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Prefacio

El presente trabajo de tesis surge de mi interés por comprender los mecanismos moleculares en el
cerebro cuando esta expuesto a determinadas sustancias o tratamientos. El conflicto armado en
Colombia genera una variedad de trastornos mentales y problemas sociales a los afectados. Hay
una limitacion importante al realizar analisis de tejido cerebral de humanos y son las multiples
interacciones con el ambiente, limitaciones en obtener una muestra, el gran volumen cerebral, las
diferentes areas que lo componen y la variedad de patologias que hayan sido diagnosticadas. Los
modelos animales son una alternativa para analizar los cambios del comportamiento y cambios
moleculares que pueda generar un tratamiento. Esta tesis explora los cambios comportamentales
y moleculares bajo condiciones de estrés ambiental y exposicion a sustancias como el alcohol y la

cafeina en el pez cebra.

Durante el desarrollo del presente trabajo se revisaron los software para andlisis del
comportamiento y se encontraron algunas limitaciones como costos en el acceso, largos procesos
y variabilidad de resultados. Posteriormente, tuve la oportunidad de trabajar con la Universidad
Industrial de Santander con el Dr. Fabio Martinez y el estudiante Edgar Montenegro y desarrollar
un algoritmo de libre acceso que permite realizar el analisis automatico del comportamiento. Se
espera que este trabajo de tesis aporte con el entendimiento de los mecanismos de los trastornos
mentales y, que la herramienta de andlisis del comportamiento ayude a los investigadores a

entender mejor sus datos.



Resumen

El estrés es un factor de riesgo para diversas enfermedades organicas incluyendo trastornos
psiquiatricos como la ansiedad, depresion, consumo de sustancias adictivas entre otros. El alcohol
es una sustancia ampliamente usada en el mundo y sus efectos agudos a nivel comportamental son
conocidos. El efecto del estrés ambiental y sustancias sobre el comportamiento se ha estudiado por
separado. El estrés a corto y largo plazo en el pez cebra puede generar alteraciones en el SNC
afectando los niveles de ansiedad en diferentes pruebas del comportamiento tales como la conducta
motora, social, aprendizaje y memoria. Sin embargo, a nivel molecular en el cerebro son poco
conocidos los efectos del estrés ambiental en conjunto con el alcohol y otras sustancias como la
cafeina, consumidas en todo el mundo.

La presente tesis de doctorado demuestra que el estrés ambiental agudo por si solo y en conjunto
con el alcohol o la cafeina disminuye la actividad locomotora del pez cebra y altera los patrones
de comportamiento de ansiedad, agresividad y social, determinado por tiempos de permanencia en
zonas de interés. Se realizd una revision de software de uso libre que describe las ventajas y
limitaciones de cada uno. Con la finalidad de mejorar el andlisis del comportamiento, se desarrolld
ZebraMov, un algoritmo que permite el analisis de los videos mas detallado y preciso, aplicable a
otras especies. El estrés asociado a la exposicion de cafeina mostré un aumento de la cohesion
social (efecto ansiogénico) con disminucion de la locomocion.

El andlisis del comportamiento de la prueba de agresividad con el espejo evidencio la disminucion
significativa de la locomocion en peces sometidos a estrés mas 0.75% de etanol comparado con el
control. En un estudio piloto con muestras de cerebro completo, se analizé la expresion de mRNA
en los grupos sometidos a estrés y estrés mas 0.75% de alcohol. Se evidenci6 una disminucién de
la expresion de 5 veces en los genes comta, slc6a3 (dat) y bdnf3; relacionados con la enzima que
degrada las catecolaminas, transportador de dopamina y el factor neurotréfico derivado del
cerebro, respectivamente. De forma aguda, el estrés puede generar cambios comportamentales y
moleculares y conducir a la neurodegeneracion, alterando la biodisponibilidad de moléculas
esenciales para la transmision sindptica que pueden llevar al desarrollo de trastornos psiquiatricos.
Debido a los diversos mecanismos involucrados en el estrés y exposicion a sustancias, persiste la
necesidad de analizar otros tipos de comportamiento y efectos moleculares que sean utiles como
estudios preclinicos para el desarrollo de tratamientos terapéuticos mas efectivos.



Abstract

Stress is a risk factor for several organic diseases including psychiatric disorders such as anxiety,
depression, and substances use disorders, among others. Alcohol is a widely used substance in the
world and its acute effects on a behavioral level are known. The effect of environmental stress and
substances on behavior has been studied separately. Short and long-term stress in zebrafish can
generate alterations in the CNS affecting anxiety levels in different behavioral tests such as
locomotion, social, learning and memory behavior. However, in the brain, the molecular effects of
environmental stress are poorly understood in association with alcohol and other substances such
as caffeine, consumed throughout the world.

The present doctoral thesis demonstrates that acute environmental stress by itself and associated
with alcohol or caffeine, decreases the locomotor activity of zebrafish and alters the patterns of
anxiety, aggressiveness and social behavior, determined by times of permanence in areas of
interest. A freely software review was performed and describes the advantages and limitations of
each one. In order to improve behavior analysis, ZebraMov was developed, an algorithm that
allows more detailed and accurate video analysis, applicable to other species. The stress associated
with caffeine exposure showed an increase in social cohesion (anxiogenic effect) with a decrease
in locomotion.

The behavior analysis of the aggressiveness test with a mirror showed a significant decrease in
locomotion in fish subjected to stress plus 0.75% ethanol compared to the control. In a pilot study
with whole brain samples, mRNA expression was analyzed in the groups subjected to stress and
stress plus 0.75% alcohol. A significant 5-fold down-regulation were observed for the genes
comta, slc6a3 (dat) and bdnf3; related to the catecholamine-degrading enzyme, dopamine
transporter, and brain-derived neurotrophic factor, respectively. Acute stress can generate
behavioral and molecular changes and lead to neurodegeneration, altering the bioavailability of
essential molecules for synaptic transmission that can lead to the development of psychiatric
disorders. Due to the several mechanisms involved in stress and exposure to substances, other
types of behavior and molecular effects need to be analyzed. Preclinical studies are useful for the
development of more effective therapeutic treatments and understand diseases mechanism.
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Lista de Abreviaturas y acronimos

°C: grados centigrados

pM: micro Molar

pL: microlitro

pg/L: microgramos por litro

bdnf3: factor neurotréfico derivado del cerebro 3
BS: Background Subtraction

c¢DNA: 4dcido desoxirribonucleico complementario
cm: centimetros

comta: catecol -o- metiltransferasa a

Cr: Cycle threshold, Umbral de ciclo
dH2O: agua destilada estéril

elfla: factor de elongacion al

L: litros

mL: mililitro

mg/L: miligramos por litro

mRNA: RNA mensajero

PCR: Reaccion en cadena de la polimerasa
qRT-PCR: PCR cuantitativa en tiempo real
ROI: region of interest

RT-PCR: PCR en tiempo Real

sle6a3: transportador de dopamina

SNC: Sistema nervioso central
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Capitulo 1. Introduccion

Los trastornos psiquiatricos a nivel mundial y en Colombia representan una de las principales
cargas de la enfermedad, afios de vida saludable perdidos por discapacidad y vividos con
discapacidad (Steel et al., 2014; GBD, 2019). Se han identificado factores de riesgo como el
estrés psicosocial y el consumo de alcohol para desarrollar trastornos mentales y
enfermedades cronicas cardiovasculares, digestivas, metabdlicas, entre otras (Daré et al.,
2019). Un estudio realizado a 1026 victimas del conflicto armado en Colombia de 13 a 65
afios de edad, evidenci6 a través de encuestas y escalas (CIDI, SIDUC, CICAD/OEA y el
DSM IV) que el 16,4 % presentaban depresion mayor, el 9,9 % estrés postraumatico, el 7,2
% ansiedad por separacion, el 5,8 % trastornos de conducta, y un 5,6 % déficit de atencion;
ademas, se explord el consumo de sustancias con una prevalencia de vida de consumo de
alcohol de 68,7 %; de tabaco 31,3 %, de marihuana 11,2 %, de cocaina 3,5 %, de bazuco 2,0
% y de inhalables 2,3 % (Castafio et al, 2017).

En pacientes diagnosticados con trastorno depresivo mayor y trastorno afectivo bipolar, se
ha evidenciado la alteracién de las concentraciones de neurotransmisores en plasma,
incluyendo el sistema GABAérgico, catecolaminérgico y serotoninérgico, lo cual explica los
sintomas presentes en los pacientes y la alteracion del comportamiento (Pan et al., 2018). Se
ha analizado en muestras de tejido cerebral de suicidas con trastorno depresivo previamente
diagnosticado y se han reportado variaciones en la expresion de genes relacionados con la
regulacion del estado de animo tales como receptores, transportadores y enzimas de
serotonina, dopamina, GABA y otras moléculas que intervienen para el correcto
funcionamiento neuronal (Yin et al., 2016). El factor genético desempefia un papel
significativo en la posible instauracion de multiples enfermedades, por ejemplo, el gen APOE
(que codifica para la apolipoproteina E) y la presencia de un alelo E4, es un factor de riesgo
para desarrollar la enfermedad de Alzheimer, pero no en todos los portadores se presentaran
los sintomas (Forero et al., 2016. Producto # 1). Como es evidente, el ambiente y los sucesos
que rodean la vida de un individuo puede influir en la aparicion de enfermedades y generar
cambios a escala molecular.

Reconocer los mecanismos de la enfermedad es fundamental para el uso y desarrollo de
nuevas moléculas que mejoren los sintomas existentes, por lo tanto, se necesitan mas estudios
que permitan establecer las consecuencias de los factores de riesgo, pero dada las
limitaciones en los humanos la experimentacion en modelos animales es una alternativa. En
ese sentido, el pez cebra o Danio rerio ha demostrado ser un modelo animal extremadamente
util en la investigacion en ciencias basicas y en el campo de las neurociencias, facilitando al
investigador la manipulacion del entorno, extraccion y correlacion de datos del
comportamiento con muestras bioldgicas (Kalueff, Stewart & Gerlai, 2014). El pez cebra
cuenta con multiples ventajas tales como su naturaleza prolifica, las hembras tienen la
capacidad de desovar entre 100-300 huevos, rapido desarrollo, comportamiento tipificado,
secuencia completa del genoma, mantenimiento facil y econdmico que lo hacen idoéneo para
la investigacion (Howe et al., 2013; Kalueff et al., 2013).



Mas recientemente, el uso de herramientas computacionales para el analisis de imagenes
como los softwares y el disefio de algoritmos se han vuelto parte fundamental para entender
diferentes fenomenos del comportamiento. Se realiz6 una busqueda de los software de uso
libre y sus caracteristicas y capacidades disponibles tienen en comun el analisis del
comportamiento locomotor, generando datos basicos de distancia, velocidad y aceleracion
de forma automatica, semiautomatica o manual; en su mayoria cuentan con capacidad de
analizar la locomocidn por regiones y tiempos de permanencia; otros software mediante el
aprendizaje de maquina se han especializado en el reconocimiento de multiples individuos y
de patrones caracteristicos de una especie (Franco-Restrepo et al., 2017. Producto # 2).

En consecuencia, el problema principal radica en la necesidad del investigador de usar dos o
mas programas para analizar mds variables cinemadticas; ademas sus algoritmos no son
uniformes por lo que pueden generarse diferencias en el andlisis cinematico y finalmente,
obtener datos especificos del comportamiento limita su aplicacion en otras especies. En ese
sentido, se desarrollo un algoritmo usando el método de binarizacion (background
subtraction) y de trayectorias densas (flujo optico); con la capacidad de analizar de forma
automatica los patrones cinematicos (posicion, distancia, velocidad y aceleracion); generar
mapas de ocurrencia por individuo; promedio de mapas con desviacion estandar por grupo;
y la aplicacioén de correlacion estadistica (Franco-Restrepo et al., 2021. Producto # 4). La
valoracion de los mapas de ocurrencia es una tarea subjetiva, a tal punto que un investigador
podria clasificar dentro de un grupo dos mapas que pertenecen a grupos diferentes. Por lo
tanto, con la finalidad de hacer esta tarea mas objetiva, se empled aprendizaje de maquina y
una red neuronal convolucional para clasificar los mapas de ocurrencia generados
previamente, diferenciando entre los peces control, los sometidos a estrés y los sometidos a
estrés mas la exposicion a alcohol o cafeina (Montenegro et al., 2021. Producto # 5). Esta
herramienta permite verificar el efecto de un tratamiento particular con cada uno de los
animales experimentales con una precision del 84%.

Por otra parte, varios autores han documentado los efectos del estrés ambiental y exposicion
a sustancias en el pez cebra en términos del andlisis del comportamiento y pruebas de
genética molecular (Abreu et al., 2014; Zhou et al., 2019). Sin embargo, no se realiza el
andlisis del comportamiento locomotor de forma completa, enfocandose en un dato
especifico de comportamiento, por ejemplo, la latencia en segundos en llegar a una region
especifica del acuario. El comportamiento del pez cebra sometido a estrés agudo y crénico
presenta alteracion en su patréon locomotor con disminucion de la distancia recorrida; en
pruebas de medicion de estrés y ansiedad como la busqueda de refugio, los peces estresados
buscan en menos tiempo el refugio en comparacion con los controles (Piato et al., 2011;
Manuel et al., 2014). En pruebas de expresion de mRNA el estrés y el alcohol alteran la
expresion de receptores, factores de crecimiento y enzimas en muestras de tejido cerebral
(Pan et al., 2011; Tran et al., 2016). La combinaciéon de ambos factores (estrés y alcohol),
producen una disminucién de la expresion de genes candidato tales como el transportador de
dopamina (slc6a3), el factor neurotrofico derivado del cerebro (bdnf3), la comta- catecol -o-
metiltransferasa a (comta) y aumento no significativo en la expresion del transportador de



serotonina (slc6ada); relacionados con la homeostasis neuronal y que influyen en la posible
instauracion de trastornos mentales (Franco-Restrepo et al., 2021. Producto # 3).

Con la finalidad de caracterizar y analizar el efecto del estrés ambiental asociado a la
exposicion a sustancias en términos del comportamiento y efecto genético, en el presente
trabajo de tesis se adapto un protocolo de estrés ambiental agudo de tres dias el cual consiste
en cambio de temperatura del agua, persecucion e inmovilizacion. Posteriormente, los peces
fueron expuestos a alcohol o cafeina (sustancia depresora y estimulante del SNC,
respectivamente) a diferentes concentraciones para luego ser trasladados a un tanque y grabar
su comportamiento en una prueba determinada (exploracion/ansiedad, agresividad y social).
Los videos se analizaron con software de libre acceso y mediante nuevas estrategias
computacionales. En un estudio piloto, con muestras de tejido cerebral de peces bajo estrés
y alcohol, se analizaron los niveles de expresion de mRNA mediante PCR en tiempo real
(RT-PCR) y el método comparativo Cr.

1.1 Objetivo general y especificos
Explorar y describir los cambios del comportamiento y cambios moleculares del pez
cebra bajo condiciones de estrés ambiental repetitivo y administracion de alcohol y cafeina.

Especificos:

1. Analizar software de uso abierto disponibles, sus capacidades y limitaciones en el
analisis de videos del comportamiento.

2. Analizar y caracterizar el comportamiento del pez cebra bajo condiciones de estrés
ambiental en pruebas de exploracion/ansiedad, agresividad y social.

3. Analizar y caracterizar el comportamiento del pez cebra bajo condiciones de estrés
ambiental y exposicion a alcohol y cafeina en pruebas de agresividad, exploracion/ansiedad
y social.

4. Analizar la expresion de genes de interés en el pez cebra sometido a estrés
ambiental y exposicion a alcohol.

5. Explorar la posibilidad de desarrollar herramientas que nos ayuden a obtener datos
para entender el comportamiento del pez cebra con el uso de herramientas computacionales
como la automatizacion de procesos, aprendizaje de maquina y redes neuronales
convolucionales.

Esta tesis analiza y caracteriza la alteracion del comportamiento en pruebas de ansiedad,
agresividad y conducta social y adicionalmente explora desde el punto de vista de la genética
molecular en el pez cebra las potenciales relaciones entre condiciones de estrés ambiental
agudo y exposicion a alcohol y cafeina. Su aplicacion potencial en el campo de las
neurociencias es facilitar la comprension de los mecanismos neuronales generado por el
estrés y el uso de sustancias. Por otra parte, la aplicacion de los algoritmos ahorrara tiempo
en la extraccion de datos, aumentando la precision de seguimiento, generando datos
adicionales como promedios, desviacion estandar y correlacion estadistica a partir de mapas
de ocurrencia para posicion y locomocion. La herramienta empleada usé aprendizaje de
maquina y redes neuronales que pueden catalogar y deducir el comportamiento de un



individuo por medio de las secuencias de imagenes analizadas. Los andlisis realizados
facilitaran a los investigadores en campos del comportamiento a entender los fendémenos
subyacentes y la correlacion con pruebas moleculares; en campos como la farmacologia y
toxicologia ayudara a la comprension de los efectos de una sustancia y a la toma de decisiones
segun las dosis empleadas.

Capitulo 2. Estado del Arte

La metodologia empleada se describe brevemente a continuacion y se profundiza en cada
seccion mas adelante. Inicialmente se someti6 a los peces cebra adultos a estrés ambiental
durante tres dias y posteriormente a la exposicion aguda a sustancias, pruebas de
comportamiento, eutanasia, extraccion de cerebro completo y finalmente pruebas de genética
molecular. El andlisis de los videos del comportamiento es parte fundamental para la
correlacion de resultados moleculares, por lo tanto, a través de estrategias computacionales
se desarrolld un algoritmo capaz de medir patrones cinematicos de forma precisa y con
capacidad de generar datos adicionales para facilitar la comprension del fendémeno
comportamental.

2.1 Animales y mantenimiento

El pez cebra o Danio rerio es un organismo vertebrado originario de la India, Nepal y
Bangladesh que se describi6 por primera vez en el afio 1822, perteneciente a la clase de los
teledsteos (que poseen esqueleto, escamas y vejiga natatoria) y habita es estado natural en
los rios de poca profundidad (Hamilton, 1822). En el afio 1920 fue identificado como un
organismo genéticamente tratable, principalmente los de patrén de pigmentacion con lineas
(Goodrich, 1929; Holtzman et al., 2016). Para el ano 1981 se realizaron los primeros estudios
para evaluar la segregacion de alelos y mutaciones (Streisinger et al., 1981). Mas
recientemente, el comportamiento del pez cebra se ha caracterizado, con aproximadamente
190 tipos de comportamientos que estan incluidos dentro de los principales dominios del
comportamiento como lo son el locomotor, ansiedad/miedo, social, cognitivo y sensorial
(dolor y sentidos) (Kalueff et al., 2013). En el afio 2013, en su versién nimero tres, se
secuencio6 el genoma completo del pez cebra, siendo una de las especies con duplicacion
génica, contando con 25 pares de cromosomas (1.412 Gb), 26.206 genes que codifican
proteinas y una homologia con los humanos de 71,4% (Howe et al., 2013). Su cerebro ha
sido mapeado y cuenta con sistemas y neurotransmisores de serotonina, GABA,
catecolaminas, glutamato, entre otros (Asakawa et al., 2008; Randlett et al., 2015).
Comparado con otros modelos animales, cuenta con ventajas como la transparencia de los
embriones y cepas sin pigmentacion en etapa adulta, alta tasa de reproduccion, répido
crecimiento y costos de mantenimiento econdémico (Stewart et al., 2014). Estas caracteristicas
hacen que sea el modelo adecuado para investigacion en ciencias basicas de la salud y un
modelo animal de utilidad en medicina traslacional (Stewart et al., 2014; Vargas, 2017).

En el presente trabajo se emplearon peces cebra adultos tipo silvestre que fueron obtenidos
en una tienda local de animales. Cada acuario contenia un volumen de 7 L, 400 mL por



espécimen, permitiendo contener alrededor de 18 peces por tanque. La temperatura de los
acuarios se mantuvo a 27 + 1°C, con filtros que permitieron la aireacion y distribucion del
agua y garantizaban una adecuada temperatura y calidad del agua. De igual forma el sistema
de iluminacion garantiza ciclos de luz oscuridad de 12:12 horas respectivamente (Kim et al,
2009). La alimentacion se realizé diariamente con dieta estandarizada para peces tropicales
(Tetramin®) disponible comercialmente. Diariamente se hacian mediciones de temperatura
y pH para garantizar niveles Optimos entre 6.8 y 7.4 (Trevarrow, 2004); ademas se
observaban los peces para identificar anormalidades anatémicas, patologias y condiciones de
estrés que pudieran generar cambios de conducta. De ser necesario, los animales con algiin
tipo de deterioro se les practicaba eutanasia con crioanestesia a -4°C.

2.2 Poblacion y aspectos éticos

Se emplearon un total de 130 ejemplares de peces cebra adultos tipo silvestre, sanos, sin
evidencia de enfermedades, los cuales fueron asignados a grupos control o experimental de
forma aleatoria. Los grupos experimentales fueron sometidos a estrés y exposicion a alcohol
o cafeina con dosis segun lo reportado en estudios previos (ver adelante). Cada grupo incluyé
una muestra de seis peces lo cual estd en concordancia con las muestras reportadas en
publicaciones de este tipo y se ajusta al principio bioético de las 3 R’s (Russell y Burch,
1959) y la Guia para el Cuidado y Uso de Animales en Neurociencia y en Investigacion del
Comportamiento (National Academies Press, 2003). Los grupos experimentales resultantes
fueron grupo control, solo estrés y estrés mas alguna dosis de alcohol o cafeina. La
experimentacion fue aprobada por el comité de ética para investigacion con animales de la
Universidad Antonio Narifio (Junio/2017).

2.3 Disefio experimental: Exposicion a estrés ambiental y sustancias

Con el fin de evaluar el comportamiento en el pez cebra, se sometieron ejemplares a un
protocolo de estrés ambiental agudo (adaptado de Piato et al, 2011) durante 3 dias el cual
incluy6:

Dia 1: cambio de tanque con temperatura del agua a 33°C por 30 minutos, seguido de cambio
del tanque con temperatura del agua a 23°C por 30 minutos. Dia 2: persecucion con red
durante 10 minutos en tanque de almacenamiento. Dia 3: inmovilizacion en tubos Eppendorf
de 2 mL (abiertos por ambos polos para permitir la circulacion de agua oxigenada) por 60
minutos (Figura 1). Durante el dia 4 se le realiz6 la exposicion a sustancias y evaluacion del
comportamiento en diferentes pruebas para lo cual se grabaron videos de 5 minutos de
duracion para su posterior analisis.
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Figura 1. Protocolo de estrés ambiental

En el dia 1 los peces son cambiados a tanques con temperaturas de 23 y 33°C durante 30 minutos en cada
temperatura. En el dia 2 se introduce una red y se persiguen durante 10 minutos. En el dia 3 se inmovilizan los
peces dentro de un tubo de Eppendorf (abierto en ambos extremos para la oxigenacion) durante una hora. En el
dia 4 los peces son expuestos a etanol o cafeina y posteriormente se realiza la prueba del comportamiento.

El efecto del estrés agudo como el traslado de un pez a otro tanque y ser transportados por
30 minutos en un vehiculo, produce una disminucién del comportamiento locomotor y
exploracion en pruebas tales como el tanque trapezoidal y prueba de la caja con luz/oscuridad
(Song et al., 2016). Con enfoques similares se ha estudiado en el pez cebra las diferencias de
género en el comportamiento agresivo y cohesidon social, mostrando una exploracion
reducida, mas episodios de congelacion y tendencia al agrupamiento social (Piato et al., 2011;
Rambo et al., 2017).

Las dosis administradas estan relacionadas con las reportadas en la literatura para este modelo
y se diluyeron en un tanque de 1 L para alcanzar la concentracion deseada de cada compuesto.
La exposicion a etanol se realizé a concentraciones de 0 (solo estrés), 0.25, 0.5, 0.75 y 1%
con una duracion de 40 minutos, tiempo minimo necesario para alcanzar concentraciones de
alcohol en la sangre y cerebro similares a la concentracion del tanque (Gerlai, 2009). El
alcohol a nivel neuronal tiene un efecto principalmente inhibitorio, bloqueando canales
io6nicos de sodio dependientes de voltaje y de potasio activados por calcio, aumentando la
neurotransmision de GABA en la médula espinal y afectando a largo plazo las vias de
recompensa de la dopamina (Sullivan et al., 2010). La exposiciéon aguda a dosis bajas a
moderadas en el pez cebra adulto induce cambios en el comportamiento que incluye
disminucién de la ansiedad; aumento en la locomocién y agresividad; cambios en la
preferencia de lugar y en el comportamiento social (Echevarria et al., 2010; Mathur et al.,
2011). En contraste, la exposicion cronica al alcohol produce tolerancia y abstinencia
incrementando la ansiedad y disminuyendo la tendencia al agrupamiento social (Cachat et
al., 2010).

Para la exposicion a cafeina se usaron concentraciones de 0 (solo estrés), 10 y 100 uM,
equivalentes a 1.94 y 19.41 mg/L, con exposicion aguda durante 20 minutos. Las dosis y



tiempos de exposicion han sido reportadas previamente en diversos estudios, con variaciones
de exposicion de 5 a 30 minutos y rango de dosis de 0.01 pg/L a 200 mg/L (Rosa et al., 2018;
Zhou et al., 2019). Posteriormente cada pez era transferido a un tanque con agua fresca por
5 minutos y luego transferido al tanque del comportamiento para grabar la prueba. La cafeina
es un agonista competitivo, no selectivo que bloquea principalmente los receptores A1, Aza,
Az y D2; con efectos principalmente en el SNC y en el comportamiento del pez cebra,
incrementando la ansiedad, agresividad y estado de alerta (Ferré, 2016; Rosa et al., 2018).
Las altas dosis de cafeina y el efecto causado principalmente por la union a los receptores
A1, se han relacionado con reduccion de la exploracion y aumento en los niveles de cortisol,
lo que puede ser traducido en un efecto ansiogénico (Ladu et al., 2015; Ferré, 2016). Los
efectos del comportamiento social bajo condiciones de estrés y exposicion a cafeina
combinados no se han estudiado previamente en el pez cebra.

2.4 Pruebas de comportamiento

En el pez cebra se han caracterizado diversos tipos de comportamiento. Con base en el
catalogo de comportamiento del pez cebra, se tuvo en cuenta el comportamiento locomotor;
geotaxis que hace referencia a la preferencia por las zonas profundas del tanque; tigmotaxis
que es la tendencia a permanecer cerca de las paredes, comportamiento social y de ansiedad
(Kalueff et al, 2013). Se realizaron grabaciones y se analizd el comportamiento de los peces
cebra por 5 minutos en los siguientes tanques (Figura 2):
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Figura 2. Tanques del comportamiento.

A. Tanque para la prueba del comportamiento social, la region de 30 cm se divide en tres zonas virtuales de 10
cm cada una (social, media y lateral). B. Tanque trapezoidal para prueba de ansiedad/exploracion, el fondo se
divide en dos regiones, tercio inferior (fondo) de 5 cm y tercio superior de 10 cm. C. Tanque para prueba del
comportamiento de agresividad con prueba del espejo con una zona de contacto (lineas negras punteadas).



En la prueba de exploracién/ansiedad en ambiente novedoso estudios previos han empleado
el tanque trapezoidal, dividido virtualmente en dos secciones, tercio inferior y dos tercios
superiores del tanque. Generalmente el pez presenta ansiedad manifestindose con mayor
tiempo en el fondo. Se evaluaron los tiempos en la exploracion en un tanque con medidas de
longitud en la base de 23 cm, longitud superior de 28 cm, altura 15 cm y 7 cm de ancho
(Grossman et al, 2010).

La prueba de agresividad con prueba de espejo permite valoracion de agresividad mediante
el tiempo de permanencia en la zona cercana al espejo, previamente se ha estudiado en tanque
rectangular con un espejo en su interior, los peces cebra exhiben comportamientos como
mordidas, aumento del nado en direccion hacia el otro pez y despliegue de aletas dorsales y
pectorales del pez dominante hacia el subordinado, esto a través de andlisis manual y
semiautomatico del comportamiento (Filby et al., 2010; Way et al, 2015).

En la prueba de preferencia social con un tanque de 50 cm de longitud con divisiones
transparentes en sus extremos de 10 cm, el pez valorado se encuentra en el centro (30 cm)
con division virtual de 3 zonas de 10 cm (social, media y lateral). Permite la valoracion de la
preferencia social al introducir un pez en uno de los extremos de 10 cm del tanque, el pez
sujeto a prueba se movera libremente (zona de 30 cm) cruzando las zonas. Los peces cebra
tienden a permanecer mas tiempo en la zona social (Grossman et al, 2010). Los tanques en
las pruebas de agresividad y social fueron llenados con 5 cm de agua con el fin de evaluar
unicamente la exploracion en las zonas mencionadas.

Se han identificado patrones de conducta especifica como la preferencia a reunirse en grupos
(conducta social), a unirse a un grupo cuando estd separado (coherencia social), conductas
de territorialidad y la tendencia a mostrarse agresivo cuando estd en grupos pequenos de 2 -
4 individuos, esto ultimo se refleja en el cambio de pigmentacion de la superficie corporal y
el despliegue de patrones de movimientos complejos que incluyen ondulaciones y la
tendencia a atacar y morder al oponente (Eddins et al, 2008; Kalueff et al, 2013).

2.5 Eutanasia

Con el fin de evitar posibles interacciones en la medicion del comportamiento y pruebas
moleculares, se evito el uso de tricaina (MS-222) en las pruebas y en la eutanasia, ya que
previamente se ha reportado aumento de la actividad locomotora en algunas ocasiones,
requiriendo aumento de la dosis para producir una muerte segura (AVMA, 2020). Por otra
parte, Strykowski et al. (2013), reportaron una eficacia mayor en la eutanasia a 4°C o menos
en comparacion con la tricaina, requiriendo un tiempo mayor de exposicion, pero evitando
introducir una variable adicional en las pruebas. Se uso crioanestesia a 4°C por 20 minutos y
posteriormente el pez era transferido a un tubo Eppendorf de 1,5 mL con 700 pl de dH20 y
almacenados a -20°C. Posteriormente, con el fin de realizar la extraccion de cerebro
completo, se procede a decapitacion rapida con una hoja de bisturi en la region cefalica
posterior (Sterling et al, 2014 y Rico et al, 2011). El peso y la talla de cada pez fue tomado
previo a la extraccion del cerebro.



2.6 Analisis del comportamiento

Para el andlisis del comportamiento se uso6 inicialmente el software de uso libre ImageJ y el
plugin AnimalTracker (Gulyas, 2016) que permiten el andlisis automatico del
comportamiento ajustando los parametros adecuadamente a cada prueba. Se analizan los 5
minutos de cada video grabado. El software genera datos de la distancia total recorrida,
velocidad promedio, tiempo de congelamiento, tiempo de permanencia en regiones de interés
(ROI) y el trayecto realizado por el pez. De los softwares disponibles, AnimalTracker cuenta
con un andlisis locomotor mas completo, con una interfaz grafica de facil uso y disponible
para la mayoria de los sistemas operativos (Tabla 1).

Tabla 1. Software de uso libre para analisis del comportamiento

TABLE 1. OVERVIEW OF FREELY AVAILABLE, OPEN-SOURCE SOFTWARE FOR THE AUTOMATED ANALYSIS BEHAVIOR IN ANIMAL MODELS

Software

Operative system/program

Types of analyses

Types of input

Types of output

Webpage

wrMTrck

Windows and Mac OS X/
JAVA-Imagel

Mouse Behavior Windows, Mac OS X and

Total length, average speed,
area, perimeter, and
trajectories.

