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RESUMEN

El proceso de extincidén se ha descrito como la disminucién en la frecuencia o intensidad de la
respuesta condicionada seguida del retiro del reforzador o estimulo incondicionado. Por lo tanto, la
extincion experimental no refleja el olvido de la memoria original sino un nuevo aprendizaje que
requiere de ser consolidado para mantenerse al largo plazo. Durante la extincion del
condicionamiento de aversion al sabor (CAS), un sabor que se ha asociado a malestar géstrico,
vuelve al estatus de seguro por presentaciones continuas del sabor sin consecuencia aversiva.

En este trabajo se analizaron las estructuras del 16bulo temporal que podrian estar involucradas en la
consolidacion y reconsolidacion de la extincion del CAS mediante la sintesis de nuevas proteinas.
Nuestros resultados mostraron que el hipocampo y las cortezas perirrinal e insular participan en la
consolidacion de la extincion del CAS, mientras que la amigdala basolateral y central no estan
involucradas en la formacion de esta memoria. Ademas, encontramos que la corteza insular es en
parte responsable de la reconsolidacion de la extincion del CAS. La inhibicion de la sintesis de
proteinas en esta estructura evita que la memoria sea reconsolidada afectando al trazo previo.

La participacion del hipocampo en la memoria de reconocimiento de sabores no ha sido estudiada a
profundidad, sin embargo, se ha descrito a esta estructura como un modulador a la baja de la
consolidacion del CAS y se ha relacionado también a asociaciones sabor-contexto. Sin embargo, es
claro que esta estructura participa en la consolidacién de sabores seguros pero no aversivos. En
conjunto, estos datos sugieren gque las memorias seguras son procesadas por la corteza insular y
perirrinal y por el hipocampo mientras que las memorias aversivas dependen de la corteza insular y

de la amigdala.



ABSTRACT

The extinction process has been described as the decline in the frequency or intensity of the
conditioned response following the withdrawal of reinforcement. Hence, experimental extinction
does not reflect forgetting of the original memory but rather reflects new learning, which requires of
consolidation in order to remain in a long-term. During extinction of conditioned taste aversion
(CTA) a taste previously associated as aversive, returns to a safe status by continuous presentations
of the flavor with no aversive consequence. In addition, reconsolidation has been defined as a labile
state of a consolidated memory after its reactivation by presentation of relevant information.

For CTA extinction, it would involve destabilization of a previously consolidated extinction trace
obtained by various taste presentations. In this paper, we analyzed structures from the temporal lobe
that could be involved in consolidation and reconsolidation of extinction of CTA by means of new
protein synthesis.

Our results showed that protein synthesis in the hippocampus (HC), the perirrinal (PR) and insular
cortices (IC) participate in extinction consolidation, while neither the basolateral (BLA) nor the
central nuclei of the amygdale (CeA) have a part on this phenomenon. Furthermore, we surprisingly
found that the inhibition of protein synthesis in the IC on a third extinction trial has an effect on
reconsolidation of extinction. The participation of the HC in taste memory has yet to be elucidated,
even though it has been described as a down modulator for CTA consolidation and has been related
to a context-taste association. Nonetheless, it is clear that this structure is essential for consolidation
of safe taste memory. Furthermore, the same structures that we found take part in CTA extinction
were reported to participate in neophobia attenuation. Altogether, these data suggests that safe taste
memories are sub served by the IC, HC and PR, whereas aversive taste memories depend on the IC

and CeA.
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INTRODUCCION

A lo largo de la historia, el cerebro ha sido un 6rgano enigmatico que fue poco estudiado por mucho
tiempo. Los primeros intentos de Karl Lashley por localizar la memoria en el cerebro datan de los
afios 20s. En esa época, Lashley entrend ratas en un laberinto simple realizando pruebas de memoria
y relacionandolas con el tamarfio del area cortical que habia retirado del animal. Méas adelante Hebb
describié los resultados de Lashley sugiriendo que las conexiones que se forman durante el
aprendizaje no podian estar localizadas en una sola region del cerebro. La postura actual es que la
memoria esta distribuida en todo el cerebro pero cada estructura almacena una parte especifica del
todo (Squire y Kandel, 2009). En este trabajo en particular nos interesa el estudio de las estructuras
que se ha visto participan en la formacién y permanencia de la memoria de reconocimiento de
sabores.

El estudio formal de la memoria comenzé en el siglo XIX con los estudios del aleman Herman
Ebbinghaus, quien en su trabajo “Uber das Gedachtnis” (Sobre la memoria) realizéd un analisis
sistematico de la memoria por medio de experimentos basados en la memorizacion de silabas sin
sentido con lo que realizd una curva de aprendizaje; a través de estos experimentos observé una
relacién entre el tiempo y la capacidad para recordar las silabas, ya que entre mayor tiempo post
adquisicion, menor numero de silabas podian recordar. Mas adelante, William James en su obra
“Principles of Phsycology™ (Principios de psicologia) realizé una distincién entre lo que él llamé
memorias “primarias” y “secundarias”. Las primeras las definié como el conocimiento que no era
necesario evocar porque no ha abandonado el curso principal de nuestro conocimiento, mientras las
segundas se refieren a la informacion que ha dejado de ocupar nuestra atencién y que hemos dejado
de tener conciencia en ella pero que puede recuperarse a voluntad cuando se necesite (Bermldez-
Rattoni y Prado, 2001). En la actualidad se hace referencia a los dos tipos de memoria analogos a
los propuestos por James; la memoria de corto plazo (MCP), cuando es de duracién corta y va de

segundos a horas y, la memoria de largo plazo (MLP) cuando la duracién es mayor (Dudai, 2002).
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La permanencia a largo plazo de una memoria se ha visto relacionada con la sintesis de nuevas

proteinas y se conoce como consolidacion.

Lobulo temporal medial

El entendimiento acerca de como el cerebro puede aprender y memorizar se adquirié con el
caso del paciente conocido como H.M. Este paciente sufria de epilepsia severa para lo cual se le
extirpd la porcion medial de ambos I6bulos lo que alivia en gran medida los ataques convulsivos.
Sin embargo, esta cirugia dejo al paciente con amnesia retrograda irreversible severa. Los
cientificos dedujeron entonces que el l6bulo temporal medial estaba participando en el paso de la
memoria de corto plazo a memoria de largo plazo. Desde entonces se han relacionado estructuras
del 16bulo temporal medial especificas a los diferentes tipos de memoria (SfN).

Por ejemplo, la corteza perirhinal (PR) participa en la familiaridad del estimulo, el
hipocampo (HC) se ha relacionado a la asociacion entre estimulos, la corteza insular (Cl) a la
memoria de reconocimiento de sabores y la amigdala a memorias con peso emocional (Kandel et
al. 2000; Squire y Zola-Morgan, 1991). Es decir, mientras que la region temporal del cerebro es
importante para la formacion, organizacion, consolidacion y evocacion de la memoria, las areas
corticales son importantes para el almacenamiento a largo plazo del conocimiento de hechos y
eventos y el uso de dicho conocimiento en situaciones cotidianas (SfN).

Una memoria debe ser consolidada después de su adquisicion, esto es, requiere de la
sintesis de nuevas proteinas para su almacenamiento a largo plazo (Kandel et al. 2000). La memoria
ya consolidada puede ser evocada, permitiendo el acceso, seleccibn o reactivacion de
representaciones internas (Dudai, 2002). Por lo tanto, el aprendizaje se puede definir como la
adquisicion de informacion o reorganizacion de informacion que resulta en un nuevo conocimiento

(Dudai, 2002).
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Consolidacion

El término de consolidacion se atribuye a Muller y Pilzecker quienes observaron que las
memorias tardan tiempo en fijarse (Dudai, 2004). Asi lo propusieron en su hipétesis de la
preservacion-consolidacion de la memoria a partir de los estudios que realizaron en humanos. Ellos
encontraron que la memoria recién aprendida era interrumpida por el aprendizaje de otro tipo de
informacién si éste era presentado poco tiempo después, sugiriendo asi que los procesos que
subyacen a las nuevas memorias persisten en un inicio en un estado fragil y se consolidan a través
del tiempo (McGaugh et al., 2000).

De acuerdo con la hipétesis de la consolidacion, un trazo de memoria se estabiliza y es
capaz de fortalecerse a través del tiempo. Experimentalmente se ha demostrado que ciertos
tratamientos pueden interrumpir este proceso; en los afios cuarenta se reportd que los choques
electro-convulsivos después del entrenamiento producen un deterioro en la memoria. Sin embargo,
cuando el mismo tratamiento fue aplicado en puntos progresivamente mas distantes en el tiempo al
entrenamiento, los animales mostraron una reduccién significativa y gradual en el deterioro de la
memoria (Duncan, 1949). Los estudios de Duncan contribuyen a la hip6tesis de Muller y Pilzecker,
ya que propone que el aprendizaje requiere tiempo para estabilizarse en una memoria duradera.

Durante la década de los 60’s se fomentd el desarrollo de mdaltiples estudios que
demostraron que la administracion farmacoldgica de inhibidores de sintesis de proteinas después del
entrenamiento provoca que la MLP se vea afectada (Flexner et al, 1965). Al contrario, la MCP no
presentaba ningun deterioro con la aplicacion del mismo tratamiento. Por ejemplo, en un
entrenamiento en un laberinto en forma “T” entrenaron ratones para que aprendieran a escapar de
un brazo a otro ya que en uno de ellos recibian choques eléctricos. Al administrar
acetociclohexamida (un inhibidor de la sintesis de proteinas) intracerebralmente, 5 horas antes del
entrenamiento y realizando la prueba 3 horas después del mismo, no se observé un deterioro en la
MCP. Sin embargo, cuando la prueba fue realizada en horas posteriores o incluso dias después, la
memoria a largo plazo estaba severamente afectada (Barondes y Cohen, 1967). Como conclusién de

estos trabajos, se establecid que la consolidacion es el periodo durante el cual nuevas proteinas son
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sintetizadas en las neuronas para almacenar la informacion adquirida a largo plazo (McGaugh,
2000).

El proceso celular responsable de una memoria de corto plazo implica sélo la activacion de
cascadas de transduccion, proceso por el cual la célula transforma una sefial extracelular en una
respuesta celular. Para el almacenamiento de la memoria a largo plazo, las sefiales de transduccion
llegan al nacleo celular donde se produce el proceso de transcripcién que desencadena la traduccién
del RNA el cual finalmente lleva a la sintesis de nuevas proteinas, las cuales produce alteraciones
temporales de la transmisién sinaptica en modificaciones persistentes de la arquitectura sinaptica. A
esto se le conoce como consolidacion celular o sinaptica (Dudai, 2004).

La teoria de la consolidacion propone que a través de la sintesis de proteinas de novo,
memorias adquiridas recientemente se fortalecen en el tiempo en un trazo de memoria estable a
largo plazo (McGaugh 1966, 2000; Davis y Squire 1984). Este proceso molecular es el mas
estudiado hasta ahora en la formacién de la memoria.

Al respecto, se sabe que una de las proteinas sintetizadas durante la consolidacién de la
memoria es el BDNF (Brain-derived neurtrophic factor/factor neurotrépico derivado de cerebro).
Escobar y colaboradores (Moguel-Gonzalez et al. 2008) describieron la reversibilidad del efecto de
un inhibidor de la sintesis de proteinas sobre la memoria de un paradigma de condicionamiento al
sabor, por medio de inyecciones de BDNF intracerebrales.

Mas recientemente se describio la participacion de PKM3 (isoforma M3z de la proteina
cinasa PKC) en la permanencia de la memoria. Como explica Sacktor (Sacktor, 2011) en la Gltima
revision del tema, PKM3 es una cinasa exclusiva del tejido nervioso, constitutivamente activa y
cuya fosforilacion permite el mantenimiento del LTP y de la memoria a largo plazo. En trabajos
anteriores se ha demostrado que la inhibicion de esta cinasa afecta la memoria a largo plazo incluso

después de meses de su consolidacion (Schema et al. 2007).
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Extincion

La extincion fue descrita desde que Pavlov realiz6 sus experimentos sobre tareas asociativas
en 1928 y se define como la disminucién en la frecuencia o intensidad de una respuesta
condicionada en ausencia del estimulo incondicionado (Quirk y Mueller, 2008). Esta definicion
explica la conducta esperada cuando el proceso de extinciéon se lleva a cabo en un paradigma
experimental, sin embargo, a nivel de mecanismos moleculares carece de explicacion y esto es
porque a nivel molecular la extincion es consolidada, es decir, la extincion requiere de ser aprendida
y consolidada para su permanencia a largo plazo. Por ello, se ha sugerido que la extincién no
representa el olvido de una tarea aprendida sino un nuevo aprendizaje que sustituye la respuesta
conductual de la primera asociacion (Myers y Davis, 2002).

