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Abstract—The contribution of amyloid-b (Ab) soluble forms to Alzheimer’s Disease (AD) is undergoing revision
and the characterization of monomeric, oligomeric and protofibrillar Ab forms used in vivo to model AD is a crit-
ical step to ensure data interpretation. Atomic force microscopy (AFM) was used to characterize the nanoscale
morphology of different Ab42 forms also used for cerebroventricular injection (cvi) in young (6mo) and aged
(36mo) adult zebrafish behavioral and cognitive tests. On the AFM, monomeric solution deposited onto mica
resulted mostly in thin filamentous structures and shorter monomeric agglomerates with heights around or below
1.5 nm, as expected for single Ab42. The oligomeric form was dominated by particles with globular morphology
and a few short aggregates around 1 nm high and 8–12 nm long. The protofibrillar form had micrometer-long
twisted fibrils of varying diameters (4.5–10 nm) and large entangled clusters with sizes of up to several tens of
micrometers. On the Open Tank used to test exploratory parameters, no differences were observed between
injected animals and their age-matched controls, except for a reduced distance travelled by aged individuals that
received the Ab42 oligomeric form. Long-term memory (LTM) for the inhibitory avoidance task was not influenced
by monomers cvi, whilst oligomeric and fibrillar Ab42 hindered LTM formation in young and aged groups. Our find-
ings support current views of deleterious effects of Ab42 soluble forms on cognition and ensures that preparations
were structurally unique and within expected morphologies and dimensions.
This article is part of a Special Issue entitled: In memory of Ivan Izquierdo South American pioneer of the Neuroscience of

Memory Temporal dynamics and molecular mechanisms. � 2022 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Alzheimer’s disease (AD) affects an estimate of 50 million

people worldwide and lacks effective treatments, with
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most phase III drug clinical trials failing to significantly

impact the disease progression (Schneider et al., 2015;

Livingston et al., 2017; Kametani and Hasegawa, 2018;

International Alzheimer’s Disease, 2019). As the most

prevalent form of dementia, mostly associated with aging,

AD is projected to increase its social and economic bur-

den in the next decades, especially in less developed

countries. The AD hallmarks include extracellular senile

plaques composed mainly by amyloid-b (Ab) peptides

varying in length mainly from 39 to 43 amino acids (aa),

produced by the sequential cleavage of the amyloid pre-

cursor protein (APP) by b and c secretases (Chen and

Tang, 2006; Li et al., 2018). Monomeric Ab peptides tend

to associate into oligomer intermediates of varied sizes

and to progress to larger supramolecular structures such

as fibrils and plaques (Hortschansky et al., 2005; Cohen

et al., 2013). While the 40 aa (Ab40) size is the most abun-

dant in the brain, the 42 aa (Ab42), less soluble and more

aggregation prone, actively induces fibril formation and

Ab accumulation (Hortschansky et al., 2005). In aged indi-
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viduals and AD patients, the increased levels of Ab42
accelerate the formation of larger aggregates (Kametani

and Hasegawa, 2018).

The Amyloid Cascade Hypothesis (ACH) (Hardy and

Higgins, 1992) originally postulated that the Ab aberrant

peptide initiates a series of damaging events when it

accumulates in the brain, pointing to insoluble plaques

as the disease culprit. The ACH has been updated as evi-

dence accumulates demonstrating that the Ab burden

does not correlate with AD progression (Josephs et al.,

2009; Sakono and Zako, 2010; Li et al., 2018). Soluble

Ab oligomeric forms, intermediary to monomers and insol-

uble plaques, are the most active agents of neurotoxicity

and synaptic dysfunction (Demuro et al., 2005; Sakono

and Zako, 2010; Tu et al., 2014; Washington et al.,

2014; Kametani and Hasegawa, 2018), and the

Amyloid-b Oligomer Hypothesis (AOH) (reviewed in

(Cline et al., 2018)), that support their role as the most

pathological forms, has gained strength (Sakono and

Zako, 2010; Benilova et al., 2012). The monomeric Ab,
in turn, has been attributed new roles and suggested to

be a constitutive peptide in human physiology, as exten-

sively reviewed in (Brothers et al., 2018; Moir et al.,

2018). These new perspectives press to a better under-

standing of Ab and its different oligomeric states in AD

and other physiological contexts.

