood samples were centrifuged

(14,031× g, 15 min, 4°C), and the serum was separated. Animals were,

then, killed by decapitation, and the brains were removed and immedi-

ately frozen in dimethylbutane at −50°C and stored at −80°C until

used. For each animal, one hemisphere was used for immunohisto-

chemical analysis, and the other hemisphere was submitted to lysis

in order to be used in ELISAs.

2.2.3 | Quantification of senile plaques

Quantification was performed as described previously (Nunes et al.,

2015). From one of the hemispheres, tissue samples (20 μm) were

obtained in a cryostat (−20°C to −22°C, Microm HM505N,

Francheville, France), and sections were mounted on gelatin‐coated

slides, desiccated for 5 min at room temperature, and kept at −80°C

until use. For quantification of senile plaques, the slides were warmed

to room temperature (22°C) and air dried (5–10 min). Slides were

washed five times in PBS and incubated in thioflavin S solution 0.1%

in PBS, containing 0.1% Triton‐100, for 5 min. The sections were then

washed twice with PBS, incubated with ethanol 70% for 5 min, and

washed, again, three times with PBS. At the end, the sections were

covered with coverslips using Fluoroshield with DAPI (Sigma, USA).

The complete process was performed in a dark room. Analysis of senile

plaques of whole brain, labelled with thioflavin S, was performed using

an optic microscope (Nikon Eclipse E‐600), with a suitable filter for

fluorescence.

A total of three pictures of the hippocampus from each animal was

taken to identify the senile plaques just after labelling. According to

previous experience of the research team, at the end of Aβ chronic
infusion, senile plaques can be observed at the anteroposterior levels

approximately close to −1.70 mm with reference to bregma (Franklin

& Paxinos, 2007). At this point, CA1, CA3, and dentate gyrus areas

can be observed and analysed. Thioflavin S fluorescence was identi-

fied using ImageJ software (1.51j8—National Institutes of Health,

USA; RRID:SCR_003070) and counted manually. The quantity of

plaques was analysed in 2–3 brain slices from each animal, dividing

the number of plaques by the number of slices analysed. The operator

was blinded to the groups, and only the supervisor knew the groups.
2.2.4 | Quantification of brain‐derived neurotrophic
factor protein levels

The cortex and the hippocampus were identified according to the

description of Franklin and Paxinos (2007). The areas were isolated

and immediately homogenized in lysis buffer containing 20‐mM

Tris–HCl (pH 8.0), 137‐mM NaCl, 10% glycerol, 1% Triton X‐100,

and a tablet of protease inhibitors (Roche Diagnostics). Homogenates

were centrifuged at 14,031× g, for 15 min, at 4°C, and the supernatant

was separated and frozen at −80°C until use. The concentration of

protein in the brain homogenates and serum was evaluated according

to the Bradford method (Bradford, 1976).

For the detection of total free brain‐derived neurotrophic factor

(BDNF), a sandwich ELISA kit was used (Emax ImmunoAssay System,

PROMEGA, Cat # G7611), following the protocol of the manufacturer.

For the colorimetric reading, Biotek Eon equipment was used, with

Gen5 2.0 software, at 450 nm.
2.2.5 | Evaluation of AChE activity

Evaluation of AChE activity was done as previously described

(Morzelle et al., 2016). The cortex, hippocampus, and serum samples

were obtained as described above. The enzyme activity was measured

using an ELISA kit (Abcam—ab138871) according to the manufacturer's

protocol. The colorimetric reading was made using Biotek Eon equip-

ment, with Gen5 2.0 software, at 410 nm.
2.3 | Statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology. Results are expressed as means ± SEM and analysed

with the GraphPad Prism programme (GraphPad Software, San Diego,

CA, version 6; RRID:SCR_002798). For animal selection, CARs of the

first and third days were compared using Student's paired t test. Data

from the sustained attention test (performed weekly) were analysed

using two‐way ANOVA (repeated measures) followed by Bonferroni's

multiple comparison test. All other data were also analysed using two‐

way ANOVA followed by Bonferroni's multiple comparison test. In

each dataset, the homogeneity of sample variance was tested using

both Brown–Forsythe's and Bartlett's tests. As long as one of the

tests indicated no variance among groups, ANOVA was performed.