Se han descrito diferencias entre los mecanismos de consolidacion de una memoria y los
involucrados en la extincion de la misma. Por ejemplo, Berman y Dudai (2001) quienes describen
diferencias en los procesos involucrados en la consolidacion del condicionamiento de aversion al
sabor (CAS), una tarea en la que el sujeto de estudio asocia un sabor a malestar gastrico, en
comparacion con su extincion. Los receptores muscarinicos, receptores p adrenérgicos, MAPK
(proteina cinasa activada por mitdgenos) y sintesis de nuevas proteinas son esenciales para la
consolidacion del CAS; la extincion es independiente tanto de receptores muscarinicos como de la
MAPK. Ademas, a nivel conductual se sabe que la extincién de una de las claves asociadas al
estimulo aversivo, no generaliza la extincion de una memoria al resto de las claves a las que esta
asociado el estimulo incondicionado (Yang et al., 2011), es decir, no modifica la respuesta
condicionada por completo.

La extincion es un proceso activo de aprendizaje distinto al de la adquisicion que requiere
de entrenamiento adicional para desarrollarse y de un proceso de consolidacion, dependiente de
sintesis de nuevas proteinas, para su persistencia a largo plazo. De acuerdo a esta definicion de
extincion, la respuesta condicionada puede recuperarse ya que el trazo original no se ha perdido,
sino que se ha creado un nuevo trazo. Al respecto, se reportdé que después del CAS, un sabor

cambia su representacion cortical después de la extincion del CAS, aunque estos cambios no
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originaron una representacion idéntica a la original (Accolla y Carleton, 2008). Es decir, es mas
probable que se haya creado una nueva representacion del sabor a que se haya modificado la
original, lo que apoyaria la idea de gque la extincidn es en si un nuevo aprendizaje.

Al respecto, se ha observado que después de la extincion la respuesta condicionada original
puede volverse a expresar. La recuperacion de la conducta previamente extinta se ha descrito bajo
tres condiciones generales: recuperacion espontanea, renovacion y restablecimiento (figura 1). La
recuperacion espontanea se observa cuando se realiza una prueba de memoria después de un
periodo de tiempo considerablemente largo; la renovacion ocurre cuando el estimulo condicionado
se da en un contexto diferente al de la extincién; y el restablecimiento al presentar el estimulo

incondicionado de manera inesperada (Myers y Davis, 2002).

A Extinction is not the same as forgetting
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Figura 1. Tomado de Myers y Davis, 2002. Aqui se esquematizan las caracteristicas conductuales de la extincién. (A) La extincién
requiere de un periodo de adquisicion, por ello se puede decir que no es olvido. (B) Recuperacion instantanea, la respuesta condicionada
(RC) puede reaparecer después de un periodo extendido de tiempo. (C) Renovacion, la extincién es especifica del contexto en el que se
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adquiere, por ello la RC puede reaparecer al probar en un contexto distinto al de la extincién. (D) Restablecimiento, la RC puede
recuperarse al presentar el estimulo incondicionado de manera inesperada.

Para la consolidacién de una tarea de reconocimiento de sabores (Condicionamiento de
aversion al sabor) se requiere de la disminucion de la calcineurina (CaN) y disminucion del factor
de transcripcion Zif268 en la amigdala, mientras que la actividad de la CaN no se altera por la
extincion de la tarea y la sobreexpresion de Zif268 tampoco afecta este proceso de la memoria
(Baumgartel et al. 2008). La extincidn entonces se puede explicar como un re-aprendizaje sino que

ademas es molecularmente distinto al aprendizaje original.

Reconsolidacion

Se pensaba que después de la consolidacién la memoria no podia ser afectada por agentes
amnésicos. Sin embargo, ahora se sabe que cuando se reactiva (evoca) la memoria consolidada se
vuelve sensible a estos agentes y requiere de sintesis de proteinas una vez mas para mantenerse a
largo plazo (Sara 2000; Suzuki et al. 2004). Este proceso se conoce como reconsolidacion (Nader et
al. 2000) y se ha estudiado en diferentes tareas de memoria y estructuras cerebrales (revisado en
Dudai y Eisenberg 2004). No obstante, el término reconsolidacién ha sido desafiado y parece
inadecuado ya que existe evidencia que muestra que este proceso no es una recapitulacion fiel de la
consolidacion (Dudai 2006). Al respecto se ha demostrado que la consolidacion y la
reconsolidacion comparten algunos mecanismos moleculares pero difieren en muchos otros
(revisado en Dudai y Eisenberg 2004). Por ejemplo, el BDNF en el hipocampo se requiere para la
consolidacion del condicionamiento al miedo de contexto pero no para su reconsolidacion (Lee et
al. 2004). Por otra parte, la PKA (proteina-cinasa A) se requiere en la amigdala basolateral (ABL)
para ambos mecanismos en una tarea de condicionamiento al sabor (Koh y Bernstein 2003).

Ademas, se ha propuesto que la reconsolidacion es un proceso que incorpora informacion
relevante a un trazo de memoria previamente consolidado (Sara, 2000; Rodriguez-Ortiz et al. 2005;
Rodriguez-Ortiz et al. 2008). Cuando la actualizaciéon de la memoria ocurre, la memoria
previamente almacenada se desestabiliza (Lee 2008) y puede entonces ser afectada por inhibidores
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de la sintesis de proteinas. Por lo tanto, cuando el comportamiento ha alcanzado un nivel asintotico
y no hay un aprendizaje evidente, la memoria previamente consolidada permanece estable y
resistente a tratamientos amnésicos (Rodriguez-Ortiz et al. 2005).

Con estos descubrimientos surge un nuevo esquema tratando de explicar los procesos de los
que depende la memoria. Dudai (2009) sugiere entonces los esquemas presentados en la figura 2
para describir las teorias que hasta ahora se han propuesto y que podrian explicar lo que ocurre con
un trazo de memoria. El esquema a muestra la clasificacion basica de la memoria que representa el
paso de una memoria de corto plazo a una de largo plazo a través del tiempo y que es conocido
como el trazo dual. Con la introduccién de la teoria de la consolidacion se incorporan a este
diagrama nuevos componentes creando un diagrama mas relajado en el que la memoria ya
consolidada puede ser evocada nuevamente cuando sea necesario en el contexto de la consolidacion
de sistemas. Un concepto alternativo, plantea que la memoria puede estar en dos estados alternantes
(figura 2b), el estado activo se refiere al tiempo durante e inmediatamente después de la
consolidacion o la evocacion, el resto del tiempo se considera que la memoria esta en un estado
inactivo. Este modelo se puede ver como un modelo ciclico en el que los estados de actividad e
inactividad del trazo de memoria fluctGan en el tiempo.

Tanto la teoria de la consolidacién como la de la reconsolidacién sugieren que el estado
activo de la memoria provoca un estado especial (post-activacion) en la que el trazo es sumamente
pléstico y labil lo que permite cambios post-consolidacion dando un esquema en el que ya puede
hablarse de reconsolidacion. Este mismo modelo “ciclico” se ha visto modificado con los reportes
de efectos sobre un trazo de memoria aln cuando éste no haya sido reactivado (figura 2c; Dudai,

2009).
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Figura 2. Tomado de Dudai, 2009. Representacion esquematica de las teorias de la consolidacion y reconsolidacion de la memoria. a)
Modelo clésico, b) Modelo ciclico y ¢) Modelo ciclico modificado.

En este modelo ciclico se reflejan los puntos labiles de la memoria ya consolidada lo que
esquematiza de una manera el proceso de actualizacion que representa la reconolidacion de la
memoria. Asi mismo, permite explicar mas facilmente el proceso de consolidacién durante el suefio,

tema en el que no ahondaremos en este trabajo.

Memoria de reconocimiento de sabores

Una de las destrezas de supervivencia mas importantes para los animales y que se ha
desarrollado a través de la evolucién, es la memoria de reconocimiento de sabores. La memoria de
reconocimiento es la habilidad de discriminar la familiaridad de cosas previamente experimentadas.
En el caso de la comida, cuando un animal experimenta un sabor nuevo, éste vacila para comerlo
mostrando un consumo reducido (respuesta neofobica). Sin embargo, cuando el nuevo sabor no
tiene una consecuencia nociva, se reconoce como seguro (preferido) lo que lleva a un incremento en
el consumo. Pero si el nuevo sabor se asocia a un malestar, el animal lo rechaza la proxima vez,

desarrollando una aversion de larga duracion (el sabor se convierte en una sefial aversiva), este
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forma de memoria de reconocimiento se conoce como condicionamiento de aversion al sabor (CAS;
revisado en BermUdez-Rattoni 2004). La extincion se define como la disminucion en frecuencia o
intensidad de la respuesta condicionada seguida de la ausencia del reforzamiento y refleja un re-
aprendizaje mas que el olvido de la tarea. Para el CAS, la extincion consiste en presentar el estimulo
condicionado (sacarina) sin el estimulo incondicionado (malestar gastrico) después de una 0 mas
asociaciones del EC-EIl. La figura 3 muestra una grafica simbolica representando la neofobia,

atenuacion de la neofobia, CAS y extincion del CAS.
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Figura 3. Tomado de Bermudez-Rattoni, 2004. Consumo de sacarina representado en porcentaje de la linea basal de consumo de agua.
Hay un decremento en el consumo (neofobia) durante la primera presentacion de sacarina. Los circulos morados representan el grupo que
recibié un agente de induccién de malestar (inyecciones de LiCl) después de la primera exposicion a la sacarina desarrollando asi
aversion condicionada al sabor (CAS). Los circulos rosas representan al grupo que mostr6 atenuacion de la neofobia por las repetidas
presentaciones de la sacarina.

El CAS es una tarea conveniente para investigar los mecanismos de la reconsolidacién en
un protocolo de aprendizaje aversivo. En este paradigma, se presenta un sabor (sacarina) a las ratas
que actia como el estimulo condicionado (EC). Después, se induce malestar gastrico con una
inyeccion de cloruro de litio que actta como el estimulo incondicionado (EI). La respuesta
conductual del animal en el dia de la prueba es un decremento en el consumo del nuevo sabor como
resultado de la asociacion EC-EIl. Esta tarea se puede adquirir en un solo ensayo y la memoria
aversiva resultante se puede medir varios dias después. El trazo de memoria aversiva se puede
extinguir con el re-aprendizaje de un trazo nuevo, no aversivo, a partir de exposiciones repetidas a

la sacarina que ya no es pareado con el malestar gastrico (EC-noEl).
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Varios reportes indican que tanto la ClI (Dunn y Everitt 1988; Rosenblum et al. 1993;
Escobar et al. 1998; Yasoshima y Yamamoto 1998) como la amigdala (Yamamoto y Fujimoto
1991; Yamamoto 2007; Bahar et al. 2004) subyacen la consolidacion del CAS.

Se ha postulado que la memoria gustativa depende de una representacion neural del sabor
que probablemente permanece almacenada en varias regiones cerebrales en paralelo; esta
representacion neural ha sido Ilamada trazo de memoria gustativa (Bures et al. 1998). Al respecto,
hemos demostrado previamente que para la formacion de un trazo de memoria de aversion al sabor
es necesaria la actividad colinérgica tanto en la Cl como en la amigdala. Asi, lesiones inducidas por
NMDA en el nicleo basalis magnocellularis provocan una interrupcion de la adquisicion de la
aversion al sabor debido a una reduccion de actividad colinérgica considerable tanto en la amigdala
como en la CI (Gutiérrez et al. 1999). Se han descrito también interconexiones entre la amigdala y
la CI usando rastreadores retrogrados y bidireccionales. Se encontré que las partes agranular y
disgranular de la insula tienen conexiones prominentes con la amigdala, lo que podria mediar las
conductas generadas por estimulos aversivos (Hoistad and Barbas 2008). Al respecto, Escobar y
BermuUdez-Rattoni (2000) reportaron que la estimulacion tetanica de la ABL induce LTP (long-term
potentiation; potenciacién a largo plazo) en la Cl lo que mejora la retencién del CAS. Similarmente,
se ha demostrado que aplicaciones de glutamato en la amigdala mejoran la memoria de aversion al
sabor y este efecto se puede bloquear con infusiones de un antagonista de NMDA en la CI (Ferreira
et al. 2005).