Understanding AD progression and its cellular and

molecular mechanisms depends on animal models to

emulate the disease conditions. Transgenic and

knockout mice studies brought many insights to Ab
metabolism and genetics (Heber et al., 2000; Luo et al.,

2003; Cortes-Penfield et al., 2016). Cerebroventricular

(CV) injection of Ab42 is a useful as a strategy to study

the effects of the peptide quaternary forms and the

in vivo aggregation in animal models, including rodents

(Shankar et al., 2008) and marmoset monkeys (Ridley

et al., 2006). Zebrafish shares 84% of human genes

related to diseases (Howe et al., 2013), has homologs

to all the characterized AD substrates and has also been

used to study, AD by the generation of mutants (Pu et al.,

2016), morpholinos (Nery et al., 2017; Stainier et al.,

2017) or combinations between these and other

approaches (Newman et al., 2014; Saleem and Kannan,

2018). The effects of Ab42 CV injection were previously

studied in adults (Bhattarai et al., 2017a; Thomas et al.,

2017; Javed et al., 2019) and larvae, in which we demon-

strated that oligomeric forms induced cognitive impair-

ment and increased tau phosphorylation, other AD

hallmarks (Nery et al., 2014). Nevertheless, the effects

of the different oligomeric states of Ab42 were not com-

pared on previous studies, nor combined with other asso-

ciated disease factors such as age.

The characterization of different Ab preparations used

in vivo to model AD is a critical step to ensure data

interpretation. Nanotechnology can contribute to the

elucidation of molecular mechanisms of AD (Nazem and

Mansoori, 2008) and atomic force microscopy (AFM)

can be used to capture structural images and measure

the mechanical nanoscale properties of Ab in different oli-

gomeric states using specific conditions, substrates and

solvents (Adamcik et al., 2010; Adamcik and Mezzenga,
2012; Enache et al., 2016; Lin et al., 2019; Watanabe-

Nakayama et al., 2020). Studies using AFM to character-

ize Ab structure, however, used unique conditions and did

not compare multiple oligomeric forms nor paralleled their

findings to in vivo analysis of its effect.

Here we characterize solutions enriched of human

Ab42 peptide prepared to be in monomeric, oligomeric,

and protofibrillar states using AFM and describe their

cognitive effects after CV injection in young and aged

adult zebrafish. This may contribute to future studies

aiming to use these preparations and serves as a model

to further dissect the physiological and behavioral

effects of different Ab42 conformations in aging

individuals.
EXPERIMENTAL PROCEDURES

This study was conducted at the Laboratório de Biologia e

Desenvolvimento do Sistema Nervoso of the School of

Health and Life Sciences and at the Interdisciplinary

Center of Nanoscience and Micro-Nanotechnology

(Nano-PUCRS) of the School of Technology at the

Pontificia Universidade Catolica do Rio Grande do Sul

(PUCRS). Animals were housed at the Center for

Experimental Biological Models (CeMBE-PUCRS).

Protocols were approved by the Scientific Committee

from the School of Health and Life Sciences and by the

Institutional Animal Care Committee (CEUA-PUCRS,

permit number 15/00485) and followed the Guidelines of

the to the Brazilian National Council for the Control of

Animal Experimentation (CONCEA), (MCTIC (Ministério

da Ciência, Tecnologia, 2016).
Experimental design

Ab42 in different aggregation states (monomeric,

oligomeric, and protofibrillar) were freshly prepared, as

detailed in the next section, to be used within the

schedule depicted in Fig. 1, avoiding unnecessary

manipulation and heating. The same solutions were

used for CV injection and AFM structural characterization.

Young and aged adults were assigned to the following

groups according to the solutions received by CV

injection: Controls received the Ab42 solution vehicle

(veh), which was 0.25% dymethilsufoxide (DMSO) in

water, while Ab42 10 lM solutions were diluted from

1 mM solutions (described in detail in 2.2) prepared to

be enriched in Monomers (Ab42M), Oligomers (Ab42O)

and Protofibrils (Ab42P). To each experimental group, at

both ages, the CV injection was performed in

approximately 15 seconds and fishes were returned to

tank for recovery. All injections were performed on the

same day. Animals were routinely inspected for

abnormal behavior for the following 22 days. At 7 days

post injection (dpi), the open tank test was performed to

evaluate general exploratory capacity. At 21 dpi,

animals were tested for long-term aversive memory on

the inhibitory avoidance task. The experimental

approach was designed to answer our scientific

questions, avoiding interference from one behavioral

manipulation on the following.