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4872
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Only probability values (P) less than .05 were considered statistically

significant.
2.4 | Drugs

Human (1–42) Aβ peptide and MLA were purchased from Sigma‐

Aldrich. All other drugs used were of analytical grade.
2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Peters,

et al., 2017; Alexander, Fabbro, et al., 2017).
3 | RESULTS

3.1 | Selection of animals and effects of α7 blockade
on memory recovery

During the first contact with the active avoidance equipment (acqui-

sition session), the animals showed a learning behaviour correspond-

ing to 5.3 ± 0.5% (n = 51) from a total of 50 tasks, with a pause

between Trials 25 and 26. The tasks were repeated over 3 days,

and by the third session (retention session), the same animals pre-

sented a 14.5‐fold average increase in CAR, which represented

long‐term memory retention of 49.5 ± 2.3% (Figure 2a). Only animals

presenting a difference of 30–70% (n = 51) between acquisition and
FIGURE 2 (a) Percentage of conditioned avoidance responses of mice at
3 days after the AS (retention session [RS]). Symbols are the individual per
responses (CARs) of mice with different treatments. (a) Mean values in Wee
(Aβ) and/or the α7 nicotinic ACh receptor antagonist methyllycaconitine (M
beginning of the infusion, when compared with Week 0. Animals infused o
stimulation in the active avoidance equipment. However, animals infused w
session of weekly stimulation. **P < .05, when compared with Week 0. aP
difference between control and Aβ + MLA groups. Sample sizes: (a) 51 anim
n = 12; and MLA group: n = 11
retention sessions were selected and then divided randomly into four

experimental groups and submitted to surgery for the implantation of

the mini‐osmotic pumps. The third day of observation (retention

session) was considered as Week 0 of stimulation in Figure 2b, as it

represents the animals' behaviours observed before the surgery

(Figure 2a).

One week after surgery, and for the following 3 weeks, all groups

were submitted to a weekly sustained attention test, following the

method described previously (Viel et al., 2012). Overall, that was dif-

ference in time and in behaviour among groups. Also, an interaction

among groups was verified, indicating that treatments and time

influenced CAR. One week post‐surgery, control animals did not show

a reduction in CAR when compared with Week 0 (45.6 ± 4.8%),

suggesting that the surgery did not influence the animals' memory

(Figure 2b). In addition, the percentage of CAR of these animals

increased each week over the 3 weeks and was maintained

(45.7 ± 5.4%; Figure 2b). This showed that re‐testing improved

memory consolidation, as observed in previous works from our lab

(Viel et al., 2012).

In contrast, 1 week after surgery, the animals from the Aβ,

Aβ + MLA, and MLA groups presented reduction in CAR of 35.8%

(35.9 ± 3.6%), 75.4% (10.7 ± 2.9%), and 69.1% (14.9 ± 3.2), respec-

tively, when compared with the CAR obtained at Week 0

(55.9 ± 3.9%, 43.5 ± 4.2%, and 48.2 ± 4.2%, respectively), although

Aβ values were not different from control values, as observed before

(Amaral et al., 2010). After the third week, the Aβ group showed a

reversion of the memory loss, as CARs (48.7 ± 7.1%) were similar to

those obtained before the surgery (Figure 2b). However, animals from

the Aβ + MLA group did not present memory recovery during the

weekly sessions, as the reductions in CAR after the surgery were

maintained until the end (14.7 ± 3.8%), when compared with Week
time of first contact with the equipment (acquisition session [AS]) and
centages registered. *P < .05. (b) Percentage of conditioned avoidance
k 0 correspond to individual values shown in RS. Infusion of amyloid‐β
LA) produced a reduction in CAR (*P < .05) in the first test after the
nly with Aβ presented memory recovery after each weekly session of
ith MLA with or without Aβ did not present memory recovery after any
< .05, when compared with the Week 0. On Week 3, there was a
als and (b) control group: n = 14; Aβ group: n = 14; Aβ ± MLA group:

http://www.guidetopharmacology.org
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0. The same phenomenon was observed with animals infused with

MLA only, that is, they did not recover the memory of the task, as

CAR remained as low as the first week (27.4 ± 6.7%), when compared

with Week 0. The responses of the animals infused with Aβ + MLA

were 67.9% lower than the control responses and 64.7% lower than

the Aβ group responses (Figure 2b).

In order to better understand the weekly stimulation effect of the

sessions and the effects of the blockage of the α7nAChR, we analysed

and compared the percentage of CAR for each of the 10 trials of the

50 total trials observed each week, as described previously (Viel

et al., 2008).