La consolidacion del CAS requiere de la sintesis de proteinas en la Cl y en la amigdala.
Bahar y colaboradores (2003; 2004) encontraron que la inhibicidn de la sintesis de proteinas en la
amigdala central (ACe) pero no en la ABL bloguea la consolidacion del CAS, sin embargo,
infusiones en cualquiera de estos nucleos de la amigdala no afectan la reconsolidacion de la
memoria del CAS. Estos resultado sugieren que para la formacion y consolidacion de la memoria de
aversion al sabor se requiere de una interaccion dinamica entre la amigdala y la CI.

La reconsolidacion, en cambio, depende tanto de la Cl como de la amigdala como pudimos

comprobar anteriormente en el laboratorio (Garcia de la Torre et al. 2008). Inyecciones de
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anisomicina tanto en la Cl como en la amigdala fueron necesarias para afectar la memoria previa en
el CAS. Ambas estructuras son necesarias para la formacion de la memoria del CAS pero
aparentemente el trazo es almacenado de manera independiente en cada una de ellas por lo que es
necesario afectar a ambas estructuras durante la desestabilizacion del trazo (ocasionado por la
adquisicion de un segundo CAS) para afectar el trazo previo, estos resultados se muestran de

manera esquematica en la figura 4 y el articulo in extenso se encuentra como Anexo A.
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Figura 4. Tomado de Garcia-delaTorre, 2008. La inhibicién de la sintesis de proteinas de manera simultanea en la corteza insular y
amigdala basolateral tiene efecto Gnicamente sobre la consolidacion de la segunda adquisicion ¢ ) del CAS mientras que este mismo
protocolo en la corteza insular y amigdala central afectan tanto la primera como la segunda adquisicién (X), es decir tiene efecto sobre la
reconsolidacion de la memoria del CAS.

Para la consolidacion de la atenuacién de la neofobia la sintesis de nuevas proteinas en la
corteza perirrinal, hipocampo y corteza insular es necesaria (De la Cruz et al. 2008). Esta tarea
consiste en catalogar un sabor como seguro tal como ocurre durante la extincion del CAS. La
extincion del CAS ha sido menos estudiada pero se sabe que se requiere de sintesis de proteinas en
la corteza prefrontal (Mickley et al 2005) y en la CI para su consolidacién (Berman y Dudai 2001).
Ambas tareas estan relacionadas con la memoria de reconocimiento de sabores y son las que

pretendemos estudiar en este trabajo.
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CAPITULO II



Planteamiento del Problema

La definicion de la extincion experimental plantea que se trata de un nuevo aprendizaje y
que requiere de consolidacion para su permanencia a largo plazo. Especificamente en la tarea de
CAS, la extincion es un proceso en el cuél un sabor ya catalogado como aversivo cambia a ser
seguro. Para la memoria de reconocimiento de sabores, sabemos también, que la atenuacién de la
neofobia (sabor seguro) depende de estructuras distintas a las del CAS (sabor aversivo). Dados
estos antecedentes, decidimos evaluar la participacion de estas estructuras en la consolidacién de la
extincién del CAS. A diferencia de la atenuacion de la neofobia, la extincién del CAS ofrece
informacidn acerca de los procesos que intervienen al modificar la estrategia ante un estimulo que
ya fue catalogado como aversivo.

Ademas, en el proceso de definir qué estructuras del l6bulo temporal estan participando,
surge el planteamiento de que la extincion puede sufrir de un proceso de reconsolidacion. Dado que
estamos partiendo de la premisa “la extincion es un nuevo aprendizaje” estudiaremos la labilidad
del trazo de extincién ya consolidado mediante un protocolo que desencadene la reconsolidacién de
la extincion del CAS.

Hipotesis
e Las estructuras que participan por medio de la sintesis de proteinas en la extincion del CAS,
seran similares a las que lo hacen durante la atenuacion de la neofobia por tratarse de una
asociacion segura del sabor.
¢ Una memoria de extincion puede ser reconsolidada por lo que podremos observar un efecto
de la inhibicién de la sintesis de proteinas sobre la labilidad del trazo ya consolidado de la
extincion del CAS.

Objetivo general
Estudiar la participacion del hipocampo, corteza insular, corteza perirrinal, amigdala central y

amigdala basolateral en la extincion del CAS

Obijetivos especificos
Estudiar el efecto de la inhibicion de la sintesis de proteinas por medio de inyecciones
intracerebrales de anisomicina en la Cl, HC, PR ACe y ABL tanto en la consolidacion como en la

reconsolidacion de la extincion del CAS
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CAPITULO I



METODOLOGIA

Sujetos y cirugia

Ratas Wistar macho de 280 g obtenidas del vivario del Instituto de Fisiologia Celular. Los
animales son colocados en cajas individuales con acceso a comida y agua ad libitum a menos que se
sefiale lo contrario. Se encuentran a una temperatura de 21°C + 2° en un ciclo de luz/obscuridad de
12h/12h.

Cirugia en la corteza insular (Cl) para insertar bilateralmente canulas de 12mm de largo y
23Ga en las coordenadas AP + 1.2, DV — 4y L +/- 5.5y en corteza perirrinal (PR) en AP — 3, DV —
5 y L +/-6.,5. Introduciendo el inyector 2 mm mas en el momento de realizar las inyecciones.
Cirugia en la amigdala central (ACe) en las coordenadas AP — 2.2, DV - 5.8 y L +/- 4 para insertar
canulas de 12mm de largo y para amigdala basolateral (ABL) en las coordenadas AP — 2.8, DV —
6.5 y L +/- 5. Introduciendo el inyector 2mm para realizar las inyecciones. Las canulas utilizadas
para llegar al hipocampo (HC) son de 9mm de largo y las coordenadas AP — 3.4, DV - 2.7 y L +/-

1.7. Todas las ratas tienen 7 dias de recuperacién antes de pasar por cualquier otro procedimiento.

Reactivos y soluciones:

e Sabores: sacarina 0.1% para los experimentos de Condicionamiento de aversion al sabor y
su extincion; sacarina 0.3%, quinina 0.005% y NaCl 0.1M para los experimentos de
atenuacion de la neofobia.

e Cloruro de litio: 0.15M 6 0.4M dependiendo del experimento.

e ASCF (artificial cerebrospinal fluid) se utiliz6 como solucion vehiculo al inyectar
anisomicina.

e Anisomicina, un inhibidor de sintesis de proteinas, que actlia a nivel de traduccién al inhibir
la peptidil transferasa. Dosis 0.5 pl/min en cada hemisferio para la amigdala y 1 ul/min para

la corteza insular, en una concentracion de 120mg/ml diluida en ASCF.
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Procedimientos conductuales:

e Condicionamiento de aversion al sabor (CAS). Se utilizé sacarina al 0.1% como sabor
novedoso y LiCl (0.15M 10% peso/volumen) como el agente téxico para causar malestar.
El CAS se realizd usando el siguiente protocolo: se dio una linea basal de agua que
consistié en consumos de 15min diarios. El condicionamiento se realiz6 24 hrs después
administrando sacarina a una concentraciéon de 0.1% durante 15 min y 15 min despueés del
consumo se inyecto el LiCl i.p.; el nimero de dias de este procedimiento dependera del
experimento. La prueba se realiz6 un dia después de la inyeccion intracerebral y consistio
en dar sacarina por 15 min.

e Extincidn del CAS. Después de dar la linea basal de agua y dos adquisiciones de CAS,
sacarina (0.1%)-LiCl (0.15M), se dieron presentaciones de sacarina sin el estimulo
incondicionado (LiCl) lo que experimentalmente genera extincion del condicionamiento.
El nimero de presentaciones dependera del experimento y la prueba se realizard un dia

después de la inyeccion intracerebral.
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CAPITULO IV



RESULTADOS

Consolidacion y reconsolidacion de la extincion del CAS

Analisis histolégico

Después de cada experimento se extrajeron los cerebros y se cortaron en rebanadas de 40
um para realizarles la tincién Nysl. Se observaron los cortes en un microscopio de luz y se
eliminaron del experimento las ratas en las que la canula fue implantada de manera errénea.
Después del analisis histolégico la n de cada grupo inyectado en un primer ensayo de extincion fue
la siguiente: ABL-V=8, ABL-A=8; ACe-V=9, ACe-A=9; PR-V=7, PR-A=7; HC-V=10, HC-A=10;
CI-v=10, CI-A=10. La n de los grupos inyectados en un tercer ensayo de extincion fueron: ABL-
V=9, ABL-A=9; ACe-V=9, ACe-A=9; PR-V=9, PR-A=9; HC-V=12, HC-A=12; CI-V=12, CI-

A=13.

Inyecciones de anisomicina en ACe y ABL no afectan la extincion del CAS

Para analizar la participacién de la amigdala en la extincion del CAS se realizaron
inyecciones del inhibidor de sintesis de proteinas después de la primera o tercera extincién. Una
ANOVA de repetidas medidas para los grupos ACe-V y ACe-A inyectados en la primer extincién
(Fig. 5-A) mostr6 que no hubo diferencias entre grupos (F1,, = 1.22; p = 0.280), hubo diferencias
entre dias (Fy3 = 132.809; p<0.01) y no hubo interaccion (Fye = 1.15; p = 0.3339). Los mismos
grupos inyectados en la tercera extincion (Fig. 5-B) mostraron resultados similares; no hubo

diferencias entre grupos (Fy 16 = 0.172; p = 0.683) ni interaccion (F,g = 0.168; p = 0.9738) pero si
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hubo diferencias entre dias (F,s = 36.970; p<0.01). Un anélisis post hoc con prueba de Fisher revelo

que no hay diferencias entre grupos en ninguna de las pruebas.
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FIGURA 5. Extincion del CAS. La amigdala central no participa en la consolidacion del CAS. A, inyecciones de anisomicina en la ACe
después de la primera extincion no tiene efecto sobre la memoria. B, de igual forma, la inhibicion de la sintesis de proteinas en la ACe
después de la tercera presentacion de sacarina no afecta la memoria de extincion.

El mismo protocolo se sigui6 para la ABL y se realiz6 una ANOVA de repetidas medidas
para los grupos ABL-V y ABL-A que fueron inyectados en la primera extincién mostr6 que no hay
diferencias entre grupos (F114 = 0.019; p = 0.892), hubo diferencias entre dias (Fy3 = 67.279;
p<0.01) y no hubo interaccion (F4 = 0.600; p = 0.6187). Mientras que la misma prueba, para la
inyeccion realizada en la tercera extincion (Fig.6-B), la prueba revel6 que no hubo diferencias entre
grupos (F114= 0.413; p = 0.5307), hubo diferencias entre dias (F;s = 37.673; p<0.01) y no hubo
interaccion (Fy 7 = 1.130; p = 0.3525). El anélisis post hoc con prueba de Fisher reiteré que no hay

diferencias entre grupos el dia de la prueba para ninguno de los experimentos.
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FIGURA 6. Extincion del CAS. La amigdala basolateral no participa en la consolidacion del CAS. A, inyecciones de anisomicina en la
ABL inmediatamente después de la primer extincion no tienen efecto sobre la memoria como se observa el dia de la prueba. B, la
inhibicién de sintesis de proteinas en una tercera presentacion del EC tampoco tiene efecto sobre la memoria.

Infusiones de anisomicina en la Cl afectan la consolidacion y reconsolidacion de la extincion del

CAS

La inhibicién de la sintesis de proteinas en la Cl en la segunda extincién afect6 la
consolidacion de la extincion como se muestra en la figura 7. Una ANOVA de repetidas medidas
mostro que no hay diferencias entre grupos (Fi2s = 2.67; p = 0.1132) aunque si la hay entre dias
(F13 = 218.99; p<0.01) ademas de una interaccion significativa entre ambos (F;g, = 840.81,;
p<0.05). El andlisis post hoc con prueba de Fisher mostré diferencias significativas en los consumos
entre CI-V y CI-A el dia de prueba (p<0.05) indicando un efecto sobre la consolidacion de la
extincion. De igual manera la ANOVA de repetidas medidas para los grupos inyectados en la
tercera extincion revel6 que no hay diferencias entre grupos (F12; = 0.118; p = 0.733) pero si entre
los dias (F1s = 4.182; p<0.01) e igualmente hay interaccion (Fy 15 = 36.822; p<0.05). El anélisis
post hoc con prueba de Fisher reveld diferencias significativas entre grupos el dia de la prueba
(p<0.05). Una t pareada muestra diferencias entre los consumos del dia de la inyeccién y el dia de la

prueba para el grupo CI-A inyectado en la tercera extincion (p<0.05). Estos datos sugieren que
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ademas de afectarse la consolidacién, se afectd el trazo previo, es decir hubo efecto sobre la

reconsolidacion de la extincion.
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FIGURA 7. Extincién del CAS. La Cl participa en la consolidacién y reconsolidacion de la extincion. A, inyecciones de anisomicina en
Cl en la primera extincion del CAS afectan su consolidacion; B, mientras que la inhibicién de la sintesis de proteinas en la Cl durante la
tercera extincion afectan no sélo la consolidacion de ésa extincion, sino que afectan parte del trazo previo, sugiriendo que se afecta la
reconsolidacion de la extincién (*p<0.05).