Distance and average

AVI files with jpg
compression

AVI or MPEG-compressed

txt, xls, tff files
and AVI videos

Txt or xls files

www.phage.dk/plugins/
wrmtrck.html

www.BioTechniques.com/

Tracker Linux/JAVA-Image] velocity. AVI files, Mp4 article/114607.
AnimalTracker ~ Windows, Mac OS X and Total length, average speed, AVI files with jpg txt, xls, tiff files animaltracker.elte.hu
Linux/JAVA-Imagel and time spent in ROL compression and AVI videos
idTracker Windows/MATLAB Trajectories, identification Compatible with MATLAB, X and Y www.idtracker.es
of one animal in different uncompressed AVI or coordinates and
videos and ROI. MPEG-compressed AVI images files
files
Mousetracker Windows, Linux and Mac OS Velocity, acceleration, and AVI format XY coordinates can www.neuro.ufrn.br/
X/Pascal-Delphi-MS Excel time spent in ROIL. be copied softwares/mouselabtracker
directly
JAABA Windows, Mac OS X and Bites, persecution, sexual Several formats and MATLAB files http://jaaba.sourceforge.net
Linux/MATLAB behavior, angle of turn, resolutions. X and Y https://www janelia
grooming, jump, walk, coordinates .org/lab/branson-lab
immobilization, and
touch. Locomotion and
O
Ctrax Windows and Mac OS X/ Trajectories, velocities, Common digital video csv and mat files. ctrax.sourceforge.net
Phyton—MATLAB speed, position, and formats, mainly AVI Converts the file
turning speed histograms. to .ann extension
VideoHacking Windows, Mac OS X and Velocity, acceleration, total Common digital video Graphical interface faculty.ithaca.edu/iwoods/
Linux/Phyton—Open CV length, average speed, formats to view data docs/
and time spent in ROL summary
ToxTrack/ToxIld Windows/C++ Total distance, speed, AVI or MPEG-compressed  txt, xls, tiff files https://sourceforge
acceleration, time near AVI files and AVI videos .net/projects/toxtrac/
the walls (measure of
anxiety), and ROIL.
EthoWatcher Windows/C++ Frequency, duration, and AVI or MPEG-compressed  csv files http://ethowatcher
latency of each behavior. AVI files .paginas.ufsc.br
MouseMove Windows/LabView—ImageJ Distance, average velocity, AVI or MPEG-compressed  csv files https://www.nature.com/
acceleration, curvature, AVI files articles/srep16171#s3,
stationary fraction, Supplementary File 2
laterality y ROIL.
Cowlog Windows, Mac OS X and Analysis of different Common digital video csv files cowlog.org

Linux/Java—html

behaviors can be set
(tapping a button when
the event occurs)

formats

AVI, audio video interleaved; MJPEG, motion joint photographic experts group; ROI, region of interest.

En general, para el procesamiento de los videos se emplean el método clasico de seguimiento
de binarizacion o BS que incluye una transformacion de los videos a blanco y negro, donde
el objeto/pez a seguir contrasta con el entorno y se generan los datos de locomociéon. Usando
el método BS mas el método de trayectorias densas (flujo optico) (Wang et al., 2011) fue
posible obtener datos de locomocion y mapas de ocurrencia para posicion, velocidad y
aceleracion (Figura 3). En ese sentido, AnimalTracker nos permitio hacer una validacion de
los datos de locomocidn obtenidos frente al método propuesto.
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Figura 3. Flujo de trabajo para analisis del comportamiento social.

Con los videos previamente grabados, las secuencias de video son analizadas mediante el método de
Background Subtraction (BS) para obtener los datos de locomocion; el flujo dptico permite crear los mapas de
ocurrencia y ser analizados mediante correlacion estadistica.

A partir de los mapas de ocurrencia fue posible hacer una imagen promedio con desviacion
estandar de cada grupo y mediante correlacion estadistica comparar para ver las diferencias
y similitudes entre los grupos. Como se menciond en la introduccion, evaluar los mapas es
una tarea subjetiva y el andlisis propuesto permite tener resultados de los mapas de forma
cuantitativa. Con la finalidad de hacer esta tarea mas objetiva, se utilizaron herramientas
computacionales como el aprendizaje de maquina, redes neuronales convolucionales y
aprendizaje profundo con el objetivo de clasificar y agrupar los mapas de ocurrencia
generados. Para la validacion de esta herramienta se usaron mapas de ocurrencia de peces
cebra control, expuestos a estrés y estrés mas alcohol o cafeina y mostré una precision de
84% usando 3 cinematicas (posicion, velocidad, aceleracion) (Figura 4).
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Figura 4. Clasificador de mapas de ocurrencia con aprendizaje de maquina.

Clasificacion a partir de los mapas de ocurrencia y con el uso de aprendizaje de maquina.

2.7 Analisis de expresion génica

Uno de los estudios que ha empleado la mayor cantidad de analisis de genes (méas de 24.000
genes y secuencias) a nivel cerebral en el pez cebra adulto (6 meses) con exposicion a alcohol,
demostré un cambio de expresion en multiples tipos funcionales de genes incluyendo
diferencias en la actividad enzimatica, moléculas de unién a sitios especificos,
transportadores de membrana, actividad de transcripcidon, hidrolasas, receptores,
metabolismo de alcohol entre otros (Pan et al, 2011). En dicho estudio, la exposicién a
alcohol se realiz6 de forma continua y gradual por 21 dias hasta alcanzar una concentracion
en el agua de 0.5%. El analisis realizado RT-PCR y microarreglos demostro sobreexpresion
del transportador de glucosa dependiente de sodio (slc5al, 79.34 veces), receptor del factor
de crecimiento opioide (ogfr), apolipoproteina A-IV (apoa4, 53.32 veces), carboxipeptidasa
B1 (cbpl), alcohol deshidrogenasa (adha8a) y varias familias de citocromo p450, incluyendo
2,3,4,8,11,12,22,46 y 71. Los genes que demostraron reduccion de la expresion fueron
el receptor de neuromedina B (nmbr) y el transportador de glicina (slc6a9). Con cambios
significativos en la qRT-PCR demostraron disminucién de la expresion en el receptor de
dopamina (drd3) y el receptor de N-metil D-aspartato (grinla) (Pan et al, 2011). A pesar de
la informacién existente en este y otros modelos animales, no se conoce a totalidad los
mecanismos neuronales moleculares por los cuales el alcohol genera cambios en el
comportamiento.

En nuestros resultados, el comportamiento locomotor de los grupos sometidos a estrés y
estrés mas 0.75% de etanol mostraron diferencias significativas comparado con el grupo
control. Por lo tanto, se realiz6 un estudio piloto de anélisis de expresion génica con muestras
de tejido cerebral de pez cebra. Los ejemplares fueron sacrificados y se extraia el cerebro
después de las pruebas de comportamiento. Para esto se uso crioanestesia a 4°C y se procedid
a realizar la diseccion del cerebro.

Una vez extraido el cerebro se realizd la extraccion de RNA (siguiendo el protocolo de
TRIzol™ de invitrogen) para posteriormente generar el cDNA (SuperScript® III First-
Strand Synthesis System for RT-PCR) y ser procesadas y analizadas por PCR en tiempo real
con el equipo CFX96 Touch™ Real-Time PCR Detection System. Un volumen final de 10uL
por tubo de PCR fue procesado, usando 2 uL. de cDNA, 5 pL. de SYBR® Green Master Mix
qPCR, 0,8 uL de cada primer y 1,4 pL de agua grado molecular. Los pardmetros de la RT-
PCR fueron: 95 °C por 2 min, seguido de 40 ciclos a 95°C por 20 segundos y 55 °C por 30
segundos (Adaptado de Theodoridi et al, 2017). Se tomd como gen de referencia el elfla
(factor de elongacion 1 alfa) para comparar los niveles de expresiéon con el método
comparativo CT (244CT), este gene presenta la menor variabilidad en expresion frente a la
exposicion a sustancias, etapa del desarrollo y tejidos en pez cebra (McCurley et al, 2008;
Parker et al, 2014). Los primers que se usaran para la RT-PCR previamente han sido usado
por otros autores (Tabla 2. Producto # 3). Sin embargo, se realiz6 una comprobacion in silico
(UCSC in silico PCR) y verificacion de homologia de los aminoacidos (Clustal Omega).
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Tabla 2. Primers usados en RT-QPCR.

Gene Forward primer Reverse primer Reference
slc6ada ACTGCACCCACTACCTGTCC ATGCCAGGAGAACACCAAAG Emerson et al.,
2000
slc6a3 AGACATCTGGGAAGGTGGTG ~ ACCTGAGCATCATACAGGCG Barreto et al.,
2012
comta TCACGACCACAGCGCATCT CCCACATTCATGGCCCATT Alazizi et al.,
2011
bdnf3 GGCGAAGAGCGGACGAATATC  AAGGAGACCATTCAGCAGGACAG Licino et al.,
2002
elfla CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC McCurley et al.,
2008

Los genes candidatos analizados en el pez cebra por sus funciones neuronales implicadas en

mecanismos de adiccion, tolerancia al alcohol, cambios en el comportamiento, y para los
cuales no hay estudios previos en expresion génica relacionados con la exposicion a estrés y
sustancias son el transportador y recaptacion de serotonina (slc6a4a) (Theodoridi et al, 2017);
el transportador de dopamina (scl6a3, previamente conocido como dat) (Huang et al, 2017);
el factor neurotrofico derivado del cerebro (bdnf), el cual esta relacionado con crecimiento,
diferenciacion y mantenimiento de las neuronas (Theodoridi et al, 2017); el gen comt que
codifica para la enzima catecol -o- metiltransferasa encargado de la degradacion de las
catecolaminas incluyendo la regulacion de los niveles de dopamina (Sagud et al, 2018). El
gene elfla se us6 como gen de referencia ya que han demostrado poca variabilidad entre
tejidos y con exposicion a sustancias (McCurley et al, 2008). Todos los genes mencionados
anteriormente expresan proteinas que regulan el comportamiento por diferentes mecanismos
moleculares. El alcohol y el ambiente actian de forma compleja a nivel neuronal y es
relevante investigar sus efectos a nivel molecular y relacionarlos con el comportamiento.

2.8 Analisis estadistico

Se aplico estadistica descriptiva a los datos registrados que incluye promedio aritmético y
error estandar, en cada grupo. El andlisis estadistico se llevd a cabo en el software SPSS
statistics 18 de IBM y JASP. Con el fin de evaluar las diferencias en el comportamiento entre
grupos se realizo ANOVA de dos o més factores seguido del test de comparaciones multiples
HSD (Honestly-significant-difference) de Tukey con una significancia reportada a partir de
p<0.05. Se usé t student en un grupo de peces en un disefio pre-post con exposicion a 0.75%
de etanol para evaluar diferencias significativas. Para la estadistica inferencial se emple6 el
Test de ANOVA de dos vias o més para determinar las diferencias en la expresion de mRNA
entre los grupos control y los expuestos a estrés ambiental y sustancias.
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Capitulo 3: Justificacion

Se plantea que es necesario mejorar las condiciones de salud mental en el pais que incluye
desafios en la disminucion del consumo de sustancias, violencia intrafamiliar y social, tasa
de suicidios y victimas del conflicto armado por mencionar algunos (PDSP). En este
contexto, conocer los mecanismos subyacentes al estrés ambiental y la exposiciéon a
sustancias es relevante con el fin de mejorar la calidad de vida y los tratamientos de los
trastornos psiquiatricos tales como el trastorno depresivo y de ansiedad. A diferencia de, por
ejemplo, los cultivos celulares, el pez cebra es un organismo completo que nos brinda la
capacidad de analizar su comportamiento, manipular su entorno con factores como el estrés
psicosocial y la facil administracion de sustancias.

Los efectos del estrés agudo administrado a los peces cebra evidencia una disminucion
significativa en patrones locomotores como la aceleracion. El estrés asociado a la exposicion
a alcohol o cafeina acentia la disminucién del comportamiento locomotor afectando la
distancia recorrida, velocidad y aceleracion. En la prueba con tanque trapezoidal, los peces
expuestos a estrés y alcohol aumentan la geotaxis, permaneciendo mas en el fondo,
posiblemente causado por el efecto depresor del alcohol sumado al estrés.

Los peces expuestos a estrés y cafeina presentaron un comportamiento locomotor similar. La
cafeina a altas dosis tiene efecto ansiogénico actuando en receptores A que explica la
disminucién de la locomocion. En pruebas del comportamiento social, se evidencio un
aumento significativo en la cohesion social de los peces expuestos a estrés y dosis mas altas
de cafeina, permaneciendo mayor tiempo en el area social. El efecto combinado del estrés y
la cafeina altera el comportamiento locomotor y la cohesion social.

Desde un punto molecular, se explora como la disminucion de la expresion de los genes
slc6a3, comt y bdnf alteran la homeostasis sinaptica, disminuyendo la biodisponibilidad de
neurotransmisores y conduciendo a la neurodegeneracion (Figura 5). Sin embargo, se
necesitan mas estudios moleculares con muestras de tejido cerebral para aclarar los
mecanismos agudos del estrés y exposicion a sustancias.
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Figura 5. Efecto molecular del estrés y alcohol.

A la izquierda de la linea negra se muestra el funcionamiento normal de una neurona y a la derecha con la
expresion disminuida de los genes slc6a3, comt y bdnf por el efecto del estrés y alcohol al 0.75%

El analisis del comportamiento es una labor que toma tiempo y en ocasiones no es objetiva
en su totalidad. El uso de herramientas computacionales como la desarrollada en el presente
trabajo de tesis disponen de multiples ventajas tales como ahorro de tiempo en el
procesamiento de los videos; libre acceso al algoritmo que se traduce en un impacto
econémico para los investigadores del comportamiento, neurociencias y farmacologia;
permite crear mapas de ocurrencia de las principales cinemadticas por individuo y promedios
cinematicos por grupo con desviacion estandar; correlacion estadistica; y clasificar cada
individuo seglin su tratamiento (Figura 6). Este tipo de andlisis de clasificacion permite
visualizar en una gréfica el efecto de un tratamiento administrado con cada uno de los peces.
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A. Clasificacion del comportamiento de peces cebra expuestos a estrés y alcohol. B. Clasificacion en peces
cebra expuestos a estrés y cafeina.



16

Capitulo 4. Produccion

Los productos relacionados a continuacion estan organizados primero los manuscritos y
continua con los demas productos en orden cronologico. Los primeros dos manuscritos
fueron revisiones, el primero relacionado con la enfermedad de Alzheimer con el fin de
comprender y profundizar en los mecanismos genéticos e interacciones a nivel molecular; la
segunda revision es la recopilacion de software de uso libre para el analisis de patrones
locomotores aplicables al pez cebra y otras especies. Estas dos primeras revisiones fueron la
base para realizar los manuscritos originales siguientes. El tercer manuscrito (original) hace
parte del analisis de expresion génica y comportamiento de agresividad y locomocion del pez
cebra expuesto a estrés y alcohol. El cuarto manuscrito se realizd6 con datos del
comportamiento social del pez cebra sometido a estrés mas cafeina y, junto con la
colaboracion del Dr. Fabio Martinez Carrillo (Biomedical imaging, Vision and Learning
Laboratory, Universidad Industrial de Santander), se desarroll6 un software de uso libre para
el andlisis de patrones locomotores a partir de secuencias de video. Con base en el trabajo
mencionado anteriormente, se desarrolld un algoritmo de machine learning (quinto
manuscrito) para la clasificacion de los niveles de estrés y tratamientos farmacologicos en el
pez cebra. Adicionalmente, con colaboracion internacional del Dr. Gil Rosenthal (Texas
A&M University, Faculty of Ecology & Evolutionary Biology, Texas, Unite States), se
obtuvieron videos de diferentes especies de peces para verificar la aplicabilidad del algoritmo
y se trabajo en conjunto para el desarrollo del quinto producto. Los productos siguientes
fueron el entrenamiento en métodos de manejo del pez cebra a nivel de reproduccion,
mantenimiento y analisis genético. Finalmente, las presentaciones orales y posters en
congresos nacionales e internacionales.

4.1 Productos

Clase de Titulo Me(.llo de Clasificacion | Fecha | Estado
Producto publicacion
1. APOE Gene and | American Journal | Q1 2016 Publicado
Manuscrito | Neuropsychiatric of Medical | Impact Factor

Disorders and | Genetics, Part B, | 2019: 3.123

Endophenotypes, A | Neuropsychiatric

Comprehensive Genetics

Review
2. A Review of Freely | Zebrafish Ql 2019 Publicado
Manuscrito | Available, Open- Impact Factor

Source Software for 2018:1.742

the Automated

Analysis of the

Behavior of Adult

Zebrafish
3. Behavioral and 1JPP Q4 2021 Sometido
Manuscrito | Molecular Effects Impact Factor

of Alcohol in Tests 2018:0.20

of Anxiety and
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Aggressiveness in a
Model of

Unpredictable
Stress in Adult
Zebrafish
4. ZebraMov: An Zebrafish Ql 2021 Sometido
Manuscrito | automatic strategy Impact Factor
to analyze and 2019: 1.845
quantify zebrafish
social behaviour
from kinematic
patterns captured in
video sequences.
5. Machine learning ? ? 2021 En
Manuscrito elaboracio
n
6. Manejo del pez | U. Andes, | No aplica 14-21 de | Finalizado
Pasantia cebra Facultad de febrero
Medicina, de 2017
Laboratorio  de
ritmos circadianos
7. Presentacion oral: VII Congreso | No aplica 15/09/2 | Finalizado
Congreso | Pez cebra (Danio Nacional y I 017
Rerio) como Congreso
modelo en Internacional de
investigacion Medicina UAN
biomédica, avances
en neurobiologia
8. Participante con I Seminario | No aplica 02/11/2 | Finalizado
Seminario | postery Internacional 017
presentacion oral Smart Health.
del uso de software | Universidad
en investigacion Antonio Narifio
biomédica
9. Participante curso Curso Teorico | No aplica 27  de | Finalizado
Curso practico: Crianza, noviemb
reproduccion y re - 1 de
mangjo de diciemb
bioterios de pez re de
cebra. 2017. 35
Universidad  de horas
Chile y Danio-
Biotechnologies
10. Presentacion con XI Congreso | No aplica 26-28 de | Finalizado
Congreso | poster: Analisis Del | Nacional, XII abril de
Comportamiento De | Seminario 2018
Agresividad Y Internacional de
Ansiedad En Pez Neurociencias.
Cebra Posterior A Colegio

Colombiano de
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La Exposicion A Neurociencias
Estrés Y Etanol (COLNE)
11. Presentacion oral: International No aplica 2-5 de | Finalizado
Congreso | Analisis del School on mayo de
comportamiento en | Neurogenetics. 2018
pez cebra posterior | Colegio
a la exposicion a Colombiano  de
estrés ambiental y Neurociencias
etanol (COLNE)
12. Presentacion oral de | Departamento de | No aplica 02/11/2 | Finalizado
Busqueda | avances de tesis Biologia, 018
pasantia doctoral Laboratorio Dra.
Julia ~ Dallman.
Universidad  de
Miami
13. Presentacion oral: Congreso No aplica 26- Finalizado
Congreso | Efectos Internacional 28/11/2
Comportamentales | Virtual de 020
y Moleculares del Neurociencias:
Estrés Ambiental y | Cerebro y
Exposicion a Comportamiento
Sustancias en el Pez | en Tiempos de
Cebra COVID-19.
14. Andlisis de videos Texas A&M | No aplica 09/2020 | Finalizado
Pasantia del comportamiento | University. 01/2021
y elaboracion de Pasantia en
manuscrito modalidad virtual.
4.2 Participacion en proyectos de investigacion
Nombre del proyecto Entidad | Afio Valor (Espe.c €y
contrapartida)
Estudio de los factores ambientales y genéticos VCTI-UAN | 2016 10°175.000

para la agresividad, un endofenotipo de la
violencia interpersonal y la conducta suicida en
una muestra colombiana
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The Apolipoprotein E (APOE) gene is one of the main
candidates in neuropsychiatric genetics, with hundreds of
studies carried out in order to explore the possible role of
polymorphisms in the APOE gene in a large number of
neurological diseases, psychiatric disorders, and related
endophenotypes. In the current article, we provide a com-
prehensive review of the structural and functional aspects of
the APOE gene and its relationship with brain disorders.
Evidence from genome-wide association studies and meta-
analyses shows that the APOE gene has been significantly
associated with several neurodegenerative disorders. Cellular
and animal models show growing evidence of the key role of
APOE in mechanisms of brain plasticity and behavior. Future
analyses of the APOE gene might find a possible role in other
neurological diseases and psychiatric disorders and related
endophenotypes. © 2016 Wiley Periodicals, Inc.

Key words: Apolipoprotein E; meta-analyses; neuropsychia-
tric genetics; candidate gene; neurogenetics

INTRODUCTION

The Apolipoprotein E (APOE) gene is one of the main candi-
dates in neuropsychiatric genetics [Villeneuve et al., 2014].
Since the initial findings of an association of the APOE gene
and Alzheimer’s disease (AD) in 1993 [Corder et al., 1993;
Strittmatter et al., 1993], hundreds of studies have been carried
out in order to explore the possible role of polymorphisms in
the APOE gene in a large number of neurological diseases,
psychiatric disorders, and related endophenotypes [Giau et al.,
2015]. In the current article, we provide a comprehensive
review of the structural and functional aspects of the APOE
gene and its relationship with neuropsychiatric disorders and
endophenotypes.

© 2016 Wiley Periodicals, Inc.
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APOE Gene and Neuropsychiatric
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Comprehensive Review.
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AN OVERVIEW OF THE STRUCTURE AND FUNCTION
OF THE APOE GENE

The APOE gene is located on chromosome 19q13.32, with four
exons and three introns spanning 3,612 bp; it encodes a protein of
317 amino acids (including a signal peptide region of 18 amino
acids) and 36.2 KDa. APOE gene is located in a genomic region
where other genes encoding apolipoproteins (such APOCI,
APOC4, and APOC2) are situated (Fig. 1). The APOE protein
aids in lipid transport, facilitating the clearance of triglyceride- and
cholesterol-rich lipoproteins from the plasma [Mahley et al., 2009].
As such, the APOE protein has two main functional regions: a

Conflict of interest: The authors declare that they have no conflicts of
interest. SLL works for Novartis Pharmaceuticals Corporation.

Diego A. Forero and Sandra Lépez-Leén are joint first authors.

Grant sponsor: VCTI-UAN; Grant number: 2016220; Grant sponsor:
Colciencias; Grant number: 823-2015; Grant sponsor: PhD fellowship
from Centro de Estudios Interdisciplinarios Basicos y Aplicados CEIBA.
*Correspondence to:

Diego A. Forero, M.D., Ph.D., Laboratory of Neuropsychiatric Genetics,
School of Medicine, Universidad Antonio Narifio, Bogotd, Colombia.
E-mail: diego.forero@uan.edu.co

Article first published online in Wiley Online Library
(wileyonlinelibrary.com): 00 Month 2016

DOI 10.1002/ajmgb.32516

19



AMERICAN JOURNAL OF MEDICAL GENETICS PART B
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FIG. 1. An overview of the genomic region for the APOE gene, highlighting its neighbor genes and their transcriptional directions, locations of
the CpG islands, and of the haplotype blocks for three major populations from HapMap. Abbreviations: NECTIN2: nectin cell adhesion molecule

2; TOMMA40: | of outer

drial membrane 40; APOC1: apolipoprotein C1; APOC1P1:

1; APOC4:

polipoprotein C1 pseudog

apolipoprotein C4; APOC2: apolipoprotein C2; CEU: Utah residents with Northern and Western European ancestry; YRI: Yoruba in Ibadan, Nigeria;
CHB + JPT: Han Chinese in Beijing and Japanese in Tokyo. [Color figure can be viewed at wileyonlinelibrary.com].

receptor-binding domain (amino acid residues 154-168) and a
major lipid-binding domain (amino acid residues 262-290), con-
nected by a hinge region (amino acid residues 184-242) [Hatters
et al.,, 2006; Frieden and Garai, 2013; Giau et al., 2015]. A CpG
island is located on exon 4 of the APOE gene [Yu et al., 2013] (Figs.
1 and 2), and no main binding sites for miRNAs have been found
on the 3’ untranslated region (UTR) of the APOE gene. It has been
found that this CpG island is hypermethylated in lymphocytes and
postmortem brains of AD patients and controls [Wang et al., 2008].
The rs429358 and rs7412 single nucleotide polymorphisms (SNPs)
change the number of CpGs in this CpG island located in an exon,
which shows transcriptional enhancer activity in different cell types
and regulates the expression of the APOE and TOMMA40 genes [Yu
et al., 2013]. APOE is expressed in several brain tissues, such as
amygdala and prefrontal cortex, in humans and mice [Su et al.,
2004] (Fig. 3) and in both neurons and glial cells [Xu et al., 1999].
APOE expression is regulated by complex transcriptional networks
[Bekris et al., 2012], including Activating Protein 2 (AP-2) and
Activating transcription factor 4 (ATF4) transcription factors and
the nerve growth factor-mediated activation of mitogen-activated
protein kinase and protein kinase C [Garcia et al., 1996; Geng et al.,
2011; Strachan-Whaley et al., 2015]. The nuclear factor-kB (NF-
kB) signaling pathway has been shown as involved in the regulation
of APOE expression in cells treated with high levels of homocyste-
ine [Trusca et al., 2016].

APOE has a key function in the receptor-mediated endocytosis
oflipoproteins in the brain: it has been shown that cholesterol from
APOE-containing lipoproteins is important for synaptogenesis
and for the maintenance of neuronal connections [Holtzman
et al,, 2012]. It is known that APOE binds to receptors such as
the low-density lipoprotein receptor (LDLR)-related protein 1
(LRP1), very low density lipoprotein receptor (VLDLR) and
APOE receptor 2 (APOER2), which are expressed in neurons
and glial cells (particularly astrocytes and microglia) [Fan et al.,
2001]. The binding of APOE to APOER2 leads to the activation of
the reelin pathway and N-methyl-D-aspartate (NMDA) receptors
[Chen et al., 2010], among other mechanisms of importance for

brain and synaptic plasticity. Among the downstream proteins and
pathways of relevance for brain function are: c-Jun N-terminal
kinase (JNK), glycogen synthase kinase 3 beta (GSK3B), and the
brain-derived neurotrophic factor (BDNF) [Hoe et al., 2005; Herz
and Chen, 2006; Bu, 2009; Holtzman et al., 2012] (Fig. 4).

POLYMORPHISMS IN THE HUMAN APOE GENE

The two main polymorphisms in the APOE gene are two
common SNPs located on exon 4 (rs429358 and rs7412), which

tct ctg got cat ccc cat ctf fcc Bc coc atc cca goc ctt cte ooff foc tec
cac tgt gcg aca ccc tcc cgc cct ctc gge cge agG GEE CTG ATG G G AcC

ATG ARG GAG TTG AAG GCC TAC AAA TEE GAA CTG GAG GAA CAA CTG ACC CB@ GTG
GEE caG Gac ABE BEc cca BBG CTG TCC ARG GAG CTG CAG GEE GEE cAG Goc BEG
16 ool B oac AT oac all 6 ol lec HEC oT6 o6 cac Tac I Bl BAG
GTG CAG GCC ATE cr@ Bec cac ace z;%i Brc GAC; cre B8c crc EEc CT- Bcc Tcc
cac cr6 B8c aac cTG B8 Aac B8 cTc crc B8 Bar ocf BAT cac TG CAG AAG
B8c c16 oA GG TAc cac 6cff oG Goc 88 BAc ooB BB Bac 88 Boc crc ac
iég arc @88 Bac B8c cTG GGG ccc CTG GTG GAA CAG GGC @86 Brc E8c ccf Ecc
act 616 66c Tcc 16 G Mec cac ol cTa cac Gac @G Gcc cAG Gec TGG GGE
Bac B8c crc B88 BEE B8c ATG cAG GAG ATG GGe Acc B8c acc §8E Bac E8c cre
A BAG GTG AAG GAG CAG GTG GEB GAG GTG BBE Bcc AAG CTG GAG GAG CAG GCC
CAG CAG ATA B6c cre cac e Bac Gee TTC CAG aee B6c crc AaG Acc TGG TTE
Bac ccé CTG GTG GAR GA;: ATG CAG B8C cac TG;; Gc@ BeG CTG GTG GAG AAE GTG.
caG GeT Gec GTG Gee Acc Acf BCf Bcc coT 616 coc AGf BAC AAT cac Tea ABE
cB8 AAG CCT GCA GCC ATG ccc Bcc acc 5. TGC CTC CTG CCT f c
AGC CTG CAG [BBG GAG ACC CTG TCC g CCC_CAG TCC_TCC TG _GGT GGA CCC

TAG TTT AAT AAA GAT TCA CCA AGT TTC ACG CAt ctg ctg cct ccc cct gtg att

FIG. 2. DNA and protein sequences for the exon 4 of APOE gene.
CpG dinucleotides are higl| d in green and regions outside
the CpG island are highlighted in italic. DNA sequence of the
3'UTR region is shown as underlined. The SNPs and codons 130
and 176 are shown in bold. [Color figure can be viewed at
wileyonlinelibrary.com].
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FIG. 3. An overview of the relative expression of APOE in several
human and murine brain tissues.

lead to the p.Cys130Arg and p.Argl76Cys non-synonymous
changes on the encoded protein (Fig. 2). Combinations of these
two SNPs generate the commonly defined E2, E3, and E4 alleles,
with the E4 being the ancestral allele [Eisenberg et al., 2010].
APOE E3, the most common allele, has the combination Cys/
Arg at those two amino acid residues (T/C at DNA level), and
APOE E2 and APOE E4 have the Cys/Cys and Arg/Arg combi-
nations, respectively (T/T and C/C, at DNA level) [Hatters
et al., 2006]. APOE E3 and E4 have a similar binding affinity to
low-density lipoprotein (LDL) receptor but the APOE E2
isoform is less effective in binding to this receptor [Hatters
et al., 2006].

There are known ethnic and geographical differences for the
frequencies of the APOE E2/E3/E4 alleles around the world
[Eisenberg et al., 2010] (Fig. 5). Available genotyping methods
for APOE E2/E3/E4 include multiplex tetra-primer amplification
refractory mutation system (multiplex T-ARMS) [Yang et al.,
2007], PCR- Restriction Fragment Length Polymorphism
(RFLP) [Hixson and Vernier, 1990], TagMan [Koch et al.,
2002], allele-specific amplifications in conventional PCR
[Pantelidis et al., 2003], or in qPCR [Calero et al., 2009]. In
addition, there are other polymorphisms located in the pro-
moter region, in introns and in exons of the APOE gene
(Table I). There is a relative low level of linkage disequilibrium
in this genomic region [Yu et al., 2007] and a haplotype block
covering portions of TOMM40 and APOE genes is found in CEU
and YRI populations (Fig. 1).
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FIG. 4. An overview of functional interactions of APOE in the
brain. Abbreviations: APOER2: apolipoprotein E receptor 2;
NMDAR: NMDA receptors, VLDLR: very low density lipoprotein
ptor; GSK3B: glycog y kinase 3 beta; DAB:

disabled; PSD: postsynaptic density protein 95; BDNF: brain-
derived neurotrophic factor; CREB: cAMP response element
binding protein; ERK1/2: extracellular sig gulated protein
kinases 1 and 2; PI3 K: phosphoinositide 3-kinase; GAMMA-SEC:
gamma-secretase complex; JNK1/2: c-Jun N-terminal kinases 1
and 2; JIP: JNK-interacting protein. [Color figure can be viewed

at wileyonlinelibrary.com].