At Week 0 (before the surgery), all selected and randomly assigned

animals presented an increase in CAR throughout the 50 trials,

showing that although they initially did not know the task, they

learned during the 50 trials (Figure 3). No difference was observed in

Trials 41–50 among the groups.

For the control and the Aβ groups, following submission to the

equipment, a similar behaviour was observed: Each week, during the

first 10 trials, the animals did not recognize the task, but they could

re‐learn during the other 40 trials, showing an increase in CAR per-

centage. In contrast, soon after the surgery (Week 1), the Aβ + MLA

group showed no increase in CAR during the trials, which indicates a
FIGURE 3 Conditioned avoidance responses (%) for each week of
methyllycaconitine (MLA) and re‐subjected to the active avoidance appara
showed increases in conditioned avoidance responses within the 50 trials. W
note the effects of infused drugs on behaviour. Each set of 50 trials was div
*P < .05. Sample sizes: control group: n = 14; Aβ group: n = 14; Aβ ± MLA
difficulty in context recognition or a deficit in memory recovery. A

reduction in CAR in Trials 41–50 of the Aβ + MLA group was also

observed, when compared with the Aβ group. In the two last sessions

(Weeks 2 and 3), the Aβ + MLA group did not show any increase in

CAR percentage, suggesting that the absence of the α7nAChR

prevented the behavioural recovery promoted by the weekly stimula-

tion (Figure 3).

Finally, the MLA group continued to remember the task in

Weeks 1 and 2 but failed to perform as well as the control and Aβ

groups with the weekly stimulation (Figure 3). This observation

reinforces the hypothesis that α7nAChRs are necessary for the mem-

ory recovery promoted by the weekly sustained attention stimulation

sessions.
3.2 | Quantification of senile plaques

Formation of senile plaques was observed in animals infused with the

Aβ peptides 1–42 (0.41 ± 0.03 plaques per slice) but not in the vehicle

(control) or MLA‐infused groups. The association of the α7 antagonist

MLA with Aβ produced a 2.82‐fold increase in the number of senile

plaques (1.15 ± 0.26 plaques per slice, Figure 4).
control and amyloid‐β (Aβ) animals infused or not infused with
tus. Week 0 refers to the test before surgery, where all animals
eeks 1, 2, and 3 refer to tests after the surgery where it is possible to

ided into five groups of 10 trials. Data are presented as means ± SEM.
group: n = 12; and MLA group: n = 11



FIGURE 4 Representative fluorescent images of coronal brain sections depicting hippocampus in C57Bl/6 mice infused with (a–c) amyloid‐β
(Aβ) peptide or (d–f) Aβ + methyllycaconitine (MLA). (e) An increased number of Aβ plaques was found in Aβ + MLA animals' hippocampi.
(a, d) Cell nuclei stained with DAPI in blue, (b, e) senile plaques stained with thioflavin S in green, and (c, f) merged images. Scale bar: 50 μm.
(g) Exploratory quantification of senile plaques found in hippocampus of animals infused with Aβ peptide. Results are presented as pooled data of
three animals per group. Although the sample size is low, an increase in number of senile plaques per slice was verified. Vehicle‐infused (control) or
MLA‐infused animals did not present any plaques
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3.3 | Quantification of BDNF protein levels

In order to assess a relationship between the function of α7 AChR and

synaptic plasticity, the levels of the neurotrophin BDNF were evalu-

ated in brain areas related to memory, once BDNF is well known to

influence structural and functional aspects of synaptic transmission

(Kowianski et al., 2018). The alteration of this neurotrophin was also

evaluated in the serum. No differences were observed in the cortex

of all animals, despite the presence of the Aβ peptide and/or the pres-

ence of the MLA (Figure 5a). In the hippocampus, an interaction was

observed, indicating that both the induction of neurodegeneration

and the presence of MLA altered the protein levels of BDNF. There

was an increase of 2.8‐fold in the neurotrophin levels in the group

treated with MLA (7.65 ± 1.84 pg·μg−1 protein) when compared with

the control group (2.10 ± 0.79 pg·μg−1 protein). Nevertheless, the

presence of neurodegeneration significantly affected this increase, as

the infusion of both MLA and Aβ caused a reduction of 78.8% in the
BDNF levels (1.62 ± 0.89 pg·μg−1 protein), when compared with ani-

mals infused with MLA but without Aβ (Figure 5b).