Infusiones de anisomicina en la corteza PR afectan la consolidacion de la extincion del CAS
Las inyecciones de anisomicina en la corteza PR en la primera extincion mostraron

resultados similares a los encontrados en la Cl ya que también se afectd la consolidacion de la

memoria. La ANOVA de repetidas medidas mostré que no hay diferencias entre grupos (Fy s

0.75; p = 0.3975) pero si entre dias (Fy3 = 3.09; p<0.05) y que no hay interaccion (Fy4 = 1.18; p
0.3255). El anélisis post hoc con prueba de Fisher mostré diferencias significativas en los consumos
entre los grupos PR-V y PR-A el dia de prueba (p<0.05) indicando un efecto sobre la consolidacién

de la extincidn.
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FIGURA 8. Extincién del CAS. La corteza PR participa en la consolidacion de la extincién del CAS. Inyecciones de anisomicina en la
corteza PR inmediatamente después de la primera extincion afectan la consolidacion de la extincién (p<0.05).

La sintesis de proteinas en el hipocampo es necesaria para la extincién

Inyecciones de anisomicina en el HC antes de la primera o tercera extincion del CAS
afectan la consolidacion del mismo. En los grupos inyectados en la primera extincion una ANOVA
de repetidas medidas mostrd que no hay diferencias entre grupos (Fi 10 = 0.4151; p = 0.4151) pero si
entre dias (Fy3 = 44.769; p<0.001) y hay interaccion (Fy 3o = 4.574; p<0.05). El andlisis post hoc con
prueba de Fisher mostré diferencias significativas en los consumos entre los grupos HC-V e HC-A
el dia de prueba (p<0.05) indicando un efecto sobre la consolidacion de la extincién. Asimismo, una
ANOVA de repetidas medidas para los grupos inyectados en la tercera extincion, revel6 que no hay
diferencias entre grupos (Fy 15 = 0.148; p = 0.706) pero si entre dias (F,5 = 35.054; p<0.001) y que
si hay interaccion (Fy75 = 3.597; p<0.05). El anélisis post hoc con prueba de Fisher mostrd
diferencias significativas en los consumos entre los grupos HC-V e HC-A el dia de prueba (p<0.05)

indicando un efecto sobre la consolidacion de la extincién.
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FIGURA 9. Extincién del CAS. El hipocampo participa en la consolidacion de la extincién del CAS. Inyecciones de anisomicina en el
HC inmediatamente después tanto de la primera (A) como de la tercera extincion (B) afectan la consolidacion de la extincion. (p<0.05).

Estos resultados indican que la CI participa no sélo en la consolidacion sino también en la
reconsolidacion de la extincion del CAS. La PR y el HC estan involucrados en la consolidacion de

la extincién y los nacleos de la amigdala (ACe y ABL) no tienen participacion alguna.
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CAPITULO V



DISCUSION Y CONCLUSIONES

La memoria, para su almacenamiento a largo plazo, pasa por un proceso conocido como
consolidacion, proceso dependiente de la sintesis de nuevas proteinas (McGaugh, 2004). Hasta hace
poco se pensaba que un trazo de memoria ya consolidado no era susceptible a cambios, sin embargo
en 1968 Misanin y colaboradores describieron un proceso capaz de volver 1abil el trazo ya
consolidado y lo nombraron reconsolidacién. Al respecto se ha propuesto que dicho proceso
permite la actualizacion de la memoria (Sara, 2000; Rodriguez-Ortiz et al. 2005, 2008; Lee et al,
2008). Para dicha actualizacion se cree que la memoria previamente consolidada es desestabilizada
y posteriormente estabilizada para permitir la incorporacion de nueva informacion y su posterior
mantenimiento a largo plazo (Lee, 2008).

En la tarea de reconocimiento de sabores, sabemos que la CI (Dunn y Everitt 1988;
Rosenblum et al. 1993; Escobar et al. 1998; Yasoshima y Yamamoto 1998) y la amigdala
(YYamamoto y Fujimoto 1991; Yamamoto 2007; Bahar et al. 2004) participan en la consolidacion y
en conjunto en la reconsolidacion (Garcia-delaTorre et al. 2009) del condicionamiento de aversién
al sabor (CAS). Ademas, De la Cruz y colaboradores (2008) reportaron que tanto el hipocampo
(HC) como la corteza perirrinal (PR) participan en la consolidacion de la atenuacion de la neofobia,
una tarea de reconocimiento de sabores sin asociacion aversiva. En este trabajo encontramos que la
Cl, PR e HC participan en la consolidacion de la extincion del CAS por medio de la sintesis de
nuevas proteinas. La extincion de esta tarea consiste en re-catalogar un sabor como seguro una vez
que ya fue asociado a un estimulo aversivo.

Tanto la atenuacion de la neofobia como la extincion del CAS son tareas de reconocimiento
de un sabor seguro por lo que resulta 16gico que existan similitudes en las estructuras que participan
en ambas. Encontramos que la amigdala (ACe y ABL) no participa en la extincion del CAS; sin
embargo, la Cl, la corteza PR y el HC son esenciales para su consolidacion. Ademas, encontramos

que la Cl tiene una participacion sobre la desestabilizacion del trazo previo durante la incorporacién
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de informacién en la extincion del CAS. Este dato es sorprendente ya que hasta ahora no se ha
reportado un proceso de reconsolidacién durante la extincion de alguna tarea.

Cuando la reconsolidacion de la extincion ocurre, un nuevo trazo tiene la capacidad de
desestabilizarse y re-estabilizarse como sea necesario. Estos datos apoyan la idea de que la
extincion y la reconsolidacion no son procesos que compiten sino que pueden coexistir dependiendo
de la experiencia conductual como lo han sugerido Perez-Cuesta y Maldonado (2009). Este grupo
investigo si las ventanas temporales de la extincion y la reconsolidacion podian ser afectadas en los
cangrejos y encontraron que mientras que la asociacion EC-EI se extingue, la memoria esta en un
estado labil y susceptible de ser reconsolidado. Al respecto, nosotros encontramos que la extincién
puede ser reconsolidada confirmado que estos procesos son diferentes y que ambos, la extincion y
la reconsolidacién son posibles.

Aungue este dato en particular requiere de mas analisis, podemos explicarlo al separar a la
extincion de la adquisicion original. Se sabe que se requiere de la disminucion de la calcineurina
(CaN) y disminucion del factor de transcripcion Zif268 en la amigdala para la consolidacion del
CAS, mientras que la actividad de la CaN no se altera por la extincion de la tarea y la
sobreexpresién de Zif268 tampoco afecta este proceso de la memoria (Baumgartel et al. 2008). Los
mecanismos responsables del establecimiento y extincién del CAS son distintos. La extincion
entonces se puede explicar no sélo como un reaprendizaje sino que ademas es molecularmente
distinto al aprendizaje original. De acuerdo a estos datos, la extincion podria en si, sufrir de un
proceso de reconsolidacion cada vez que exista actualizacion de la memoria.

Cuando analizamos el papel de la amigdala en la extincién del CAS encontramos que no
participa. Se sabe que esta estructura estd muy involucrada en la adquisicion y retencion de
memorias de experiencias emocionales (McGaugh, 2004). La participacion de la amigdala se ha
visto asociada a la consolidacion y reconsolidacion del CAS (Yamamoto & Fujimoto, 1991; Bahar
et al., 2004; Yamamoto, 2007; Garcia-Delatorre et al., 2009) asi como a otras tareas aversivas tal
como el condicionamiento al miedo o prevencién pasiva (Maren & Fanselow, 1996). De acuerdo a

nuestros resultados, cuando el componente aversivo de la tarea ya no estd presente (extincion), la
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amigdala no parece participar. Sin embargo, Bahar y colaboradores (2004) encontraron que la ABL
si participa en la extincion del CAS; esta discrepancia puede deberse a las diferencias entre
protocolos. Nosotros inyectamos anisomicina después de la primera o tercera adquisicion de la
extincion mientras que en su protocolo la inyeccion se dio antes de la primera extincion. Ademas,
nosotros dimos dos adquisiciones de CAS en lugar de una, creando asi una memoria mas fuerte. Las
infusiones de anisomicina después de la presentacién de la sacarina garantizan que afectamos la
consolidacion y no la adquisicion de la extincion.

La participacion del HC en una memoria de sabores no es sorpresiva ya que se ha
relacionado con la modulacion contextual y temporal en este tipo de tareas. Gallo y colaboradores
encontraron que después del aprendizaje de aversion de un sabor salino en un contexto fisico
particular o en un tiempo particular del dia, la extincion dependia de tanto el lugar como el
momento del aprendizaje (Moron et al. 2002). Compararon la habilidad de cambios de lugar y
cambios de hora del dia para modular de manera separada el fenémeno de la memoria de la aversién
a la salina aprendida en ratas. En otro estudio por el mismo grupo (Molero et al. 2005) se encontr6
que el HC esta selectivamente involucrado en claves temporales de la memoria de sabores seguros.
Este grupo report6 que lesiones excitotoxicas inducidas en el HC dorsal eliminaban el efecto del
cambio de contexto entre pre exposicion y condicionamiento. Estos estudios apoyan la idea de que
el contexto estd intimamente involucrado en las memorias de sabores y sugiere una participacion
particular del HC en el reconocimiento de contextos.

De manera similar, Corcoran et al. (2005) describi6 una relacion entre el HC y el contexto
en la extincion de una tarea de condicionamiento al miedo por medio de la inactivacion de esta
estructura. Este grupo encontrd que la inactivacion del HC durante el entrenamiento de extincion de
esta tarea, afecta la codificacion contextual de la memoria de extincién. De manera conjunta, estos
datos sugieren que el papel del HC en la extincion de memorias aversivas, esta relacionada con el
contexto.

La ClI esté involucrada en cada aspecto de la memoria de reconocimiento del sabor, ya sea

que el sabor sea catalogado como aversive (Dunn & Everitt, 1988; Rosenblum et al., 1997; Escobar
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et al., 1998; Yasoshima & Yamamoto, 1998) o como seguro (Berman & Dudai, 2001; De la Cruz et
al., 2008), asi como durante la consolidacién o reconsolidacion de ambas memorias de sabores. Por
otra parte, otras estructuras tienen funciones distintas en la memoria de reconocimiento de sabores;
la amigdala parece participar Unicamente cuando el sabor esta asociado a lo aversivo y el HC o PR
cuando otras caracteristicas relacionadas al sabor estan siendo consolidadas. EI HC y la PR parecen
complementar la funcion de la Cl al procesar componentes relacionados al sabor incluyendo la
definicion del sabor como seguro o aversivo.

Al respecto, se ha propuesto una teoria de multiples trazo (Nadel y Moscovitch, 1997;
Bontempi et al. 1999) que estipula que la estabilidad de la memoria a largo plazo debe estar
sustentada por la proliferacion de multiples trazos de memorias dentro del lébulo temporal.
Nosotros encontramos que la consolidacion de la extincién del CAS depende al menos de dos
estructuras corticales (Cl y PR) asi como del HC. El almacenamiento y actualizacién de la memoria
de reconocimiento de sabores requiere de la participacion de varias estructuras. Ya sea para una
asociacion de aversién (Garcia-delaTorre et al., 2009; Cl, ACe), para su extincién (Cl, PR, HC) o
para el reconocimiento de un sabor como seguro (De la Cruz et al., 2009; CI, PR, HC).

Aungue los procesos moleculares estudiados en este trabajo se limitan a la sintesis de
nuevas proteinas, trabajos recientes sugieren la participacién diferencial de receptores durante los
procesos de la memoria, atribuyéndole principalmente a los receptores AMPA (receptores a
glutamato) la funcion de mantener la homeostasis del sistema.