Fig. 1. Experimental design.
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After the preparation of Ab42 in different oligomeric

states, solutions were structurally characterized using

AFM and used for CV injection in young and aged

adults. Seven dpi, animals were exposed to the open

tank test for 5 minutes to access their exploratory

behavior. They were daily monitored until the inhibitory

avoidance training and test sessions, performed at 21

and 22 dpi, respectively, to evaluate animals’ long-term

memory.
Preparation of different Ab42 forms

The Ab42 peptide (Sigma-Aldrich – A9810) was prepared

according to the adapted protocol from (Cunvong et al.,

2013) as described by (Nery et al., 2014). Briefly, the pep-

tide was first dissolved in DMSO 100% and then diluted in

ultrapure water to a stock concentration of 1 mM Ab42. To
produce the monomeric form, the stock solution was

diluted to 10 lM (0.25% DMSO) and stored at �20 �C
to prevent Ab42 unwanted aggregation. To prepare a solu-

tion composed mainly by oligomers, a fraction of the

monomeric solution was incubated for 5 days at 37 �C,
as described by Cameron et al. (Cameron et al., 2012).

After, the oligomer solution was frozen in liquid nitrogen

and stored at –20 �C. To prepare the protofibril-enriched

solution, a fraction of the monomeric preparation was also

incubated on a shaker (800 rpm), at 23 �C for 36 hours,

and then centrifuged (10 min � 15,000g), frozen in liquid

nitrogen, and stored at –20 �C (O’Hare et al., 1999). It is

known that freshly prepared monomeric Ab42 readily

aggregates into soluble oligomers in a concentration
and temperature dependent mode (Sakono and Zako,

2010; Cameron et al., 2012; Novo et al., 2018), so it

was imperative to prepare the solutions with utmost care.
Characterization of the Ab42 oligomeric preparations
using atomic force microscopy

Morphological analyses of all Ab42 preparations described
above were performed by Atomic Force microscopy (AFM

– Bruker, model Dimension Icon), operating in the Peak

Force Tapping and Peak Force QNM modes. Prior to

imaging, an aliquot (50 lL) of each Ab42 form was

deposited onto freshly cleaved mica surfaces and dried

under ambient conditions. Images were acquired with

Bruker’s ultrasharp Scanasyst Air Si tips on silicon

nitride cantilevers (tip nominal radius of 2 nm), with

spring constant of 0.4 N/m and resonant frequency of

70 kHz. Peak force frequency was typically around

2 kHz and peak force amplitude varied between 50–

100 nm. Samples were probed at different scanning

sizes (from 500 nm to 50 lm), with 256-or 512 lines/

image and scanning rates of either 0.50 or 1 Hz/line.

Image analysis was performed using the manufacturer’s

software (Nanoscope, Bruker) and Image J.

Animals and maintenance

Young (6 months, 0.4–0.6 g) and aged (36 months, 0.8–

1.2 g) wild-type AB zebrafish (Danio rerio) were

maintained in an automated recirculating multilink tank

system (Zebtec, Tecniplast, Italy) at a density of 1.5 fish

per liter with conditioned reverse osmosis-filtered water
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to keep the species standard parameters of conductivity,

temperature (28 �C ± 2 �C), pH (7.5), ammonia, nitrite,

nitrate, and chlorine levels. Animals were subjected to a

light/dark cycle of 14/10 h and fed commercial flakes

(TetraMin Tropical Flake Fish�) three times a day

supplemented with live brine shrimp (Artemia salina)
(Westerfield, 2007). Male and female individuals were

used irrespective of their gender. Fish from each experi-

mental group were randomly chosen for behavioral tests

and transferred from the growing tanks to glass tanks

(13 � 30 � 18 cm) in which they were kept during behav-

ioral analyses. Glass tank maintenance included a 2/3

water change three times a week after removal of the

excess of food or fish waste from the bottom using a

siphon and kept the same water quality parameters and

fish density.
Cerebroventricular injection

To deliver the Ab42 to the brain, a protocol of

cerebroventricular (CV) injection was adapted from

previous studies (Bhattarai et al., 2017b; Javed et al.,

2019). Briefly, fish were anesthetized in Tricaine MS-

222 (100 mg/L, 0.01% in water) and placed on a wet slit-

ted sponge. They were gently held while CV injection was

performed using a 1 lL Hamilton glass syringe. The Ab42
monomeric (Ab42 M), oligomeric (Ab42O), and protofibril-

lar (Ab42P) solutions (1 lL, 10 lM final concentration)

were injected between the right and left telencephalon

lobes.The needle did not enter more than 1 mm. The syr-

inge was washed twice with 70% EtOH and 1� PBS after

every injection. After injection, which lasted no more than

30 seconds for each individual, animals were placed back

on their original tanks to recover. After around 10 minutes,

their movement and breathing were visually normalized.