EVIDENCE OF THE INVOLVEMENT OF THE APOE
GENE IN NEUROLOGICAL DISEASES AND
PSYCHIATRIC DISORDERS AND RELATED
ENDOPHENOTYPES

The APOE E4 allele is the largest known genetic risk factor for AD.
The lifetime risk for AD in APOE 4/4 carriers, at age 85, is estimated
to be around 51% and 61% in males and females, respectively
[Genin et al., 2011]. For APOE 3/4 carriers it is estimated to be
around 23% and 30% for males and females, respectively. There-
fore, APOE has been considered a major gene with a semi-
dominant inheritance [Genin et al., 2011]. In addition, to the strong
and consistent association of the APOE E4 allele with the increased
risk for AD [Rubinsztein and Easton, 1999], other meta-analyses
have found significant evidence for the role of APOE in neurode-
generative diseases and psychiatric disorders [Deb et al., 2000;
Verpillat et al., 2002; Huang et al., 2004; Sudlow et al., 2006;
Lopez-Leon et al., 2008; Peck et al., 2008; Williams-Gray et al.,
2009; Xin et al., 2009; Elias-Sonnenschein et al., 2011; Maxwell et al.,
2011; Varvarigou et al., 2011; Xuan et al., 2011; Khan et al., 2013;
Rannikmae et al., 2013; Rubino et al., 2013; Govone et al., 2014; Wei
et al., 2014; Zhang et al., 2014; Feng et al., 2015; Gonzalez-Castro
etal., 2015; Li etal., 2015a; Liu et al., 2015; Sun et al., 2015]. Table II
lists the candidate gene studies in which a meta-analysis was con-
ducted to evaluate the risk of carrying the different variants in the
APOEgene. Associations between the APOEE4 allele and the follow-
ing outcomes were reported: late life depression, schizophrenia,
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migraine, earlier age of temporal lobe epilepsy, poor outcome of
traumatic brain injury, Creutzfeld Jakob and all types of stroke, brain
microbleeds, and dementia. APOE E2 was associated with fronto-
temporal dementia, Parkinson disease, and stroke. One meta-anal-
ysis reported an association between multiple sclerosis and APOE
E2/E3 carriers. In addition, genome-wide association studies have
identified highly significant associations with SNPs located in the
APOE genomic region for neurodegenerative diseases (Table III)
[Jun et al., 2010; Seshadri et al., 2010; Logue et al., 2011; Wijsman
et al., 2011; Hollingworth et al.,, 2012; Kamboh et al., 2012a,b;
Lambert et al., 2013; Miyashita et al., 2013; Reitz et al., 2013;
Beecham et al., 2014; Ferrari et al., 2015]. The fact that several of
these highly associated SNPs are located on other genes (such as
TOMMA40), could be explained by the linkage disequilibrium with
APOE and the relative low coverage of this gene in SNP chips
[Radmanesh et al., 2014].

APOE E4 has been associated to AD, since it has been proposed
that this isoform is related to decrease in synaptic function, glucose

dbSNP ID Genomic position Alleles
rs449647 45408564 T>A
rs405509 45408836 C>A
rs440446 45409167 G>C
15769449 45410002 G>A
rs769450 45410444 G>A
rs429358 45411941 T>C
rs769455 45412040 C>T7
rs?412 45412079 C>T
rs34078567 45413225 —>6
1s75627662 45413576 C>T7

metabolism, neurogenesis, 3-amyloid (AB) clearance, mitochon-
drial functions, and with increase in neuronal toxicity, AR aggre-
gation, among others [Liu et al., 2013]. Study of endophenotypes of
relevance for neuropsychiatric disorders (such as cognitive and
neuroimaging dimensions and biomarkers) has identified signifi-
cant associations in both meta-analysis of candidate gene studies
and genome-wide association studies (GWAS) (Tables II and III)
[Wisdom et al., 2011; De Jager et al., 2012; Cruchaga et al., 2013;
Cao et al., 2014; Ramirez et al.,, 2014; Zhang and Pierce, 2014;
Chauhan et al., 2015; Davies et al., 2015; Debette et al., 2015; Liu
et al., 2015; Li et al., 2016]. Other neuropsychiatric symptoms
and endophenotypes commonly present in Alzheimer’s disease
patients that have evidence of an association with APOE E4 allele
are depression, anxiety, apathy, agitation, aggression, hallucina-
tions, and delusions [Borroni et al., 2010; Panza et al., 2011, 2012].

Several studies have explored the possible neuropsychological
and functional alterations in young subjects that are carriers of the
APOE 4 allele [Greenwood et al., 2005; Alexander et al., 2007;

MAF (EA/AA) Annotation Protein variant/alias®
0.16/0.33 5’ region —491
0.48/0.24 5’ region Th1/E47cs
0.36/0.12 Intron
0.12/0.00 Intron
0.41/0.35 Intron
0.16/0.27 Missense p.(C130R)
0.00/0.03 Missense p.(R163C)
0.06/0.10 Missense p.(R176C)
0.41/0.32 3’ region
0.19/0.16 3 region

dbSNP 1D, identifier from the database of short genetic variation (dbSNP); MAF, minor allele frequency; EA, European Americans; AA, African Americans.

*Numbering for the complete protein of 317 amino acids (UniProt Accession: P02649).
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Disease/endophenotype
Late life depression
Major depressive disorder

Schizophrenia

Delirium
Late onset Alzheimer’s disease

Alzheimer’'s disease—conversion from mild
cognitive impairment
Dementia—frontotemporal

Dementia—vascular
Dementia in Parkinson

Ischemic stroke
Hemorrhagic stroke

Subarachnoid hemorrhage

Ischemic stroke
Early-onset ischemic stroke

Intracerebral hemorrhage
Brain microbleeds

Creutzfeld Jakob

Multiple sclerosis

Amyotrophic lateral sclerosis

Parkinsons disease

Unfavorable functional outcome after TBI
Cerebral amyloid angiopathy

Hippocampal volume

Amyloid deposition
Frontotemporal lobar degeneration

Postoperative cognitive dysfunction
Cognitive functioning

Episodic memory
Global cognitive ability
Executive functioning
Perceptual speed

Author, year
Feng et al. [2015]
Lopez-Leon et al.

[2008]
Gonzalez-Castro et al.
[2015]
Adamis et al. [2016]
Rubinsztein and
Easton [1999]

Elias-Sonnenschein
et al. [2011]
Verpillat et al. [2002]

Sun et al. [2015]

Williams-Gray et al.
[2009]

Khan et al. [2013]

Peck et al. [2008]

Sudlow et al. [2006]

Xin et al. [2009]

Zhang et al. [2014]
Maxwell et al. [2011]

Wei et al. [2014]
Xuan et al. [2011]
Govone et al. [2014]
Huang et al. [2004]
Li et al. [2015a]
Rannikmae et al.
[2013]
Liu et al. [2015]

Rubino et al. [2013]

Cao et al. [2014]
Wisdom et al. [2011]
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Studies/N Model Highest OR /beta/ d (95%ClI) P-value
20/6,131 E4 1.30 (1.06-1.59) 0.01
7/2,443 E2 vs. 0.51 (0.39-0.68) NR
[£3]
28/8,155 [=3) 0.73 (0.54-0.98) Asians NR
8/1,762 E4 Log OR 0.18 (—0.23 to 0.59) 0.38
31/NR E4 3.18 (2.93-3.45) <0.001
E4/E4 11.57 (8.67-15.44)
35/6,095 E4 2.29 (1.88-2.80) NR
10/5,653 E2 vs. 2.01 (1.02-3.98) 0.04
E3
37/NR E4 1.83 (1.56-2.13) <0.001
10/14,264 E2 1.16 (1.03-1.31) 0.02
74/91,903 E4/E4 1.15 (1.09-1.21) NR
11/4,807 E4 1.17 (0.98-1.40) 0.08
carriers
31/23,926 E4 1.42 (1.01-1.99) NR
carriers
1.11 (1.01-1.22)
26/664 E4 2.53 (1.71-3.73) NR
carriers
11/4,813 E4 1.42 (1.21-1.67) <0.001
10/7,351 E4 1.22 (1.05-0.144) 0.01
carriers
11/2,212 E4/E4 3.16 (1.37-7.26) 0.007
20/10,199 E4 0.99 (0.86-1.16) >0.05
13/14,646 E4 1.18 (0.91-1.53) NR
22/9,988 E2 1.20 (1.02-1.42) NR
12/2,628 E4 1.36 (1.07-1.74) 0.01
24/3,520 E4 2.67 (2.31-3.08) <0.001
14/1,628 E4 —0.47 (—0.82 to0 0.13) 0.007
carriers
0.62 (0.27-0.98)
28/8,370 E4 1.94 (1.43-2.64) <0.01
carriers
9/4,046 E4 1.83 (1.18-2.85) NR
77/40,942 E4
carriers
—0.14 (—0.21, —0.07) <0.01
—0.05 (—0.10, —0.004) <0.05
—0.06 (—0.12, —0.004) <0.05
—0.07 (—0.13, —0.01) <0.05

d, standardized difference; LOAD, late onset Alzheimer’s disease; NR, not reported; OR, odds ratio; PET, positron emission tomography; WMH, white matter hyperintensity.

Bold P=0.05.

Rusted et al., 2013; Shine et al., 2015; Sinclair et al., 2015; Stening
etal., 2016; Su et al,, 2016] (Table IV). APOE E4 has not only been
associated with worse episodic memory but it has also been found
that in young adults APOE E4 is associated with better performance
in episodic and working memory, executive function, and verbal

fluency [Hubacek et al., 2001; Bunce et al., 2011; Rusted et al.,
2013]. Several of these studies included persons younger than
35 years of age. The study by Alexander et al. [2007] was performed
in individuals aged 6-65 and they found that APOE E4 carriers in
the oldest age group (51-65 years) had a better verbal fluency
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compared to APOE E3 carriers. The study by Greenwood et al.
[2005] included individuals aged 41-85 and they reported an
increase in reaction time for the APOE E4 homozygotes.

It has been found that education in young adults might reduce
the effects of APOE E4 on metabolism independently of amyloid
deposition in cognitively normal adults [Arenaza-Urquijo et al.,
2015]. Moreover, the education-related increased metabolism in
APOE E4 carriers was positively associated with episodic memory
performance [Arenaza-Urquijo et al., 2015]. The possibility that
APOE E4 confers cognitive benefits in young adults while becom-
ing a risk factor for cognitive impairment and AD in later life is of
considerable theoretical interest [Alexander et al., 2007]. In early
life, a particular genotype may have evolutionary benefits (survival
and selection), while in old age it may become a risk factor for
diseases; this relationship between APOE E4 allele and cognition
throughout life is an example of antagonistic pleiotropy, a concept
of evolutionary biology that suggests that individual alleles have
different effects on the performance at different ages [Han and
Bondi, 2008], although there are other studies that do not support
this association [Mathias and Wheaton, 2015].

A polymorphism located in the promoter region of the APOE
gene (rs449647) has been associated with AD in meta-analyses
[Xin et al., 2010]. There is the possibility that additional rare
non-synonymous changes in the APOE gene may also be
associated with neuropsychiatric disorders [Medway et al.,
2014].

Taking into account the association between APOE gene and
neuropsychiatric disorders, several studies have evaluated, using
invitro models, the functional effects of the three APOE isoforms in
different types of brain cells (Table V). These studies have used
primary cultures, mainly from mice, for neurons [Nathan et al.,
1994; Jordan et al., 1998; Tolar et al., 1999; Qiu et al., 2003; Hoe
et al., 2005; Ye et al., 2005; Chen et al., 2010; Zhu et al., 2015],
astrocytes [Hu et al., 1998; Gong et al., 2002; Koistinaho et al., 2004;
Guo etal., 2006; Liu et al., 2012; Cudaback et al., 2015; Chung et al.,
2016; Simonovitch et al., 2016], and microglia [Laskowitz et al.,
1997; Chen et al., 2005; Brown et al., 2008; Jiang et al., 2008;
Cudaback et al., 2011; Li et al., 2015b]. In those experiments, brain
cells were purified from transgenic mice for the different APOE
isoforms or were exposed to recombinant APOE proteins. It is
important to mention that few studies related to APOE function
have used human neuronal or glial cell lines, which are commonly
employed in neuroscience research [Kovalevich and Langford,
2013].

In neuronal cells, both APOE E3 and APOE E4 have been
shown to reduce branching, whereas APOE E3 increased neurite
extension and APOE E4 decreased neurite extension, [Nathan
et al., 1994]. Moreover, whereas APOE E4 can contribute to
neurotoxicity [Tolar et al., 1999; Ye et al., 2005], APOE E3 can be
neuroprotective; for example, a study observed that the pretreat-
ment of neurons with the E3 isoform prevented toxicity induced
by AB a molecule involved in AD) [Jordan et al., 1998]. It has

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

been shown the functional interaction of APOE E4 with several
signaling mechanisms, such as the NMDA receptor-dependent
and extracellular signal-regulated kinase (ERK) and Akt path-
ways [Qiu et al., 2003; Hoe et al., 2005; Chen et al., 2010; Zhu
et al,, 2015] (Fig. 4).

Astrocytes play an important role in the metabolism of APOE,
since these cells are the main synthesizers of APOE in the brain,
although it has also been demonstrated that astrocytes secrete
factors that stimulate expression of APOE in neurons [Gong
et al., 2002; Harris et al., 2004]. Cholesterol secreted by glial cells
in APOE-containing lipoproteins has been identified as a key
factor in a rat model of synaptogenesis in the central nervous
system [Mauch et al., 2001]. In astrocytes, it has been shown that
APOE regulates their activation after exposure to AP peptide [Hu
et al., 1998; Koistinaho et al., 2004] and that APOE E4 regulates
the expression of other genes, such as monoamine oxidases A and
B [Guo et al., 2006; Liu et al., 2012; Cudaback et al., 2015]. More
recently, the APOE E4 isoform has been implied in impaired
autophagy and lower clearance of AP plaques in astrocytes
[Simonovitch et al., 2016] and it has been shown that APOE
E2 increases phagocytosis of synapses by astrocytes in vitro
[Chung et al., 2016].

The APOE E4 isoform has also been shown to modulate the
inflammatory response [Brown et al., 2008] in the brain: in micro-
glial cells this isoform stimulates secretion of prostaglandin E2,
cyclooxygenase, and interleukin 1 beta [Chen et al., 2005; Li et al.,
2015b] and it reduces microglial migration [Cudaback et al., 2011]
and AP proteolysis [Jiang et al., 2008] (Table V).

Of potential interest for possible therapeutic approaches, almost
104,000 compounds were tested in a high-throughput screening in
the human CCF-STTG1 astrocytoma cell line and a chrysanthemic
ester was found to increase significantly APOE expression and
secretion [Fan et al., 2016]. These cell models have been useful to
identify the molecular and cellular effects of the APOE isoforms on
the different brain cell types.

Animal models for behavioral and functional changes associated to
the APOE gene have used knockout [Gordon et al., 1995; Masliah
et al,, 1995; Oitzl et al., 1997; Robertson et al., 2005; Siegel et al.,
2011; Lane-Donovan et al., 2016; Lee et al., 2016], transgenic
[Raber et al.,, 1998; Hartman et al., 2001; Harris et al., 2003;
Levi et al.,, 2003; Robertson et al., 2005; Korwek et al., 2009;
Nichol et al., 2009; Siegel et al., 2011], and knockin approaches
[Grootendorst et al., 2005; Blain et al., 2006; Korwek et al., 2009; Li
et al., 2009; Nichol et al., 2009; Tu et al., 2009; Andrews-Zwilling
et al., 2010; Chen et al., 2010; Shinohara et al., 2016]. These animal
models highlighted the importance of the Apoe gene and showed
the deleterious effect of the APOE E4 allele and the protective effect
of the APOE E2 allele for a correct neurological function. The
majority of these studies focused on memory performance mea-
sured by the water maze test and several works have used paradigms
for the analysis of exploratory behavior and anxiety [Raber et al.,
1998; Hartman et al., 2001; Robertson et al., 2005] (Table VI).
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Cell type
Neurons

Astrocytes

Microglia

Cell model

Primary culture
(rabbit)

Primary culture
(rat)

Primary culture
(rat)

Primary culture
(rat)

of neurons from DRG
of hippocampal neurons
of hippocampal neurons

of hippocampal neurons

Neuroblastoma B103 cells (rat)

Primary culture
(mouse)

Primary culture
(mouse)
Primary culture
Primary culture
Primary culture

Primary culture

Primary culture

of cortical neurons

of cortical neurons

of neurons (mouse)
of astrocytes (rat)

of astrocytes (mouse)
of astrocytes (mouse)

of astrocytes (rat)

Glioma C6 cell line (rat)

Primary culture
Primary culture

Primary culture
Primary culture
Primary culture
Primary culture
Primary culture
Primary culture

Primary culture

of astrocytes (mouse)
of astrocytes (mouse)

of astrocytes (mouse)
of microglia (mouse)
of microglia (rat)

of microglia (mouse)
of microglia (mouse)
of microglia (mouse)

of microglia (mouse)

Main results

APOE E3 increased neurite extension and decreased branching;
APOE E4 reduced both neurite extension and branching.

APQE E3 treatment prevented the toxicity induced by -
amyloid (AB)

APQE E4 and synthetic Apoe-related peptide increased the
intracellular calcium levels and cell death.

APOE E4 increased neurotoxicity by increasing intracellular
calcium levels with changes in the calcium response to NMDA

APOE E4 increased AB production more effectively than APOE
E3 mediated by the LRP pathway.

APOE E4 induced less phosphorylation of AKT and ERK1/2 and
reduces phosphorylation of JNK, APOE-mediated ERK
activation depends on calcium influx and NMDA receptor and
APOE-mediated JNK inactivation depends on gamma-
secretase.

APOE E4 Led to a decrease of Apoer2 with consequent
reduction in the ability to phosphorylate NMDA receptors
APOE E4 induced reduction in PIP2 levels, compared with APOE E3.
Exogenous Apoe attenuated astrocyte activation induced by

AB1-42.

APQE E3 astrocytes released more cholesterol than APOE E4
astrocytes.

Apoe—/— astrocytes did not degrade AR present in AR plaque-
bearing brain sections.

APQE E2 had not effect on AB-induced MMP-9 expression,
whereas APOE E4 decreased MMP-9.

In cells transfected with APOE E4 and APOE E2, the levels of
melatonin were higher than in APOE E3 cells. APOE E4 also
had lower levels of MAOA and MAOB mRNA expression.

APOE E4 modulated secretion of CCL3 by astrocytes.

APOE E4 showed impaired autophagy and lower elimination of
AB plaques.

APQE E2 increases and APOE E4 decreases phagocytosis of
synapses by astrocytes.

Preincubation with Apoe suppressed the secretion of TNFa by
glia after LPS stimulation.

APOE E4 stimulated secretion of PGE2 and IL-13

Apoe promoted the proteolytic degradation of soluble AR in
microglia. APOE E4 showed impaired ability to promote AR
proteolysis, compared with the APOE E2 and APOE E3 isoforms.

Anti-inflammatory response by 17B-Estradiol was reduced in
APQE E4 cells

APOE E4 and APOE E2 showed significantly reduced C5a- and
ATP-stimulated migration, compared with APOE E3.

APQE 4/4 cells treated with PIC and LPS induced higher
expression of COX, via TLR3 and TLR4.

Reference
Nathan et al. [1994]

Jordan et al. [1998]
Tolar et al. [1999]
Qiu et al. [2003]

Ye et al. [2005]

Hoe et al. [2005]

Chen et al. [2010]

Zhu et al. [2015]
Hu et al. [1998]

Gong et al. [2002]

Koistinaho et al.
[2004]

Guo et al. [2006]

Liu et al. [2012]

Cudaback et al. [2015]

Simonovitch et al.
[2016]

Chung et al. [2016]

Laskowitz et al.
[1997]

Chen et al. [2005]

Jiang et al. [2008]

Brown et al. [2008]

Cudaback et al. [2011]

Li et al. [2015b]

DRG, dorsal root ganglion; APOE3, apolipoprotein E, isoform 3; APOE4, apolipoprotein E, isoform 4; NMDA, N-methyl-D-aspartate receptor; AB, B-amyloid peptide; LRP, LDL receptor-related protein; Apoer2,

ApoE receptor-2; PIP;, phosphoinositol biphosphate; MMP-9, matrix

9; MADA,

ine oxidase A; MAOB, monoamine oxidase B; CCL3, C-C motif chemokine ligand 3; TNFa, tumor

necrosis factor-; LPS, lipopolysaccharide; PGE2, prostaglandin E2; IL-1, interleukin 1 beta; C5a, complement component C5a; ATP, adenosine triphosphate; PIC, polycytidylic acid; COX, cyclooxygenase;
TLR3, toll-like receptor 3; TLR4, toll-like receptor 4.

In the studies with Apoe knockout mice, the results showed
evidence of the importance of APOE in cognition and neural
plasticity [Gordon et al., 1995; Masliah et al., 1995; Oitzl et al.,
1997; Siegel et al., 2011]. In Apoe knockout mice, exposure to an

environmental stress led to an improvement in learning [Groo-
tendorst et al., 2001] and other behavioral dimensions were
tested (such as locomotion and anxiety) [Oitzl et al,, 1997;
Grootendorst et al., 2001]. A recent study used mice that had
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Animal model

Apoe knockout mice
Apoe knockout mice
Male Apoe knockout mice

NSE-APOE E3 and —APOE E4 transgenic
mice

Apoe knockout mice subjected to stress

GFAP-APOE E3 and —APOE E4 transgenic
mice

Transgenic mice for carboxyl-terminal-
truncated APOE E4

APOE E3 and APOE E4 transgenic mice
subjected to environmental stimulation

Apoe knockout mice and GFAP and NSE
—APOE E3 and APOE E4 transgenic mice

APOE E3 and APOE E4 knockin mice
APOE E3 and APOE E4 knockin mice

APOE E2, APOE E3 and APOE E4 knockin
mice
APOE E3 and APOE E4 knockin mice

APOE E2, APOE E3 and APOE E4 knockin
mice
APOE E4 knockin mice

APOE E4 knockin and Apoe knockout mice

APOE E3 and APOE E4 knockin mice

Apoe knockout mice

APOE E2, APOE E3 and APOE E4 knockin

mice

Apoe brain knockout mice (bEKO)

Apoe knockout mice

NSE, neuron specific enolase; GFAP, glial fibrillary acidic protein.

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

Main results

Deficits in working memory but not in reference memory. Brain choline
acetyltransferase activity was lower in frontal cortex and
hippocampus.

Loss of synaptophysin- inmunoreactive nerve terminals and presence
of dendritic alterations.

Learning was absent in the water maze. General locomotor activity
was not altered.

NSE-APOE E4 mice exhibited impairments in the water maze task and in
vertical exploratory behavior, which were found primarily in female
animals and increased with age.

Repeated exposure to an environmental stress (contact with rats) led
to an improvement in performance in the water maze. Measures of
locomotion and anxiety, under basal conditions, were similar.

APOE E4 mice group was the most reactive in analysis of locomotor
activity, open-field behaviors, acoustic startle/prepulse inhibition,
and elevated plus maze. APOE E4 mice were impaired on a working
memory-based protocol in the radial arm maze. No changes in
synaptic, neuronal, or glial markers in neocortex or hippocampus.

Transgenic mice for truncated APOE E4 showed impaired learning and
memory (Morris water maze) at 6—7 months of age.

Environmental stimulation in the APOE E3- transgenic mice improved
learning and memory in a T maze paradigm. In contrast,
environmental stimulation had no effect on learning and memory in
the APOE E4-transgenic mice. The cognitive effects in the APOE E3
mice were associated with higher levels of the presynaptic protein
synaptophysin in the hippocampus.

Knockout and APOE E4 transgenic mice displayed increased measures
of anxiety. These behavioral alterations were correlated with
structural changes in the amygdala.

Female APOE E4 mice showed deficits in spatial memory performance.

An impairment in reactive sprouting was found in APOE E4 mice
subjected to an entorhinal cortex lesion. Thirty days post lesion,
APOE E4 mice showed reactive astrocytes and an accumulation of
APOE and beta-amyloid.

Long-term potentiation (LTP) was enhanced in APOE E4 animals, in
comparison with APOE E2 mice. Synaptic transmission was not affected.

In APOE E4 transgenic mice, 6 weeks of exercise improved deficits in
performance in the radial-arm water maze and increased
synaptophysin levels.

APQE E4 inhibited reelin-induced enhancement of long-term
potentiation.

An impaired maturation and dendritic development of newborn
hippocampal neurons in APOE E4 mice. As a consequence, a
GABAergic interneuron dysfunction was observed.

In an induced experimental autoimmune encephalomyelitis, APOE E4
and Apoe knockout mice showed significant deficits in spatial
learning and recall.

Female APOE E4 knockin mice showed an age-dependent decrease in
GABAergic interneurons, which correlated with learning and memory
deficits.

Knockout mice showed impaired learning in the five-choice serial
reaction time task and a reduced number of cortical and
hippocampal muscarinic acetylcholine receptors.

Aged APOE E2 mice showed a better spatial memory, which has a positive
correlation with APOE concentrations in the cortex and hippocampus
and a negative correlation with cholesterol levels in the cortex.

bEKO mice showed synaptic loss and dysfunction but did not show learning
impairment. In these mice, the AMPA/NMDA ratio was unchanged.

In a metabolomic analyis on brains of young Apoe knockout in mice, there
were no changes in cholesterol or its metabolites. Subtle alterations in
histamine and lysine metabolites were observed in the brain.

Reference
Gordon et al. [1995]

Masliah et al. [1995]
Oitzl et al. [1997]

Raber et al. [1998]

Grootendorst et al. [2001]

Hartman et al. [2001]

Harris et al. [2003]

Levi et al. [2003]

Robertson et al. [2005]

Grootendorst et al. [2005]
Blain et al. [2006]

Korwek et al. [2009]

Nichol et al. [2009]

Chen et al. [2010]

Li et al. [2009]

Tu et al. [2009]

Andrews-Zwilling et al. [2010]

Siegel et al. [2011]

Shinohara et al. [2016]

Lane-Donovan et al. [2016]

Lee et al. [2016]
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a conditional knockout for the Apoe gene in brain and showed
that these animals, with normal levels of Apoe and lipids in
plasma, had synaptic loss and dysfunction but did not have the
impairments in learning and memory found in Apoe knockout
mice, highlighting the possibility of the independent effects of
Apoe expression in brain and plasma lipids on cognitive function
[Lane-Donovan et al., 2016].

Transgenic models for APOE have used methods for conditional
expression in neurons or astrocytes (using neuron specific enolase
-NSE- or glial fibrillary acidic protein -GFAP-based vectors, re-
spectively) and have tested the effects of the three APOE isoforms
(Table VI). These studies in transgenic mice have found learning
deficiencies and other behavioral alterations in APOE E4 mice
[Raber et al., 1998; Hartman et al., 2001; Robertson et al., 2005],
which cannot be ameliorated by environmental stimulation [Levi
etal., 2003]. In addition, a study with transgenic mice for carboxyl-
terminal-truncated APOE E4, which is toxic, also showed impair-
ments in learning and memory [Harris et al., 2003].

In knockin mice models for the different APOE isoforms
(inserted in the murine Apoe locus), APOE E4 mice have shown
alterations in learning and memory and in structural and func-
tional correlates, such as long-term potentiation, of neural plastic-
ity [Grootendorst et al., 2005; Blain et al., 2006; Korwek et al., 2009;
Li et al., 2009; Tu et al., 2009; Andrews-Zwilling et al., 2010; Chen
et al., 2010]. A study found that exercise ameliorated the negative
role of APOE E4 on memory and neural plasticity, which could be
correlated with an increase in synaptophysin levels [Nichol et al.,
2009]. In APOE E2 knockin mice, it was found that these animals
showed better memory performance, which was correlated with
higher Apoe levels in the cortex and hippocampus and with lower
cholesterol levels in the cortex [Shinohara et al., 2016].

A study found that the effect of the different APOE isoforms on
long-term potentiation is dependent on the NMDA receptors and
that the chronic expression of the APOE isoforms alters activation
of the ERK1/2 and JNK1/2 signaling pathways [Korwek et al.,
2009].

These genetically modified animal models have been useful for a
better understanding of the role of the APOE gene and its main
isoforms on behavior and neural plasticity mechanisms.

Implications for Future Works

It is important that the APOE E2/E3/E4 alleles, and epigenetic
variants, will be explored in molecular analyses of other neuropsy-
chiatric disorders and endophenotypes of high epidemiological
importance, due to the key role of the APOE gene in brain
homeostasis and neural plasticity. Larger resequencing studies of
APOE gene will identify novel rare variants potentially associated
with different diseases. Cellular studies will help to recognize the
additional factors that regulate the expression of the APOE gene
and its neighbor genes and the potential modification by nutri-
tional or pharmacological approaches. Analysis of different world
populations will be useful to identify the possible role of linkage
disequilibrium patterns on the association of the APOE gene and
neuropsychiatric disorders [Forero et al., 2014]. A complete be-
havioral and functional phenotyping of young subjects that are
carriers of the APOE E2/E3/E4 alleles will be important to find the
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earliest neural alterations associated with these functional
polymorphisms.

Methods for Data Search and Retrieval

The ALFRED—the ALlele FREquency Database was used to re-
trieve APOE E2/E3/E4 frequencies in global populations [Rajeevan
et al., 2003]. Information about genes and CpG islands was
extracted from the UCSC genome browser [Speir et al., 2016].
Haplotype blocks were identified with the Haploview program,
version 4.2 [Barrett et al., 2005], visualizing genotype data for three
major populations from the HapMap project [International Hap-
Map C, 2003]. Data about relative APOE expression in human and
murine tissues were retrieved from the BioGPS database (root
squares from the signal intensity of the respective microarray
probes were used for Fig. 3) [Su et al., 2004; Wu et al., 2013].
Information for known SNPs in the APOE gene were retrieved from
the Exome Variant Server, 1000 genomes, dbSNP, HapMap, and
Ensembl databases [International HapMap C, 2003; Genomes
Project C, 2015; Coordinators, 2016; Yates et al., 2016]. PubMed,
the NHGRI GWAS Catalog and the HuGE Navigator [Yu et al.,
2010; Welter et al., 2014] were used to identify GWAS and meta-
analyses of studies for candidate genes for traits of interest.

ACKNOWLEDGMENTS

DAF has been supported by grants from VCTI-UAN (grant
#2016220) and Colciencias (grant #823-2015). YG-G is supported
by a PhD fellowship from Centro de Estudios Interdisciplinarios
Bésicos y Aplicados CEIBA (Rodolfo Llinds Program).

REFERENCES

Adamis D, Meagher D, Williams J, Mulligan O, McCarthy G. 2016.
A systematic review and meta-analysis of the association between the
apolipoprotein E genotype and delirium. Psychiatr Genet 26(2):53-59.

Alexander DM, Williams LM, Gatt JM, Dobson-Stone C, Kuan SA, Todd
EG, Schofield PR, Cooper NJ, Gordon E. 2007. The contribution of
apolipoprotein E alleles on cognitive performance and dynamic neural
activity over six decades. Biol Psychol 75(3):229-238.

Andrews-Zwilling Y, Bien-Ly N, Xu Q, Li G, Bernardo A, Yoon SY,
Zwilling D, Yan TX, Chen L, Huang Y. 2010. Apolipoprotein E4 causes
age- and Tau-dependent impairment of GABAergic interneurons, lead-
ing to learning and memory deficits in mice. ] Neurosci
30(41):13707-13717.