PKM3z se ha relacionado con el incremento de los receptores AMPA en la membrana
sinaptica, su inactivacion afecta por completo la memoria ya consolidada sin importar el tiempo que
haya transcurrido entre el aprendizaje y la evocacién de la misma (revisado por Sacktor, 2011). En
estudios preliminares, nosotros hemos encontrado que la infusion de un antagonista de receptores
AMPA durante la evocacion de la memoria del CAS impide la expresion de la memoria pero no
afecta su permanencia a largo plazo.

En conjunto, estos resultados sugieren que la homeostasis del sistema, regulado por el

trafico de receptores AMPA en la membrana sinéptica, y los procesos de la memoria estan
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intimamente relacionados. Las diferentes estructuras involucradas en la memoria de reconocimiento
de sabores podrian tener una participacion diferencial en el intercambio de receptores post-
sinapticos explicando de manera mas detallada el modelo ciclico propuesto por Dudai.

De este trabajo en particular, podemos concluir que el HC, la Cl y la PR participan en la
consolidacion de la extincion del CAS, estructuras que coinciden con la tarea de la atenuacion de
neofobia, una tarea en la que también se identifica al sabor como seguro. Ademas, encontramos que
la extincion del CAS puede ser reconsolidada por medio de la sintesis de nuevas proteinas en la Cl,
un resultado que apoya la idea de que la extincidn es un proceso independiente con la capacidad de
ser desestabilizado para incorporar informacion novedosa. El estudio de procesos moleculares
especificos que subyacen la extincion de la memoria es necesario ya que sin la descripcion precisa
de proteinas, neurotransmisores, receptores, etc. es imposible tratar de definir la funcién de cada

una de las estructuras involucradas.
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Reconsolidation has been described as a process where a consolidated memory returns to a labile state when retrieved.
Growing evidence suggests that reconsolidation is, in fact, a destabilization/stabilization process that incorporates up-
dated information to a previously consolidated memory. We used the conditioned taste aversion (CTA) task in order to
test this theory. On the first trial, the conditioned stimulus (CS) (saccharin) was associated to the unconditioned stimulus
(US) (LiCl injection), and as a result, aversion to saccharin was obtained. The following day, animals were injected with
anisomycin in either the insular cortex (IC), central amygdala (CeA), basolateral amygdala (BLA), or simultaneously in
IC and CeA or IC and BLA, and a second CTA trial was carried out in which updated information was acquired. Animals
were tested 24 h later. When protein synthesis was inhibited in either the IC or CeA, consolidation was affected and
previously consolidated memory was unimpaired. However, when both the IC and CeA were simultaneously anisomycin
injected, the previously consolidated memory was affected. After repeated association trials, protein synthesis inhibition
in the IC and CeA did not have an effect on taste memory. These results suggest that the IC and the CeA are necessary
for taste-aversion consolidation, and that both share the previously consolidated memory trace. In addition, our data
demonstrated that protein synthesis in either the IC or the CeA suffices to stabilize previously consolidated taste

memory when destabilized by incorporation of updated information.

[Supplemental material is available online at http://www.learnmem.org.]

The consolidation theory proposes that through new protein
synthesis recently acquired memories are strengthened over time
into a stable long-term memory trace (McGaugh 1966, 2000; Davis
and Squire 1984). Nevertheless, it had been implied that after con-
solidation, amnesic agents could no longer affect memory. How-
ever, it is now known that when reactivated, consolidated memory
regains sensitivity to these agents and requires of protein synthesis
once again to be retained in long-term storage (Sara 2000; Suzuki
et al. 2004). This process is known as reconsolidation (Nader et al.
2000) and has been studied in various memory tasks and brain
structures (for review, see Dudai and Eisenberg 2004). The term
reconsolidation has been challenged and seems inadequate, since
recent evidence indicates that this process is not a faithful re-
capitulation of consolidation (Dudai 2006). On this matter, it has
been demonstrated that consolidation and reconsolidation share
some molecular mechanisms but differ in many others (for review,
see Dudai and Eisenberg 2004). For example, BDNF (brain-derived
neurotrophic factor) in the hippocampus is required for consoli-
dation of contextual fear conditioning, but not for reconsolida-
tion (Lee et al. 2004). On the other hand, PKA in the basolateral
amygdala (BLA) is required for both mechanisms in a conditioned
taste aversion (CTA) task (Koh and Bernstein 2003).

Furthermore, we have proposed that reconsolidation is a pro-
cess that incorporates relevant information to a previously con-
solidated memory trace (Sara 2000; Rodriguez-Ortiz et al. 2005,
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2008). When memory updating occurs, previously stored memory
is destabilized (Lee 2008) and can therefore be affected by protein
synthesis blockers. Thus, when behavior has reached an asymp-
totic level and no further learning is evident, previously con-
solidated memory remains stable and is resistant to amnesic
treatments (Rodriguez-Ortiz et al. 2005).

CTA is a convenient task to investigate reconsolidation mech-
anisms in an aversive motivated learning protocol. In this para-
digm, rats are presented with a taste (saccharin), which acts as the
conditioned stimulus (CS). Then, gastric malaise is induced with
a lithium chloride injection acting as the unconditioned stimulus
(US). The outcome is a decreased consumption of saccharin on
the test day as a result of the CS-US association. The task can
be acquired in a single trial, and the resulting aversive memory
can be tested several days later. Several reports indicate that
CTA is subserved by the insular cortex (IC) (Dunn and Everitt
1988; Rosenblum et al. 1993; Escobar et al. 1998; Yasoshima and
Yamamoto 1998) and the amygdala (Yamamoto and Fujimoto
1991; Bahar et al. 2004; Yamamoto 2007).

It has been postulated that memories depend on a neural
representation of the taste that probably remains stored in several
brain regions in parallel; this neural representation has been called
the taste memory trace (Bures et al. 1998). In this regard, we have
previously demonstrated that for taste aversion memory trace
formation the cholinergic activity in both the IC and amygdala is
necessary. Thus, N-methyl-p-aspartate (NMDA)-induced lesions
into the nucleus basalis magnocellularis have a significant disrup-
tion in the acquisition of taste aversion, causing a considerable
cholinergic activity reduction in both the amygdala and the IC
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(Gutiérrez et al. 1999). Interconnection between the amygdala
and the IC have been described using retrograde and bidirectional
tracers. It was found that the agranular and dysgranular parts of
the insula have prominent connections with the amygdala, which
could be mediating aversively motivated behaviors (Hoistad and
Barbas 2008). In this regard, Escobar and Bermuidez-Rattoni (2000)
reported that tetanic stimulation of the BLA induces long-term
potentiation (LTP) in the IC, which enhances the retention of CTA.
Similarly, it has been demonstrated that intra-amygdala applica-
tions of glutamate enhances taste aversion memory, and this effect
is blocked by infusions of an NMDA antagonist in the IC (Miranda
et al. 2002; Ferreira et al. 2005). Protein synthesis has been found
to be a necessary process in the IC and amygdala in order for CTA
memory consolidation to occur. Bahar et al. (2003, 2004) found
that protein synthesis inhibition in the CeA, but not in the BLA,
disrupted CTA consolidation, but infusions in either of these
nuclei of the amygdala did not affect CTA memory reconsolida-
tion. All of these results suggest that for the formation and
consolidation of aversive taste memory a dynamic interaction
between the amygdala and the IC is required.

Therefore, the following experiments were designed to reveal
the contribution of the IC and the amygdala in consolidation and
reconsolidation of CTA. We used a repeated trials protocol that
allows incoming information to be incorporated in each acquisi-
tion trial (Duvarci and Nader 2004). In all experiments, protein
synthesis inhibition was obtained by microinfusions of aniso-
mycin in the IC, BLA, or CeA, as well as simultaneous injections in
the IC and CeA or IC and BLA.

Results

Histological analysis

After histological analysis, the following n for each group resulted
from the correct implants: IC-V, n = 30, IC-A, n=32; CeA-V, n =26,
CeA-A, n = 27; BLA-V, n = 12, BLA-A, n = 12 (see Fig. 2, below);
IC+CeA-V, n = 22, IC+CeA-A, n = 21; IC+BLA-V, n = 19, IC+BLA-A,
n =27 (see Fig. 3, below); and IC+CeA-V, n = 18, IC+CeA-A, n =15
(see Fig. 4, below). Figure 1 shows a scheme of the cannula
implants for the mentioned groups.

Anisomycin infusions in the IC or CeA but not

in the BLA, impair CTA consolidation

To determine whether the IC, CeA, or BLA participate in stabili-
zation of CTA memory under updating conditions, we used
the protein synthesis inhibitor anisomycin as the consolidation

blocker. The drug was infused 1 h before the second CTA acqui-
sition. A control group was infused with ACSF for each structure
tested. An ANOVA having repeated measures analysis showed
differences among groups (Fs 133 = 3.70; P < 0.05), and days
(Fs,10) = 372.92; P < 0.01), and a significant day per group in-
teraction (Fs 266) = 5.82; P < 0.01).

When protein synthesis was quenched in the IC, consolida-
tion of CTA was impaired (Fig. 2). A post-hoc analysis showed
intake differences between IC-V and IC-A groups (P < 0.05). Fur-
thermore, a paired t-test revealed an expected reduction in con-
sumption between injection and test days (f20)=3.71, P < 0.05) in
IC-V rats, while no intake differences were found in the IC-A
group (tz1)= 1.59, P = 0.1213), reflecting memory consolidation
impairment.

Similarly, when anisomycin was applied into the CeA,
memory consolidation was impaired (Fig. 2). Significant differ-
ences were found in the test day between CeA-V and CeA-A
animals as shown by a post-hoc analysis (P < 0.05). Similar to
the results obtained for the IC, a paired t-test for injection and test
days revealed no differences for the CeA-A group (fz6) = —0.12,
NS), and a significant lower intake for the CeA-V group on test day
(t(zs) = 742, P< 001).

Finally, when anisomycin was administered in the BLA, there
was no impairment of long-term memory (Fig. 2). Control and
anisomycin-infused animals showed strong taste aversion; a post-
hoc analysis test showed no significant differences on test day
(NS). Consistently, a paired t-test for injection and test days re-
vealed that BLA-V and BLA-A groups had a significant intake
reduction (¢1)=5.04, P <0.05; t11) = 6.92, P < 0.01, respectively).

Data obtained with protein synthesis inhibition in each re-
gion is shown in Figure 2. These results point to the fact that
protein synthesis is required in either IC or CeA in order to
consolidate information learned on a second taste aversion trial.
However, protein synthesis in the BLA seems unnecessary to store
CTA memory in the long term.

Concurrent anisomycin infusions in the IC and CeA

impair previously consolidated memory
We observed consolidation impairment when protein synthesis
was inhibited in the IC or CeA, but we did not reveal an effect on
previously consolidated memory under conditions where memory
was updated. Therefore, in an attempt to reveal reconsolidation of
CTA when learning is attained, we bilaterally microinfused aniso-
mycin in the IC together with bilateral injections in the CeA or
BLA (Fig. 3). An ANOVA with repeated measures showed differ-
ences among groups (F gs) = 9.52; P < 0.01), days (F(3,6) = 177.09;
P < 0.01), and a significant day group
interaction (F3,170) = 11.97; P < 0.01).
E The post-hoc analysis with Fisher’s test
revealed that consumptions of IC+CeA-A
on test day were significantly higher
when compared with IC+CeA-V (P <
0.01) and IC+BLA-A (P = 0.0168). The
IC+BLA-A group itself showed a signifi-
cant consumption increase when com-
pared with IC+BLA-V (P <0.01) as seen in
Figure 3. A paired t-test revealed an in-
et . crease in consumption between the sec-
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Figure 1. Histology. Schematic drawings show the cannulae position for each group; the dots

indicate the aimed at structure: insular cortex (IC) (A), basolateral amygdala (BLA) (B), central amygdala
(CeA) (C), IC and CeA (D), and IC and BLA (E). Representative photomicrographs show the location of
infusion injector tips in the corresponding structures: IC (F), BLA (G), and CeA (H).
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/ \ ond acquisition and test days for the
L]

IC+CeA-A group (t(zo) = —2187, P< 005)
suggesting that the previously consoli-
dated memory trace (CTA1) was affected.
However, no difference in consumption
was observed for the IC+BLA-A group
(tzs) = 0.0003, P = 0.999), which did not
consolidate the second trial. A significant
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Figure 2. Protein synthesis inhibition on single structures. The top of
the figure has a schematic representation of the protocol used in these
experiments. Intracerebral injections were given 1 h before the second
acquisition of CTA, a test was performed 24 h after. Each acquisition
consisted of a CS (saccharin)-US (LiCl) association. When injected in
either the IC (triangles) or CeA (crosses), anisomycin impaired consoli-
dation of CTA. Anisomycin injections in the BLA (white circles) did not
affect aversive memory. VEH (black circles) group represents injections of
vehicle solution (ACSF) in either of the studied structures. (*) P < 0.05.

decrease in consumption was observed in the IC+CeA-V and
IC+BLA-V groups (tz1y = 7.26, P < 0.01; tqs) = 7.22, P < 0.01,
respectively), indicating that the second trial was acquired.