Around 3% of animals, irrespective of their experimental

groups, have shown aberrant swimming behavior in the

first 24 h and were euthanized. The remaining injected

animals were daily checked for the remaining 22 days of

experimentation and no sign of abnormal behavior were

observed.
Open tank test

The open tank test was used to evaluate animals

swimming parameters 7 days after the injection (dpi)

(Wong et al., 2010). Animals were placed individually in

experimental tanks (30 cm long � 15 cm high � 10 cm

wide) and were recorded for 6 min. Locomotion and

exploratory patterns of each fish were analyzed after the

first minute of habituation using EthoVision XT software

(Version 11.5, Noldus) at a rate of 30 positions per sec-

ond (Altenhofen et al., 2017). Each group had n = 20.

Normality and lognormality of data were analyzed by Kol-

mogorov–Smirnov. The following behavioral parameters

were parametric and analyzed by ANOVA followed by

Tuckey’s test of multiple comparisons: distance traveled

(m), mean speed of mobile time (m/s) and percentile of

mobile time (%). Statistical analyses of behavioral tests

were performed using Graphpad Prism 8 software
(GraphPad Software, San Diego, CA, USA). In all statisti-

cal analysis, the level of significance was set as p< 0.05.

Inhibitory avoidance test

To ascertain if the different Ab42 solutions caused long-

term memory deficit, an inhibitory avoidance task was

performed as established by Blank et al. (Blank et al.,

2009). From twenty-one dpi, animals were submitted to

training and test sessions separated by 24 h at the inhibi-

tory avoidance apparatus, a glass tank (18 cm

length � 9 cm width � 7 cm height) with two equally sized

compartments divided by a sliding glass guillotine-type

partition (9 cm � 7 cm). Compartments were defined by

opaque plastic self-adhesive films in black or white colors

externally covering all surfaces of the corresponding sides

(Fig. 1). Two electrodes extending through the wall height

and placed on each far side of the opposing walls of the

dark compartment were attached to an 8 V stimulator

and administered a final 3 ± 0.2 V AC shock (intensity

measured between electrodes and the center of the dark

compartment) when manually activated. Animals were

gently placed in the white side of the task tank while the

partition between compartments was closed. After 1 min

of habituation, the partition was raised 1 cm, allowing fish

to cross to the dark side of the tank.

On the training session, when animals entered to the

dark side with their entire body, the sliding partition was

closed, and a pulsed electric shock was administered

for 5 s. After this session, the fish was removed from

the apparatus and placed in a temporary housing tank

until all animals were tested, when all were returned to

their original tank. Animals were tested for long-term

memory retention 24 h after training. The test session

repeated the training protocol, except that the shock

was not administered and immediately after animals

crossed to the dark compartment, they were removed

from the apparatus. The latencies to cross from the

white to the dark side were recorded in both sessions.

While no ceiling time was used at the training learning

session to unbiasedly evaluate the possible effects of

age and treatment, during testing the maximum time

animals were allowed to spend in the white

compartment was 180 s (ceiling time). If that happened,

animals were gently removed and their latency was

considered to be 180 s. This ensured all behavioral

experiments were caried out in the mornings and were

less impacted by circadian fluctuations in activity and

feeding schedule. Each group had 8–12 individuals.

After the test, animals were euthanized by hypothermal

shock (Matthews and Varga, 2012).

Normality and lognormality of data were analyzed by

Kolmogorov–Smirnov. Data for inhibitory avoidance

were non-parametric and evaluated accordingly.

Training and test sessions were compared between

age-matched groups by Kruskal–Wallis. Long-term

memory retention was estimated by comparing training

and test session latencies within each group by Mann-

Whitney. Statistical analyses of behavioral tests were

performed using Graphpad Prism 8 software (GraphPad
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Software, San Diego, CA, USA). In all statistical analysis,

the level of significance was set as p < 0.05.
RESULTS

Ab42 structural characterization

AFM was employed to identify the predominant

nanoscale morphology of amyloid structures in the

different forms prepared from aqueous solutions. Fig. 2

summarizes the main findings. The monomeric solution

deposited onto mica resulted mostly in thin filamentous

structures together with a distribution of shorter

monomeric agglomerates as can be seen in Fig. 2A–F.