Arenaza-Urquijo EM, Gonneaud J, Fouquet M, Perrotin A, Mezenge F,
Landeau B, Egret S, De la Sayette V, Desgranges B, Chetelat G. 2015.
Interaction between years of education and APOE epsilon4 status on
frontal and temporal metabolism. Neurology 85(16):1392-1399.

Barrett JC, Fry B, Maller J, Daly MJ. 2005. Haploview: Analysis and
visualization of LD and haplotype maps. Bioinformatics 21(2):263-265.

Beecham GW, Hamilton K, Naj AC, Martin ER, Huentelman M, Myers AJ,
Corneveaux JJ, Hardy J, Vonsattel JP, Younkin SG, Bennett DA, De Jager
PL, Larson EB, Crane PK, Kamboh MI, Kofler JK, Mash DC, Duque L,
Gilbert JR, Gwirtsman H, Buxbaum JD, Kramer P, Dickson DW, Farrer
LA, Frosch MP, Ghetti B, Haines JL, Hyman BT, Kukull WA, Mayeux RP,
Pericak-Vance MA, Schneider JA, Trojanowski JQ, Reiman EM, Schel-
lenberg GD, Montine TJ. 2014. Genome-wide association meta-analysis

29



12

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

of neuropathologic features of Alzheimer’s disease and related demen-
tias. PLoS Genet 10(9):e1004606.

Bekris LM, Lutz F, Yu CE. 2012. Functional analysis of APOE locus genetic
variation implicates regional enhancers in the regulation of both
TOMM40 and APOE. ] Hum Genet 57(1):18-25.

Blain JF, Sullivan PM, Poirier J. 2006. A deficit in astroglial organization
causes the impaired reactive sprouting in human apolipoprotein E4
targeted replacement mice. Neurobiol Dis 21(3):505-514.

Borroni B, Costanzi C, Padovani A. 2010. Genetic susceptibility to
behavioural and psychological symptoms in Alzheimer disease. Curr
Alzheimer Res 7(2):158-164.

Brown CM, Choi E, Xu Q, Vitek MP, Colton CA. 2008. The APOE4
genotype alters the response of microglia and macrophages to 17beta-
estradiol. Neurobiol Aging 29(12):1783-1794.

Bu G. 2009. Apolipoprotein E and its receptors in Alzheimer’s disease:
Pathways, pathogenesis and therapy. Nat Rev Neurosci 10(5):333-344.

Bunce D, Anstey KJ, Burns R, Christensen H, Easteal S. 2011. Does
possession of apolipoprotein E varepsilon4 benefit cognitive function
in healthy young adults? Neuropsychologia 49(7):1693-1697.

Calero O, Hortiguela R, Bullido MJ, Calero M. 2009. Apolipoprotein E
genotyping method by real time PCR, a fast and cost-effective alternative
to the TagMan and FRET assays. ] Neurosci Methods 183(2):238-240.

Cao L, Wang K, Gu T, Du B, Song J. 2014. Association between APOE
epsilon 4 allele and postoperative cognitive dysfunction: A meta-analysis.
Int J Neurosci 124(7):478-485.

Coordinators NR. 2016. Database resources of the National Center for
Biotechnology Information. Nucleic Acids Res 44(D1):D7-D19.

Corder EH, Saunders AM, Strittmatter W], Schmechel DE, Gaskell PC,
Small GW, Roses AD, Haines JL, Pericak-Vance MA. 1993. Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late
onset families. Science 261(5123):921-923.

Cruchaga C, Kauwe JS, Harari O, Jin SC, Cai Y, Karch CM, Benitez BA,
Jeng AT, Skorupa T, Carrell D, Bertelsen S, Bailey M, McKean D,
Shulman JM, De Jager PL, Chibnik L, Bennett DA, Arnold SE, Harold
D, Sims R, Gerrish A, Williams J, Van Deerlin VM, Lee VM, Shaw LM,
Trojanowski JQ, Haines JL, Mayeux R, Pericak-Vance MA, Farrer LA,
Schellenberg GD, Peskind ER, Galasko D, Fagan AM, Holtzman DM,
Morris JC, Goate AM. 2013. GWAS of cerebrospinal fluid tau levels
identifies risk variants for Alzheimer’s disease. Neuron 78(2):256-268.

Cudaback E, Li X, Montine KS, Montine TJ, Keene CD. 2011. Apolipo-
protein E isoform-dependent microglia migration. FASEB ]
25(6):2082-2091.

Cudaback E, Yang Y, Montine TJ, Keene CD. 2015. APOE genotype-
dependent modulation of astrocyte chemokine CCL3 production. Glia
63(1):51-65.

Chauhan G, Adams HH, Bis JC, Weinstein G, Yu L, Toglhofer AM, Smith
AV, van der Lee S], Gottesman RF, Thomson R, Wang J, Yang Q, Niessen
WJ, Lopez OL, Becker J T, Phan TG, Beare R], Arfanakis K, Fleischman D,
Vernooij MW, Mazoyer B, Schmidt H, Srikanth V, Knopman DS, Jack
CR Jr., Amouyel P, Hofman A, DeCarli C, Tzourio C, van Duijn CM,
Bennett DA, Schmidt R, Longstreth WT Jr., Mosley TH, Fornage M,
Launer LJ, Seshadri S, Ikram MA, Debette S. 2015. Association of
Alzheimer’s disease GWAS loci with MRI markers of brain aging.
Neurobiol Aging 36(4):1765 e1767—e1716.

Chen S, Averett NT, Manelli A, Ladu MJ, May W, Ard MD. 2005. Isoform-
specific effects of apolipoprotein E on secretion of inflammatory medi-
ators in adult rat microglia. J Alzheimer’s Dis 7(1):25-35.

Chen Y, Durakoglugil MS, Xian X, Herz J. 2010. ApoE4 reduces glutamate
receptor function and synaptic plasticity by selectively impairing ApoE
receptor recycling. Proc Natl Acad Sci USA 107(26):12011-12016.

Chung WS, Verghese PB, Chakraborty C, Joung J, Hyman BT, Ulrich JD,
Holtzman DM, Barres BA. 2016. Novel allele-dependent role for APOE
in controlling the rate of synapse pruning by astrocytes. Proc Natl Acad
Sci USA 113(36):10186-10191.

Davies G, Armstrong N, Bis JC, Bressler J, Chouraki V, Giddaluru S, Hofer
E, Ibrahim-Verbaas CA, Kirin M, Lahti J, van der Lee SJ, Le Hellard S, Liu
T, Marioni RE, Oldmeadow C, Postmus I, Smith AV, Smith JA,
Thalamuthu A, Thomson R, Vitart V, Wang J, Yu L, Zgaga L, Zhao
W, Boxall R, Harris SE, Hill WD, Liewald DC, Luciano M, Adams H,
Ames D, Amin N, Amouyel P, Assareh AA, Au R, Becker JT, Beiser A,
Berr C, Bertram L, Boerwinkle E, Buckley BM, Campbell H, Corley J, De
Jager PL, Dufouil C, Eriksson JG, Espeseth T, Faul JD, Ford I, Gottesman
RF, Griswold ME, Gudnason V, Harris TB, Heiss G, Hofman A, Holliday
EG, Huffman J, Kardia SL, Kochan N, Knopman DS, Kwok JB, Lambert
JC, Lee T, Li G, Li SC, Loitfelder M, Lopez OL, Lundervold AJ, Lundqvist
A, Mather KA, Mirza SS, Nyberg L, Oostra BA, Palotie A, Papenberg G,
Pattie A, Petrovic K, Polasek O, Psaty BM, Redmond P, Reppermund S,
Rotter JI, Schmidt H, Schuur M, Schofield PW, Scott R], Steen VM, Stott
DJ, van Swieten JC, Taylor KD, Trollor J, Trompet S, Uitterlinden AG,
Weinstein G, Widen E, Windham BG, Jukema JW, Wright AF, Wright
M]J, Yang Q, Amieva H, Attia JR, Bennett DA, Brodaty H, de Craen AJ,
Hayward C, Ikram MA, Lindenberger U, Nilsson LG, Porteous DJ,
Raikkonen K, Reinvang I, Rudan I, Sachdev PS, Schmidt R, Schofield PR,
Srikanth V, Starr JM, Turner ST, Weir DR, Wilson JF, van Duijn C,
Launer L, Fitzpatrick AL, Seshadri S, Mosley TH Jr., Deary IJ. 2015.
Genetic contributions to variation in general cognitive function: A meta-
analysis of genome-wide association studies in the CHARGE consortium
(N =53949). Mol Psychiatry 20(2):183-192.

De Jager PL, Shulman JM, Chibnik LB, Keenan BT, Raj T, Wilson RS, Yu L,
Leurgans SE, Tran D, Aubin C, Anderson CD, Biffi A, Corneveaux JJ,
Huentelman MJ, Rosand J, Daly MJ, Myers AJ, Reiman EM, Bennett DA,
Evans DA. 2012. A genome-wide scan for common variants affecting the
rate of age-related cognitive decline. Neurobiol Aging 33(5):1017 e1011—
1015.

Deb S, Braganza J, Norton N, Williams H, Kehoe PG, Williams J, Owen MJ.
2000. APOE epsilon 4 influences the manifestation of Alzheimer’s disease
in adults with Down’s syndrome. Br J Psychiatry 176:468-472.

Debette S, Ibrahim Verbaas CA, Bressler ], Schuur M, Smith A, Bis JC,
Davies G, Wolf C, Gudnason V, Chibnik LB, Yang Q, deStefano AL, de
Quervain DJ, Srikanth V, Lahti J, Grabe HJ, Smith JA, Priebe L, Yu L,
Karbalai N, Hayward C, Wilson JF, Campbell H, Petrovic K, Fornage
M, Chauhan G, Yeo R, Boxall R, Becker J, Stegle O, Mather KA,
Chouraki V, Sun Q, Rose LM, Resnick S, Oldmeadow C, Kirin M,
Wright AF, Jonsdottir MK, Au R, Becker A, Amin N, Nalls MA, Turner
ST, Kardia SL, Oostra B, Windham G, Coker LH, Zhao W, Knopman
DS, Heiss G, Griswold ME, Gottesman RF, Vitart V, Hastie ND, Zgaga
L, Rudan I, Polasek O, Holliday EG, Schofield P, Choi SH, Tanaka T,
AnY, Perry RT, Kennedy RE, Sale MM, Wang J, Wadley VG, Liewald
DC, Ridker PM, Gow AJ, Pattie A, Starr JM, Porteous D, Liu X,
Thomson R, Armstrong NJ, Eiriksdottir G, Assareh AA, Kochan NA,
Widen E, Palotie A, Hsieh YC, Eriksson JG, Vogler C, van Swieten JC,
Shulman JM, Beiser A, Rotter J, Schmidt CO, Hoffmann W, Nothen
MM, Ferrucci L, Attia J, Uitterlinden AG, Amouyel P, Dartigues JF,
Amieva H, Raikkonen K, Garcia M, Wolf PA, Hofman A, Longstreth
WT Jr., Psaty BM, Boerwinkle E, DeJager PL, Sachdev PS, Schmidt R,
Breteler MM, Teumer A, Lopez OL, Cichon S, Chasman DI, Grodstein
F, Muller-Myhsok B, Tzourio C, Papassotiropoulos A, Bennett DA,
Tkram MA, Deary IJ, van Duijn CM, Launer L, Fitzpatrick AL, Seshadri
S, Mosley TH Jr. 2015. Genome-wide studies of verbal declarative
memory in nondemented older people: The Cohorts for Heart and
Aging Research in Genomic Epidemiology consortium. Biol Psychiatry
77(8):749-763.

Eisenberg DT, Kuzawa CW, Hayes MG. 2010. Worldwide allele frequencies
of the human apolipoprotein E gene: Climate, local adaptations, and
evolutionary history. Am J Phys Anthropol 143(1):100-111.

30



FORERO ET AL.

Elias-Sonnenschein LS, Viechtbauer W, Ramakers IH, Verhey FR, Visser
PJ. 2011. Predictive value of APOE-epsilon4 allele for progression from
MCI to AD-type dementia: A meta-analysis. ] Neurol Neurosurg Psy-
chiatry 82(10):1149-1156.

Fan J, Zareyan S, Zhao W, Shimizu Y, Pfeifer TA, Tak JH, Isman MB, Van
den Hoven B, Duggan ME, Wood MW, Wellington CL, Kulic I. 2016.
Identification of a chrysanthemic ester as an apolipoprotein E inducer in
astrocytes. PLoS ONE 11(9):e0162384.

Fan QW, losbe I, Asou H, Yanagisawa K, Michikawa M. 2001. Expression
and regulation of apolipoprotein E receptors in the cells of the central
nervous system in culture: A review. ] Am Aging Assoc 24(1):1-10.

Feng F, Lu SS, Hu CY, Gong FF, Qian ZZ, Yang HY, Wu YL, Zhao YY, Bi P,
Sun YH. 2015. Association between apolipoprotein E gene polymor-
phism and depression. ] Clin Neurosci 22(8):1232-1238.

Ferrari R, Grassi M, Salvi E, Borroni B, Palluzzi F, Pepe D, D’Avila F,
Padovani A, Archetti S, Rainero I, Rubino E, Pinessi L, Benussi L, Binetti
G, Ghidoni R, Galimberti D, Scarpini E, Serpente M, Rossi G, Giaccone
G, Tagliavini F, Nacmias B, Piaceri I, Bagnoli S, Bruni AC, Maletta RG,
Bernardi L, Postiglione A, Milan G, Franceschi M, Puca AA, Novelli V,
Barlassina C, Glorioso N, Manunta P, Singleton A, Cusi D, Hardy J,
Momeni P. 2015. A genome-wide screening and SNPs-to-genes ap-
proach to identify novel genetic risk factors associated with frontotem-
poral dementia. Neurobiol Aging 36(10):2904 €2913—e2926.

Forero DA, Velez-van-Meerbeke A, Deshpande SN, Nicolini H, Perry G.
2014. Neuropsychiatric genetics in developing countries: Current chal-
lenges. World J Psychiatry 4(4):69-71.

Frieden C, Garai K. 2013. Concerning the structure of apoE. Protein Sci
22(12):1820-1825.

Garcia MA, Vazquez J, Gimenez C, Valdivieso F, Zafra F. 1996. Transcrip-
tion factor AP-2 regulates human apolipoprotein E gene expression in
astrocytoma cells. ] Neurosci 16(23):7550-7556.

GengH, Law PP, Ng MC, Li T, Liang LY, Ge TF, Wong KB, Liang C, Ma RC,
So WY, Chan JC, Ho YY. 2011. APOE genotype-function relationship:
Evidence of —491 A/T promoter polymorphism modifying transcription
control but not type 2 diabetes risk. PLoS ONE 6(10):¢24669.

Genin E, Hannequin D, Wallon D, Sleegers K, Hiltunen M, Combarros O,
Bullido MJ, Engelborghs S, De Deyn P, Berr C, Pasquier F, Dubois B,
Tognoni G, Fievet N, Brouwers N, Bettens K, Arosio B, Coto E, Del
Zompo M, Mateo I, Epelbaum J, Frank-Garcia A, Helisalmi S, Porcellini
E, Pilotto A, Forti P, Ferri R, Scarpini E, Siciliano G, Solfrizzi V, Sorbi S,
Spalletta G, Valdivieso F, Vepsalainen S, Alvarez V, Bosco P, Mancuso M,
Panza F, Nacmias B, Bossu P, Hanon O, Piccardi P, Annoni G, Seripa D,
Galimberti D, Licastro F, Soininen H, Dartigues JF, Kamboh MI, Van
Broeckhoven C, Lambert JC, Amouyel P, Campion D. 2011. APOE and
Alzheimer disease: A major gene with semi-dominant inheritance. Mol
Psychiatry 16(9):903-907.

Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang
HM, Korbel JO, Marchini JL, McCarthy S, McVean GA, Abecasis GR.
2015. A global reference for human genetic variation. Nature
526(7571):68-74.

Giau VV, Bagyinszky E, An SS, Kim SY. 2015. Role of apolipoprotein E in
neurodegenerative diseases. Neuropsychiatr Dis Treat 11:1723-1737.

Gong ]S, Kobayashi M, Hayashi H, Zou K, Sawamura N, Fujita SC,
Yanagisawa K, Michikawa M. 2002. Apolipoprotein E (ApoE) iso-
form-dependent lipid release from astrocytes prepared from human
ApoE3 and ApoE4 knock-in mice. ] Biol Chem 277(33):29919-29926.

Gonzalez-Castro TB, Tovilla-Zarate CA, Hernandez-Diaz Y, Fresan A,
Juarez-Rojop IE, Ble-Castillo JL, Lopez-Narvaez L, Genis A, Hernandez-
Alvarado MM. 2015. No association between ApoE and schizophrenia:
Evidence of systematic review and updated meta-analysis. Schizophr Res
169(1-3):355-368.

13

Gordon I, Grauer E, Genis I, Sehayek E, Michaelson DM. 1995. Memory
deficits and cholinergic impairments in apolipoprotein E-deficient mice.
Neurosci Lett 199(1):1-4.

Govone F, Vacca A, Rubino E, Gai A, Boschi S, Gentile S, Orsi L, Pinessi L,
Rainero I. 2014. Lack of association between APOE gene polymorphisms
and amyotrophic lateral sclerosis: A comprehensive meta-analysis.
Amyotroph Lateral Scler Frontotemporal Degener 15(7-8):551-556.

Greenwood PM, Lambert C, Sunderland T, Parasuraman R. 2005. Effects
of apolipoprotein E genotype on spatial attention, working memory, and
their interaction in healthy, middle-aged adults: Results From the
National Institute of Mental Health’s BIOCARD study. Neuropsychol-
ogy 19(2):199-211.

Grootendorst J, Bour A, Vogel E, Kelche C, Sullivan PM, Dodart JC, Bales
K, Mathis C. 2005. Human apoE targeted replacement mouse lines: h-
apoE4 and h-apoE3 mice differ on spatial memory performance and
avoidance behavior. Behav Brain Res 159(1):1-14.

Grootendorst J, de Kloet ER, Dalm S, Oitzl MS. 2001. Reversal of cognitive
deficit of apolipoprotein E knockout mice after repeated exposure to a
common environmental experience. Neuroscience 108(2):237-247.

Guo S, Wang S, Kim WJ, Lee SR, Frosch MP, Bacskai BJ, Greenberg SM, Lo
EH. 2006. Effects of apoE isoforms on beta-amyloid-induced matrix
metalloproteinase-9 in rat astrocytes. Brain Res 1111(1):222-226.

Han SD, Bondi MW. 2008. Revision of the apolipoprotein E compensatory
mechanism recruitment hypothesis. Alzheimers Dement 4(4):251-254.

Harris FM, Brecht W], Xu Q, Tesseur I, Kekonius L, Wyss-Coray T, Fish
JD, Masliah E, Hopkins PC, Scearce-Levie K, Weisgraber KH, Mucke L,
Mahley RW, Huang Y. 2003. Carboxyl-terminal-truncated apolipopro-
tein E4 causes Alzheimer’s disease-like neurodegeneration and behav-
ioral deficits in transgenic mice. Proc Natl Acad Sci USA
100(19):10966-10971.

Harris FM, Tesseur I, Brecht WJ, Xu Q, Mullendorff K, Chang S, Wyss-
Coray T, Mahley RW, Huang Y. 2004. Astroglial regulation of apolipo-
protein E expression in neuronal cells. Implications for Alzheimer’s
disease. ] Biol Chem 279(5):3862—-3868.

Hartman RE, Wozniak DF, Nardi A, Olney JW, Sartorius L, Holtzman
DM. 2001. Behavioral phenotyping of GFAP-apoE3 and -apoE4 trans-
genic mice: apoE4 mice show profound working memory impairments
in the absence of Alzheimer’s-like neuropathology. Exp Neurol
170(2):326-344.

Hatters DM, Peters-Libeu CA, Weisgraber KH. 2006. Apolipoprotein E
structure: Insights into function. Trends Biochem Sci 31(8):445-454.

HerzJ, Chen Y. 2006. Reelin, lipoprotein receptors and synaptic plasticity.
Nat Rev Neurosci 7(11):850-859.

Hixson JE, Vernier DT. 1990. Restriction isotyping of human apolipopro-
tein E by gene amplification and cleavage with Hhal. J Lipid Res
31(3):545-548.

Hoe HS, Harris DC, Rebeck GW. 2005. Multiple pathways of apolipopro-
tein E signaling in primary neurons. ] Neurochem 93(1):145-155.

Holtzman DM, Herz J, Bu G. 2012. Apolipoprotein E and apolipoprotein E
receptors: Normal biology and roles in Alzheimer disease. Cold Spring
Harb Perspect Med 2(3):a006312.

Hollingworth P, Sweet R, Sims R, Harold D, Russo G, Abraham R, Stretton
A, Jones N, Gerrish A, Chapman J, Ivanov D, Moskvina V, Lovestone S,
Priotsi P, Lupton M, Brayne C, Gill M, Lawlor B, Lynch A, Craig D,
McGuinness B, Johnston J, Holmes C, Livingston G, Bass NJ, Gurling H,
McQuillin A, Holmans P, Jones L, Devlin B, Klei L, Barmada MM,
Demirci FY, DeKosky ST, Lopez OL, Passmore P, Owen MJ, O’Donovan
MC, Mayeux R, Kamboh MI, Williams J. 2012. Genome-wide associa-
tion study of Alzheimer’s disease with psychotic symptoms. Mol Psy-
chiatry 17(12):1316-1327.

31



14

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

Hu J, LaDu M]J, Van Eldik LJ. 1998. Apolipoprotein E attenuates beta-
amyloid-induced astrocyte activation. ] Neurochem 71(4):1626-1634.

Huang X, Chen PC, Poole C. 2004. APOE-[epsilon]2 allele associated with
higher prevalence of sporadic Parkinson disease. Neurology
62(12):2198-2202.

Hubacek JA, Pitha J, Skodova Z, Adamkova V, Lanska V, Poledne R. 2001.
A possible role of apolipoprotein E polymorphism in predisposition to
higher education. Neuropsychobiology 43(3):200-203.

International HapMap C. 2003. The International HapMap Project.
Nature 426(6968):789-796.

Jiang Q, Lee CY, Mandrekar S, Wilkinson B, Cramer P, Zelcer N, Mann K,
Lamb B, Willson TM, Collins JL, Richardson JC, Smith JD, Comery TA,
Riddell D, Holtzman DM, Tontonoz P, Landreth GE. 2008. ApoE
promotes the proteolytic degradation of Abeta. Neuron 58(5):681-693.

Jordan J, Galindo MF, Miller RJ, Reardon CA, Getz GS, LaDu MJ. 1998.
Isoform-specific effect of apolipoprotein E on cell survival and beta-
amyloid-induced toxicity in rat hippocampal pyramidal neuronal cul-
tures. ] Neurosci 18(1):195-204.

Jun G, Naj AC, Beecham GW, Wang LS, Buros J, Gallins PJ, Buxbaum JD,
Ertekin-Taner N, Fallin MD, Friedland R, Inzelberg R, Kramer P,
Rogaeva E, St George-Hyslop P, Cantwell LB, Dombroski BA, Saykin
AJ, Reiman EM, Bennett DA, Morris JC, Lunetta KL, Martin ER,
Montine TJ, Goate AM, Blacker D, Tsuang DW, Beekly D, Cupples
LA, Hakonarson H, Kukull W, Foroud TM, Haines J, Mayeux R, Farrer
LA, Pericak-Vance MA, Schellenberg GD. 2010. Meta-analysis confirms
CRI1, CLU, and PICALM as alzheimer disease risk loci and reveals
interactions with APOE genotypes. Arch Neurol 67(12):1473-1484.

Kamboh MI, Barmada MM, Demirci FY, Minster RL, Carrasquillo MM,
Pankratz VS, Younkin SG, Saykin AJ, Sweet RA, Feingold E, DeKosky ST,
Lopez OL. 2012a. Genome-wide association analysis of age-at-onset in
Alzheimer’s disease. Mol Psychiatry 17(12):1340-1346.

Kamboh MI, Demirci FY, Wang X, Minster RL, Carrasquillo MM,
Pankratz VS, Younkin SG, Saykin AJ, Jun G, Baldwin C, Logue MW,
Buros J, Farrer L, Pericak-Vance MA, Haines JL, Sweet RA, Ganguli M,
Feingold E, Dekosky ST, Lopez OL, Barmada MM. 2012b. Genome-wide
association study of Alzheimer’s disease. Transl Psychiatry 2:e117.

Khan TA, Shah T, Prieto D, Zhang W, Price J, Fowkes GR, Cooper J,
Talmud PJ, Humphries SE, Sundstrom J, Hubacek JA, Ebrahim S, Lawlor
DA, Ben-Shlomo Y, Abdollahi MR, Slooter AJ, Szolnoki Z, Sandhu M,
Wareham N, Frikke-Schmidt R, Tybjaerg-Hansen A, Fillenbaum G,
Heijmans BT, Katsuya T, Gromadzka G, Singleton A, Ferrucci L, Hardy
J, Worrall B, Rich SS, Matarin M, Whittaker J, Gaunt TR, Whincup P,
Morris R, Deanfield J, Donald A, Davey Smith G, Kivimaki M, Kumari
M, Smeeth L, Khaw KT, Nalls M, Meschia J, Sun K, Hui R, Day I,
Hingorani AD, Casas JP. 2013. Apolipoprotein E genotype, cardiovas-
cular biomarkers and risk of stroke: Systematic review and meta-analysis
of 14,015 stroke cases and pooled analysis of primary biomarker data
from up to 60,883 individuals. Int J Epidemiol 42(2):475-492.

Koch W, Ehrenhaft A, Griesser K, Pfeufer A, Muller J, Schomig A, Kastrati
A. 2002. TagMan systems for genotyping of disease-related polymor-
phisms present in the gene encoding apolipoprotein E. Clin Chem Lab
Med 40(11):1123-1131.

Koistinaho M, Lin S, Wu X, Esterman M, Koger D, Hanson J, Higgs R, Liu
F, Malkani S, Bales KR, Paul SM. 2004. Apolipoprotein E promotes
astrocyte colocalization and degradation of deposited amyloid-beta
peptides. Nat Med 10(7):719-726.

Korwek KM, Trotter JH, Ladu MJ, Sullivan PM, Weeber EJ. 2009. ApoE
isoform-dependent changes in hippocampal synaptic function. Mol
Neurodegener 4:21.

Kovalevich ], Langford D. 2013. Considerations for the use of SH-SY5Y
neuroblastoma cells in neurobiology. Methods Mol Biol 1078:9-21.

Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez
C, DeStafano AL, Bis JC, Beecham GW, Grenier-Boley B, Russo G,
Thorton-Wells TA, Jones N, Smith AV, Chouraki V, Thomas C, Ikram
MA, Zelenika D, Vardarajan BN, Kamatani Y, Lin CF, Gerrish A,
Schmidt H, Kunkle B, Dunstan ML, Ruiz A, Bihoreau MT, Choi SH,
Reitz C, Pasquier F, Cruchaga C, Craig D, Amin N, Berr C, Lopez OL, De
Jager PL, Deramecourt V, Johnston JA, Evans D, Lovestone S, Letenneur
L, Moron FJ, Rubinsztein DC, Eiriksdottir G, Sleegers K, Goate AM,
Fievet N, Huentelman MW, Gill M, Brown K, Kamboh MI, Keller L,
Barberger-Gateau P, McGuiness B, Larson EB, Green R, Myers AJ,
Dufouil C, Todd S, Wallon D, Love S, Rogaeva E, Gallacher J, St
George-Hyslop P, Clarimon J, Lleo A, Bayer A, Tsuang DW, Yu L,
Tsolaki M, Bossu P, Spalletta G, Proitsi P, Collinge J, Sorbi S, Sanchez-
Garcia F, Fox NC, Hardy J, Deniz Naranjo MC, Bosco P, Clarke R, Brayne
C, Galimberti D, Mancuso M, Matthews F, Moebus S, Mecocci P, Del
Zompo M, Maier W, Hampel H, Pilotto A, Bullido M, Panza F, Caffarra
P, Nacmias B, Gilbert JR, Mayhaus M, Lannefelt L, Hakonarson H,
Pichler S, Carrasquillo MM, Ingelsson M, Beekly D, Alvarez V, Zou F,
Valladares O, Younkin SG, Coto E, Hamilton-Nelson KL, Gu W,
Razquin C, Pastor P, Mateo I, Owen MJ, Faber KM, Jonsson PV,
Combarros O, O’Donovan MC, Cantwell LB, Soininen H, Blacker D,
Mead S, Mosley TH Jr., Bennett DA, Harris TB, Fratiglioni L, Holmes C,
de Bruijn RF, Passmore P, Montine TJ, Bettens K, Rotter JI, Brice A,
Morgan K, Foroud TM, Kukull WA, Hannequin D, Powell JF, Nalls MA,
Ritchie K, Lunetta KL, Kauwe JS, Boerwinkle E, Riemenschneider M,
Boada M, Hiltuenen M, Martin ER, Schmidt R, Rujescu D, Wang LS,
Dartigues JF, Mayeux R, Tzourio C, Hofman A, Nothen MM, Graff C,
Psaty BM, Jones L, Haines JL, Holmans PA, Lathrop M, Pericak-Vance
MA, Launer LJ, Farrer LA, van Duijn CM, Van Broeckhoven C, Mosk-
vinaV, Seshadri S, Williams J, Schellenberg GD, Amouyel P. 2013. Meta-
analysis of 74,046 individuals identifies 11 new susceptibility loci for
Alzheimer’s disease. Nat Genet 45(12):1452-1458.

Lane-Donovan C, Wong WM, Durakoglugil MS, Wasser CR, Jiang S, Xian
X, HerzJ. 2016. Genetic restoration of plasma ApoE improves cognition
and partially restores synaptic defects in ApoE-deficient mice. ] Neurosci
36(39):10141-10150.

Laskowitz DT, Goel S, Bennett ER, Matthew WD. 1997. Apolipoprotein E
suppresses glial cell secretion of TNF alpha. ] Neuroimmunol 76(1-
2):70-74.

Lee J, Choi J, Wong GW, Wolfgang MJ. 2016. Neurometabolic roles of
ApoE and LdI-R in mouse brain. ] Bioenerg Biomembr 48(1):13-21.

Levi O, Jongen-Relo AL, Feldon ], Roses AD, Michaelson DM. 2003. ApoE4
impairs hippocampal plasticity isoform-specifically and blocks the en-
vironmental stimulation of synaptogenesis and memory. Neurobiol Dis
13(3):273-282.

Li G, Bien-Ly N, Andrews-Zwilling Y, Xu Q, Bernardo A, Ring K, Halabisky
B, Deng C, Mahley RW, Huang Y. 2009. GABAergic interneuron
dysfunction impairs hippocampal neurogenesis in adult apolipoprotein
E4 knockin mice. Cell Stem Cell 5(6):634—645.

LiJQ, Wang HF, Zhu XC, Sun FR, Tan MS, Tan CC, Jiang T, Tan L, Yu JT.
2016. GWAS-linked loci and neuroimaging measures in Alzheimer’s
disease. Mol Neurobiol (in press). DOI: 10.1007/5s12035-015-9669-1

LiL,BaoY, HeS, Wang G, Guan Y, Ma D, Wu R, Wang P, Huang X, Tao S,
Liu Q, WangY, Yang]J. 2015a. The association between apolipoprotein E
and functional outcome after traumatic brain injury: A meta-analysis.
Medicine 94(46):e2028.

Li X, Montine KS, Keene CD, Montine TJ. 2015b. Different mechanisms of
apolipoprotein E isoform-dependent modulation of prostaglandin E2
production and triggering receptor expressed on myeloid cells 2
(TREM2) expression after innate immune activation of microglia.
FASEB ] 29(5):1754-1762.