Anisomycin injections in both the IC and CeA

in a behavioral asymptote do not affect memory

In order to demonstrate that protein synthesis inhibition in the IC
and CeA can only impair memory when new information is
acquired, we infused anisomycin before the fifth CTA acquisition,
when aversive behavior has reached an asymptotic level. Thus,
as shown in Figure 4, inhibition of protein synthesis at this point
did not affect taste memory at all. A repeated-measures ANOVA
showed no differences between groups (F(1,30) = 0.11; P = 0.7389),
although there were differences among days (F(,5) = 733.25; P <
0.01), but no interaction (F(;,150) = 0.69; P = 0.6252). Post-hoc
analysis with Fisher’s test revealed that consumptions on the fifth
acquisition and test days were similar and revealed no significant
differences between groups. The body weight for all animals across
the experimental days increased, since at the beginning the mean
for all animals was 300.8 g, and at the end the mean was 351.3 g.

Discussion

Protein synthesis inhibitors are known to block memory consol-
idation in a variety of memory paradigms (Dudai 2002). Further-
more, it has been suggested that protein synthesis occurs more
than once for long-term memory maintenance; this process when
dependent on reactivation, has been referred to as reconsolida-
tion (Nader et al. 2000; Dudai 2004; Tronson and Taylor 2007).
As mentioned, reconsolidation is not a faithful recapitulation of
consolidation, and it has been demonstrated that this process
incorporates new information to a previously consolidated trace
(Rodriguez-Ortiz et al. 2005, 2008; Eschenko et al. 2006; Morris
et al. 2006; Hupbach et al. 2007; Rossato et al. 2007; Lee 2008). The
present study describes memory reconsolidation as part of the
updating process of CTA memory. In this regard, it has recently
been reported that previously consolidated memory undergoes a
temporal destabilization that allows new incoming information to
be integrated to the memory through a protein degradation and
protein synthesis-dependent process (Lee 2008).
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We have proposed that when new information is capable of
strengthening or altering previously consolidated memory, a pro-
tein synthesis-dependent process is initiated to allow incoming
material to be integrated to a pervious memory trace (Rodriguez-
Ortiz et al. 2005, 2008). For incorporation of information, pre-
viously consolidated memory is destabilized, making memory
temporarily susceptible to disruption by amnesic treatments. On
the other hand, when no new information is presented, memory
cannot be disrupted. Accordingly, in the present study, after re-
peated association trials, protein synthesis inhibition in the IC
and CeA did not have an effect on taste memory. Nevertheless, it
should be pointed out that with overtrained memories it can be
more difficult to trigger reconsolidation (Nader and Hardt 2009).
For example, in contextual fear conditioning, strong memories
require a longer reactivation in order for reconsolidation to be
triggered (Suzuki et al. 2004). Accordingly, it cannot be stated that
overtrained memories are a true boundary condition for reconsol-
idation induction. Thus, further experiments are needed to de-
termine whether an asymptotic level of behavior in CTA does
prevent reconsolidation or not.

Previous reports have shown that anisomycin infusions into
the IC or CeA disrupt memory consolidation of CTA (Rosenblum
et al. 1993; Bahar et al. 2003). However, independent anisomycin
injections in the CeA or BLA do not impair reconsolidation of CTA
(Bahar et al. 2004), although systemic anisomycin injections do
(Gruest et al. 2004). This latter result could be explained by the fact
that both structures, the IC and CeA, have to be protein synthesis
inhibited at the same time to impair stabilization of the previously
consolidated trace when reactivated. Our results could explain
why systemic injections disrupt CTA reconsolidation and not
independent infusions in either nucleus of the amygdala. How-
ever, it has been suggested that anisomycin when applied into the
IC can affect CTA memory reconsolidation (Eisenberg et al. 2003;
Rodriguez-Ortiz et al. 2005). In the latter study, anisomycin
was injected in the IC when saccharin was associated to aversion
after several presentations of the same taste without noxious
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Figure 3. Protein synthesis inhibition in two structures at the same time.
On top of the figure is a representation of the protocol used in these
experiments. Intracerebral infusions were performed 1 h before the second
CTA acquisition. The test consisted of saccharin presentation 24 h after
injections. CS (saccharin)-US (LiCl) association was given in each acquisi-
tion. Anisomycin injections in the IC and CeA (crosses) disrupted the
previously consolidated trace. When anisomycin was infused in the IC and
BLA (triangles) only incoming aversion was affected. VEH group stands for
injections of vehicle solution (ACSF) at the same time in the IC and one of
the nuclei of the amygdala. (**) P < 0.01, (*) P < 0.05.
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Figure 4. Protein synthesis inhibition in IC and CeA on behavioral
asymptote. A schematic representation of the protocol used in this experiment
is presented on top of the figure. Anisomycin (Cl+CeA-A) or ACSF solution
(Cl+CeA-V) was injected 1 h before the fifth acquisition and a test was
performed 24 h later. CS (saccharin)-US (LiCl) association was given on every
acquisition day. When anisomycin was infused after behavior had reached
a plateau, memory was not affected. No differences were observed between
vehicle (black circles) and anisomycin-treated (triangles) animals.

consequences. Under that protocol, competition for the control of
behavior was established between safe and aversive taste memory
traces. In the test, rats drank significantly more saccharin solution
compared with the previous presentation reflecting disruption
of aversive taste memory. However, it is not clear whether the
observed increment in consumption was due to impairment of
reconsolidation or to disruption of incoming aversive memory
that allowed overcoming expression of the dominant memory
trace, i.e., safe saccharin. Similarly, Eisenberg et al. (2003) trained
rats to choose between water and an aversive taste. After aversive
memory reactivation the authors infused anisomycin in the IC
and on test animals displayed disruption of the aversive trace by
drinking more of the familiar water. However, in that study it is
not possible to differentiate between effects on reconsolidation or
overexpression of the dominant behavior (water preference).

In the present study, we confirmed that protein synthesis
in the IC and CeA are indispensable to consolidate taste aver-
sion memory, revealing that both structures participate in the
formation of the aversive taste memory trace. Moreover, protein
synthesis blockade in the CeA, BLA, or IC, independently, did not
disrupt reconsolidation. The remarkable point from our results is
that when both the IC and CeA were infused with anisomycin at
the same time, on behavioral updating conditions, the previously
consolidated trace was partially disrupted. These results suggest
that taste aversion memory is simultaneously stored in the IC
and CeA, and that protein synthesis in one of these structures is
enough to maintain the previously consolidated memory over
time when destabilized by incorporation of updated information.

It is not new that several structures participate in taste
memory consolidation. Concordantly, in our laboratory we have
demonstrated behavioral enhancement of taste aversion by corti-
cal LTP induction (high-frequency stimulation in the amygdala) or
pharmacological (intra-amygdala applications of glutamate) stim-
ulation of the amygdala. The observed facilitation of CTA induced
by amygdala electrical or chemical stimulation was reversed by
cortical infusions of NMDA receptor antagonist (Escobar et al.
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2002; Miranda et al. 2002; Ferreira et al. 2005). Furthermore, it
has been demonstrated that simultaneous electrical recordings of
the amygdala and IC during CTA encoding show significant
enhancement of functional connectivity between these two struc-
tures (Grossman et al. 2008). Accordingly, the present results suggest
that both the amygdala and IC are important to consolidate and
maintain the aversive taste memory trace for a long term when
updated. Thus, it seems that a putative dialog between the amygdala
and the IC is involved in CTA memory formation and updating.
Similarly, it has been shown that contextual fear conditioning re-
consolidation depends on more than one structure, i.e., the hip-
pocampus and BLA (Huff and Rudy 2004). Thus, protein synthesis
inhibition in only one of these structures is enough to damage
reconsolidation, whereas for CTA, both the CeA and the IC are
required. In this regard, a multiple-trace theory has been proposed
(Nadel and Moscovitch 1997; Bontempi et al. 1999), which states
the creation of multiple traces from a single memory that are
interacting between structures. Our results suggest that a multiple-
trace consolidation of CTA in the IC and CeA could be taking place.
This theory could explain why protein synthesis in both structures
is required when memory is reactivated.

Numerous reports aimed to study consolidation or reconsol-
idation have used anisomycin as the protein synthesis inhibitor.
In this regard, Gold (2007) has recently proposed that memory
impairments observed when anisomycin is infused are not directly
related to inhibition of protein synthesis, but rather to increments
in neurotransmitters release. Although we cannot discard the fact
that these alterations in neurotransmitters release did occur under
our protocols and that they provide some contribution to our
observed effects on memory, this possibility seems unlikely since
we failed to see any effects on taste retention on the days of in-
jection in anisomycin-infused animals. In addition, it could be
argued that the observed disruption in consolidated memory by
simultaneous anisomycin infusions in the IC and CeA was due to
the larger volume of drug injected; however, similar injections in
the IC and BLA did not produce the same effect; hence, this
possibility seems unlikely.

In conclusion, we found that two important structures for
CTA, the IC and CeA, are required to form the aversive memory
trace. Both structures participate in CTA consolidation, and pro-
tein synthesis in only one of these regions is sufficient to stabilize
previously consolidated CTA memory in the long term when
relevant information is acquired. These results support our hy-
pothesis that previously consolidated memory is destabilized to
update memory, and only when new information is acquired can
previously consolidated memory be altered.

Materials and Methods

Subjects

Male Wistar rats weighing 250-280 g, from the Instituto de
Fisiologia Celular breeding colony, were caged individually at
22°C = 2°C in a 12-h light/12-h dark cycle. Food was available
ad libitum.

Drugs

The protein synthesis inhibitor anisomycin was obtained from
Sigma-Aldrich. The drug was dissolved in artificial cerebral spinal
fluid (ACSF: NaCl 125 mM, KCI 5§ mM, NaH,PO, H,O 1.25 mM,
MgSO,4 7H,0 1.5 mM, NaHCO3 26 mM, glucose 10 mM, CaCl, 2.5
mM) and adjusted to pH 7. Final anisomycin concentration was
120 mg/mL.

Behavioral procedures

Saccharin (0.1% w/v) was used as the CS and i.p. injection of LiCl
(0.15 M, 1% body weight) as the US. Rats were trained over 3 d to
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get their daily water ration from a pipette within 15 min at a specific
day time. On days 4 and 5, rats were presented with saccharin
instead of water for 15 min. Fifteen minutes later they were injected
i.p. with LiClI solution. Water was again presented for 15 min 4.5 h
after the injection to prevent rats from dehydration. Saccharin was
presented again on day 6 as a memory test. Anisomycin or ACSF (as
control solution) was microinfused into the IC, BLA, CeA, IC and
BLA, or IC and CeA, as indicated in the Results section, 60 min
before the second acquisition (on the fifth day).

In addition, to test anisomycin effects on behavioral asymp-
totic levels, acquisition trials were repeated until day 8 (five CTA
trials, one per day), the rest of the experimental protocol remained
similar to the above. Anisomycin or ACSF was injected in both
the IC and CeA 60 min before the fifth acquisition. Saccharin
was presented 24 h after the last acquisition as a test trial. Because
of the number of aversive association trials carried out in this protocol,
all animals were monitored during the behavioral experiment.

Surgery and microinfusions

Rats were anesthetized with ketamine-xylazine (76-78 mg/kg),
positioned in a stereotactic apparatus, and implanted bilaterally
with stainless-steel guide cannulae (30 gauge) aimed 2 mm above
the CeA, BLA, and/or IC. CeA: AP —2.2 mm, L = 4 mm, DV -5.8
mm; BLA: AP —2.8 mm, L £ 5 mm, DV —6.5 mm; IC: AP + 1.2 mm,
L £ 5.5 mm, DV —4 mm; all relative to bregma (Paxinos and
Watson 1998). Cannulae were anchored with dental acrylic cement
to two surgical screws fixed to the skull. Stylets were inserted into
the guide cannulae to prevent them from clogging. Behavioral
procedures began at least 5 d after surgery.