Fig. 2B shows a zoom on a filament cluster. Sections

across a series of filaments (dashed line L in Fig. 2B)

and along a selected filament F1 show heights around

or below 1.5 nm (Fig. 2C, D). The full height distribution

of such filaments and shorter particles lies between 0.5–

1.2 nm (second peak in Fig. 2e), which is very close to

the expected radius of gyration of Ab42 monomers

derived from mobility studies and MD simulations

(Baumketner, 2006) and from height distributions previ-

ously reported for monomeric Ab42 (Banerjee et al.,

2017). In our analysis, the most frequent structures seen

on mica have a wire shape, with length varying from 30-

200 nm (Fig. 2E). The profile along the length of filament

F1 in Fig. 2D shows repeated height variations with a peri-

odicity of about 5 nm, suggesting that they are formed

from a linear array of monomers. Considering the great

tendency of Ab42 to aggregate and the ordering effect of

electrostatic interactions on the mica surfaces

(Giacomelli and Norde, 2005; Moores et al., 2011), we

hypothesize that the 1 nm-high filaments are mainly

formed during the process of drying after deposition.

Indeed, when a higher monomer concentration is used

in the solutions, the deposition results in a continuous

monolayer film of Ab42.
Interestingly, in the deposits of the oligomer-enriched

preparation (Fig. 2G–K) such thin filament structures are

rare. Structures observed on the mica surface are

dominated by particles with globular morphology

(usually identified as oligomers with various repetition

units (Dahlgren et al., 2002a; Banerjee et al., 2017) and

a few short elongated aggregates. In the magnified view

of Fig. 2H, the arrows highlight the two most common

structures labelled as O1 and O2. Sections across these

features are depicted in Fig. 2I. The type O1 has a mean

height close to 1 nm and maximum length between 8–

12 nm. O2 has typically heights around 1.5–2 nm and

lengths between 16–20 nm. Height and length distribu-

tions obtained from section analysis of about 100 particles

are given in Fig. 2J,K, respectively. Clearly, oligomers

have much less tendency to aggregate in chains (at least

on mica surfaces) than monomers and the vast majority of

structures seen on the AFM images have lateral extent

below 20 nm. The globular morphology was also

observed elsewhere as transient forms on the pathway

of fibril formation (Dahlgren et al., 2002a; Glabe, 2008).

The deposits from the protofibrillar preparation, on the

other hand, are dominated by micrometer-long twisted

fibrils (Fig. 2L, N) and large entangled fibril clusters with
sizes of up to several tens of micrometers. The

morphology and diameter of such fibers is distinctively

different from the structures seen on the monomer and

oligomer preparations. Height distributions taken on a

fibril cluster (Fig. 2Q) show a predominance of heights

(i.e., fibril diameters) around 4–5 nm (as the fibril

labeled T2 in Fig. 2l and seen in the magnified image in

Fig. 2N), but a fraction has diameters close to 10 nm

(T4, Fig. 2L, P) or more. Fibril length is broadly

distributed (Fig. 2R) and the average value obtained in

5 lm AFM scans is 2.5 ± 1.3 lm. The predominant

twisted fibril type with diameters around 4 nm has a

pitch length deduced from height profiles (Fig. 2P)

around 34–36 nm. These characteristics are consistent

with the fibrils being composed of two twisted

protofilaments, about 2 nm each, as indicated by

coarse-grain molecular dynamics simulations and

confirmed by AFM imaging (Adamcik et al., 2010;