Liu CC, Kanekiyo T, Xu H, Bu G. 2013. Apolipoprotein E and Alzheimer
disease: Risk, mechanisms and therapy. Nat Rev Neurol 9(2):106-118.

32



FORERO ET AL.

LiuY, YuJT, Wang HF, Han PR, Tan CC, Wang C, Meng XF, Risacher SL,
Saykin AJ, Tan L. 2015. APOE genotype and neuroimaging markers of
Alzheimer’s disease: Systematic review and meta-analysis. ] Neurol
Neurosurg Psychiatry 86(2):127-134.

Liu YJ, Meng FT, Wang LL, Zhang LF, Cheng XP, Zhou JN. 2012.
Apolipoprotein E influences melatonin biosynthesis by regulating
NAT and MAOA expression in C6 cells. ] Pineal Res 52(4):397—402.

Logue MW, Schu M, Vardarajan BN, Buros J, Green RC, Go RC, Griffith P,
Obisesan TO, Shatz R, Borenstein A, Cupples LA, Lunetta KL, Fallin MD,
Baldwin CT, Farrer LA. 2011. A comprehensive genetic association study
of Alzheimer disease in African Americans. Arch Neurol
68(12):1569-1579.

Lopez-Leon S, Janssens AC, Gonzalez-Zuloeta Ladd AM, Del-Favero J,
Claes SJ, Oostra BA, van Duijn CM. 2008. Meta-analyses of genetic
studies on major depressive disorder. Mol Psychiatry 13(8):772-785.

Mahley RW, Weisgraber KH, Huang Y. 2009. Apolipoprotein E: Structure
determines function, from atherosclerosis to Alzheimer’s disease to
AIDS. J Lipid Res 50(Suppl):S183-S188.

Masliah E, Mallory M, Ge N, Alford M, Veinbergs I, Roses AD. 1995.
Neurodegeneration in the central nervous system of apoE-deficient
mice. Exp Neurol 136(2):107-122.

Mathias JL, Wheaton P. 2015. Contribution of brain or biological reserve
and cognitive or neural reserve to outcome after TBI: A meta-analysis
(prior to 2015). Neurosci Biobehav Rev 55:573-593.

Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A, Pfrieger
FW. 2001. CNS synaptogenesis promoted by glia-derived cholesterol.
Science 294(5545):1354-1357.

Maxwell SS, Jackson CA, Paternoster L, Cordonnier C, Thijs V, Al-Shahi
Salman R, Sudlow CL. 2011. Genetic associations with brain micro-
bleeds: Systematic review and meta-analyses. Neurology 77(2):158-167.

Medway CW, Abdul-Hay S, Mims T, Ma L, Bisceglio G, Zou F, Pankratz S,
Sando SB, Aasly JO, Barcikowska M, Siuda J, Wszolek ZK, Ross OA,
Carrasquillo M, Dickson DW, Graff-Radford N, Petersen RC, Ertekin-
Taner N, Morgan K, Bu G, Younkin SG. 2014. ApoE variant p.V236E is
associated with markedly reduced risk of Alzheimer’s disease. Mol
Neurodegener 9:11.

Miyashita A, Koike A, Jun G, Wang LS, Takahashi S, Matsubara E,
Kawarabayashi T, Shoji M, Tomita N, Arai H, Asada T, Harigaya Y,
Tkeda M, Amari M, Hanyu H, Higuchi S, Ikeuchi T, Nishizawa M, Suga
M, Kawase Y, Akatsu H, Kosaka K, Yamamoto T, Imagawa M, Hama-
guchi T, Yamada M, Morihara T, Takeda M, Takao T, Nakata K, Fujisawa
Y, Sasaki K, Watanabe K, Nakashima K, Urakami K, Ooya T, Takahashi
M, Yuzuriha T, Serikawa K, Yoshimoto S, Nakagawa R, Kim JW, Ki CS,
Won HH, Na DL, Seo SW, Mook-Jung]1, St George—Hyslop P, MayeuxR,
Haines JL, Pericak-Vance MA, Yoshida M, Nishida N, Tokunaga K,
Yamamoto K, Tsuji S, Kanazawa I, Thara Y, Schellenberg GD, Farrer LA,
Kuwano R. 2013. SORLI is genetically associated with late-onset Alz-
heimer’s disease in Japanese, Koreans and Caucasians. PLoS ONE 8(4):
e58618.

Nathan BP, Bellosta S, Sanan DA, Weisgraber KH, Mahley RW, Pitas RE.
1994. Differential effects of apolipoproteins E3 and E4 on neuronal
growth in vitro. Science 264(5160):850-852.

Nichol K, Deeny SP, Seif J, Camaclang K, Cotman CW. 2009. Exercise
improves cognition and hippocampal plasticity in APOE epsilon4 mice.
Alzheimers Dement 5(4):287-294.

Qitzl MS, Mulder M, Lucassen PJ, Havekes LM, Grootendorst J, de Kloet
ER. 1997. Severe learning deficits in apolipoprotein E-knockout mice ina
water maze task. Brain Res 752(1-2):189-196.

Pantelidis P, Lambert-Hammill M, Wierzbicki AS. 2003. Simple sequence-
specific-primer-PCR method to identify the three main apolipoprotein E
haplotypes. Clin Chem 49(11):1945-1948.

15

Panza F, Frisardi V, Seripa D, D’Onofrio G, Santamato A, Masullo C,
Logroscino G, Solfrizzi V, Pilotto A. 2012. Apolipoprotein E genotypes
and neuropsychiatric symptoms and syndromes in late-onset Alz-
heimer’s disease. Ageing Res Rev 11(1):87-103.

Panza F, Seripa D, D’Onofrio G, Frisardi V, Solfrizzi V, Mecocci P, Pilotto
A. 2011. Neuropsychiatric symptoms, endophenotypes, and syndromes
in late-onset Alzheimer’s disease: Focus on APOE gene. Int J Alzheimers
Dis 2011:721457.

Peck G, Smeeth L, Whittaker J, Casas JP, Hingorani A, Sharma P. 2008. The
genetics of primary haemorrhagic stroke, subarachnoid haemorrhage
and ruptured intracranial aneurysms in adults. PLoS ONE 3(11):e3691.

Qiu Z, Crutcher KA, Hyman BT, Rebeck GW. 2003. ApoE isoforms affect
neuronal N-methyl-D-aspartate calcium responses and toxicity via
receptor-mediated processes. Neuroscience 122(2):291-303.

Raber J, Wong D, Buttini M, Orth M, Bellosta S, Pitas RE, Mahley RW,
Mucke L. 1998. Isoform-specific effects of human apolipoprotein E on
brain function revealed in ApoE knockout mice: Increased susceptibility
of females. Proc Natl Acad Sci USA 95(18):10914-10919.

Radmanesh F, Devan W], Anderson CD, Rosand J, Falcone GJ. Alzheimer’s
disease neuroimaging I. 2014. Accuracy of imputation to infer unob-
served APOE epsilon alleles in genome-wide genotyping data. Eur ] Hum
Genet 22(10):1239-1242.

Rajeevan H, Osier MV, Cheung KH, Deng H, Druskin L, Heinzen R, Kidd
JR, Stein S, Pakstis AJ, Tosches NP, Yeh CC, Miller PL, Kidd KK. 2003.
ALFRED: The ALelle FREquency database. Update. Nucleic Acids Res
31(1):270-271.

Ramirez A, van der Flier WM, Herold C, Ramonet D, Heilmann S, Lewczuk
P, Popp J, Lacour A, Drichel D, Louwersheimer E, Kummer MP,
Cruchaga C, Hoffmann P, Teunissen C, Holstege H, Kornhuber J, Peters
0, Naj AC, Chouraki V, Bellenguez C, Gerrish A, Heun R, Frolich L, Hull
M, Buscemi L, Herms S, Kolsch H, Scheltens P, Breteler MM, Ruther E,
Wiltfang J, Goate A, Jessen F, Maier W, Heneka MT, Becker T, Nothen
MM. 2014. SUCLG2 identified as both a determinator of CSF Abetal-42
levels and an attenuator of cognitive decline in Alzheimer’s disease. Hum
Mol Genet 23(24):6644—6658.

Rannikmae K, Samarasekera N, Martinez-Gonzalez NA, Al-Shahi Salman
R, Sudlow CL. 2013. Genetics of cerebral amyloid angiopathy: Systematic
review and meta-analysis. ] Neurol Neurosurg Psychiatry 84(8):901-908.

Reitz C, Jun G, Naj A, Rajbhandary R, Vardarajan BN, Wang LS, Valladares
O, Lin CF, Larson EB, Graff-Radford NR, Evans D, De Jager PL, Crane
PK, Buxbaum JD, Murrell JR, Raj T, Ertekin-Taner N, Logue M, Baldwin
CT, Green RC, Barnes LL, Cantwell LB, Fallin MD, Go RC, Griffith P,
Obisesan TO, Manly JJ, Lunetta KL, Kamboh MI, Lopez OL, Bennett DA,
Hendrie H, Hall KS, Goate AM, Byrd GS, Kukull WA, Foroud TM,
Haines JL, Farrer LA, Pericak-Vance MA, Schellenberg GD, Mayeux R.
2013. Variants in the ATP-binding cassette transporter (ABCA7), apo-
lipoprotein E 4, and the risk of late-onset Alzheimer disease in African
Americans. JAMA 309(14):1483-1492.

Robertson J, Curley J, Kaye J, Quinn J, Pfankuch T, Raber J. 2005. ApoE
isoforms and measures of anxiety in probable AD patients and Apoe-/-
mice. Neurobiol Aging 26(5):637—-643.

Rubino E, Vacca A, Govone F, De Martino P, Pinessi L, Rainero 1. 2013.
Apolipoprotein E polymorphisms in frontotemporal lobar degenera-
tion: A meta-analysis. Alzheimers Dement 9(6):706-713.

Rubinsztein DC, Easton DF. 1999. Apolipoprotein E genetic variation and
Alzheimer’s disease. A meta-analysis. Dement Geriatr Cogn Disord
10(3):199-209.

Rusted JM, Evans SL, King SL, Dowell N, Tabet N, Tofts PS. 2013. APOE
e4 polymorphism in young adults is associated with improved atten-
tion and indexed by distinct neural signatures. Neurolmage
65:364-373.

33



16

AMERICAN JOURNAL OF MEDICAL GENETICS PART B

Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL, Gudnason V, Boada
M, BisJC, Smith AV, Carassquillo MM, Lambert JC, Harold D, Schrijvers
EM, Ramirez-Lorca R, Debette S, Longstreth WT Jr., Janssens AC,
Pankratz VS, Dartigues JF, Hollingworth P, Aspelund T, Hernandez I,
Beiser A, Kuller LH, Koudstaal PJ, Dickson DW, Tzourio C, Abraham R,
Antunez C, Du Y, Rotter JI, Aulchenko YS, Harris TB, Petersen RC, Berr
C, Owen MJ, Lopez-Arrieta J, Varadarajan BN, Becker JT, Rivadeneira F,
Nalls MA, Graff-Radford NR, Campion D, Auerbach S, Rice K, Hofman
A, Jonsson PV, Schmidt H, Lathrop M, Mosley TH, Au R, Psaty BM,
Uitterlinden AG, Farrer LA, Lumley T, Ruiz A, Williams J, Amouyel P,
Younkin SG, Wolf PA, Launer LJ, Lopez OL, van Duijn CM, Breteler
MM. 2010. Genome-wide analysis of genetic loci associated with Alz-
heimer disease. JAMA 303(18):1832-1840.

Shine JP, Hodgetts CJ, Postans M, Lawrence AD, Graham KS. 2015. APOE-
epsilon4 selectively modulates posteromedial cortex activity during
scene perception and short-term memory in young healthy adults. Sci
Rep 5:16322.

Shinohara M, Kanekiyo T, Yang L, Linthicum D, Shinohara M, Fu Y, Price
L, Frisch-Daiello JL, Han X, Fryer JD, Bu G. 2016. APOE2 eases cognitive
decline during aging: Clinical and preclinical evaluations. Ann Neurol
(in press). DOI: 10.1002/ana.24628

Siegel JA, Benice TS, Van Meer P, Park BS, Raber J. 2011. Acetylcholine
receptor and behavioral deficits in mice lacking apolipoprotein E.
Neurobiol Aging 32(1):75-84.

Simonovitch S, Schmukler E, Bespalko A, Iram T, Frenkel D, Holtzman
DM, Masliah E, Michaelson DM, Pinkas-Kramarski R. 2016. Impaired
autophagy in APOE4 astrocytes. ] Alzheimers Dis 51(3):915-927.

Sinclair LI, Button KS, Munafo MR, Day IN, Lewis G. 2015. Possible
association of APOE genotype with working memory in young adults.
PLoS ONE 10(8):e0135894.

Speir ML, Zweig AS, Rosenbloom KR, Raney BJ, Paten B, Nejad P, Lee BT,
Learned K, Karolchik D, Hinrichs AS, Heitner S, Harte RA, Haeussler M,
Guruvadoo L, Fujita PA, Eisenhart C, Diekhans M, Clawson H, Casper J,
Barber GP, Haussler D, Kuhn RM, Kent WJ. 2016. The UCSC genome
browser database: 2016 update. Nucleic Acids Res 44(D1):D717-D725.

Stening E, Persson J, Eriksson E, Wahlund LO, Zetterberg H, Soderlund H.
2016. Apolipoprotein E 4 is positively related to spatial performance but
unrelated to hippocampal volume in healthy young adults. Behav Brain
Res 299:11-18.

Strachan-Whaley MR, Reilly K, Dobson J, Kalisch BE. 2015. Map kinase
and PKC signaling pathways modulate NGF-mediated apoE transcrip-
tion. Neurosci Lett 595:54-59.

Strittmatter WJ, Saunders AM, Schmechel D, Pericak-Vance M, Enghild J,
Salvesen GS, Roses AD. 1993. Apolipoprotein E: High-avidity binding to
beta-amyloid and increased frequency of type 4 allele in late-onset
familial Alzheimer disease. Proc Natl Acad Sci USA 90(5):1977-1981.

Su Al Wiltshire T, Batalov S, Lapp H, Ching KA, Block D, Zhang J, Soden
R, Hayakawa M, Kreiman G, Cooke MP, Walker JR, Hogenesch JB. 2004.
A gene atlas of the mouse and human protein-encoding transcriptomes.
Proc Natl Acad Sci USA 101(16):6062—6067.

Su YY, Zhang XD, Schoepf UJ, Varga-Szemes A, Stubenrauch A, Liang X,
Zheng L], Zheng G, Kong X, Xu Q, Wang SJ, Qi RF, Lu GM, Zhang LJ.
2016. Lower functional connectivity of default mode network in cogni-
tively normal young adults with mutation of APP, presenilins and APOE
epsilon4. Brain Imaging Behav (in press). DOIL: 10.1007/s11682-016-
9556-z.

Sudlow C, Martinez Gonzalez NA, Kim J, Clark C. 2006. Does apolipo-
protein E genotype influence the risk of ischemic stroke, intracerebral
hemorrhage, or subarachnoid hemorrhage? Systematic review and meta-
analyses of 31 studies among 5961 cases and 17,965 controls. Stroke
37(2):364-370.

SunJH, Tan L, Wang HF, Tan MS, Tan L, Li JQ, Xu W, Zhu XC, Jiang T, Yu
JT. 2015. Genetics of vascular dementia: Systematic review and meta-
analysis. ] Alzheimers Dis 46(3):611-629.

Tolar M, Keller JN, Chan S, Mattson MP, Marques MA, Crutcher KA.
1999. Truncated apolipoprotein E (ApoE) causes increased intracellular
calcium and may mediate ApoE neurotoxicity. ] Neurosci
19(16):7100-7110.

Trusca VG, Mihai AD, Fuior EV, Fenyo IM, Gafencu AV. 2016. High levels
of homocysteine downregulate apolipoprotein E expression via nuclear
factor kappa B. World J Biol Chem 7(1):178-187.

TuJL, Zhao CB, Vollmer T, Coons S, Lin HJ, Marsh S, Treiman DM, Shi J.
2009. APOE 4 polymorphism results in early cognitive deficits in an EAE
model. Biochem Biophys Res Commun 384(4):466—470.

Varvarigou V, Dahabreh IJ, Malhotra A, Kales SN. 2011. A review of
genetic association studies of obstructive sleep apnea: Field synopsis and
meta-analysis. Sleep 34(11):1461-1468.

Verpillat P, Camuzat A, Hannequin D, Thomas-Anterion C, Puel M,
Belliard S, Dubois B, Didic M, Lacomblez L, Moreaud O, Golfier V,
Campion D, Brice A, Clerget-Darpoux F. 2002. Apolipoprotein E gene in
frontotemporal dementia: An association study and meta-analysis. Eur J
Hum Genet 10(7):399-405.

Villeneuve S, Brisson D, Marchant NL, Gaudet D. 2014. The potential
applications of apolipoprotein E in personalized medicine. Front Aging
Neurosci 6:154.

Wang SC, Oelze B, Schumacher A. 2008. Age-specific epigenetic drift in
late-onset Alzheimer’s disease. PLoS ONE 3(7):e2698.

Wei Y, Tang Y, He W, Qu Z, Zeng J, Qin C. 2014. APOE gene polymor-
phisms and susceptibility to Creutzfeldt-Jakob disease. J Clin Neurosci
21(3):390-394.

Welter D, MacArthur ], Morales J, Burdett T, Hall P, Junkins H, Klemm A,
Flicek P, Manolio T, Hindorff L, Parkinson H. 2014. The NHGRI GWAS
Catalog, a curated resource of SNP-trait associations. Nucleic Acids Res
42(Database issue):D1001-D1006.

Wijsman EM, Pankratz ND, Choi Y, Rothstein JH, Faber KM, ChengR, Lee
JH, Bird TD, Bennett DA, Diaz-Arrastia R, Goate AM, Farlow M, Ghetti
B, Sweet RA, Foroud TM, Mayeux R. 2011. Genome-wide association of
familial late-onset Alzheimer’s disease replicates BIN1 and CLU and
nominates CUGBP2 in interaction with APOE. PLoS Genet 7(2):
e1001308.

Williams-Gray CH, Goris A, Saiki M, Foltynie T, Compston DA, Sawcer SJ,
Barker RA. 2009. Apolipoprotein E genotype as a risk factor for suscep-
tibility to and dementia in Parkinson’s disease. ] Neurol 256(3):493—498.

Wisdom NM, Callahan JL, Hawkins KA. 2011. The effects of apolipopro-
tein E on non-impaired cognitive functioning: A meta-analysis. Neuro-
biol Aging 32(1):63-74.

Wu C, Macleod I, Su AL 2013. BioGPS and MyGene.info: Organizing
online, gene-centric information. Nucleic Acids Res 41(Database issue):
D561-D565.

Xin XY, Ding JQ, Chen SD. 2010. Apolipoprotein E promoter polymor-
phisms and risk of Alzheimer’s disease: Evidence from meta-analysis.
] Alzheimers Dis 19(4):1283-1294.

Xin XY, Song YY, MaJF, Fan CN, Ding JQ, Yang GY, Chen SD. 2009. Gene

polymorphisms and risk of adult early-onset ischemic stroke: A meta-
analysis. Thromb Res 124(5):619-624.

Xu PT, Gilbert JR, Qiu HL, Ervin J, Rothrock-Christian TR, Hulette C,
Schmechel DE. 1999. Specific regional transcription of apolipoprotein E
in human brain neurons. Am J Pathol 154(2):601-611.

Xuan C, Zhang BB, Li M, Deng KF, Yang T, Zhang XE. 2011. No
association between APOE epsilon 4 allele and multiple sclerosis sus-

34



FORERO ET AL.

ceptibility: A meta-analysis from 5472 cases and 4727 controls. ] Neurol
Sci 308(1-2):110-116.

Yang YG, Kim JY, Park SJ, Kim SW, Jeon OH, Kim DS. 2007. Apolipo-
protein E genotyping by multiplex tetra-primer amplification refractory
mutation system PCR in single reaction tube. ] Biotechnol
131(2):106-110.

Yates A, Akanni W, Amode MR, Barrell D, Billis K, Carvalho-Silva D,
Cummins C, Clapham P, Fitzgerald S, Gil L, Giron CG, Gordon L,
Hourlier T, Hunt SE, Janacek SH, Johnson N, Juettemann T, Keenan S,
Lavidas I, Martin FJ, Maurel T, McLaren W, Murphy DN, Nag R, Nuhn
M, Parker A, Patricio M, Pignatelli M, Rahtz M, Riat HS, Sheppard D,
Taylor K, Thormann A, Vullo A, Wilder SP, Zadissa A, Birney E, Harrow
J, Muffato M, Perry E, Ruffier M, Spudich G, Trevanion SJ, Cunningham
F, Aken BL, Zerbino DR, Flicek P. 2016. Ensembl 2016. Nucleic Acids Res
44(D1):D710-D716.

Ye S, Huang Y, Mullendorff K, Dong L, Giedt G, Meng EC, Cohen FE,
Kuntz ID, Weisgraber KH, Mahley RW. 2005. Apolipoprotein (apo) E4
enhances amyloid beta peptide production in cultured neuronal cells:
apoE structure as a potential therapeutic target. Proc Natl Acad Sci USA
102(51):18700-18705.

Yu CE, Cudaback E, Foraker J, Thomson Z, Leong L, Lutz F, Gill JA, Saxton
A, Kraemer B, Navas P, Keene CD, Montine T, Bekris LM. 2013.

1?

Epigenetic signature and enhancer activity of the human APOE gene.
Hum Mol Genet 22(24):5036-5047.

Yu CE, Seltman H, Peskind ER, Galloway N, Zhou PX, Rosenthal E,
Wijsman EM, Tsuang DW, Devlin B, Schellenberg GD. 2007. Compre-
hensive analysis of APOE and selected proximate markers for late-onset
Alzheimer’s disease: Patterns of linkage disequilibrium and disease/
marker association. Genomics 89(6):655-665.

Yu W, Clyne M, Khoury MJ, Gwinn M. 2010. Phenopedia and Genopedia:
Disease-centered and gene-centered views of the evolving knowledge of
human genetic associations. Bioinformatics 26(1):145—146.

Zhang C, Pierce BL. 2014. Genetic susceptibility to accelerated cognitive
decline in the US Health and Retirement Study. Neurobiol Aging 35-
(6):1512 el511—e1518.

Zhang R, Wang X, Tang Z, Liu ], Yang S, Zhang Y, Wei Y, Luo W, Wang J,
LiJ, Chen B, Zhang K. 2014. Apolipoprotein E gene polymorphism and
the risk of intracerebral hemorrhage: A meta-analysis of epidemiologic
studies. Lipids Health Dis 13:47.

Zhu L, Zhong M, Elder GA, Sano M, Holtzman DM, Gandy S, Cardozo
C, Haroutunian V, Robakis NK, Cai D. 2015. Phospholipid dys-
regulation contributes to ApoE4-associated cognitive deficits in
Alzheimer’s disease pathogenesis. Proc Natl Acad Sci USA
112(38):11965-11970.

35



Producto 2

Downloaded by Western Sydney University from www liebertpub.com at 01/09/19. For personal use only.

ZEBRAFISH

Volume 00, Number 00, 2019
© Mary Ann Liebert, Inc.
DOI: 10.1089/zeb.2018.1662

A Review of Freely Available, Open-Source Software
for the Automated Analysis of the
Behavior of Adult Zebrafish

Juan E. Franco-Restrepo,"? Diego A. Forero,"? and Rafael A. Vargas,'?

Abstract

The analysis of behavior in animal models is an important objective in many research fields, including neu-
roscience, psychology, toxicology, and neuropsychopharmacology. Animal models have been used for many
years, and several behavioral paradigms, such as locomotor activity, social interactions, and cognitive behavior,
have been studied in animal models to correlate the behaviors with pharmacological or environmental inter-
ventions and with molecular, biochemical, and physiological findings. We reviewed the literature looking for
open-source, freely available software to analyze animal behavior and found 12 freely available programs:
ToxTrack, EthoWatcher, Mouse Behavior Tracker, Mouse Move, JAABA, wrMTrck, AnimalTracker, id-
Tracker, Ctrax, Mousetracker, VideoHacking, and Cowlog, which were developed with different programs,
work on different platforms, and have particular types of inputs and outputs and analysis capabilities. We
reviewed some examples of their use, tested some of them, and provided several recommendations for the
future development of programs for the automated analysis of behavior in animal models. In conclusion, we
show freely available software for the automated analysis of behavior in animal models such as adult zebrafish
and provide information for researchers and students looking for quick, easy-to-implement, and inexpensive
behavior analysis alternatives.

Keywords: animal behavior, neurobiology, computational neuroscience, automated analysis, open-source
software, adult zebrafish behavior

Introduction models, in which it is necessary to perform behavioral ana-
lyses, among other systematic studies. The behavior de-
HISTORICALLY, ANIMAL MODELS have been used foralong  scription, or ethography, is a task that requires time by a
time in medical and biological research, having their trained researcher to recognize and analyze behavior patterns
origins in ancient Greece with Aristotle (384-322 BC).! In  in animal species. For example, aggressive behavior may be
1902, Lucien Cuénot used mice (Mus musculus) for the first recognized as follows: chasing and biting patterns in mice
time to investigate Mendelian inheritance, and in 1903, and adult zebrafish.”® Traditionally, this type of behavior is
William Castle used fruit flies (Drosophila melanogaster) to  recorded, and the results are manually extracted.
study the heritability of albinism.” In 1822, zebrafish (Danio Many of the behavioral tests commonly used in several
rerio) were described by Hamilton, and in the 1980s, the animal models are an adaptation from the scientific literature
zebrafish emerged as a novel organism for research in many available in mouse models. The three main types of behav-
fields to study biological phenomena.®* These three animal ioral domains evaluated in animal models, including adult
models have complete genome sequences that make them zebrafish, are emotional behavior (e.g., anxiety or fear),
suitable for behavioral studies that correlate with molecular ~ cognitive behavior (e.g., spatial memory, object recogni-
analyses. In comparison with the human genome sequence, tion, or learning), and social interaction (e.g., aggressiveness,
genes from mice have ~80% homology,’ zebrafish 70%," social preference, and courtship), as evidenced in several
and fruit flies 60%.° These genetic similarities allow the publications.””'? For instance, the analysis of locomotor be-
study of human diseases and biological phenomena in animal  havior can be explored in different species and with several

lLaboratory of Neuropsychiatric Genetics, Biomedical Sciences Research Group, School of Medicine, Universidad Antonio Narifio,
Bo;otai, Colombia.
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experimental paradigms (e.g., open field in mice, trapezoidal
tank in adult zebrafish, and square boxes in flies), and in
general, these devices assess the animal’s movement in the
environment (generating important data, such as total length,
velocity, acceleration, and trajectories). On the other hand,
there are cognitive tests, such as memory tasks, which assess
the number of entries into a region of interest (ROI), time
spent in an ROI, and time to reach an ROL. Finally, social
interactions can be assessed, and they can have a wide range
of presentations; for instance, in larval and adult zebrafish
models, it has been found that there are ~ 190 evaluable
behaviors.® Of these, more than 20 behaviors represent
complex actions that are mostly evaluated manually, such as
biting, charging, chasing, and fighting (in aggression), chang-
ing body color, swimming in circles, following (in courtship),
shoaling, and socially imeracling.8

Although many animal models have been used in neuro-
science research to study animal behavior for several de-
cades, only recently has software for the automated analysis
of behavior been developed. Software that adapts to the needs
of the researcher allows the design of more complex studies,
for example, experiments related to studying the influence
of the administration of pharmacological substances, genetic
modifications, or physical and/or cognitive impairments in
animals, testing their specific behaviors in several domains,
making assessments in grouped or individual situations, and
conducting these analyses with a low rate of error.

This work is focused on reviewing open-source software
oriented to study only adult zebrafish behavior and not larval
zebrafish behavior. The zebrafish behavior in larval stages
has specific characteristics and has been analyzed using
software for video and kinematic analysis.'*'*

Currently, there are several programs for the automated
analysis of animal behavior, and although some of these
are commercial, an important number of them are open
source and free to use. These developments have provided
researchers with many advantages, such as saving time and
money, improving accuracy, allowing a larger number of
animals to be analyzed, and possibly generating highly
quantitative and precise results, such as the total length of
displacement, velocity, acceleration, turn an§les, track tra-
jectories, and number of entries in a ROL'>!

Some commercial programs for the analysis of animal be-
haviors are EthoVision (Noldus, Inc., Leesburg, VA), ANY-
maze (Stoelting Co., Wood Dale, IL), and TopScan (Clever
Sys, Inc., VA). These programs require payment for their use.
In this article, we focus on freely available open-source
software oriented to video analysis, which permits the auto-
mated analysis of behavior. It should be noted that some
software also needs C++, MATLAB, LabView (National
Instruments, TX) commercially available programs, or Py-
thon (which needs advanced computational skills) to work.

Literature Review

For this work, a search was made of the existing literature
in PubMed and the academic Google search engine. The
keywords for the search included adult zebrafish behavior,
animal behavior, automated analysis, and open-source soft-
ware. Review articles and original articles closely related to
the topic were selected and reviewed. Based on this, 12 freely
available programs were identified: 3 ImageJ-based pro-
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grams (wrMTrck, Mouse Behavior Tracker, and Animal-
Tracker), 2 MATLAB-based image processing programs
(idTracker and JAABA), 2 C++-based image processing
programs (ToxTrack and EthoWatcher), 2 python-based
image processing programs (Ctrax and VideoHacking), 1
Pascal/Delphi image processing program (Mousetracker), 1
LabVIEW-based image processing program (Mouse Move),
and 1 Java- and HTML-based image processing program
(Cowlog). These programs work on different operative systems
(Windows, Mac OS, and Linux). In some cases, toolboxes, li-
braries, and licenses from commercial programming languages
(MATLAB, C++, and LabVIEW) are required (Table 1).

Open-Source and Freely Available Software

The programs mentioned below have in common the
semiautomatic analysis of previously recorded videos or the
processing of the behavior in real time. Actually, the analysis
of behavior through software is performed semiautomatically
because the user must adjust the parameters (distance mea-
surements and ROI, mainly), and the software will be re-
sponsible for executing the order to follow a specific object.
For practical purposes, we will call it automatic analysis. It is
important to keep in mind that depending on the software
used, the number of steps needed to obtain the behavioral
data may be different.

Image processing algorithms

Processing times may also vary, and it will depend mainly
on the video resolution and length, and the software speed.
Briefly, the first algorithm commonly used by the software is
a segmentation algorithm (i.e., background subtraction fol-
lowed by threshold definition). It helps to improve animal
tracking and to decrease the variations in light in the field
(Appendix). After that, animal location (center of mass or
animal head) is tracked in X and Y coordinates, and the results
are generated.'>'® It is also important to note that many al-
gorithms can be customized.