In the serum, the presence of MLA caused reductions of

45.9% and 37.6% in the neurotrophin levels in groups with

(0.47 ± 0.05 pg·μg−1 protein) or without (0.52 ± 0.16 pg·μg−1 protein)

neurodegeneration, respectively, when compared with control animals

(0.84 ± 0.17 pg·μg−1) or only with the Aβ peptide (0.88 ± 0.10 pg·μg−1;

Figure 5c).
3.4 | Evaluation of AChE activity

Activity of brain and serum AChE was analysed by the ELISA method. In

the cortex, both the blockade of the α7nAChR and the neurodegener-

ation promoted by the chronic infusion of Aβ altered the enzyme

activity. There was an increase of 1.8‐fold in the AChE activity in

animals infused with MLA (10.53 ± 0.77 U·ml−1), compared with that



FIGURE 5 Quantification of the brain‐derived neurotrophic factor (BDNF) levels in the (a) cortex, (b) hippocampus, and (c) serum of mice
subjected chronically to the different infusions. Data are presented as means ± SEM. *P < .05. Sample sizes: cortex: control: n = 7;
methyllycaconitine (MLA): n = 7; amyloid‐β (Aβ): n = 9; and Aβ + MLA: n = 5. Hippocampus: control: n = 7; MLA: n = 6; Aβ: n = 8; and Aβ + MLA:
n = 5. Serum: control: n = 13; MLA: n = 11; Aβ: n = 15; and Aβ + MLA: n = 7

FIGURE 6 Activity of the AChE enzyme measured in the cortex (a), hippocampus (b), and serum of animals from the different groups. Data are
presented as means ± SEM. *P < .05. Sample sizes: cortex: control: n = 5; methyllycaconitine (MLA): n = 6; amyloid‐β (Aβ): n = 8; and Aβ + MLA:
n = 5. Hippocampus: control: n = 5; MLA: n = 6; Aβ: n = 8; and Aβ + MLA: n = 5. Serum: control: n = 9; MLA: n = 6; Aβ: n = 10; and Aβ + MLA: n = 7
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of control animals (5.67 ± 2.03 U·ml−1). Chronic infusion with Aβ

promoted an increase in enzyme activity (9.83 ± 0.52 U·ml−1), when

compared with control animals (Figure 6a).

In the hippocampus samples, the presence of neurodegeneration

and the blockade of the α7nAChR altered the enzyme activity in all

groups. There was an increase of 1.2‐fold in the AChE activity in the

MLA group (12.57 ± 0.12 U·ml−1), compared with control group

(10.00 ± 0.91 U·ml−1). Chronic infusion of Aβ also increased enzyme

activity by 1.2‐fold (12.27 ± 0.23 U·ml−1). In addition, infusion of both

Aβ and MLA also increased the enzyme activity by 1.2‐fold

(12.77 ± 0.17 U·ml−1), compared with the control animals, showing

interaction of these treatments in respect of AChE activity (Figure 6b).

In the serum, there were no differences among the groups

(Figure 6c).
4 | DISCUSSION

In previous studies, our research team showed that the weekly sub-

mission of rats chronically infused with the Aβ peptide to the active

avoidance apparatus prevented the loss of aversive memory evocation

(Viel et al., 2012). This stabilization of the behavioural responses was
related to an increase in the α7nAChR in the frontal cortex, hippocam-

pus, and amygdalae and was associated with an increase in the atten-

tion of the animals to the task. The strategy was, therefore, described

as attention training.

In order to confirm the role of the α7nAChR in the memory

recovery observed earlier, in the present study, we sought to assess

whether the absence of the α7nAChR would influence the memory

recovery promoted by the attention training. Therefore, in addition

to the group infused with the Aβ peptide, another group of animals

was infused with the Aβ peptide together with the α7 antagonist

MLA. Moreover, the effect of MLA alone was also observed in a group

infused only with this antagonist.