Adamcik and Mezzenga, 2012). The fibrils may have

varying diameters along their length and rounded junc-

tions at the point of intersection of several units. Thicker

fibrils show a larger pitch, sometimes close to 100 nm,

compatible with twisted ribbons composed of four protofil-

aments (Adamcik and Mezzenga, 2012). Such structures

are, nevertheless, rare. Also visible in the AFM images

are bundles of �1 nm-high filaments (marked as FB in

Fig. 2L, M), similar to those found on images from the

monomeric deposits. These filaments are better con-

trasted in adhesion images (Fig. 2M, O). A close inspec-

tion of the regions around fibrils (Fig. 2O) shows that

many of them lie close or on top of such narrow filament

structures.
Behavioral and cognitive effects in young and aged
adults

Zebrafish has been reported to live up to 4 years in

captivity and old individuals are generally considered to

have more than 2 years (Yu et al., 2006; Gilbert et al.,

2013; Parichy, 2015). They grow continuously over time

and is well established that zebrafish body size is signifi-

cantly impacted by breeding and maintenance conditions

and at younger ages a significant variation in size is

observed between individuals of the same developmental

age (Singleman and Holtzman, 2014). As expected,

young animals were smaller than aged ones, but within

expected sizes for the species. Individuals from our aged

group were 3 years old and showed phenotypic signs of

aging, as the typical spinal curvature (Hayes et al.,

2013), but remained active and social among their shoal

mates. Considering the dimensions of our behavioral

apparatus, no significant effect of their body size is

expected to influence our findings.
Open tank

After 7 dpi, animals were submitted to the Open Tank

Test to access the following exploratory and locomotory

parameters: distance travelled (m), mean speed (m/s),

and mobile time (%). No differences were observed

between young adults’ groups in mean speed (Fig. 3A),

distance travelled (Fig. 3B), and mobile time (Fig. 3C).
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Fig. 3. Open Tank Test. Mean speed of mobile time (m/s) of young (A) and aged animals (D), Distance travelled (cm) of young (B) and aged

animals (E) and time in movement (%) of young (C) and aged animals (F) during a 5-minute session. Mean speed, Distance travelled, and

Movement were analyzed by One-way ANOVA, followed by Tukey test. For all graphics, values are presented as Mean ± SEM and n = 20. Dots

represent individual values. Asterisks express differences between groups indicated by the line at p < 0.05.
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Mean speed (Fig. 3D), despite no significant differences

between aged Ab42 groups and their age-matched

control, was reduced when Ab42M and Ab42O
(p = 0.0124) and Ab42M and Ab42P (p = 0.0468) were

compared. The total distance travelled (Fig. 2E) also

differed between Veh and Ab42O (p = 0.0468) and

Ab42M and Ab42O (p = 0.0443). No significant changes

in mobile time were observed between aged individuals

(Fig. 3F). Additionally, when we analyze the overall

exploratory pattern of young and aged controls, aged

controls are faster and therefore explore longer

distances in the 5 min session than younger controls,

which could be attributed to their larger size.
3

Fig. 2. AFM analysis of the monomer (A–F), oligomer (G–K), and prot

topographical image of monomeric solutions dried on a mica surface. (B) M
filaments along the dashed line L marked in (B). (D) Longitudinal section alo

particles seen on AFM images. In (E) the peak centered at zero correspond

0.8 nm to the height of particles. (G) AFM image of the oligomer preparation.

(labeled O2 and O1). Cross sections over those particles are given in (I).
extended agglomerates seen in (G). (L) AFM height and (M) adhesion ima

regions zoomed in (N) and (O). T2 and T4 mark the most frequent fibrillar stru

filament bundles, similar to filaments that appear in the monomer deposits.
Inhibitory avoidance

We then asked if Ab42 injection would elicit long-term

memory deficits in young and aged animals after 21 dpi.

First, we analyzed overall performance to ensure

training sessions of animals from all groups and ages

were not different, suggestive of equivalent learning

capacities, as supported by the exploratory parameters

from the Open tank Test (Fig. 3). Training session

latencies from vehicle-injected control groups of both

ages were also equivalent. Memory retention,

represented by the significant increase in latencies from

training to test sessions, was evident in young adult Veh
ofibril preparations (l–R) deposited onto mica surfaces. (A) AFM

agnified view on a filament cluster. (C) Cross-section along several

ng filament F1 shown in (B). (E) Height and (F) length distributions of

to pixels at the surface level and the second distribution centered at

(H) Magnified view, highlighting the two most common oligomer types

(J) Height and (K) length distributions of oligomers (excluding rare

ges of fibrilar preparations dried on mica. The yellow boxes indicate

ctures found in the images, whose profiles are given in (P). FB are thin

(Q) Height and (R) length distribution of the fibrils.