One of the main limitations of the available programs is the
difficulty of tracking several animals simultaneously. The
main cause for this difficulty is the spatial overlap of animals,
which leads to a loss of identity and mixed data. From our
point of view, the main advantage and usefulness of track-
ing multiple individuals are related to the study of locomotor
and social behavior, where tracking multiple individuals
decreases the amount of time for each analysis. Different
techniques, such as the use of visual markers, several cam-
eras, and algorithms based on neural networks, can be used to
avoid losing track of the animals; however, it can be invasive,
it can be difficult to apply to all animal models, and it in-
creases the complexity of the experiments and the computer
memory use.'>'®

Description of Available Software
wrMTrck

This is a plugin that works with ImageJ. ImageJ is a freely
available image processing program developed at the Na-
tional Institute of Health (NIH). It was written in the Java
programming language and run on Windows, Mac OS, and
Linux systems in 32-bit and 64-bit modes. For Image] instal-
lation, you can visit https://imagej.nih.gov/ij/download.html.
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wrMTrck is a plugin created by Jesper Sgndergaard Pedersen
and his team to study how prion-like proteins spread in
Caenorhabditis elegans and to analyze locomotor behavior
(www.phage.dk/plugins/wrmtrck.html).'” The plugin instal-
lation and setup are very easy, and you can read Selvaraj and
Santhakumar'® for more details. wrMTrck generates raw data,
a summary, a video of the tracking analysis, and an image of
the path of the animal tracking. Raw data include total dis-
tance, number of frames tracked, time points analyzed, max-
imum speed by frame, tracking area by frames, average speed
by frame, and location in X and Y coordinates. The data
summary includes the number of objects tracked, total frames
analyzed, the number of group of frames tracked, total length,
average speed, and area and perimeter measures, among oth-
ers. Furthermore, processed videos can be saved in Audio
Video Interleaved (AVI) format and images in tiff, jpeg, gif,
and other common formats. wrMTrck is a useful tool to ana-
lyze several behaviors of one animal at a time because it tracks
only one animal; the superposition of images from several
animals can alter the results when they cross each other, and
the data are mixed. Another useful plugin to solve contrast is-
sues is DanioJ 1.0, which increases the illumination threshold
for the animal and thus makes the animal more visible for
tracking.'® It is mainly useful for analyzing locomotor be-
havior in several species.

Mouse Behavior Tracker

Mouse Behavior Tracker is a macro developed and im-
plemented in ImageJ and the wrMTrck plugin, which allows
automatic tracking of the animal by implementing filters
sequentially to maximize the contrast between the animal and
the test area (https://www.future-science.com/doi/10.2144/
000114607/supplementary material). It works in a similar
way to AnimalTracker, but with limitations related to ob-
taining only data for locomotion. This software generates
data for distance traveled, speed, and path graphs. In com-
parison with EthoVision XT (commercial software), there
was a correlation of 0.98+0.03 (mean+SEM, n=06) in the
data.?® Mouse Behavior Tracker works in Windows, Mac,
and Linux and accepts videos with a resolution of 320 x 240
pixels, 30 frames per second (FPS), and Motion Joint Photo-
graphic Experts Group (MJPEG) compression, in AVI or MP4
format, with a duration of up to 30 min. It was initially im-
plemented in mice, but can be adapted to any species, allowing
the analysis of one individual at a time. This software is useful
for the analysis of locomotor behavior exclusively (distance
and speed parameters), as mentioned above, and may over-
estimate data if there are minimal variations of light.

AnimalTracker

This is a plugin that works with ImageJ, and for installation
and more details, you can visit its website (http://animaltracker
.elte.hu/). This plugin has three different modules that work
together. First, the Tracker module processes the video and
facilitates the binarization process to determine the XY
coordinates. The TrackAnalyzer module visualizes the tra-
jectories produced by the Tracker module, and finally, the
ZoneDesigner module can be set up to analyze different
zones.?' AnimalTracker generates data such as total time
analyzed, immobility times, distances, and velocity vectors.
Furthermore, raw data, means and standard deviations, and
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highest and lowest values can be identified for distance, time,
and immobility times among different ROIs defined in the
ZoneDesigner module. The results can be saved as txt or
spreadsheet files for further analysis. This software is useful
for locomotor behavior and some analysis of social and
cognitive behavior. The software is easy to use and requires a
few steps; however, it only recognizes one animal at a time,
and data mixing can occur when using several animals.

idTracker

idTracker is a MATLAB package that can be downloaded
with MATLAB runtime add-ons from its website (www
.ddtracker.es/). This program can identify several animals in
one video, and idTracker has several automated steps that
include segmentation to normalize fluctuations of illumina-
tion in each frame; fragments of trajectories in which it can
identify each fragment of frames when an animal is moving;
transformation to generate high contrast; and selection of
images that belong to one animal. Images are collected frame
by frame, each animal in the video is identified, and these
steps are computed and automatically analyzed to give in-
dividual trajectories for several animals. Therefore, it is
possible to identify a single animal in a group.?? One of the
main theoretical advantages of idTracker is the possibility to
analyze territoriality, leadership hierarchies, and differences
between animals in a group solving a task, and identities can
be recovered when an animal is out of sight.”

Mousetracker

Mousetracker is an application written in Pascal through a
Delphi interface that is able to run on Windows. Microsoft
Excel is required to save the results. Up to eight animals can
be analyzed at once, and it works through black/white dif-
ferentiation between the animals and the background, based
on a grayscale threshold for animal contrast.”* The hardware
requirements include a 1.6 GHz processor with 512 MB
RAM and a webcam with proper video recording software
installed. The program has a simple, intuitive interface with
buttons and functions. The videos to be used with this soft-
ware need low resolution (video setting in AVI format at 4
FPS and 320 x 240 pixels). Mousetracker was created at the
Brain Institute at the Federal University of Rio Grande do
Norte in Brazil and developed to analyze mainly locomotor
activity and ROI (the software can be obtained by contact
with the software authors at mousetracker @ gmail.com).

Janelia Automatic Animal Behavior Annotator

Janelia Automatic Animal Behavior Annotator (JAABA)
is a system that uses machine learning in a similar way to
EthoWatcher. It creates a library of learned behaviors by
taking a few frames where the event of interest has occurred
and the researcher must teach the behavior to the program; it
takes 15 to 40's to teach each behavior. This software is im-
plemented in MATLAB for Windows, Mac, and Linux op-
erating systems (htlp://jaaba.sourceforge.ned).24 MATLAB
runtime add-ons that are freely available for users must be
installed to execute the program. JAABA has a large number
of algorithms that process characteristics such as position,
locomotion, location, wingspan and movement of the wings
(tested in flies), and distances between animals, identities,
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and field. The machine learning algorithm requires the graph
of the animal’s trajectory in X and Y coordinates to find be-
haviors (learned algorithms) in the video.?* Thus, it is nec-
essary to use additional software to create the trajectories. In
addition, the user can see the results and identify a behavior
that is incorrect. It is applicable to a large number of species
and diverse behaviors with an error rate lower than 1%, as
tested in flies (adult and larva) and mice. In addition, it was
reported that chase behavior analysis by this program had an
error rate of 0.6%, while Ctrax showed an error rate of 10%.
In the demonstration of its performance, authors processed
videos of 1000's (16:40 min).>*

From our point of view, it is a very useful tool to evaluate
the behavior of multiple animals, offering the possibility of
evaluating a large number of social, cognitive, and locomotor
behaviors (bites, persecution, sexual behavior, angle of turn,
grooming events, jumps, walk, immobilization, touch, etc.) in
a large group of animals, saving recording and process ing
times in behavioral tests. According to the authors, it is nec-
essary to develop algorithms that encompass other animal
species, behaviors, and environments because the JAABA
system was focused on flies and mice; however, many be-
haviors measured by JAABA can be adapted to other species
with the same algorithms.

Ctrax

Ctrax is freely available image analysis software. It was
written in Python, and the MATLAB runtime add-ons freely
available for users are required. Ctrax can be downloaded
online and is widely used. More than 40 publications reported
using Ctrax, mainly in D. melanogaster and adult zebrafish
(http://ctrax.sourceforge.net/). This software works similarly
to others in that it makes a binarization of the animal and then
can recognize frame to frame one or several animals (up to 50
flies).”> A wide number of analyses can be performed with
this software, such as velocity, distance, time spent walking,
chase between animals, and a path of several animals in a
video. The analysis carried out by the authors included sev-
enteen 30-min trials, each with 20 flies, for a total of 170
flight hours. In addition, similar to JAABA, Ctrax contains a
machine learning system that allows the evaluation of addi-
tional behaviors, while maintaining the identities of each
animal, even over time, with an accuracy of 83.9% for lo-
comotor behavior and more than 95% for other behaviors.>®
This program is the most complete of the software presented
in this review. It has the capacity to analyze locomotor be-
havior (although with less precision than other software) and
behavior in the social and cognitive domains as determined
by the user.

VideoHacking

This software works with Python and OpenCV, including
the Python libraries matplotlib and NumPy. It consists of
several computational modules working together to analyze
complex behaviors, such as thigmotaxis, ROI analyses, and,
in general, locomotor behavior. The first step is delimiting an
ROI in a field, followed by quantification of the locomotor
behavior frame by frame, and then allowing the user to group
ROIs according to treatment and display the results. More-
over, it contains a graphical interface to view summary
data.’® Another advantage of VideoHacking is the ability to

analyze live or prerecorded videos of several hours with high-
quality tracking and tracking of several animals simulta-
neously (as long as they do not overlap). Outcome parameters
of locomotor activity, such as velocity, acceleration, total
length, average speed, and time spent in an ROI (e.g., thig-
motaxis behavior), are generated by the software. Details for
its installation are found online, and some computational
skills might be needed to solve some problems related to the
installation of VideoHacking and OpenCV (https://faculty
.ithaca.edu/iwoods/docs/pytracker/). The capacity for the
analysis of several hours of testing, the simultaneous testing
of multiple animals (n=48), and the adaptation to changes in
the lighting conditions offered by this software make it ideal
for the analysis of locomotor, social, and cognitive behavior.
In addition, the use of this software reduces the presence of
the researcher, which reduces variables such as noise levels
and lighting changes.

ToxTrack

ToxTrack is software for Windows, developed in the C++
language (https://sourceforge.net/projects/toxtrac/), which
allows the tracking of several animals simultaneously, pre-
serving their identity, even when there are occlusions (loss of
continuity of the image). The user can analyze videos re-
corded previously or in real time (in high resolution, 2048 x
2048 pixels), and the authors recommend that the animals to
be followed should be at least 50 pixels in size, the video
should be recorded with at least 25 FPS, and no more than 10—
20 animals should be tracked in each experiment.>” ToxTrack
can be used in different animal species, with a tracking ef-
ficiency of up to 99.9%. More recently, they developed ToxId
(an algorithm implemented in ToxTrack) that identifies
animals with 99% accuracy, even with occlusions and over-
lapping of animals. This improvement decreases the recog-
nition error rate for an individual from one frame to another
and enhances tracking in other species, such as adult zebra-
fish.?” In comparison with idTracker, ToxId?® is more effi-
cient in processing videos and decreasing the analysis time,
and has an average rate of recognition of several animal
models of 97% compared to 99% of idTracker. ToxTrack
generates results for the total distance, speed, acceleration,
time near the walls, and other parameters related to the ROIL.

EthoWatcher

EthoWatcher is a program for Windows, programmed in
the C++ language, which allows researchers to make a cat-
alog for the automatic analysis of behavior (http://ethowatcher
.paginas.ufsc.br/). It has been used in several species and is
useful mainly in rodents. EthoWatcher can evaluate specific
behaviors, such as vertical exploration, grooming and sniff-
ing, as well as distance, speed, immobilization, and ROI re-
sults (measurement in cm), and it generates a plot of paths,
using prerecorded or live videos with a length of up to 3 h,
with a minimum resolution of 320x240 pixels, MIPEG
compression, and AVI format.?® EthoWatcher does not con-
tain preregistered behavior categories; therefore, the initial
ethographic analysis is performed by the researcher and then
saved as a catalog to be replicated in future analyses. The
program reports the frequency, duration, and latency of each
behavior and allows the processing of two behaviors simul-
taneously, which start and end at different times.?’ The main
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advantage offered by EthoWatcher is the detection of the
angles generated at the poles of the animal (head or tail
movements) compared to its center of mass, which allows
the automatic analysis of the specific behaviors mentioned
above. However, it limits the analysis of some behaviors
and species.

MouseMove

This software was developed in LabVIEW 12.0 Devel-
opment Systems, and it works in the Windows operat-
ing system; however, LabVIEW installation is needed to
run MouseMove.exe (https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC4632026/supplementary file 2). Furthermore, it
is necessary to execute several steps: (1) create a folder with
the videos to be analyzed, including an exclusive video of the
arena (without animals); (2) open ImageJ] and execute the
algorithm designed by the authors; (3) identify the folder that
contains the videos (ImageJ memory restricts the maximum
video length to 5000 frames); (4) the files will be automati-
cally saved in txt format; (5) open MouseMove.exe and open
the folder with saved results; (6) it is necessary to reduce the
resolution of the video to adjust the ROI in Mouse Move, and
any adjustment made in ROI will be processed and saved
automatically; and (7) the generated results will be saved in
the folder that contains the analyzed videos as csv files.>
Mouse Move accepts videos in AVI format with MIPEG
compression at 25 FPS and 640 x 480 resolution (for optimal
performance); however, the macro reduces the resolution to
320x 240 pixels. The variables measured by this software are
distance, average velocity, acceleration, curvature, stationary
fraction, laterality (number of left and right turns and L/R
ratio), and the ability to evaluate novel object recognition
using ROI analysis, with a precision greater than 96%.>°

Mouse Move can be used to analyze the behavior of dif-
ferent animal species and basic parameters of a test; more-
over, it offers the possibility of analyzing specific areas of the
field, which makes it a useful software for the analysis of
locomotor behavior and some social and cognitive behaviors.
However, it has limitations in the input resolution of the
analyzed video and cannot process specific behaviors.

Cowlog

Cowlog is another freely available image analysis soft-
ware. It was implemented using Java and html (http:/
188.166.24.93/download/). From all the programs reviewed
in this article, Cowlog is the only one that works with a
manual analysis; it can be set up for the analysis of up to 24
behaviors. There are three different versions (Cowlog 1, 2.
and 3), and more than 30 publications report using it in
several species. Cowlog is useful when complex behaviors
are analyzed, for example, when an animal lays down, sits
down, eats, or does another specific task. Furthermore, it
works with two windows: a coding window for selecting the
videos, scoring the behaviors and selecting the output format,
and another window to watch the video.>' The generated
results are saved each time a behavior is scored and a table
with two columns is obtained; the first column lists the
behaviors scored, and the second lists the time that the par-
ticular behavior occurred. Data can be exported to other
programs for further analyses.3] This software is not for au-
tomatic analysis; however, we consider it useful when an-
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other software package does not allow the possibility of
evaluating a specific behavior.

The programs presented were downloaded and tested on a
laptop computer Hewlett Packard, HP Pavilion x360 (pro-
cessor Intel Core i3, 4 GB RAM, Windows 10, 64 bits).
Requirements for some programs are processor Intel Core i5,
8 GB RAM, 64 bits (Toxtrack, IdTracker, Ctrax). In cases
where the software worked properly, the programs were
tested using recorded videos of 2 min assessing the novel tank
test in adult zebrafish (Fig. 1A-D, and Table 1).

Example of Adult Zebrafish Behavior Analysis
with Freely Available Software ImageJ Based

As mentioned before, several programs have been used for
the automated analysis of behavior in animal models with
multiple species. We are interested in ImageJ, a free, public
domain, Java-based image processing program developed at
the National Institutes of Health (https://imagej.nih.gov/ij/).
Image] provides extensibility by Java with thousands of
plugins and recordable macros that facilitate scientific image
analysis. In addition, this tool has been successfully used
worldwide by many laboratories.*> Zebrafish (D. rerio), both
larvae and adults, have previously been used to analyze lo-
comotor and anxiety behavior when exposed to ethanol and
other substances, such as fluoxetine, morphine, and nico-
tine.*** Briefly, we used two male wild-type adult zebrafish
housed in tanks of 7L at 27°C£1°C and acclimated for 2
weeks before any test. Anxiety and aggressive behaviors
were evaluated using the novel tank test and the aggres-
siveness test. For the novel tank test, we employed a trape-
zoidal tank, and a video was recorded from the lateral view
(Figs. 1B and 2A, C). For the aggressiveness test, a rectan-
gular tank with a mirror on one side was used, and a video
was recorded from the top (Fig. 2B, D). A commercial
camera was used to record videos. Video record settings were
AVI format, MJPEG compressed, 30 FPS, resolution of 840 x
420 pixels, and length of 5 min, and the videos were analyzed
with freely available software.

For this example, the software used for the behavior
analysis was AnimalTracker, and examples of the results of
the paths of the fish for each test are shown in Figure 2C and
D. The results for the parameters of total distance traveled,
and average speed and time spent in the ROI (bottom in novel
tank test and contact zone for aggressiveness test) are shown
in Figure 2E-H.

Discussion

Current techniques for automatic behavior assessment
provide obvious advantages over a manual analysis, facili-
tating the research process in several fields. Several programs
presented in this study evaluate a wide range of behaviors,
and depending on the species, they can be adjusted for dif-
ferent analyses. When a video analysis is performed, you
need to consider how most programs work. Few programs, as
expected, work exclusively on the Windows operating sys-
tem, and most are also available for MacOS and Linux. The
main format supported by several programs is AVI with
MIJPEG compression, and problems can occur in several
steps, such as software installation, formatting of the input
videos, handling the video illumination, and exporting data;
however, among the most important factors mentioned are
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Graphical Outputs

TRACK

Method for Distance traveled | Mean Velocity Comment
analysis (cm) (cm/s)
Manually 982 8.20
AnimalTracker 564 9.39 higher threshold,
dropped frames
AnimalTracker 840 7.32 lower threshold
Toxtrack 722 55 higher threshold,
dropped frames
Toxtrack 965 7.4 lower threshold
IdTracker 789 5.8 higher threshold,
dropped frames
IdTracker 872 7.1 lower threshold

FIG. 1. Freely available and open-source video analysis programs. Several programs were evaluated using the same short
video (2 min, 30 FPS, and 320 x 240 pixels) obtained in an anxiety test, using a trapezoidal tank, of an adult zebrafish. Two
basic measurements, the total length of displacement and velocity (or average speed), were obtained with each program. (A)
ToxTrack interface window showing a tracking trace. (B) An interface from Animal Tracker, an ImageJ-based program. (C)
An interface window from IdTracker, a MATLAB-based program. (D) Summary of results obtained in the anxiety be-
havioral tests. We tracked the video on a laptop computer Hewlett Packard, HP Pavilion x360 (processor Intel Core i3, 4 GB

RAM, Windows 10, 64 bits).

illumination and contrast, which can affect the results de-
pending on the error rate of each program (Appendix).

However, some of the softwares, such as Ctrax, Cowlog,
and VideoHacking, do not need special video formats to
work. Exported data, in some cases, can result in changes in
the content (e.g., due to the misreading of decimal commas),
so it is better to save the results in csv or txt files and then
import them to the software used for data analysis or a
spreadsheet.

As some programs are outdated and therefore do not work
on some platforms, it is necessary to have updates for their
adequate operation. For example, ZooTracer, another freely
available software package developed by Microsoft Research
in 2006, is available for download with the last update
in 2014 (https://www.microsoft.com/en-us/research/project/
zootracer/). However, we did not include it in this review due
to problems with the installation. On the other hand, it is
important to mention that there are several options for the
evaluation of different patterns of behavior and that some
programs lack packages or updates for the wider analyses of
behavior. Further developments are needed to create more
precise and user-friendly free software for the automated
analysis of complex and specific behaviors, such as fighting,
courtship, and jumps, which might analyze the video by ROI
with several animals simultaneously. In the videos analyzed,

the resolution had to be downsampled on many occasions to
avoid the software failing and closing unexpectedly. Another
important limitation is the simultaneous processing capacity
of two or more videos, which depends on the computer’s
RAM, the amount of time or frames processed, and the al-
gorithms of each software. This would save much time, es-
pecially when a single subject was tested per video, and a
considerable number of videos per experimental group were
generated.

For the automated analysis of behavior, we consider it
necessary that the minimum data analyzed include the
following: distance, speed, freezing time, immobilization
time, turn angle (customizable), and number of turns. The
ROI should be adjustable to any geometric shape, including
asymmetric shapes, and the number of entries, latency, and
duration in an ROI should be analyzed (in addition to the
variables mentioned above). The X and Y coordinates and the
path graphs are important data for assessing behavior and
simplifying the analysis process.

Due to the wide variety of analyses provided by each
software package, we recommend using a combination of
two, for example, ToxTrack or AnimalTracker plus JAABA
or EthoWatcher. The first set can quantify the variables
related to locomotion and the analysis of some social and
cognitive behaviors, while the second set of programs can
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H m Anxiety test
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Behavioral test | Distance traveled | Mean Velocity | Time Spentin ROI
(cm) (em/s) (s)
Trapezoidal tank | 2195.82+100 7.3410.5 233430
Aggressiveness | 1538.84195 5.2410.6 127435

FIG. 2. Animal tracker was used to analyze anxiety and aggressiveness in zebrafish. (A) Side view of the trapezoidal
tank used to test anxiety behavior in zebrafish. Two areas were defined: bottom and top zones. (B) Top view of the
rectangular tank used for the aggressiveness test with a lateral mirror (M) with the contact area delimited by dotted lines.
(C) Representative track of a zebrafish in the anxiety test obtained by AnimalTracker software. It was observed that
zebrafish display high activity in the bottom area. (D) Representative track of a zebrafish in the aggressiveness test
obtained by AnimalTracker software. In this test, zebrafish display high activity near the mirror. (E-H) Main results
generated by AnimalTracker in the anxiety and aggressiveness behavioral tests. (E) Distance traveled (cm). (F) Mean
velocity (cm/s). (G) Time spent in the ROI (s). (H) Summary of results obtained in the anxiety and aggressiveness behavior
tests. Input data were obtained from the experiments shown in Figure 1. Error bars are 1 SD. ROI, region of interest; SD,

standard deviation.

quantify specific behaviors. Finally, something important
to include in future reviews will be to contrast the results of
the analysis of a single video in different programs, to
compare automated analysis to manual analysis, and for
some behaviors, to analyze locomotion (and social and

cognitive tests) with several individuals with overlapping
trajectories.

We think that the information reported in this study could
be useful to researchers interested in working in the neuro-
science field, especially people interested in a low-cost animal
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model, such as zebrafish, in combination with free tools for a
behavioral analysis that provide simple, quick, inexpensive or
free of cost, and reliable behavior analysis.

Acknowledgments

D.AF. has been supported by research grants from Col-

ciencias, Colombia, and VCTI-UAN. Funding sources had no
role in the study design, in the collection, analysis and in-
terpretation of data, in the writing of the report, or in the
decision to submit the article for publication.

Disclosure Statement

No competing financial interests exist.

References

1.

2.

Hajar R. Animal testing and medicine. Heart Views 2011;
12:42.

Phifer-Rixey M, Nachman MW. Insights into mammalian
biology from the wild house mouse Mus musculus. eLife
2015;4:e05959.

. Arunachalam M, Raja M, Vijayakumar C, Malaiammal P,

Mayden RL. Natural history of zebrafish (Danio rerio) in
India. Zebrafish 2013;10:1-14.

. Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C,

Muffato M, et al. The zebrafish reference genome sequence
and its relationship to the human genome. Nature 2013:496:
498-503.

. Mouse Sequencing Consortium 2002. Initial sequencing

and comparative analysis of the mouse genome. Nature
2002;420:520-562.

. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne

JD, Amanatides PG, et al. The genome sequence of Dro-
sophila melanogaster. Science 2000;287:2185-2195.

. Miczek K, Takahashi A, Gobrogge K, Hwa L, de Almeida

R. Escalated aggression in animal models: shedding new
light on mesocorticolimbic circuits. Curr Opin Behav Sci
2015;3:90-95.

. Kalueff AV, Gebhardt M, Stewart AM, Cachat JM, Brimmer

M, Chawla JS, et al. Towards a comprehensive catalog of
zebrafish behavior 1.0 and beyond. Zebrafish 2013;10:70-86.

. Bartholomew NR, Burdett JM, VandenBrooks JM, Quinlan

MC, Call GB. Impaired climbing and flight behaviour in
Drosophila melanogaster following carbon dioxide anaes-
thesia. Sci Rep 2015;5:15298.

. Leger M, Quiedeville A, Bouet V, Haelewyn B, Boulouard

M, Schumann-Bard P, ez al. Object recognition test in mice.
Nat Protoc 2013:8:2531-2537.

. Peng M, Zhang C, Dong Y, Zhang Y, Nakazawa H, Kaneki

M, et al. Battery of behavioral tests in mice to study
postoperative delirium. Sci Rep 2016;6:29874.

. Piato AL, Capiotti KM, Tamborski AR, Oses JP, Barcellos LJ,

Bogo MR, et al. Unpredictable chronic stress model in zebrafish
(Danio rerio): behavioral and physiological responses. Prog
Neuropsychopharmacol Biol Psychiatry 2011;35:561-567.

. Budick SA, O’Malley DM. Locomotor repertoire of the

larval zebrafish: swimming, turning and prey capture. J Exp
Biol 2000;203:2565-2579.

. Fero K, Yokogawa T, Burgess HA: The behavioral repertoire

of larval zebrafish. In: Zebrafish models in neurobehavioral
research. Kalueff A and Cachat J, (eds), pp. 249-291. Humana
Press, Totowa, NJ, 2011.

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Dankert H, Wang L, Hoopfer ED, Anderson DJ, Perona P.
Automated monitoring and analysis of social behavior in
Drosophila. Nat Methods 2009;6:297-303.

. Luyten L, Schroyens N, Hermans D, Beckers T. Para-

meter optimization for automated behavior assessment: plug-
and-play or trial-and-error? Front Behav Neurosci 2014;
8:28.

. Nussbaum-Krammer CI, Neto MF, Brielmann RM, Ped-

ersen JS, Morimoto RI. Investigating the spreading and
toxicity of prion-like proteins using the metazoan model
organism C. elegans. J Vis Exp 2015;52321.

. Selvaraj V, Santhakumar K. Analyzing locomotor activity

in Zebrafish larvae using wrMTrck. Zebrafish 2017;14:
287-291.

. Nema S, Hasan W, Bhargava A, Bhargava Y. A novel

method for automated tracking and quantification of adult
zebrafish behaviour during anxiety. J Neurosci Methods
2016;271:65-75.

Tungtur SK, Nishimune N, Radel J, Nishimune H.
Mouse behavior tracker: an economical method for track-
ing behavior in home cages. Biotechniques 2017;63:215—
220.

Gulyas M, Bencsik N, Pusztai S, Liliom H, Schlett K.
AnimalTracker: an ImageJ-based tracking API to create a
customized behaviour analyser program. Neuroinformatics
2016:14:479-481.

Perez-Escudero A, Vicente-Page J, Hinz RC, Arganda S, de
Polavieja GG. idTracker: tracking individuals in a group by
automatic identification of unmarked animals. Nat Methods
2014;11:743-748.

Tort AB, Neto WP, Amaral OB, Kazlauckas V, Souza DO,
Lara DR. A simple webcam-based approach for the mea-
surement of rodent locomotion and other behavioural
parameters. J Neurosci Methods 2016;157:91-97.
Kabra M, Robie AA, Rivera-Alba M, Branson S, Branson K.
JAABA: interactive machine learning for automatic annota-
tion of animal behavior. Nat Methods 2013;10:64-67.
Branson K, Robie AA, Bender J, Perona P, Dickinson MH.
High-throughput ethomics in large groups of Drosophila.
Nat Methods 2009;6:451-457.

Conklin EE, Lee KL, Schlabach SA, Woods IG. Video-
Hacking: Automated tracking and quantification of loco-
motor behavior with open source software. Journal of
Undergraduate Neuroscience Education 2015;13:A120-
A125.

Rodriguez A, Zhang H, Klaminder J, Brodin T, Andersson
PL, Andersson M. ToxTrac: a fast and robust software for
tracking organisms. Methods Ecol Evol 2017;1-5.
Rodriguez A, Zhang H, Klaminder J, Brodin T, Andersson
M. ToxId: an algorithm to track the identity of multiple
animals. Sci Rep 2017;7:14774.

Crispim Junior CF, Pederiva CN, Bose RC, Garcia VA,
Lino-de-Oliveira C, Marino-Neto J. ETHOWATCHER:
validation of a tool for behavioral and video-tracking
analysis in laboratory animals. Comput Biol Med 2012;42:
257-264.

. Samson A, Ju L, Kim H, Zhang S, Lee J, Sturgeon S, et al.

MouseMove: an open source program for semi-automated
analysis of movement and cognitive testing in rodents. Sci
Rep 2015;5:16171.

. Hanninen L, Pastell M. CowLog: open-source software for

coding behaviors from digital video. Behav Res Methods
2009;41:472-476.

44



Downloaded by Western Sydney University from www liebertpub.com at 01/09/19. For personal use only.

32. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to
Imagel: 25 years of image analysis. Nat Methods 2012;9:
671-675.

33. Cachat J, Stewart A, Utterback E, Hart P, Gaikwad
S, Wong K, et al. Three-dimensional neuropheno-
typing of adult zebrafish behavior. PLoS One 2011;6:
el7597.

34. Mora-Zamorano FX, Svoboda KR, Carvan MJ. The
nicotine-evoked locomotor response: A behavioral para-
digm for toxicity screening in Zebrafish (Danio rerio)
embryos and eleutheroembryos exposed to methylmercury.
PLoS One 2016;11:e0154570.

FRANCO-RESTREPO ET AL.

Address correspondence to:
Rafael A. Vargas, MD, PhD
PhD Program in Health Sciences
School of Medicine

Universidad Antonio Narifio

Kr 3 Este #47A - 15

Bogotd 110231

Colombia

E-mail: rvargas3200@hotmail.com
antonio.vargas @uan.edu.co

Appendix

Some Recommendations to Obtain
High-Quality Video Recording

After testing multiple freely available software packages,
we have some suggestions based on our experience. These
recommendations could be useful for students and re-
searchers interested in the analysis of adult zebrafish be-
havior. Considering the following parameters will permit one
to obtain high-quality videos and guarantee standardization
in video recording.

Illumination is a key factor because it is one of the main
factors that generates false recognition in the tracking of
animals. Reflections and shadows should be reduced in the
field before starting to record videos. To solve this problem,
it is important to maintain the same lighting conditions
throughout all recordings. The generation of a contrast be-
tween the field and the animals is the main objective;
therefore, if the animal to be evaluated is dark, the field
should be white, and vice versa. If shadows (or artifacts) are
generated in the field, the lighting must be improved with
LED lights and/or light reflectors. Some software packages
have a size filter to track only the animal in the field, even if
there are artifacts.

The recording camera used can vary from a simple web-
cam to a professional camera. In our experience, to maximize
accuracy, we recommend a camera that records at least 30

frames per second (FPS) and has a resolution of 840x420
pixels. The accuracy in speed calculations may change be-
cause in most algorithms, the position (pixels at X and Y
coordinates) is determined in each frame of the video, and
therefore, higher resolution and FPS improve the accuracy of
the obtained results. However, lower FPS and resolution can
produce similar results if there is good contrast (between the
field and the animal). It is important to note that some pro-
grams allow the video analysis with a resolution of 320 x 240
pixels, and this is allowed mostly with black and white video
due to increases in speed and contrast.

The Audio Video Interleaved format with an MPEG or
MIPEG compression is the most common format used by the
software tested. There are free programs to convert video
from one format to another format, and we recommend
Avidemux (Mean.io®; Linnovate, Bnei Brak, Israel) that
allows the conversion of formats, changes in compression,
size, color, and contrast, and the removal of unwanted regions
of the field, among many other utilities. We recommend
saving memory and processing time by converting or re-
cording videos in grayscale.