Experimental groups according to cannulae implantation
and drug infusions resulted as follows: IC-V (ACSF infused, n =
32) and IC-A (anisomycin infused, n = 33) implanted in the IC;
CeA-V (ACSF infused, n = 28) and CeA-A (anisomycin infused, n =
30) implanted in the CeA; BLA-V (ACSF infused, n=13) and BLA-A
(anisomycin infused, n = 15) implanted in the BLA; IC+CeA-V
(ACSF infused, n = 45) and IC+CeA-A (anisomycin infused, n = 46)
implanted in both the IC and the CeA; IC+BLA-V (ACSF infused,
n = 22) and IC+BLA-A (anisomycin infused, n = 29) implanted in
both the IC and the BLA.

For the bilateral microinfusions, an injector was inserted into
each guide cannulae extending 2 mm below the cannula tip. A
volume of 0.5 pL (0.5 pL/min) was injected per hemisphere in the
BLA and CeA and 1 pL in the IC. Animals were handled for at least
3 d before injection day to minimize stress.

Histology

When the experiments were finished, animals were injected with
a lethal dose of pentobarbital and perfused with physiological
saline solution. Brains were removed and stored in a paraformal-
dehyde (4%) solution and then transferred to a 30% buffered
sucrose solution and stored at 4°C until they were cut. Forty-
micrometer thick coronal section slices were obtained and stained
with Cresyl violet; sites of injection were examined under a light
microscope. Sample pictures of each structure with injection
placement are shown in Figure 1.

Statistical analysis

Statistical analysis was done with repeated-measures ANOVAs and
post-hoc analysis with Fisher’s t-test. For a better appreciation of
the results, vehicle-injected animals are presented as a single group
for Figures 2 and 3; representation of individual vehicle groups can
be seen in Supplemental Figures A and B, respectively (online).
However, statistical analysis was done with the correspond-
ing control group. A probability level of P < 0.05 was accepted
as statistical significance. In the figures, the means consumption
+ SEM are expressed as a percentage of the first CTA intake.
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Abstract

The extinction process has been described as the decline in the frequency or intensity of the conditioned response following the
withdrawal of reinforcement. Hence, experimental extinction does not reflect loss of the original memory, but rather reflects new
learning, which in turn requires consolidation in order to be maintained in the long term. During extinction of conditioned taste
aversion (CTA), a taste previously associated with aversive consequences acquires a safe status through continuous presentations
of the flavor with no aversive consequence. In addition, reconsolidation has been defined as the labile state of a consolidated memory
after its reactivation by the presentation of relevant information. In this study, we analyzed structures from the temporal lobe that
could be involved in consolidation and reconsolidation of extinction of CTA by means of new protein synthesis. Our results showed
that protein synthesis in the hippocampus (HC), the perirhinal cortex (PR) and the insular cortex (IC) of rats participate in extinction
consolidation, whereas the basolateral amygdala plays no part in this phenomenon. Furthermore, we found that inhibition of protein
synthesis in the IC in a third extinction trial had an effect on reconsolidation of extinction. The participation of the HC in taste memory
has been described as a downmodulator for CTA consolidation, and has been related to a context—taste association. Altogether,
these data suggest that extinction of aversive taste memories are subserved by the IC, HC and PR, and that extinction can undergo

reconsolidation, a process depending only on the IC.

Introduction

Consolidation refers to the process by which memory becomes stored
in the long term, and is known to be protein synthesis dependent
(McGaugh, 1966, 2004; Davis & Squire, 1984). After consolidation,
memory regains lability when retrieved (Misanin ef al., 1968), a
process known as reconsolidation (Przybyslawski et al., 1999; Nader
et al., 2000; Taubenfeld er al, 2001). Reconsolidation has been
shown to update memory when relevant information is presented
(Sara, 2000; Duvarci & Nader, 2004; Lee, 2008). It has been reported
that a brief exposure to the conditioned stimulus (CS) triggers a
second wave of memory consolidation or reconsolidation, whereas
prolonged exposure to the CS leads to the formation of a new memory
that competes with the original: this is called extinction (Pedreira &
Maldonado, 2003; Suzuki et al., 2004).

Extinction has been described as a form of learning characterized by
a decline in the frequency or intensity of the conditioned response
following the withdrawal of reinforcement. Hence, experimental
extinction does not reflect loss of the original memory, but rather
reflects new learning (Myers & Davis, 2002). Even though reconsol-
idation and extinction are triggered by the same mechanism, they have
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molecular differences and thus represent different memory processes.
Berman & Dudai (2001) found that conditioned taste aversion (CTA)
depends on muscarinic receptors and mitogen-activated protein kinase,
whereas extinction of CTA does not. Baumgartel ez al. (2008) found
that the establishment of CTA was associated with the inhibition of
endogenous calcineurin and increased expression of the transcription
factor Zif268 in the amygdala, whereas overactivation of calcineurin
facilitated extinction of CTA.

Taste memory is a universally used paradigm, because of its
simplicity. Neophobia describes a behavior resulting from the animal
encountering a new taste, which becomes recognized as safe by further
presentations (attenuation of neophobia) (Domjan, 1976; Bermudez-
Rattoni, 2004). However, when the taste is followed by noxious
consequences, subjects reduce their consumption and develop a taste
aversion referred to as CTA (Bermudez-Rattoni, 2004), which relies
on the amygdala (Yamamoto & Fujimoto, 1991; Bahar et al., 2004;
Yamamoto, 2007) and insular cortex (IC) (Dunn & Everitt, 1988;
Rosenblum et al., 1997; Escobar et al., 1998; Yasoshima & Yamam-
oto, 1998). On the other hand, the extinction of CTA is known to
depend on the IC (Berman & Dudai, 2001) and prefrontal cortex
(Akirav et al., 2006). The basolateral amygdala (BLA) (Bahar et al.,
2004) has also been reported to participate in the extinction of CTA by
means of protein synthesis.
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In a previous article, we described the participation of the IC, the
hippocampus (HC) and the perirhinal cortex (PR) (De la Cruz et al.,
2008) in consolidation of taste neophobia attenuation. Taking into
account that CTA extinction leads to recognition of the taste as safe,
we decided to analyze these structures and describe their participation
in this event. Since the extinction trace competes with the aversive
trace for the expression of behavior, we also considered the BLA,
which participates in CTA. On the view that extinction represents new
learning, we studied the effect of inhibition of protein synthesis
inhibition in these structures to examine its effect on extinction
reconsolidation.

Materials and methods
Subjects

Male Wistar rats weighing 250-280 g, from the Instituto de Fisiologia
Celular breeding colony, were caged individually at 22 + 2°C on a
12-h light/12-h dark cycle. Food was available ad libitum. Experi-
ments were performed in accordance with the Norma oficial mexicana
(NOM-062-Z00-1999) and with the European Communities Council
Directive of 24 November 1986 (86/609/EEC).

Drugs

The protein synthesis inhibitor anisomycin was obtained from Sigma-
Aldrich (St Louis, MO, USA). The drug was dissolved in artificial
cerebrospinal fluid (125 mm NaCl, 5 mMm KCI, 1.25 mM NaH,PO,.
H,0, 1.5 mM MgS0,.7H,0, 26 mm NaHCO;, 10 mM glucose,
2.5 mM CaCl,), adjusted to pH 7. The final anisomycin concentration
was 120 mg/mL.

Behavioral procedures

Saccharin (0.1% w/v) was used as the CS, and intraperitoneal
injection of LiCl (0.15 M, 1% body weight) as the unconditioned
stimulus (US). Rats were trained over 3 days to obtain their daily water
ration from a graduated cylinder during a period of 15 min at a specific
time of day. On days 4 and 5, rats were presented with saccharin
instead of water for 15 min. Fifteen minutes, later they were injected
intraperitoneally with LiCl solution. Water was again presented for
15 min 4.5 h after the injection to prevent the rats from becoming
dehydrated. Saccharin was presented again on day 6 for the first
extinction trial or on days 68 for three extinction trials; a memory test
was performed on day 7 or day 9. Anisomycin or artificial
cerebrospinal fluid (as control solution) was microinfused into the
IC, BLA, HC or PR, as indicated in Results, 20 min before the first or
third extinction acquisition. In addition, an extra control group was
used as a reconsolidation control; on the day of infusion, these animals
were presented with water instead of saccharin to avoid retrieval.

Surgery and microinfusions

Rats were anesthetized with ketamine/xylazine (76 : 8 mg/kg),
positioned in a stereotactic apparatus, and implanted bilaterally with
stainless steel guide cannulae (30 gauge) aimed 2 mm above the IC,
PR and BLA, or 1.5 mm above the HC. Coordinates were as follows:
IC, AP+ 12 mm, L£55mm, DV -4 mm; PR, AP — 3 mm,
L+£65mm, DV -5mm; HC, AP-34mm, L +1.7 mm,
DV — 2.7 mm; BLA, AP — 2.8 mm, L =5 mm, DV — 6.5 mm (all
relative to bregma) (Paxinos & Watson, 1998). Cannulae were
anchored with dental acrylic cement to two surgical screws fixed to the
skull. Stylets were inserted into the guide cannulae to prevent them
from clogging. Behavioral procedures were started at least 5 days after
surgery.

Infusions were made immediately after saccharin consumption in
the first or third extinction trial at a rate of 0.5 uL/min. The injectors
were left in place for another 1 min to allow adequate diffusion of the
drug.

Histology

When the experiments were finished, rats were injected with a lethal
dose of pentobarbital and perfused with physiological saline solution.
Brains were removed and stored in a paraformaldehyde (4%) solution,
and then transferred to a 30% buffered sucrose solution and stored at
4°C until they were cut. Forty-micrometer-thick coronal section slices
were obtained and stained with Cresyl violet; sites of injection were
examined under a light microscope.

Statistical analysis

Statistical analysis was performed with a 2 X 4 (treatment X structure)
ANOVA to evaluate differences among groups infused with either
vehicle solution or anisomycin; paired #-tests were used to compare
consumption within groups, and unpaired #-tests for probe day
between groups. The figures show the mean and SEM of the
consumption scores during the test day. The scores were calculated as
the differences in consumption between infusion day and test day and
as percentage of the first saccharine intake.

Results
Histology

After histological analysis, the n-values for the groups were as
follows. For the first experiment, where infusions were performed
after the first extinction trial, IC-V =10, IC-A =10, PR-V =7,
PR-A =7, HC-V =10, HC-A =10, BLA-V =8, and BLA-A = 8.
For groups injected after a third extinction trial, IC-V =12, IC-
A =13,PR-V =9, PR-A=9, HC-V = 12, HC-A = 12, BLA-V =9,
and BLA-A = 9. Figure 1 shows representative pictures of cannulae

FiG. 1. Histology. Representative pictures of injector placement for each structure; the gray area represents the site where the majority of the injector tips were

found. (A) IC. (B) PR. (C) HC. (D) BLA.
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sites for each structure. Surgery was considered to be successful when
injector tips were observed inside the gray area shown in Fig. 1.

Anisomycin infusions into the IC, PR or HC after the first
extinction trial impair consolidation of extinction of CTA

To evaluate the participation of the IC, PR, HC and BLA in extinction
consolidation, we infused anisomycin to inhibit protein synthesis in
these structures (Fig. 2). A 2 X 4 ANOVA showed differences between
treatment (F; g0 = 13.56; P < 0.05), differences between structures
(F360 =5.78; P <0.05) and a treatment X structure interaction
(F15=2.68, P <0.05).

To evaluate group differences for each structure during extinction,
we used unpaired rtests. There were significant differences
(t13 = 5.65; P <0.01) between IC-V and IC-A on the test day, and
no differences on the infusion day [#;3 = 0.67; P =not significant
(NS)]. A paired t-test showed differences between the first and second
extinction trials for CI-V (fy = —=2.32; P <0.05); an increase in
consumption was expected for this group. No difference was found
between the first and second consumptions for CI-A (¢ = 0.88;
P = NS). These results show consolidation impairment when protein
synthesis is inhibited in the IC on a first extinction trial.

Infusions of anisomycin into the PR on a first extinction trial
showed consolidation impairment. An unpaired #-test showed differ-
ences between PR-V and PR-A (¢, = 1.49; P < 0.05) on the test day
and no differences on the the day of infusion (#, = 2.44; P = NS).
A paired #-test for PR-V showed differences between the infusion and
probe days (z, = —4.71; P <0.01), but no differences for PR-A
(t¢ = —1.12; P =NS), indicating consolidation impairment for the
latter group.