Fig. 4. Inhibitory avoidance. Columns show mean latencies (s) + SEM to cross from white to dark compartment in training (clear) and test (shaded)

sessions for (A) young and (B) aged animals (n = 8–12). (A) Represents the young groups and (B) the aged groups. No differences were found

between training performances among all groups when compared by Kruskal–Wallis test. Asterisks express within group differences from training

and test sessions by Mann-Whitney (n = 8–12; * p < 0.05; ** p < 0.01).
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and Ab42M (p = 0.0343 and 0.0033, respectively), while

Ab42O and Ab42P did not show long-term memory

retention (Fig. 4A). Similar results were observed for

aged zebrafish: only Ab42 Veh and Ab42M showed

retention (p = 0.0082 and 0.0082, respectively) while

Ab42O and Ab42P were not (Fig. 4B). Overall, despite

the lack of statistical significance, older animals tend to

have higher latencies to enter the dark zone in both

sessions, which could be attributed to general

physiology and orientation aspects.
DISCUSSION

We prepared Ab42 in different oligomeric states according

to previously established protocols (O’Hare et al., 1999;

Cameron et al., 2012; Cunvong et al., 2013; Nery et al.,

2014) and analyzed their predominant nanoscale mor-

phology and behavioral and cognitive effects after cere-

broventricular injection in young and aged individuals.

Considering the current perspective on the physiological

and pathological contribution of these oligomeric states

to AD, the clarification of structural characteristics of used

preparations is of interest, as is their potential effects in

differently aged adults.

Regarding the structural analysis using AFM, the

distinct patterns observed in the three preparations

confirm that we are working with different states of

aggregation of Ab42 with morphological structures

consistent with expectations for each form (Dahlgren

et al., 2002a; Glabe, 2008). An apparent exception are

the thin filaments seen in monomeric deposits. However,

their small heights, often below 1 nm and short longitudi-

nal repeat distances, suggest these structures are a line

of monomers, most probably formed directly on the mica

surface, as previously discussed. In addition, they are

much different from the long, twisted, and entangled fibril-

lary arrays seen, e.g., in the protofibril preparation, or the

globular structures that dominate oligomeric deposits.

Comparison of the length of oligomers seen here to those
reported in the literature for stabilized cross-linked oligo-

mers of selected orders suggests the dominant order n
in our oligomer-enriched preparation to be 3–7

(Dahlgren et al., 2002b). However, the height of struc-

tures we see are small compared to Ab42 oligomers in

early stages of aggregation adsorbed on graphene and

measured in liquid (Nirmalraj et al., 2020). Furthermore,

oligomer conformation is dynamic (Banerjee et al.,

2017) and depict lateral sizes which are not very different

among low order oligomers, making difficult identifying the

class of oligomer based only on AFM size measurements.
The most frequent diameter of fibrils found in our protofib-

rillar preparation (�4.5 nm) are compatible to sizes

reported for the early stages of fibril formation (Nirmalraj

et al., 2020), but yet they may appear intertwined in large

fibril clusters. Of course, as Ab42 presents a complex

aggregation dynamic, involving seeding and the formation

of various oligomeric states in is path to the insoluble fib-

rillar form (Nirmalraj et al., 2020), there is obviously some

structural heterogeneity in the preparations. Some degree

of aggregation in the monomeric preparation in the form of

small oligomers cannot be totally ruled out. Similarly,

monomeric-like structures seem also to be present to a

certain degree in the more aggregated preparations. But

in general, their dominant morphological structures are

clearly distinct.

Exploratory activity in a new tank to which animals

were acclimated for 1 min was evaluated to ensure

animals’ exploratory capacity was preserved and their

general physiology was uncompromised by the CV

injection. Young and aged groups explored as expected

relative to their body size. Larger bodied animals from

the aged group were faster and travelled longer

distances than young individuals. No significant effect of

CV injection of Ab42M, Ab42O or Ab42P was observed in

young individuals when compared to their respective

control group (Fig. 3A–C). These results differ from work

by (Bhattarai et al., 2016) that found a significant impair-

ment of locomotory activity on animals of ages close to
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young adults on the first 7 dpi. Javed et al. (2019)

reported a change in swimming activity of 10-month-old

zebrafish one week post injection. However, the concen-

tration used was 50 lM, 5 times higher than ours. Bhat-

tarai reported also slower swimming speed 3 days after

injecting 20 lM of Ab42, a concentration also significantly

higher than the one used here (Bhattarai et al., 2016).