Finally, it is necessary to stabilize the camera with a tripod,
maintain the same distance between the lens of the camera
and the field during all behavioral tests, and have measure-
ment reference points, such as the length of the field or a ruler
outside the arena.
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OBJECTIVES:

Stress and anxiety disorders are common health problems and have been related to an
increase in the likelihood of developing addictions, with individual and social
consequences. Alcohol is one of the substances that, although socially accepted, can
generate dependence and abuse. Alcohol misuse, its relationship with stress and its
consequences have been studied, but there are multiple limitations on clinical research
in humans. In this work, we analyzed the behavioral and molecular effects of the joint
exposure to ethanol and an unpredictable stress protocol (USP) in adult zebrafish.
MATERIALS AND METHODS:

Adult zebrafish behavior was studied employing unpredictable stress and behavioral
test. The tests were performed in stressed and non-stressed animals without and with
exposed to known concentrations of alcohol. To evaluate the behavior, tracking
techniques were used on video recordings and parameters such as distance traveled,
swimming speed and place preference, as well as aggression patterns with mirror
proximity test, were measured. In control and 0.75% alcohol group expression of
candidate stress-related genes (slc6ada, slc6a3, comta and bdnf3) were analyzed by
RT-qPCR.

RESULTS:

The results showed that concentrations of 0.75% alcohol reduced the activity of the
fish, which can be interpreted as an increase in the anxiolytic effect of alcohol in non-
stress conditions. Expression for comta, bdnf3 and slc6a3 were reduced in the stress
and stress plus 0.75% ethanol groups; slc6a4a expression was increased in the group
exposed to stress plus 0.75% alcohol.

CONCLUSIONS:

Our exploratory work contributes with novel knowledge about the molecular and
behavioral effects of the combination of unpredicted stress and alcohol misuse. Future
study of other pharmacological compounds and additional genes will be helpful for a
deeper understanding of the molecular mechanisms involved in the response to stress
and alcohol use.

Neurosciences; Mental Health; Addiction; Anxiety; Animal models
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Behavioral and Molecular Effects of Alcohol in Swimming Deep
Test and Mirror Proximity Test in a Model of Unpredictable Stress

in Adult Zebrafish

Running title: Alcohol and Stress in Zebrafish
ABSTRACT
OBJECTIVES:

Stress and anxiety disorders are common health problems and have been related to an
increase in the likelihood of developing addictions, with individual and social consequences.
Alcohol is one of the substances that, although socially accepted, can generate dependence
and abuse. Alcohol misuse, its relationship with stress and its consequences have been
studied, but there are multiple limitations on clinical research in humans. In this work, we
analyzed the behavioral and molecular effects of the joint exposure to ethanol and an

unpredictable stress protocol (USP) in adult zebrafish.
MATERIALS AND METHODS:

Adult zebrafish behavior was studied employing unpredictable stress and behavioral test. The
tests were performed in stressed and non-stressed animals without and with exposed to
known concentrations of alcohol. To evaluate the behavior, tracking techniques were used
on video recordings and parameters such as distance traveled, swimming speed and place

preference, as well as aggression patterns with mirror proximity test, were measured. In
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control and 0.75% alcohol group expression of candidate stress-related genes (slc6a4a,

slc6a3, comta and bdnf3) were analyzed by RT-qPCR.

RESULTS:

The results showed that concentrations of 0.75% alcohol reduced the activity of the fish,
which can be interpreted as an increase in the anxiolytic effect of alcohol in non-stress
conditions. Expression for comta, bdnf3 and slc6a3 were reduced in the stress and stress plus
0.75% ethanol groups; slc6a4a expression was increased in the group exposed to stress plus

0.75% alcohol.

CONCLUSIONS:

Our exploratory work contributes with novel knowledge about the molecular and behavioral
effects of the combination of unpredicted stress and alcohol misuse. Future study of other
pharmacological compounds and additional genes will be helpful for a deeper understanding

of the molecular mechanisms involved in the response to stress and alcohol use.

Keywords: Neurosciences; Mental Health; Addiction; Anxiety; Animal models.

Introduction

Anxiety and stress have been linked to an increased likelihood of developing addictions, such
as alcohol use disorders [1]. Known predisposing factors for alcoholism include psychosocial
stress and affective disorders, which are also risk factors for chronic diseases. On the other
hand, psychosocial stress might potentiate the consumption and the negative effects of
alcohol and to reinforce abnormal drinking behavior [2]. In addition, alcohol consumption

has been linked to aggressive behaviors, such as violent assault, child abuse, domestic
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violence and homicides, among others [3]. Alcohol abuse and its consequences have been
studied in humans, there are multiple limitations on clinical research in humans about basic
mechanisms [4]. As studies in humans have limited potential to identify basic mechanisms
related to the the relationship between stress, anxiety and alcohol misuse, basic studies in

animal models are required to investigate its possible pathophysiology [5].

The adult zebrafish is one of the current models used for research in multiple areas of the
neurosciences [6]. Aspects related to learning and memory [7], the sleep-wake cycle [8],
social behavior [9], stress, anxiety and addictions [10], among others, have been explored in
zebrafish models. Acute stress and anxiety have been studied in adult zebrafish using tests
similar to those used in rodents [11]. For this purpose, several behavioral tests have been
used, such as those based on novel tank, open field, light-dark preference, the predator
avoidance and the social preference [12]. Stress has been induced in adult zebrafish models
using repetitive stress protocols, which include immobilization, extreme changes in water
temperature, net chase, exposure to predators, low water levels, multiple tank changes and
social isolation [13]. Unpredictable stress protocols (USP) have been proposed to study the
behavioral responses to stress in zebrafish [14, 15], and several investigations have shown
responses similar to those observed in other animal models [16]. In general, the zebrafish is
useful for studying stress and anxiety because, in addition to the multiple general advantages
widely described in multiple publications [17]. The anxiety behavior in the zebrafish is
reflected in changes that include: reduction in exploratory behavior, preference for darkness
(scototaxis), deep swimming tendency (geotaxis), preference of peripheral zones
(thigmotaxis), greater frequency and duration of states of immobility (freezing) and increase

in erratic movements [18].
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On the other hand, the zebrafish model has been used to study addictions, especially the acute
and chronic effects of alcohol intake, including its impacts on behavior [19]. Acute exposure
to low and moderate alcohol concentrations in adult zebrafish induced behavioral changes
that included decreased anxiety, increased locomotion, increased aggressiveness and changes
in place preference and in shoaling behavior [20]. These behavioral variations are associated
with increased levels of dopamine and serotonin and decreased levels of glutamate and
GABA neurotransmitters [21]. Chronic exposure to ethanol produced tolerance, and
abstinence increased anxiety and decreased the tendency to shoaling behavior [22]. Serotonin
activity has been linked with regulation of aggressive behavior, stress, arousal, movement
among other physiological process in central nervous system in several species; mood (such
as anxiety, depression and aggressiveness) and serotonin levels have been shown to be
inversely correlated [23]. Furthermore, several studies have found a relationship between
gene expression and behavior [24]. In this context, some of the main candidate genes are:
The brain-derived neurotrophic factor (bdnf), which is related to growth, differentiation and
maintenance of neurons [25]; the enzyme catechol-methyltransferase (comf) responsible for
the degradation of catecholamines, including the regulation of dopamine levels [26]; the
dopamine transporter (sc/6a3) and serotonin transporter (s/c6a4) are responsible for
dopamine and serotonin reuptake from the synaptic gap; it has been shown that their genetic
loss or pharmacological blockage alter neurotransmission and behavior [27].

In previous years, research has been carried out in larval and adult stages of zebrafish to
determine mRNA expression of candidate genes and their relationship with exposure to
substances or stress. To date, there has not been enough research on the combined effects of

acute environmental stress and alcohol consumption in adults, therefore there is a need to
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investigate the effects of environmental stress and exposure to alcohol in adults, their
behavioral changes and its relationship with gene expression. In this pilot work, we explore
and analyze the behavioral and molecular effects of the combined exposure to an acute USP,
similar to those proposed in other animal models to induce stress [16], and ethanol [22] in

adult zebrafish.

Methods and Experimental Design

Animals

Male wild-type short-fin zebrafish of 4-6 months of age were obtained from a local animal
store in Bogotd, Colombia. Fishes were kept in 7 L tanks (400 ml per fish) at a temperature
of 27 + 1 °C, with a pH between 6.8 and 7.4, in a room maintained on a 12:12 hour light/dark
cycle and fed once a day in the light phase with a TetraMin® standardized diet. Additionally,
each tank had an aeration system and filters, guaranteeing adequate water conditions for the
animals, which had a two-week adaptation period prior any test. A total of 84 male zebrafish
were used for experimental tests, with average weight and size of 362 mg and 2.6 cm,
respectively. Only males were used due to differences in tests of aggressiveness and in
biochemical markers, in comparison to females [28]. All procedures were carried out based
on the ethical principles of the 3 R's and the Guide for the Care and Use of Animals in
Neuroscience and in Behavioral Research [29]. All protocols were approved by the ethics

committee in animal experimentation of Universidad Antonio Narifio (June 06/2017).

Environmental Stress and Acute Exposure to Ethanol

52



To induce stress, an acute USP was performed for 3 days (Figure 1). This protocol included
on day 1 a tank change with the water temperature at 33 °C for 30 minutes, followed by the
water temperature at 23 °C for 30 minutes. On day 2, fish were chased with a net for 10
minutes. On day 3, immobilization was carried out in 2 ml microcentrifuge tubes (open at
both sides to allow oxygenated water circulation) for 60 minutes [adapted from 14]. USP was
carried out in groups of 6 fish in a different tank from storage tank. On day 4, zebrafish were
exposed to ethanol (70% ethyl alcohol, Tecnoquimicas, Bogota, Colombia) at different
concentrations (0, 0.25, 0.5, 0.75 and 1%, n = 12 each group). All dilutions were made in a
1 L tank. Zebrafish were exposed to ethanol at 0.25 and 0.5% for 40 minutes, the minimum
time necessary to reach concentrations of alcohol in the blood and brain similar to the
concentration in the tank [30]. Zebrafish exposed to ethanol at 0.75 and 1% showed buoyancy
and balance loss after 15 to 20 minutes, and an exposure time of 40 minutes was fatal in pilot
tests. It was thus decided that zebrafish would be exposed for 20 minutes at these doses (0.75
and 1%). Fish were later transferred to the tanks for behavioral analyses, with fresh water for
S minutes for recovery and behavioral tests were performed. Additionally, a behavioral test
without stress was performed with ethanol exposure at 0.75%. First, the behavior tests were
recorded without alcohol and then, the same group was exposed to 0.75% alcohol and a
second recording was made (pre-post test). A total of 14 groups with 6 fishes each one was
generated, 7 groups (control, stress only, stress plus 0.25, 0.5, 0.75, 1% and pre-post of 0.75%

without stress) for swimming deep test and 7 groups for mirror proximity test.

Behavioral Tests and Analysis
To evaluate behaviors, computerized tracking techniques were used with video recordings.

The videos were analyzed and parameters such as total distance traveled, swimming speed
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and place preference, in the swimming deep test, as well as, the time spent in the region of
interest in the mirror proximity test were measured. All behavioral tanks were custom-made
in acrylic (Surtiacrylicos, Bogota, Colombia).

After recovery in a tank with fresh water, zebrafish were transferred to a different tank to
assess behavior and a 5-minute video was recorded, with a digital camera (iPhone 6, Apple,
California, USA) for further analysis. Only one fish was used in each test at the time.
Swimming deep test and mirror proximity test were assessed with two different tanks; the
mirror proximity test was evaluated with a rectangular tank, with measurements of 18 X 9 X
10 cm (length, width and height), filled up to 4 cm with fresh water, and a 7 cm long mirror
was introduced to assess time spent near its close reflection (contact area of 5 cm with respect
to the mirror) and video recording from the top view of the tank was carried out (Figure 2A).
The time spent near the mirror could indicate aggressive behavior [31].

Swimming deep test was assessed with a trapezoidal tank, with measures of 23 cm in length
at the base and 28 c¢m in the upper region, 7 cm in width and 15 c¢m in height, allowing us to
assess time spent in different portions (lower third and upper two thirds) as an index of
locomotor activity and anxiety, video recording from the lateral view of the tank was carried
out (Figure 2B). We used the freely available ImageJ software (NIH, Maryland, USA) [32]
with the AnimalTracker plugin (developed by Gulyas et al.) [33], which allows automatic
analysis of behavior [34]. Video recording settings were in AVI format, MJPEG compressed,
30 frames per second (FPS) and a resolution of 840 x 420 pixels. Each test was 5 minutes in
length and all 5 minutes of recorded video were analyzed. AnimalTracker provided data on
total distance traveled, average speed, total freezing time, time in the region of interest (ROI),
and total trajectories images. The number of freezing episodes during the test was analyzed

manually.
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Euthanasia and Brain Extraction

Once the behavior test was completed, cryoanesthesia was performed at -4 °C for 20 minutes
and then the fish was transferred to a 1.5 ml microcentrifuge tube with 700 ml of dH20 and
stored at -20 °C. To prevent possible interactions in molecular tests, the use of tricaine (MS-
222) was avoided. Strykowski and Schech [35] reported a higher efficacy in euthanasia at 4
°C or less compared to tricaine, requiring a longer time of exposure but avoiding the
introduction of an additional variable for molecular analyses. Whole brain extraction was
performed by removing the skull of the fish and making cuts in spinal cord, optic nerves and

cranial nerves, after removing the whole brain, it was stored at -20 ° C until RNA extraction.

Total RNA Extraction and cDNA Synthesis

Once the whole brain sample was extracted, total RNA extraction was performed following
the TRIzol protocol (Invitrogen, California, USA) to subsequently generate the first-strand
cDNA using the M-MLV Reverse Transcriptase kit (Invitrogen, California, USA). Small
adjustments were made to the RNA extraction protocol, due to the weight of the brains (<50
mg) and finally, one brain per tube was used in RNA extraction and in the cDNA generation.

Samples were stored at -70 ° C.

Quantitative Real Time PCR

qPCR was performed using BrightGreen 2X qPCR MasterMix (ABM Inc., Vancouver,
Canada) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, California, USA).
A final volume of 10 pl per PCR tube was used, including 2 pl of cDNA (10 ng), 5 pl of

BrightGreen MasterMix, 0.8 pl of each primer and 1.4 pl of molecular grade water [36]. The
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parameters of the qPCR were: 95 °C for 2 min, followed by 40 cycles at 95 °C for 20 seconds,
55 °C for 20 seconds and 72 °C for 20 seconds [Adapted from 36]. Samples from three
experimental groups were used (control, stress only and stress plus 0.75% ethanol): 3 samples
were used per group and each sample was run in triplicate. This was decided due the cost for
the molecular tests and because they were the groups with significant statistical differences.
The elfla gene (elongation factor 1 alpha 1, like 1) was used as a reference gene, as it has
been shown that it has a low expression variability in zebrafish [37, 38]. The mRNA
expression of genes encoding sodium-dependent serotonin transporter (slc6a4a), sodium-
dependent dopamine transporter (slc6a3), Catechol -O- Metiltransferase (comta) and brain-
derived neurotrophic factor, variant 3 (bdnf3) was determined in brain samples. These
orthologs were selected due to their homology with human genes. Sequences of qPCR
primers were taken from previous articles and are available in supplementary Table 1. qPCR
data for gene expression were analyzed with the comparative CT method (2724¢T),

calculating fold changes for candidate genes in experimental groups, in comparison with the

control group and the reference gene [39].

Statistical Analysis

Statistical analyses were carried out using SPSS statistics software V.18 (IBM, New York,
USA) and JASP V.0.10.2. To evaluate differences in behavioral parameters between groups,
an ANOVA of two or more factors was performed followed by Tukey’s HSD (Honestly-
significant-difference) multiple comparison test with a reported level of significance at p <
0.05. The pre-post group was analyzed using a paired t-test, and a two-way ANOVA was

used to determine differences in mRNA expression (fold changes) between groups.

56



Results
In the present work, we explore and analyze the behavioral and molecular effects of the
combined exposure to an unpredicted stress protocol and ethanol in adult zebrafish. The
animal exposed to the USP underwent a different type of environmental stress each day and
the experimental groups subjected to the combined exposure to stress and to different
concentrations of ethanol were compared with control groups of stressed and non-stressed
zebrafish. Gene expression was analyzed in animals from three experimental groups (control,
stress and stress plus 0.75%), using qPCR in cDNA from brain samples.
Swimming deep tests in zebrafish exposed to both unpredicted stress and ethanol
In the trapezoidal tank, the following parameters were evaluated: total distance traveled,
average speed, number of freezing episodes and total duration of freezing. In addition, the
exploration of specific tank areas was evaluated by measuring the dwelling time in the lower
and upper third parts, as well as the total distance and average speed in each zone.
Adult zebrafish exposed to both unpredicted stress and ethanol had a shorter distance
traveled, in comparison with the control group (ctrl). The largest difference in the distance
traveled was between the control group and the group exposed to 0.75% ethanol (p <0.05,
F=10.48. Figure 3A). Similarly, in terms of average velocity, the differences were mainly
between the control group and the group exposed to 0.75% ethanol and USP (p <0.05, F=
10.38. Figure 3B). On the other hand, the total freezing time was longer in the group exposed
to 0.75% ethanol and USP compared to the other groups, especially with the control group
(p<0.05, F=9.07. Figure 3C). There were no significant differences in the number of freezing

episodes between groups.
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The group exposed to 1% ethanol and USP presented on average a shorter exploration time
in the lower third of the tank with 186.1 seconds while animals exposed to 0.75% showed an
average of 297.6 seconds; however, there were no statistically significant differences
between them (p =0.11) or in contrast to the other groups. Fish exposed to stress plus ethanol
(0.25, 0.5, 0.75 and 1%) traveled a smaller distance in the lower third with respect to the
control group, having statistically significant differences (p = 0.014, F = 3.35. Figure 3D).
On the other hand, in the upper third portion of the tank there were no statistically significant
differences in the time of stay, total distance and average speed.

Mirror proximity tests in zebrafish exposed to both unpredicted stress and ethanol

In the mirror proximity test, the total distance traveled, the average speed and the time spent
in the contact area, near the mirror, were evaluated. The distances traveled by the groups
exposed to concentrations of 0.25% and 0.75% ethanol, in combination with USP, were
shorter (97 cm and 220 cm) in contrast to the control group (463 cm), with a p value <0.05,
F = 4.81, in both cases (Figure 4A). There were no significant differences in the length of
stay in the contact zone between the different groups exposed to stress and ethanol compared
with the control group, nor differences between the groups, with a p value of 0.46, F=0.93
(Figure 4B).

Overall, these data show that USP modifies the responses in the swimming deep tests and
mirror proximity test, especially with alcohol concentrations of 0.75%, where a reduction in
activity is observed.

Behavioral tests in animals exposed to ethanol without stress

A pre-post alcohol test was performed for both behavioral tests (n = 6 per group) to evaluate
differences with those animals exposed to stress. Zebrafish exposed to 0.75 % of alcohol

(post) showed a significant decrease in locomotion compared with 0 % (pre) (Figure 5. A,
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B), having a reduction in distance traveled and in average speed (t = 2.459, p= 0.032; t =
2.63, p= 0.023, respectively). An analysis of behavioral paradigms (Figure 5. C, D) did not
show differences in distance and average speed for the group exposed to alcohol (mirror
proximity test: t = 1.639, p=0.162; t = 1.609, p= 0.169; swimming deep test: t = 1.914 p=
0.114; t = 1.727 p= 0.145). For the swimming deep test, the mean time spent in the lower
third showed no differences (t = -0.197 p= 0.852) (Figure 5. C); the mean distance and
average speed in the lower third did not show significant differences in comparison with the
pre-test (t = 0,812 p= 0.453; t= 1.907 p= 0,115, respectively). For mirror proximity test in
the pre-post test, time spent in ROI was not significantly increased in the alcohol exposure
group (t=-1.261 p=0.263) (Figure 5. F); the average speed (t = 2.749 p= 0.040) in the lower
third was decreased compared with the pre-test. It is important to mention that the fish did
not show freezing in the pre-post tests, in comparison to those under stress plus 0.75% of

alcohol.

mRNA Expression

Gene expression for four candidate stress-related genes was analyzed in three experimental
groups: control, stress and stress plus 0.75% alcohol. A significant 5-fold down-regulation
were observed for comta and bdnf3 in stress and stress plus 0.75% groups compared with the
control group (F= 30.17, p= <0.001; F= 12.57, p= 0.007, respectively) (Figure 6. A, B).
Compared with the control group, gene expression of s/c6a3 was significant down-regulated
in the stress group (F=7.406, p=0.024) (Figure 6. C). In contrast, expression of slc6a4a gene

did not show significant differences (F= 1.325, p= 0.334).

Discussion
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In the present exploratory work, we analyzed the behavioral and molecular effects of the
combined exposure to unpredicted stress and alcohol in adult zebrafish. Previously, the
effects of stress and ethanol have been studied separately and mainly in zebrafish larvae. The
novelty in the present work is that we studied the combined effects of acute stress associated

with an acute dose of alcohol, using behavioral and molecular tests in adult zebrafish.

In animal models, there are different protocols to induce stress and anxious behavior,
including physical stress (single-prolonged and restraint stress, foot shock, stress-enhanced
fear learning and underwater trauma), psychological stress (predator-based psychosocial and
predator scent stress) and social stress (housing and social instability and early life stress).
USP, a type of physical stress, has been proposed as a model to study anxiety, depression and
mood disorders [16, 18]. This model has been adapted to the zebrafish model with similar
results that have indicated alterations in the physiological and biochemical responses to the
stress [14, 15]. In the USP implemented in this work, we changed the stressing factor every
day to avoid habituation, as it has been suggested by other researchers [15]. Given the
evidence reported, we consider that the use of an anxiogenic conditioning stimulus
(manipulation with a net), in addition to the use of environmental stress factors that change
between days (temperature, persecution, immobilization) are elements that can lead to
anxiety and other behavioral and physiological responses that are common in many mental
disorders.

The effect of alcohol on anxiety and aggressiveness in this model was evaluated using
concentrations of 0.25, 0.5, 0.75 and 1% alcohol. Blood alcohol levels reached with these
concentrations have been measured in previous studies using spectrophotometry techniques

and have shown that exposure to concentrations of 0.5% alcohol for 10 minutes led to serum
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concentrations of 0.065% and concentrations of 1% led to serum concentrations of 0.1% [20].
In humans, the legally permitted concentrations must be less than 0.08%. However, it is
notable that at alcohol concentrations of 0.06% there are already clinical manifestations of
toxicity that include neurological alterations with sensorimotor impairment, decreased
reflexes, dysmetria, decreased peripheral vision and alterations in reasoning [40]. To ensure
adequate serum concentrations in this study, we increased the exposure time to 40 minutes
(alcohol 0.25% and 0.5%) and only to 20 minutes with alcohol at 0.75% and 1%, due to the
finding that USP and an exposure of 40 minutes at these higher concentrations caused toxicity
and mortality in some fish. Exposure to ethanol has previously been carried out without
reported mortality, however, in the present work the exposure for 40 minutes was fatal,
probably due to the associated stress factor. The causes of death go beyond this work.

In other models, it has been observed that low concentrations of alcohol are associated with
a disinhibition of behavior and a tendency to aggression, which is partly explained by the
GABAergic effect of alcohol. In contrast, at high concentrations ethanol is a general
depressant. In zebrafish, low and intermediate doses of alcohol (0.25-05%) induce a state of
arousal and high aggression. Concentrations of alcohol at 1% cause motor alterations and
higher doses can cause lethargy [24].

The results presented here show a depressive effect of alcohol on exploratory behavior and a
decrease in aggressive responses in a model of US. This effect has previously been described
in adult zebrafish under the effect of alcohol but without prior exposure to environmental
stress [20]. In our work, the largest effect of alcohol plus stress was achieved with alcohol
concentrations of 0.75%, leading to a decrease in total distance traveled and swimming speed
and an increase in immobility times. This is contrary to what happens under normal

conditions, as observed in the control group and non-stressed zebrafish. A possible
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explanation may be related to the effect of stress on neurotransmitters, especially depletion
of glutamate and increases in GABA [21, 27, 30]. Alcohol might enhance the inhibitory effect
of GABA on stress and anxiety conditions, decreasing exploratory and aggressive behaviors
and increasing freezing times. An additional element to be considered is the fact that acute
exposure to alcohol has been associated with increased dopamine in a dose-dependent
manner and an increase in serotonin at a dose of 1% alcohol, which is associated with a
reduction in the tendency toward clumping [27, 30]. Researchers have suggested that
dopaminergic reinforcement circuits are involved in the feeling of well-being and protection
generated by grouping. In the case of repeated stress, a decrease in SHIAA is observed and
exposure to alcohol concentrations at 1% induced an increase in dopamine, without affecting
SHIAA [38].

Although the results of gene expression presented here did not show differences in the
serotonin transporter (slc6a4a), previous works found a direct relationship between serotonin
levels and transporter expression [41]. Previously, an overexpression of serotonin transporter
has been described in 72 hours post-fertilization larvae exposed to ethanol and in adults
exposed to ethanol it has been found a reduced expression of serotonin transporter. bdnf has
been studied in animal models of stress and in postmortem brains of humans with
neuropsychiatric disorders. Results presented here showed a decrease for bdnf3 in the whole
brain for stress and stress plus alcohol groups, suggesting that stress plays an important role
in the regulation of neuronal maintenance and might be related to the decrease of bdnf3
expression. On the other hand, as comt regulates the levels of catecholamines, its genetic
variants and its expression levels have shown a relationship with neuropsychiatric disorders
in humans and behavioral changes in animal models [42, 43]. The results shown here show

a decrease in expression for comta, mainly in the group exposed to stress plus alcohol.
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Future molecular analyses would allow the identification of the effects of US and alcohol on
additional genes involved in multiple neurotransmission and neuroplasticity mechanisms
[44]. It is expected that the information obtained from this study will be useful to advance
the knowledge about the factors related to alcohol misuse and its relationship with
aggression, anxiety and stress-related disorders. In this context, these results might be of
particular relevance for developing countries, in which psychosocial stress and posttraumatic
stress are quite common, due to poverty, civil wars and multiple social conflicts [45, 46].
This experimental model will also be helpful for the exploration of novel treatments for
stress, anxiety disorders and substance misuse, considering the possibility of exploring the

novel effects of known pharmacological compounds [49].
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Supplementary information

Gene Forward primer Reverse primer Reference
slc6ada ACTGCACCCACTACCTGTCC  ATGCCAGGAGAACACCAAAG 67
slc6a3  AGACATCTGGGAAGGTGGTG  ACCTGAGCATCATACAGGCG 84
comta  TCACGACCACAGCGCATCT CCCACATTCATGGCCCATT 33
bdnf3 ~ GGCGAAGAGCGGACGAATATC AAGGAGACCATTCAGCAGGACAG 73
elfla CTTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC 74

Supplementary table 1. Primers used in RT-qPCR.
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Figure 1. Overview of the USP, ethanol exposure and behavioral assessment. The US protocol was applied
for three days. On day one, water in tanks was heated then cooled and zebrafish were exposed for 30
minutes at each temperature. On day two, zebrafish were chased with a net for 10 minutes. On day three,
zebrafish were placed in a 2 ml microcentrifuge tube for 60 minutes. Finally, on day four, fish were
exposed to ethanol (0,0.25,0.5,0.75 and 1%), and mirror proximity (top) and swimming deep (bottom)
behavioral tests were carried out. M: Mirror.



Figure 2. A. Top view of the tank used in the mirror proximity test; the dotted lines limit the defined
contact area in relation to the mirror (located in the upper region of the image). Yellow solid lines show an
example of tracking with the ImagelJ software and the AnimalTracker plugin. B. Side view of the
trapezoidal tank used in swimming deep test. The lower third is an area of 5 cm in height, and the upper
third is 10 cm in height.
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Figure 3. Locomotion parameters and swimming deep test. First bar of each graph corresponds to control
group (ctrl), the following bars to the groups exposed to the US protocol plus ethanol doses. The individual
letters correspond to the group that presents significant differences in relation to the other groups. A. Mean
distance traveled. a, b: p =5.18 x 10-8; a, c: p = 0.000096; a, d: p = 0.00021; a, e: p =0.00064. ANOVA p
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Figure 4. Mirror proximity test parameters. First bar of each graph corresponds to control group (ctrl), the
following bars to the groups exposed to the US protocol plus ethanol doses. A. Mean distance in region of
interest (ROI) (cm). The individual letters correspond to the group that presents statistically significant
differences in relation to the other groups. a, b: p = 0.00074; a, c: p =0.045; b, c: p=0.048. ANOVA p =
0.002, F = 4.81. The bars indicate the means with the standard error (SE), n = 6 per group. B. Mean time in
ROIL. No significant differences were found, ANOVA p =0.377,F = 1.097.
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Figure 5. 0.75% pre-post test without stress, locomotion parameters. A and B correspond to mean distance
and average speed respectively, Swimming deep test and Mirror proximity test were including in the
analysis, n = 12 per group. D and E correspond to mean distance and average speed respectively. C
correspond to mean time spend in lower third in Swimming deep test, F correspond to mean time spend in
ROI in mirror proximity test. The x-axis indicates the behavioral tests, pre indicates 0% and post, 0.75% of
alcohol. n = 6 per group. The bars indicate the means with the standard error (SE). *, P
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Figure 6. mRNA expression. Fold changes, relative to elfla. A. comta. Groups exposed to stress and stress
plus 0.75% alcohol showed a decrease of 5-fold. B. bdnf3. Groups exposed to stress and stress plus 0.75%
alcohol showed a 5-fold. C. slc6a3. Groups exposed to stress and stress plus 0.75% alcohol showed a
decrease to one third and half, respectively. The bars indicate the means with the standard error (SE), n = 3
per group, samples were run in triplicate. *, P
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Supplementary figure 1. Representative amplification curves and melt peak for RT-qPCR. A. elfla
amplification curve (left) and melt peak (right). B. comta amplification curve (left) and melt peak (right).
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Abstract

The zebrafish (Danio Rerio) is an emerging animal model for studying the effects of chemical
compounds, drug discovery, toxicology, neuropsychiatric disorders and disease mechanisms,
among many others. Locomotion and behavioral analysis have become an essential test in
order to support molecular tests and many other interventions and analysis. Many of the
existing computational strategies to analyze motion behavior require many calibration steps
and are limited to specific scenarios and many times only compute global motion trajectories
of specimens of interest. This work introduces ZebraMov, a novel strategy to automatically
measure kinematic occurrence maps that express spatio-temporal patterns of zebrafish, from
long-motion trajectories captured into a social behavior experiment. Zebramov is an open-
source algorithm available for all operating systems and capable of analyzing any type of
video and behavioral tests. In the present work, zebrafish were subject to environmental acute
stress and later to 10 or 100 uM of caffeine for 20 minutes and finally to the social behavioral
test for 5 minutes. As a main contribution, the proposed strategy returns occurrence kinematic
maps that recover locomotion history that allows major description of particular social
behavior of each specimen in singular video sequences. These maps can enhance regions of
interest and explain behaviors according to velocity and acceleration frequency patterns. In

addition, the proposed approach has the capability to track global locomotion of zebrafish
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like standard applications, such as the AnimalTracker (a plugin for behavioral analysis in
Imagel]). Locomotor results show a decrease in distance, velocity and acceleration mainly in
the group exposed to stress plus 10 pM of caffeine. Besides, the results show a preference
for the social zone in all groups which increase with stress plus 100 uM of caffeine exposure,

these results were verified with occurrence maps for each group.

Keywords: zebrafish, spatio-temporal patterns, automated analysis, behavior science,

caffeine, stress, occurrence kinematic maps.