One week after the surgery, animals infused with Aβ did not pres-

ent memory loss when compared with the control group, as observed

in previous works from the group with both mice and rats (Amaral

et al., 2010; Viel et al., 2008). Nevertheless, the addition of MLA to

Aβ or only the administration of MLA promoted reduction of memory

confirming the already known prejudice of memory with the blockade

of α7nAChR (Andriambeloson et al., 2014). On the other way, animals

that were infused only with Aβ and submitted to the weekly attention

training presented evident and significant improvements in memory,

which were not observed with animals infused with Aβ + MLA or only



TELLES‐LONGUI ET AL. 3201BJP
MLA. As we have shown before, the chronic infusion of Aβ during

4–5 weeks promote memory loss in mice and rats with deposition of

Aβ senile plaques (Amaral et al., 2010; Morzelle et al., 2016; Viel

et al., 2012).

This improvement in memory promoted by the attention training is

reported as being related to improvements in α7 cholinergic neuro-

transmission in areas related to learning and memory formation such

as the prefrontal cortex, the amygdalae, and hippocampus (Cheng &

Yakel, 2015; Hoyle et al., 2006; Viel et al., 2012; Wallace & Porter,

2011) and to the neuroplasticity of dendritic spines, which reinforce

memory consolidation (Hlushchenko et al., 2016; Miermans, Kusters,

Hoogenraad, & Storm, 2017).

On the other hand, in the group infused with Aβ and the antago-

nist MLA, the memory reduction observed 1 week after the surgery

was maintained, despite the weekly stimulation in the equipment,

showing that the animals did not succeed in maintaining memory. This

result differs from that observed with the Aβ group and confirmed our

hypothesis, as it is possible to suggest that the joint infusion of Aβ and

MLA impaired memory recovery. This was also confirmed in the anal-

ysis made week by week (Figure 3), where it was possible to observe

that Aβ + MLA animals could not recover or re‐learn the memory trial.

Many studies have shown that the activation of nicotinic receptors

reduces Aβ toxicity and improves neuroprotection. This protection is

proportional to the number of expressed nicotinic receptors (Dineley

et al., 2015; Jonnala & Buccafusco, 2001). It was observed that the

α7nAChRs play an important role in memory pathways, and, when

blocked by MLA, there was no improvement in memory in response

to the weekly stimulation. In order to better understand the α7nAChR

neuroprotective role in this model, we tested the hypothesis that the

isolated infusion of the α7 antagonist would also cause a reduction

in the cognitive function of mice. Memory deficits effects were

observed immediately after the infusion with MLA, with the MLA mice

having worse behaviour performance compared with the control ani-

mals. Following the attention training, there was only partial memory

recovery. The infusion of the antagonist, therefore, caused similar

behaviour impairment but a failure to recover. With these observa-

tions, it is possible to link the α7 function to the formation of cognitive

reserves, since animals infused with MLA did not present memory

recovery. In the presence of Aβ, brain function could be maintained

due to structural reserves (integral neuronal density and synaptic

connectivity) or functional reserves (efficacy of neuronal circuitry) as

happens with animals submitted to an enriched environment

(Balthazar et al., 2018; Baraldi et al., 2013; Eckert & Abraham, 2013;

Milgram, Siwak‐Tapp, Araujo, & Head, 2006; Petrosini et al., 2009).

The evidence suggests that there is a relationship between the

α7nAChR and the formation of the brain resilience that would permit

the brain to be resistant to injuries, shock, or neuropathological

disturbances.

Currently, there are several biomarkers of brain resilience. In the

present study, BDNF levels were evaluated as this neurotrophin is a

vital component of synaptic plasticity and memory formation.

BDNF is also involved in the processes of neuronal growth and

regeneration, as well as cell survival, and its epigenetic reprogramming
can have a key role in these processes (Karpova, 2014; Kowianski

et al., 2018).

In the present study, no differences in BDNF levels were observed

in the cortex. However, in the hippocampus, the levels were signifi-

cantly changed. It is well known that the most acceptable biological

process to explain the formation of long‐term memory is the LTP that

happens in the hippocampus and is maintained by BDNF action in the

tropomyosin receptor kinase B, promoting the synthesis of proteins

responsible for structural changes and increased synaptic responses

(Choi et al., 2009; Mayford, Siegelbaum, & Kandel, 2012). In addition,

the cholinergic system is involved with the amplification of LTP

induction (Fujii et al., 1999; Matsuyama & Matsumoto, 2003). Conse-

quently, the cholinergic system alters protein synthesis and is involved

with consolidation of memory (Martí Barros et al., 2004; Navakkode &

Korte, 2012; Lana et al., 2013; Nees, 2015; Richter et al., 2017). In the

present study, the blockade of α7nAChR significantly increased the

neurotrophin levels in hippocampus. Once the method used detects

total BDNF, this effect could be related to an increase in proBDNF

that is known to reduce spine density and NMDA receptor and

postsynaptic density protein 95 (Qiao, An, Xu, & Ma, 2017). So, this

observation deserves further investigation.