Aged animals showed more variation in their swimming

performance on the Open Tank test, but only animals

injected with Ab42O had a significant reduction in distance

travelled when compared to controls (Fig. 3E). Zebrafish

swimming performance was reported to decrease with

age by Gilbert et al. (2013), using a swim tunnel that

forced fish to swim against a flow to maintain their posi-

tion, which is more challenging than our general swim-

ming observation.

When animals were tested at 21 dpi for long-term

memory formation on the inhibitory avoidance, a similar

pattern of effects was observed among young and aged

individuals, suggesting that in the limited apparatus

space, swimming performance effects were not

impactful neither was their body size differences.

Training latencies among all groups were equivalent,

supporting these assumptions. Learning deficits were

observed in young and aged animals injected with

Ab42O or Ab42P (Fig. 4A, B), reinforcing the AOH

perspective that larger soluble forms are deleterious.

Our cognitive effects on the inhibitory avoidance are

similar to what other groups have found (Bhattarai et al.,

2016; Javed et al., 2019) using other behavioral tests.

The Ab42O effect may result from a combination of

cellular effects of oligomers such as overstimulation of

extra synaptic NMDA receptors, leading to Ca2+

upregulation, triggering a cascade of cytotoxic events

leading to synaptic disruption and neuronal loss (Tu

et al., 2014). The equivalent effects of the protofibrillar

form may be attributed also to oligomeric parts shed by

larger aggregates (Cohen et al., 2013) or by direct effects

of protofibrils and fibrils on the neuronal vicinity. Interest-

ingly, when injected with Ab42M young and aged zebrafish

demonstrated learning hability akin to control (veh) group,

which is in agreement to demonstrations of monomers

neuroprotective effects (Giuffrida et al., 2009) and other

physiological roles extensively reviewed in (Brothers

et al., 2018; Moir et al., 2018).

In this series of experiments, we focused on bringing

together in vivo behavioral effects and in vitro

characterization of Ab42 preparations and did not

investigate the underlying mechanisms of the cognitive

effects, which deserve attention and should be

examined in following studies, including signaling and

inflammatory responses caused by Ab CV.

Taken together our behavioral effects are in

accordance with current views on the positive and

deleterious roles of the different oligomeric states of

Ab42 on cognition. To be confident on our interpretation

of the behavioral effects of their CV administration, it

was critical to ensure that our preparations had the

expected overall characteristics, confirmed by AFM.

Amyloid aggregation is an active and complex process,

in which any step in the aggregation process can give
rise to a series of oligomeric species with varied size

distribution and conformational properties and therefore

analytical techniques must be applied accordingly. In

addition to characterizing the different oligomeric

presentations of Ab42 simultaneously, to ensure a

proper comparison between all groups, we were

especially attentive to the preparation and use of fresh

Ab solution. This is a critical methodological aspect, as

findings may be masked by the dynamic changes in

oligomeric forms that may occur spontaneously on Ab
solutions over time and may impede the comparison of

results from different studies available on the literature

until now.

While monomers tend to aggregate, protofibrillar and

fibrillar forms are known to shed oligomeric parts in a

process of secondary nucleation (Cohen et al., 2013),

adding to the complexity of characterizing intermediary

molecular structures of Ab42. Due to its dynamic equilib-

rium and complex balance in certain ranges of concentra-

tions, it is difficult to affirm the real nature of the species

observed on AFM as slight variation in protocols, solvents

or substrates may also impact characterization. Impor-

tantly, the AFM analysis and their distinct effects on cog-

nition support that our preparations are indeed enriched in

the proposed Ab42 monomeric, oligomeric, and protofibril-

lar forms, despite the presence of occasional larger

aggregates. A comparative analysis of the impact of sol-

vents used for initial Ab42 solubilization on amyloid mor-

phology and biological activity would be beneficial and

the incorporation of additional characterization techniques

could contribute to a better understanding of the intricate

dynamics of amyloid aggregation.

An additional challenge is a varying terminology used

to describe monomeric, protofibrillar or fibril forms in the

literature. Our comprehensive approach aimed to

contribute to this debate and our observations confirm

that our three Ab42 preparations were structurally unique

and within expected nanoscale dimensions and

morphologies, in agreement with data presented by

other research groups (Harper et al., 1997; Dahlgren

et al., 2002a; Glabe, 2008; Nirmalraj et al., 2020). Our

data reinforce new perspectives regarding Ab42 physio-

logical and pathological roles that we plan to explore in

the future.
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