When anisomycin was infused into the HC, an unpaired #-test
showed significant differences (z;5 = 2.29; P < 0.05) between HC-V
and HC-A on the test day, confirming a consolidation deficit in the
group injected with anisomycin, and no effect on the infusion day
(t1ig = 0.11; P=NS). A paired ttest for HC-V showed significant
differences between the first and second extinction trials (fy = —4.15;
P < 0.01) and no differences for HC-A (9 = 0.01; P = NS).

We found no differences between groups for infusions into the
BLA. An unpaired #test for BLA-V and BLA-A showed no

*

CTA1 CTA2 EXT1 Test

1504 l Veh
140 1 O Any

Test - infusion consumption
in % of CTA1

c | PR | Hc [ BLA

FIG. 2. Anisomycin infusions into the IC, PR or HC, after the first extinction
day, impair extinction consolidation, but infusion into the BLA has no effect
(*P < 0.05). Data are given as the difference between test and infusion day
consumption as percentage of the first acquisition consumption.

Temporal lobe in taste aversion extinction 3

differences between groups (t14 = —0.05; P=NS; f4=-0.74;
P = NS) on the infusion day or test day, respectively.

Anisomyecin infusions into the IC after the third extinction trial
impair extinction reconsolidation, but only affect consolidation
when applied to the HC

To evaluate the involvement of the IC, PR, HC or BLA in
reconsolidation of extinction of CTA, we infused anisomycin into
these structures after the third extinction trial (Fig. 3). Saccharin
consumption in extinction trials 1 and 2 can be seen in Fig. S1. No
differences were found between vehicle and anisomycin-infused
groups for any structure (data not shown). A 2 X 4 ANOVA showed
differences between treatment (F; 77 = 7.25; P < 0.01), no differences
between structures (F5 77 = 1.71; P = NS), and a treatment X structure
interaction (F 3 = 3.81; P < 0.05).

The IC requires protein synthesis for extinction reconsolidation of
CTA to occur. An unpaired #-test showed no differences between IC-V
and IC-A on the third extinction trial (53 = —0.54; P = NS), but
significant differences (z,3 = 3.49; P < 0.01) between groups on the
probe day, indicating an extinction reconsolidation impairment for
animals infused with anisomycin. A paired t-test for IC-V showed
differences between the third and fourth extinction trials (¢;; = 3.81;
P < 0.01), indicating an increase in saccharin consumption. Differ-
ences were also found for IC-A (#, =2.14; P <0.05), where
consumption on the test day significantly decreased, indicating not
only consolidation impairment in the last trial but also impairment of
the previous memory trace, reconsolidation. After two extinction
trials, infusions of anisomycin into the IC in a non-retrieval trial (water
instead of saccharin) had no effect on memory (Fig. S2). An unpaired
t-test showed no differences between IC-V and IC-A on the test day
(t;3 = —0.22; P = NS). These data support the idea that reconsolida-
tion is affected when protein synthesis in the IC is impaired on an
updating protocol, and cannot be affected when memory reactivation
is absent.

On the other hand, infusions into the PR after the third extinction
trial had no effect on consolidation, as indicated by an unpaired #-test,
which showed no differences between groups either on the infusion
day or on the test day (z,4 = 0.58; P = NS; t;¢ = 1.44; P = NS). Paired

y

CTA1 CTA2 EXT1 EXT2 EXT3 Test
150 1 Il Veh
1401 Oany
130
120
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801

Test - infusion consumption
in % of CTA1

c | PR | Hc | LA

F1G. 3. Anisomycin infusions into the HC or PR, after the third extinction trial,
impair consolidation; reconsolidation is impaired only with infusion into the IC
(*P < 0.05 and *P < 0.05 between infusion and test days for IC-A). Data are
given as the difference between test and infusion day consumption as
percentage of the first acquisition consumption.
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t-tests for PR-V showed significant differences (t3 = —4.76; P < 0.01)
between days, indicating increased consumption. Nonetheless, no
differences were found for PR-A (g = —1.31; P = NS), indicating a
consolidation deficit for this particular group.

For infusion after the third extinction trial, an unpaired z-test
showed a significant difference between HC-V and HC-A (15, = 2.30;
P < 0.05), which can be seen in Fig. 3. A paired #-test for the test day
showed differences for HC-V (#;; = —4.32; P < 0.01) but not for HC-

A (t;; = —1.44; P = NYS), again indicating a consolidation impairment.
No differences were found in the third extinction trial (¢, = 1.06;
P=NS).

Finally, when protein synthesis was inhibited after the third
extinction trial for the BLA, no significant differences on the infusion
or probe days were found, as shown by an unpaired #-test for BLA-V
and BLA-A (t;6 = —0.75; P =NS; t;s = —1.89; P = NS).

Discussion

It has been proposed that the outcome of an extinction trial can be
regarded as the sum of multiple time-dependent processes involving at
least two traces: the excitatory original CS—US trace and the inhibitory
new CS—no US trace (Eisenberg et al., 2003). Hence, extinction of
CTA is a relearning process, in which the taste is associated with the
absence of a deleterious consequence (Bermudez-Rattoni, 2004). In
this regard, Akirav ef al. (2006) observed molecular differences
between CTA consolidation and CTA extinction. This group found
that infusion of anisomycin, but not of an NMDA antagonist, into the
ventromedial prefrontal cortex impaired extinction of CTA, whereas
anisomycin had no effect on CTA consolidation. These data, along
with other evidence showing that these two processes depend on
different structures (CTA on the IC and central amygdala; extinction
on the IC, PR and HC), confirm that consolidation of extinction of
CTA and consolidation of CTA are two different memory processes
and can be differentiated.

Infusions of anisomycin into the IC after a first extinction trial
affected consolidation of extinction. When we evaluated the effect of
protein synthesis inhibition in an extinction reconsolidation protocol,
we found that the IC participates in this particular process. The
destabilization of a previous consolidated trial was observed when the
IC was infused with anisomycin on a third extinction trial of CTA. As
a new association is formed once extinction is learned, it is likely that
memory undergoes a reconsolidation process. Thus, the IC seems to
be responsible for consolidation and reconsolidation of extinction of
CTA. When extinction reconsolidation occurs, the new trace has the
capacity to be destabilized and restabilized as needed. These data
support the idea that extinction and reconsolidation are not two
competing processes, but rather that they can coexist, depending on
behavioral experience, as recently suggested by Perez-Cuesta &
Maldonado (2009). This group investigated whether the time windows
of extinction and reconsolidation can be affected in crabs, and found
that while CS—US association is being extinguished, memory is still
labile and susceptible to reconsolidation. Accordingly, we found that
extinction can undergo reconsolidation, confirming that these are
different processes and that both extinction and reconsolidation are
possible.

We found that the HC participates in consolidation of CTA
extinction. The role of this structure has been suggested to be related
to the contextual and temporal modulation of the taste memory. Gallo
and coworkers found that after learning of a saline taste aversion in a
particular physical context or at a particular time of day, the extinction
of the taste aversion was dependent on both the place and the time of

learning (Moron et al., 2002). They compared the ability of changes of
place and changes of time of day to separately modulate learned saline-
aversion memory phenomena in rats. In another study by the same group
(Molero et al., 2005), it was found that the HC is selectively involved in
the time cues of safe taste memories. This group reported that induced
excitotoxic lesions of the dorsal HC disrupted the effect of a context
change between pre-exposure and conditioning. These studies support
the idea that context is intimately involved in taste memories, and
suggest particular participation of the HC in context recognition.
Likewise, we were able to demonstrate that protein synthesis in the HC,
but not in the IC or PR, is required to consolidate objects in context
recognition memories. Conversely, protein synthesis in the IC or PR is
necessary to consolidate object recognition memory (Balderas et al.,
2008). Similarly, Corcoran et al. (2005) described a relationship
between the HC and context in extinction of fear conditioning by
means of inactivation of this structure. This group found that inactiva-
tion of the HC during fear conditioning extinction training disrupted the
contextual encoding of extinction memory. Altogether, these data
suggest that the involvement of the HC in extinction of aversive
memories is related to the context.

When we analyzed the role of the BLA, we found that it does not
participate in CTA extinction. The amygdala is known to be critically
involved in the acquisition and retention of lasting memories of
emotional experiences (McGaugh, 2004). The participation of the
amygdala has been associated with CTA consolidation and reconsol-
idation (Yamamoto & Fujimoto, 1991; Bahar et al., 2004; Yamamoto,
2007; Garcia-Delatorre et al., 2009) and other aversive tasks, such as
fear conditioning or passive avoidance (Maren & Fanselow, 1996).
According to our results, when the aversive component of the task is
no longer present (extinction), the amygdala seems to have no
participation. However, Bahar et al. (2004) found that the BLA does
participate in extinction of CTA; this discrepancy may be attributable
to differences between protocols. A post-saccharin anisomycin
infusion guarantees that the effect is on consolidation and not on
acquisition.

In relation to the participation of the amygdala in taste memories,
our group previously found joint participation of the IC and central
amygdala in reconsolidation of CTA. By means of protein synthesis
inhibition, we found that these two structures share the aversive trace,
even though a single structure (IC or central amygdala) can actually
prevent destabilization of the previously consolidated trace (Garcia-
Delatorre et al., 2009). Also, it was previously reported that the HC,
PR and IC are necessary for attenuation of neophobia consolidation
(De la Cruz et al., 2008). These results, along with the data presented
here, support the multiple-trace theory proposed by Nadel &
Moscovitch (1997), as multiple structures are participating in taste
memory consolidation, extinction and reconsolidation. This theory
proposes that long-term memory stability should be supported by
proliferation of multiple memory traces within the temporal lobe. We
found that extinction consolidation of CTA is dependent on at least
two cortical structures (IC and PR) as well as on the HC.

The IC is thus involved in every aspect of taste memories, whether
the flavor is catalogued as aversive (Dunn & Everitt, 1988; Rosenblum
et al., 1997; Escobar et al., 1998; Yasoshima & Yamamoto, 1998) or
as safe (Berman & Dudai, 2001; De la Cruz et al., 2008), and when
consolidation or reconsolidation of both taste memories takes place.
On the other hand, other structures of the temporal lobe have different
functions in taste memories; the amygdala seems to participate only
when the taste is associated with aversion (Yamamoto & Fujimoto,
1991; Bahar et al., 2004; Yamamoto, 2007), and the HC or PR when
other features related to the taste are being consolidated (De la Cruz
et al., 2008). The HC and PR seem to complement the IC processing

© 2010 The Authors. European Journal of Neuroscience © 2010 Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 1-6



of the taste and related components, including the definition of taste as
safe or aversive.

Neophobia, another property of taste memory, has been described as
a predisposition to limit the intake of a novel flavor until the animal
learns that the flavor is not correlated with aversive consequences; the
process of learning that a particular flavor is safe is known as
attenuation of neophobia (Bermudez-Rattoni, 2004). This task is
known to depend on the IC (Rodriguez-Ortiz et al., 2005), the HC and
the PR (De la Cruz et al., 2008). Thus, the same structures that
participate in attenuation of neophobia seem to be involved in
extinction of CTA. This relationship can be easily explained in the
following terms: in both tasks, extinction and attenuation of neopho-
bia, the taste is being catalogued as safe; either as a unique trace
(attenuation of neophobia) or as a new trace (extinction). As we
concluded from the differences shown in this work, whereas the IC
seems to be necessary for CTA extinction consolidation and recon-
solidation, the PR and HC participate only during CTA extinction
consolidation, and the BLA is not involved in extinction consolidation
or reconsolidation.

In conclusion, the PR, IC and HC are three structures that
participate in the consolidation of extinction of CTA, and they are the
same structures that subserve attenuation of neophobia, a taste
memory task that also identifies a particular flavor as safe. In addition,
we found that extinction of CTA can undergo reconsolidation by
means of protein synthesis in the IC, a result that supports the idea of
extinction as an independent process with the capacity for destabili-
zation in order for new information to be incorporated.

Supporting Information

Additional supporting information may be found in the online version
of this article:

Fig. S1. Consumption in extinction trials 1 and 2 is shown for every
structure.

Fig. S2. Anisomycin infusions into the IC in a non-retrieval trial have
no effect on memory.

Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
Technical support issues arising from supporting information (other
than missing files) should be addressed to the authors.
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