Introduction

The interaction with other individuals is a fundamental part of behavior in many living
beings, including humans and its dynamic alteration may reflect disorders of the nervous
system (1). In humans, altered social behavior may reflect neurodevelopmental disorders,
such as autism, or acquired diseases, including affective and cognitive disorders, that could
come from several diseases (2, 3, 4). The analysis of behavior in animal models has been
fundamental to explain and to support diverse phenomena in research areas such as
neuroscience, psychology, and neuropsychopharmacology (5, 6, 7). In many animal models,
the motion patterns play a fundamental role to correlate emotional, cognitive and social
interaction behaviors. Hence, technological tools are key to support the capture and analysis
of such locomotion patterns by quantifying kinematic and dynamic patterns in those
specimens. For instance, the use of specialized platforms to capture distance, velocity and
acceleration measures have been used in animal models such as mice (8), Drosophila (28,
36) or dogs (29). Moreover, some special devices have been attached to body animals to
capture kinematic trajectories and correlate neurological and cognitive functions, such as

instance muscular contractions and breathing. In addition, in the literature there is evidence
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of similar works with smaller experimental individuals such as insects. These methodologies
nevertheless could be invasive and alter the natural movement of animals, which are

conditioned to specific scenarios of capture.

Nowadays, in preclinical research, the zebrafish has emerged as an alternative model for
research because of its remarkable natural social characteristics (9, 10, 11). For instance, the
alterations of typical shoal behavior, frequently associated with zebrafish, has been found as
reflection of neural functions (12, 13, 14). However, the morphological conditions of the
zebrafish limit its analysis in the study of locomotive behavior and classical methodologies
could result limited to explore complex social dynamics of the fish. In such underwater
scenarios, the movement patterns are usually obtained from computational tools that analyze
video sequences. These tools require sophisticated processes of calibration and they are
dedicated to capture general kinematic information from global trajectories that describe the
motion of a specimen into a controlled scenario (15, 16, 17). In general, these tools involve
a segmentation and a tracking of the object of interest using global trajectories. However,
this analysis results coarse on dynamic description and lose a lot of relevant information
about experiments that could be fundamental to highlight findings or to support the validation
of a hypothesis. Current animal motion strategies have complemented such analysis by
introducing machine learning concepts to characterize motion patterns from computed
motion trajectories. For instance, JAABA or Ctrax calculate motion descriptors from
trajectories and generate the behavior analysis data, as it has been tested in Drosophila

melanogaster (28).

This article introduces a computational strategy for the analysis of zebrafish social behavior

based on the quantification of dense spatial-temporal patterns during locomotion. The
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proposed strategy is able to capture the fish motion history, that is strongly correlated with
social behaviors, and it is expressed as spatial occurrence kinematic maps1. For this purpose,
the top view of a fish in a tank is recorded, with a relatively static camera. The specimen is
followed using a global perspective and also a set of dense trajectories, i.e., the local motion
for each pixel associated with the fish. At each time, from the resultant trajectories it is
computed the velocity and acceleration, preserving the spatial localization of the measures.
Then, motion profiles are obtained, which accumulate the kinematics spatially and describe
the motion history. With this approach it is possible to make a detailed analysis of the fish
behavior and quantitatively compute patterns representing the treatments to which the fish
were subjected. During the validation, behavioral tests were performed on zebrafish control
and experimental groups to evaluate social behavior. From occurrence maps it was possible
to observe and analyze spatial fish patterns, and thus, obtain visual maps that explain
behavior of each group with remarkable differences in kinematics for zone frequencies or
occurrences and distance using a dataset with zebrafish subjects to acute stress and exposed
to caffeine concentrations to validate the utility of our method, thus obtaining a clear
classification and segmentation of the data, based on the information captured by neural

networks.

Methods and Experimental Design

Subjects

Seven-month-old wildtype short-fin zebrafish were obtained from a local animal store in

Bogota, Colombia and acclimatized for a period of at least two weeks before any experiment.

1 The code is available in https://gitlab.com/bivl2ab/research/2020-2-edgar-zebrafish-behavier-net. The
strategy was written in Python supported mainly by the pandas, numpy, matplotlib and OpenCuv libraries.
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Fish were kept in 7-liter tanks, 400 ml per fish, at a temperature of 27 + 1 © C, pH between
6.8 and 7.4 with a dark light phase of 12:12 hours and fed once a day with a standardized diet
from TetraMin®. Each tank had an aeration system and filters to ensure water quality. A total
of 22 male and female zebrafish were used. All protocols were approved by the ethics

committee in animal experimentation of Universidad Antonio Narifio (June 06/2017).

Treatments and behavioral test

Three groups (n = 6 per group) were initially subjected to an Unpredictable Stress Protocol
(USP) for 3 days. This type of acute stress includes on day one, water heating at 33 °C for 30
minutes followed by transfer to a tank with water temperature at 23 °C; on day two, fish were
chased with a net in the container tank for 10 minutes and lastly; on day three, fish were
immobilized for one hour in 2 ml microcentrifuge tubes, open at both sides to allow
oxygenated water circulation (Protocol adapted from Piato et al. 2011) (18). As it can be
noted, exposure to stress was increased and changed every day to avoid habituation. USP
was carried out in groups of 6-7 zebrafish and always in the afternoon. On day 4, the two
groups were exposed to caffeine (100 gr powder, Sigma-Aldrich, St. Louis, Missouri, United
States) at concentrations of 10 uM (1,94 mg/L) and 100 uM (19,41 mg/L) for 20 minutes.
All dilutions were made in a 1 L tank and an additional group of 6 fish was taken as control.
This experimental setup creates four groups: stress, stress plus 10 uM, stress plus 100 uM of

caffeine and control group (without stress or caffeine exposure).

Individually, fish were transferred to the social tank (Figure 1) with measures of 30 X 10 cm
(length and width), filled with fresh water up to 5 cm. Each end of the tank has a compartment
of 10 X 10 cm, one empty and one with a conspecific fish (used to stimulate social behavior

and not recorded) that was located at one end (19). A digital camera (iPhone X, Apple,
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California, USA) located 33 cm away from the base of the tank in a top view, was used to
record the behavior for 5 minutes to be analyzed offline; the videos were recorded at 720p
and 30 frames per second. The camera has a lens aperture of f/1.8 and optical image
stabilization that reduces video distortion. Finally, the caffeine used is an antagonist, non-
selective competitive adenosine receptor that blocks the A1, A2A, A2B and D2 receptors
with mainly effects in the central nervous system (CNS) (20, 21) and changes in zebrafish

behavior increasing anxiety, aggressiveness and alertness (21).

Behavior Analysis

In the proposed methodology, we developed two analyses: The first one consisted of a global
analysis of the movement in the experimental zebrafish specimens, as in classical
frameworks, at each frame, the zebrafish is represented by a point, which is followed during
the video. In this approach, the coordinate(x,y)of the moving specimen is estimated for each
frame, thus, the resulting global trajectory is represented as the set of points and the
traditional kinematic variables (position, velocity, acceleration) are calculated using these
data. The second analysis recovers a dense motion representation (relative velocity for each
pixel) from an optical flow algorithm. The pixel velocities with coherent motion are grouped
to form long motion trajectories that represent the specimen motion with larger dynamic
information. From such long motion trajectories, it was possible to compute local and
differentiable kinematics which also have a spatial reference into the scenario of capture.
Then, a spatial 2D frequency histogram was captured from each of the kinematic trajectories
that code history of motion patterns, which gives richer information about specific social
behavior. As baseline, the analysis of the behavior was initially performed, from only the

global perspective, with the free software ImageJ (NIH, Maryland, USA) (22) and the
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AnimalTracker plugin (23) that allows the semiautomatic analysis of the animal conduct.
AnimalTracker provided data on total distance traveled, average speed, total freezing time,
time in a region of interest (ROI), and total trajectories, the data obtained were subsequently
compared with the proposed algorithm.

Statistical Analysis

Statistical analysis was performed using JASP V.0.11.1 (24). In order to determine
significant differences in kinematics, multiple group comparisons were made using two-way
ANOVA followed by Tukey's HSD test (Honestly-significant-difference) with the groups
mentioned before (control, stress, stress with 10 uM and stress with 100 uM of caffeine).
Two-way ANOVA followed by Tukey's HSD test (Honestly-significant-difference) multiple
comparison test was used to analyze the statistical differences in zones and minutes.

Statistical significance was set up at p < 0.05 in all statistical comparisons.
Kinematic quantification of locomotor patterns in zebrafish

This work bases locomotion analysis on dynamic description from long motion trajectories
captured from global and local perspectives. Regarding global trajectories, a recurrent
difference of frames was applied to model the static scenario. From such difference, the
background is removed and the object in motion (i.e., the zebrafish) is automatically

segmented.

Formally, the tank is recorded in a video sequence, described by a sequence of frames ,(x),

whose pixels (x) that temporally remain with same appearance are labelled as background B(
1

x). This background estimation is achieved by computing the mean, as: B(x) = ;Zfl (%)

over the whole video sequence. Hence, each frame is subtracted from this background So(x
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) =|B(x) — I:(x)| to obtain an estimation of changing pixels during time (most of them
belong to the fish). A final segmentation is then obtained by applying a threshold function
resulting in a binary image S ={s e Sy|s > t}, where the silhouette corresponds to the
segmentation of the fish. This simple heuristic allows a totally automatic, effective and fast
segmentation of the specimen without any additional constraint about morphology or motion
trend of the fish. An illustration of obtained temporal segmentation is shown in

supplementary figure 1.A and all the workflow in figure 2.

From such temporal segmentation, it was possible to capture the center-of-mass trajectory
(CoM) of zebrafish, defined as C; = (C,,Cy);, during the experiment (Supplementary figure
1.B). This temporal CoM pattern summarizes the position, movement and musculoskeletal
structure of the fish in a single point. The set of CoM points, computed at each frame from
the global CoM trajectory that describes the general displacement of zebrafish in study and
constitutes the global history of movement throughout the video. From this global motion
trajectory (C;, CoM during time) it was possible to recover kinematic primitives such as
velocity components, like the speed s, = ||C;+1— C¢| and motion orientation 6,
(supplementary figure 1.C). Additionally, the acceleration was captured as differential

kinematic from consecutive velocities.

During a first evaluation, it was found that distance and mean velocity obtained from this
automatic approach correspond to the manually annotated by an expert using tools such as
AnimalTracker plugin of ImageJ. This fact results in a great alternative to carry out the
automatic analysis of individual specimens in multiple experiments including behavioral

sciences and tracking of moving objects, avoiding tedious annotation and dependent on an
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expert over long video sequences. Moreover, these subjectivities task can generate inaccurate

results.

Analysis of local fish movements

A main contribution of this work is the dense dynamic description of zebrafish behavior,
achieved from a set of long motion trajectories that together achieve a better historical
description of particular motion patterns at each treatment group. The implemented dense
trajectories are recovered from vectorial fields, computed between two consecutive frames,
from an optical flow algorithm. In this work was implemented the Farneback multiscale flow
that has a proper trade off between accuracy and speed to recover velocity fields in video
sequences (36). Velocity patterns from optical flow are relevant to understand the social
behavior of the fish but result restrictive to describe complex or temporarily long patterns.
Then, from a dense spatial grid of each vector field main velocity patterns are tracked, which
along frames, are concatenated to form long motion dense trajectories (MDT) (25). Formally,
each trajectory consists of a series of points that describes the temporal path of pixels that
conform the fish, denoted as: P(t) = {p1,p2,P3,04,-.- Pn } Where each value of P represents a
coordinate, p, = (x,, ¥, ). Hence, from position p; to p, there exists a velocity vector that
concatenates both positions, and results from optical flow computation between two
consecutive frames. Such trajectories allow the quantification of spatio-temporal patterns
and enable the computation of kinematics such as distance, speed, acceleration or angular
direction, becoming a powerful tool for the description of movement features of the fish
(Supplementary figure 1.D). Trajectories with small movement (less than 4 pixels)
corresponding to background are removed from analysis to obtain a motion representation

focused only on fish dynamics.
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MDT works as spatio-temporal descriptors of zebrafish movement with altered behavioral
states, characterizing the irregular movements that these specimens may present according
to a drug or treatment used (e.g., their level of stress and caffeine). MDT is a great tool in the
characterization of zebrafish social dynamics and allows the study of social behavior
experiments, regarding the environment with local sensibility of different zebrafish

segments.
Creation of Kinematic Maps

From MDT it was possible to summarize historical fish behavior as a map of X occurrences
which for the position kinematics calculates the frequency at each coordinate where
movement was detected by the following equation: X (p,,p,) = X(pxpy) + 1 summing the
kinematics found within the same location during the experiment. For our other variables of

velocity and acceleration we compute the maximum value obtained per coordinate V(py,py

)= max(«/(px— 1 px)z +@y-1— py)z) and A(vyvy) = max(

\/ (Weo1 =)+ (wy_1— vy)z) so that we focus on the areas of interest where the most
significant changes or behaviors stand out. These frequency distributions are stored on a map
(with frame size WxH), where each location will count the particular kinematic that results
during the experiment. Hence, at each frame, the map is updated with computed kinematic
trajectories being the position, speed and acceleration included in this study (Supplementary
figure 1.E-G). At the end of the sequence, the resultant map has an historical occurrence of
each kinematic for each of the positions of the frames. This representation allows us to
directly visualize the frame regions where the fish has spent more time, or have particular
velocity and acceleration profiles, denoting the regions with the highest frequency of
positions captured by the fish in relation to the time of the video.

11
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These occurrence maps are not limited to the comparison of values with frequency positions
but also allow the comparison of the behavior of more kinematics allowing to quantify locally
data such as velocity or acceleration and as in the previous case you get a representation of
the spatial distribution that also takes into account the behavior in time that ultimately
describes the movement of the fish. Examples of such maps can be observed on

supplementary figure 1. E-G.
Statistical Correlation with Kinematic maps

In order to obtain a statistical comparison, a correlation (R) was performed. The mean
position occurrence maps (histograms) of the controls were compared with each occurrence
map (5 minutes) of the controls, stress, stress plus 10 pM and stress plus 100 uM of caffeine.
First, the data are transformed from a two-dimensional (R?) into a one-dimensional vector

1 . . 1 2, (bi—B)ei—0)
space (R"). R was calculated from the following equation: R = T A Where B

= (b1,by,b3, ... by)is the mean position occurrence map of the control group and C = (c1,¢2,¢3
, . Cy) corresponds to the data of one histogram of any group. These two unidimensional

histograms were compared, generating a value for each comparison between each individual

map against the mean control map.
Intersection

Additionally, a comparison was developed by computing the intersection of our occurrence
maps in one-dimensional space (R1). To estimate the intersection of the B and C

arrangements of n size, the sum of the minimum values between each of the aligned B and C

components was calculated with the following equation: d =Z?= 1min(bi,ci), where d
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represents a similarity distance between the maps that may change between 0 (Totally
different) and 1 (Totally similar). Finally, the control data were compared by intersection

against our entire data set (each individual map against the mean control map).

Evaluation and Results

Fish behavior data obtained in social tasks was analyzed comparing the following groups:
control, stress (without any substance), stress plus 10uM and stress plus 100 uM of caffeine.
Initially, the mean distance, average speed and acceleration were analyzed in a complete tank.
Moreover, in order to compare changes in each minute (0-1, 1-2, 2-3 and so on) an analysis
minute per minute was performed. Hence, it was analyzed the mean occurrences by zone
(lateral, middle and social) and time; and mean trajectories with occurrence maps and its

standard deviation in complete tank.

Global patterns results

For the complete tank, groups exposed to acute stress and caffeine presented a significant
decrease in locomotor behavior. Two-way ANOVA showed differences in mean distance
(F=10.04, p=<0.001) and average speed (F= 10.26, p=<0.001), these were lower compared
to the control group (Figure 3.A, B). Acceleration was significantly decreased in the group
exposed to acute stress and 10 uM of caffeine (F=2.97, p= 0.042) compared to the control
group (Figure 3.C). Behavioral locomotor results minute by minute in complete tank showed
the same trend mentioned above, Two-way ANOVA showed a significant decrease in
distance mainly in stress plus 10 M at minute 1 (F= 7.60, p=0.002), minute 2 (F="7.07, p=
0.002), minute 3 (F=7.00, p=0.003), minute 4 (F=10.12, p=<0.001) and minute 5 (F=6.75,

p=0.003). Tukey's post-hoc test revealed a significant decrease in distance in stress plus 100
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uM at minute 1 (p=0.011), minute 3 (p= 0.040), minute 4 (p=0.004) and minute 5 (p=0.016)
compared to control; finally, stress group showed a significant decrease in distance at minute

4 (p= 0.030) compared to control group (Figure 3.D).

In order to calculate the permanence of the fish in a given zone, position occurrences maps
were used. The results are reported in a range from 0 to 100%. The occurrences analysis by
zones showed a significant preference in all the groups for the social zone in comparison to
middle and lateral zones (ANOVA, F=36.04, p=<0.001) (Figure 4.A). Two-way ANOVA
did not show significant differences between zones and experimental groups compared to
control in five-minute test; lateral zone (F= 0.608, p=0.61), middle zone (F= 0.849, p= 0.48)
and social zone (F=0.741, p= 0.54) (Figure 4.B). Noteworthy, there is a preference for social
zone, especially for the group subject to stress plus 100 pM of caffeine that remained a mean

time of 75%, decreasing exploration in the other zones.

A minute-by-minute analysis (Supplementary figure 2) using two-way ANOVA did not show
a significant difference of the zones explored. Anyway, with a similar behavioral patron
mentioned above, zebrafish showed a higher frequency in the social zone with some changes
per minute and group. At minute one, lateral exploration was higher in the group exposed to
stress plus 100 uM of caffeine, but without significant differences in contrast with control
group (F= 0.64, p= 0.54); at minute two, there was a behavioral change, lateral exploration
was reduced without a significant difference in comparison with control group (F=1.16, p=
0.35). This behavioral pattern was accentuated at minute four (only in the group stress plus
100), prevailing exploration in social zone and lower exploration in lateral and middle zone
(F= 50.19, p= 0.004, p= 0.002 respectively), in contrast, control group did not show
significant differences in lateral and middle zone (p= 0.6, p= 1 respectively) compared with
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social zone (Supplementary figure 2). These results suggest that both acute stress and 10 uM
of caffeine are able to reduce locomotor behavior without changes in social behavior.
Moreover, acute stress associated with exposure to 100 uM of caffeine, in addition to reduced
locomotor behavior, significantly increases social cohesion with effect over time, with the
first minute as a recognition environment phase and later the marked preference for social

zone.

To validate the obtained results, a comparison of distance and speed was made with
AnimalTracker results. As can be seen in supplementary figure 3, both results are similar,
however, due to manual calibration of some steps for image processing in AnimalTracker,
the fish/object may get lost in some frames and therefore information is lost. It is important
to keep in mind that some possible variations may correspond to the calibration of the pixels
per cm, for this reason the standardization of some parameters is emphasized to minimize the

error when processing the videos (see discussion).

Local patterns results

We were able to extract the characteristic patterns of each treatment administered by
processing the accumulator maps (or average map) for each group. The average map per
group was calculated and with it, its respective standard deviation. The results show the
characteristic regions with the highest concentration of movement summarized in a single
map (Figure 5). The left column shows the mean position occurrence maps by groups, the
intensity values that compose the strongest shades of white represent the most explored areas
while the blacks represent those of absence of movement. The control group had a greater
exploration in middle and lateral zones, but with preference for social zone; the stress group

shows a similar pattern to control, but with the social zone less explored; the group exposed
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to stress and 10 uM shows a reduced exploration which suggest higher stress compared to
control, this groups presents a decreased behavior called thigmotaxis (related to the tendency
of an animal to remain close to the walls), but paradoxically this behavior is contrary to what
is expected in stressed animals, however, the debate still persists because it may be an
exploratory response (35). Finally, the group exposed to stress and 100 pM showed a
decreased thigmotaxis, decreased exploration in the lateral zone and a marked preference for
the social and middle zone of the tank compared to the control. In order to quantify these
results, the frequency histograms were analyzed by statistical correlation and intersection.
These results showed that the mean occurrence position maps of the controls compared with
each video of the controls, have a significant correlation (R =0.81, p=0.025) and intersection
0f 0.69; the mean occurrence position maps of the stress group showed a moderate correlation
(R=0.75, p=0.042) and intersection of 0.62; the group exposed to stress plus 10 uM showed
aweak correlation (R=0.51, p=0.15) and intersection of 0.56; and the group exposed to stress
plus 100 uM showed a moderate correlation (R=0.67, p=0.16) and intersection of 0.58, all
compared to control group (Table 1). This function makes it easier for the researcher to see
the differences or similarities between the groups; it is very useful for studies in
pharmacology, in which it is necessary to analyze the biological and behavioral effect of a

drug.

The kinematics generated from a single fish change slightly. As can be seen in figure 5, the
velocity of an individual in the control group shows an area of greater occurrence compared
to its position and acceleration. This pattern appears similarly in the maps of the other groups.
However, their spatial patterns change between groups due to the applied treatment. The

control map presented more exploration in the middle and lateral zones compared to the other
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groups; the stress map shows an exploration in the middle of the tank, decreasing
thigmotaxis; the stress plus 10uM map shows a marked preference for the social zone, with
less exploration in the middle and lateral zones; finally, the stress plus 100puM shows a pattern

similar to the group of stress plus 10uM, but with less exploration in the lateral zone.

Discussion

The proposed algorithm in the present work aims to provide analysis of additional locomotor
patterns that can be useful to understand behavior of experimental animals. Traditionally,
only the occurrence map is acquired for distance and per animal. In addition to distance and
velocity, behavioral patterns acquired were acceleration, occurrence maps of position,
velocity, acceleration, its mean and standard deviation and zone frequencies; these can be
analyzed in any behavior test carried out. The main contribution of occurrence maps of
position, speed, acceleration, its mean and standard deviation (occurrence maps) is that are
useful to understand behavioral phenomena, for example, discriminate between areas of
greater permanence and those with greater acceleration or distance. In a novel object test, for
example, these measures can discriminate if the animals have a lower speed and acceleration
near the novel object but more distance traveled near the object. One characteristic of the
proposed algorithm is a great proximity to what would be expected in the physical sense,
where zones of low or high occurrence allows to develop more representative visual analysis
of the physical movement of the fish. Therefore, it allows statistical correlation analysis to
be carried out, comparing positions and locomotion histograms (maps) directly. Additionally,
other advantages are shorter data extraction time, an open-source algorithm, additional

behavioral parameters, and can be implemented with any type of recorded video. However,
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minimum recording parameters are highly recommended such as camera stability and

contrast between animal and environment (15).

As in classical approaches some limitations related with video recording may affect the
automatic data analysis. For example, light reflections are the most frequent problem in loss
of tracking; fisheye lens creates space distortion, making measurement calibration difficult
and inaccurate; low video resolution produces loss of information due to a low number of
frames per second (FPS) processed; and camera instability produces erroneous data of
locomotor behavior. Therefore, we recommend recording the videos by reducing the amount
of direct light on the surface of the water or aquarium, to achieve this you can use mirrors or
use a translucent material such as white sheet of paper between the light source and the
aquarium; avoid the use of distortion lens; use cameras capable of recording video at least 30
fps and video resolution of 720p (1280 x 720 pixels); finally, maintaining camera stability

with a tripod or a flat, transparent surface (such as acrylic) is highly recommended.

Previously, it has been shown that high caffeine doses are able to reduce exploration and
increase whole body cortisol in zebrafish, which can be translated into an anxiogenic effect
(26) and it has been shown that after acute stress, cortisol levels can be reduced using
fluoxetine or bromazepam and therefore, the measurement of locomotor behavior does not
show significant differences with the control (30, 31). The affinity for caffeine is higher for
Al and A2A receptors, but its anxiogenic effect is mainly caused by Al receptors (20, 27),
which in turn is related to reduced locomotor activity. On the other hand, acute stress such
as netting zebrafish from their home tanks and car transportation for 30 minutes, can produce
a reduced locomotor activity and exploration in wild type zebrafish in novel tank diving test
and light/dark box test (32). Similar approaches have been performed in zebrafish to study
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gender differences in aggressive behavior (33), locomotion, shoal cohesion (18), showing
reduced exploration, more freezing bouts and tendency to social cohesion. Previously, the
social behavioral effects of stress and caffeine combined have not been studied in zebrafish.
With the results obtained in this work, the combination of acute environmental stress
associated with caffeine exposure at high doses, increases social cohesion, possibly caused
by the sum of the anxiogenic effects, which in turn explains the decrease in exploration in
other areas of the tank. However, both stress and caffeine mechanisms in the CNS remain
unclear and there is a need for further research in many fields such as physiology,

psychopharmacology, neurogenetics, ethology, among others.

Conclusions

The results show the utility of an automated and objective method in the analysis of complex
behavioral patterns in zebrafish, which can be extrapolated to other animal models and
humans. The necessary data are only the recorded videos of the experimental specimen; the
format and size of the video does not affect the methodology since our algorithm adjusts the
size to our worked standard (150x268 px). The fundamental advantage of ZebraMov is in the
application of dense trajectories, this large number of close and compact points on the moving
objects show a more characteristic form of the movement close to the real behavior. With
this set of points, we acquire frequency images similar to thermal maps evidencing directly
the main areas or regions of greatest interest, decrease of movement, long displacements and
abrupt changes. Our mean occurrence maps obtained in the calculation of average maps and
standard deviation show the tendency to social behavior in all groups of stress plus caffeine
doses. Furthermore, the group exposed to stress plus 10 pM of caffeine reduces its locomotor
behavior. We can affirm that acute stress decreases average speed but does not affect the
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tendency of social behavior and caffeine affects the locomotor behavior, decreasing

movement in the zebrafish.
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Figures Legends

Figure 1. Top view of social tank. Total length of the tank (50 cm) is divided at each end (10
cm) with acrylic that allows the fish to see through the divisions. The central zone (30 cm) is
divided in three equal virtual zones of 10 x 10 cm, from left to right, lateral, middle and social

zone. Recordings of the central area were made from a top view of the tank.

Figure 2. Zebramov algorithm workflow. At the top is represented the video sequences that
are analyzed using the Background Subtraction (BS) method to obtain locomotion data; at
the bottom, the optical flow allows to create the occurrence maps and to be analyzed by

means and statistical correlation.

Figure 3. Locomotor parameters (or behavior). Groups from left to right, control, stress
(without any substance), stress plus 10uM and stress plus 100 pM of caffeine (Ctrl, S, S10,
S100, respectively). A. Mean distances traveled. Distance was lower for groups S10 and S100
compared to Ctrl (p=<0.001, p=0.006 respectively, F=10.04) B. Average Speed. Speed was
lower in S, S10 and S100 compared to Ctrl (p= 0.05, p= <0.001, p= 0.008 respectively, F=
10.26). C. Acceleration was lower in S10 (p=0.042, F= 2.97). D. Distance by minute. The
squares correspond to the control group, the dots to the stress group, the X to stress plus 10

and the triangles to stress plus 100. Distance was significantly lower in group S10 at minute
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1to 5 (p=0.002, p=0.001, p= 0.002, p= <0.001, p= 0.003 respectively); in group S100 at

minute 1, 3, 4 and 5 (p= 0.011, p= 0.04, p= 0.004, p= <0.016 respectively); and lower in S

oONOUV A WN =

group at minute 4 (p= 0.030). All compared to the Ctrl group. Groups marked with asterisk
10 indicate p value < 0.05. The bars indicate the means with the standard error (SE), n= 6 per
group. Statistical significance was determined using two-way ANOVA followed by Tukey's

15 HSD test (Honestly-significant-difference) multiple comparison test.

18 Figure 4. Mean position occurrence for Social behavioral test. Groups in x axis from left to
20 right, control, stress (without any substance), stress plus 10uM and stress plus 100 uM of
caffeine (Ctrl, S, S10, S100, respectively), y axis show the percentage for each zone (lateral,
25 middle and social). A. Mean occurrences in all groups, social zone was preferred compared
27 to lateral and middle zones (p= <0.001, p= <0.001 respectively, F= 36.04), n=22 per group.
29 B. Mean occurrences by group and zone in 5 minutes. Social zone was preferred for the S100
group, but without statistical differences (F= 0.741, p= 0.54). Groups marked with asterisk
34 indicate p value < 0.05. The bars indicate the means with the standard error (SE), n= 6 per

36 group.

39 Figure 5. Characteristic occurrence maps of a single fish. The rows represent the group (Ctrl,
S, S10 and S100) and the columns represent the kinematic (position, velocity and
44 acceleration). The less occurrence regions are in black and the most occurrence regions in
46 white. Note that the intensity may change depending on the kinematics analyzed, even if it

48 belongs to a single individual.
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ZebraMov: An automatic strategy to analyze and quantify zebrafish

social behavior from kinematic patterns captured in video sequences
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Tables
Correlation Intersection
Position ~p  Velocity = p  Acceleration  p Position  Velocity ~Acceleration
Ctrl Ctrl Ctrl Ctrl Ctrl Ctrl
Ctrl 0.81 0.025 0.86 0.014 0.83 0.020 Ctrl 0.69 0.75 0.68
S 0.75 0.042 0.82 0.022 0.78 0.03 3 0.62 0.72 0.64
S10 0.51 0.15 0.55 0.12 0.51 0.15 S10 0.56 0.62 0.55
$100 | 067 016 076  0.12 0.70 050 100 OEEIENOES o154

Table 1. Correlation and intersection results. At the left, the correlation between control
group and stress (S), stress plus 10uM (S10) and stress plus 100uM (S100). At right,
intersection between control group and S, S10 and S100. Kinematic for position, velocity

and acceleration were used to create the comparisons.
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Supplementary information

Supplementary figure 1. Kinematic patterns acquisition. A. Original image. B. Fish
segmentation. C. Global fish trajectory (CoM) computation. D. Optical flow and dense
trajectories, its corresponding motion dense trajectories. E. Motion distribution. F. Velocity
distribution. G. Acceleration distribution. The gray scale on figures E-G shows the regions

with no occurrence in black and regions with the highest occurrence in white.

Supplementary figure 2. Mean occurrences minute by minute and zone. Groups in X axis
from left to right, control, stress (without any substance), stress plus 10uM and stress plus
100 uM of caffeine (C, S, S10, S100, respectively), y axis show the percentage for each zone
(lateral, middle and social). Groups marked with asterisk indicate p value < 0.05. The bars

indicate the means with the standard error (SE), n= 6 per group.

Supplementary Figure 3. Results compared with AnimalTracker. The dark gray columns
represent the data obtained with Zebramov and the light gray columns by AnimalTracker. X

axis shows each video/animal analyzed and Y axis for distance (A) and velocity (B).
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44 Supplementary figure 1. Kinematic patterns acquisition
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Capitulo 5. Conclusiones

El presente trabajo explora los efectos del estrés y alcohol en el pez cebra en términos del
comportamiento y expresion de genes relacionados con los posibles mecanismos iniciales de
la enfermedad en los trastornos mentales como el depresivo y de ansiedad. El pez cebra es
un modelo idéneo para la investigacion en ciencias de salud y la medicina traslacional,
permitiendo la manipulacion de multiples variables, la correlacion de datos del
comportamiento con pruebas moleculares. El uso de herramientas computacionales como la
propuesta en el presente trabajo hace rapido, facil, economico y amplio el andlisis del
comportamiento del pez cebra y otras especies. Se publicaron varios articulos en revistas
internacionales indexadas como resultado del presente trabajo de tesis. Teniendo en cuenta
la causa multifactorial de los trastornos mentales, es necesario realizar mas estudios en
ciencias bésicas que ayuden a aclarar los efectos neuronales del estrés psicosocial. Un modelo
animal de estrés permite a los investigadores administrar moléculas que pueden resultar mas
efectivas que la polimedicacion de pacientes psiquiatricos. Actualmente existen multiples
moléculas probadas en estudios clinicos que han demostrado ser efectivas y es necesario
comprender sus efectos moleculares. Finalmente, se espera continuar con esta linea de
investigacion y extendiendo la informacion existente.
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