The infusion of Aβ, per se, did not alter the levels of BDNF in the

hippocampus, cortex, or serum of the animals. Several studies high-

light the reduction of BDNF in serum or plasma as a biomarker for

schizophrenia, depression, and AD (Lu et al., 2014; Pláteník et al.,

2014; Polyakova et al., 2015; Toyooka et al., 2002). The absence of

any change in BDNF content in the brain tissues or in the serum of

animals infused with Aβ in the present study may be due to the short

infusion period and/or to the weekly stimulation in the active avoid-

ance shuttle box, resulting in, as demonstrated in the behavioural

experiments, memory recovery in the animals. In agreement with our

findings, it has already being reported that the expression of BDNF

is dependent on neuronal activity (Palomer, Carretero, Benvegnù,

Dotti, & Martin, 2016). Nevertheless, the blockade of α7nAChR

caused a reduction in serum BDNF in all groups, which reinforces

the link between α7nAChR and BDNF function and suggests that

the absence of the receptor function, even in the short period of these

experiments, was a determinant for the memory deficit.

According to the most widely accepted hypothesis for AD, there is

an increase in both cholinergic and non‐cholinergic activities of the

enzyme AChE in AD patients (Campanari et al., 2016; Rao, Sridhar, &

Das, 2007). In fact, some research suggest that the evaluation of

changes in activity or levels of this enzyme in the blood or in tissues

could be taken as a biomarker to follow the progression of the disease

and its co‐morbidities (García‐Ayllón et al., 2010; Rao et al., 2007). In

agreement with the literature, in the present study, a significant

increase in AChE activity was found in the cortex and in the hippo-

campus of animals infused with Aβ peptide. It is also well demon-

strated that lower concentrations of Aβ peptide may interact with

α7nAChR and contribute to neuronal homeostasis, whereas increased

concentrations of Aβ can cause toxicity of cholinergic neurons (Puzzo

et al., 2008; Lombardo & Maskos, 2015). With the progression of the

disease, Aβ peptide accumulates in neurons that express α7nAChR.
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Internalization of the Aβ peptide seems to be facilitated by its interac-

tion with the α7 receptor in the surface of neuronal cells, which causes

damage to the neurons. It appears that the absence of the cholinergic

terminals promotes a compensatory increase in the levels and the

activity of the AChE (García‐Ayllón et al., 2010), which is in accor-

dance with our findings. Therefore, the observed increase in the activ-

ity of AChE can be due to at least two causes: (a) the reduction of α7

function could lead to a compensatory increase in enzyme activity and

(b) the reduction of α7 function in glial cells could lead to a reduction

in the clearance of Aβ peptide, with an increase in senile plaque

number (as observed in the present study) and destruction of choliner-

gic neurons.

In support of the idea that the blockade of α7nAChR is as harmful

to memory as the infusion of Aβ peptide, it was shown that the infusion

of both Aβ and MLA, alone or together, also increased AChE activity.

The enzyme activity did not change in the serum of all groups,

different from the results observed in the literature (García‐Ayllón

et al., 2010; Rao et al., 2007), probably because of the short period

of the experimental model, which was not sufficient to promote a

peripheral alteration of the enzyme.

In conclusion, it is suggested that α7nAChRs have a determinant

role in memory recovery during attention training stimulus in the face

of a neurodegenerative process. The absence of the receptor is as

harmful for memory maintenance as the presence of Aβ peptide and

leads to an increase in AChE activity in brain tissues and affects the

recruitment mechanisms of tissue resilience against injuries. In this

way, attention training may induce memory recovery in the presence

of Aβ in animals with functioning α7nAChR pathways. However, the

absence of α7nAChR (with their associated mechanisms of neuropro-

tection) reduces the resilience of the brain tissue (leading to an

increase in AChE activity and a decrease in BDNF levels) and

preventing memory recovery. Taken together, these data reinforce

that the use of attention strategies can help pharmacological therapies

that are currently in use to delay the progression of dementia related

to AD. Moreover, these data support the importance of α7nAChRs in

the maintenance of memory and neuroplasticity.
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