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1. RESUMEN 
El envejecimiento muestra un perfil proinflamatorio de bajo grado en la sangre y el 

cerebro. La acumulación de citocinas proinflamatorias, la activación de la microglía y los 

cambios volumétricos en el cerebro se correlacionan con el deterioro cognitivo en los 

modelos de envejecimiento. Sin embargo, la interacción entre ellos no se entiende 

totalmente. El objetivo de esta tesis fue identificar globalmente un perfil proinflamatorio 

dependiente de la edad y una plasticidad morfológica de la microglía que favorece 

cambios de volumen importantes en el cerebro asociados con el deterioro cognitivo en un 

modelo murino. Para ello, se utilizaron ratones macho C57BL/6 en grupos de 2, 12 y 20 

meses de edad para determinar su capacidad de memoria y aprendizaje, posteriormente, 

fueron divididos en dos cohortes para los análisis de resonancia magnética estructural y el 

análisis morfológico de la microglia, así como para los perfiles citocinas en sangre y en la 

región fórnix y corteza entorrinal medial. Finalmente, se realizaron análisis estadísticos 

para determinar correlaciones entre las pruebas de memoria y aprendizaje, los cambios de 

volumen y los perfiles de citocinas. El análisis de la bateria de las pruebas de memoria y 

aprendizaje obtenidos de ratones de 2, 12 y 20 meses de edad reveló un deterioro cognitivo 

dependiente de la edad después de las pruebas del laberinto en Y, el laberinto de Barnes, 

el reconocimiento de objetos (NORT) y la ubicación de objetos (OLT). El análisis de 

resonancia magnética (MRI) global mediante morfometría basada en deformación (DBM) 

en el cerebro identificó un aumento de volumen en el fórnix y una disminución en la 

corteza entorrinal medial izquierda (MEntC) durante el envejecimiento. En particular, el 

fórnix muestra un aumento en la acumulación de citoquinas proinflamatorias, mientras 

que la MEntC izquierda muestra una disminución. La evaluación morfológica de la 

microglía también confirma un fenotipo activo y distrófico en el fórnix y un fenotipo de 

vigilancia en la MEntC izquierda. Finalmente, el modelado biológico reveló que el 

aumento de volumen relacionado con la edad en el fórnix se asoció con microglía 

distrófica y deterioro cognitivo, como lo demuestra el mal desempeño en las tareas 

cognitivas que examinan la memoria de la ubicación del objeto y el objeto novedoso. 

Nuestros resultados proponen que la plasticidad morfológica de la microglía podría 

contribuir a los cambios volumétricos en las regiones del cerebro asociadas con el 

deterioro cognitivo durante el envejecimiento fisiológico. 

 
 



 

2. ABSTRACT 
 

Ageing displays a low-grade pro-inflammatory profile in blood and the brain. 

Accumulation of pro-inflammatory cytokines, microglia activation and volumetric 

changes in the brain correlate with cognitive decline in ageing models. However, the 

interplay between them is not totally understood. Here, we aimed to globally identify an 

age-dependent pro-inflammatory profile and microglia morphological plasticity that 

favors major volume changes in the brain associated with cognitive decline. Cluster 

analysis of behavioral data obtained from 2-,12- and 20-month-old male C57BL/6 mice 

revealed age-dependent cognitive decline after the Y-maze, Barnes maze, object 

recognition (NORT) and object location tests (OLT). Global magnetic resonance 

imageing (MRI) analysis by deformation-based morphometry (DBM) in the brain 

identified a volume increase in the fornix and a decrease in the left medial entorhinal 

cortex (MEntC) during ageing. Notably, the fornix shows an increase in the accumulation 

of pro-inflammatory cytokines, whereas the left MEntC displays a decrease. 

Morphological assessment of microglia also confirms an active and dystrophic phenotype 

in the fornix and a surveillance phenotype in the left MEntC. Finally, biological modeling 

revealed that age-related volume increase in the fornix was associated with dystrophic 

microglia and cognitive impairment, as evidenced by failure on tasks examining memory 

of object location and novelty. Our results propose that the morphological plasticity of 

microglia might contribute to volumetric changes in brain regions associated with 

cognitive decline during physiological ageing. 
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3. INTRODUCCIÓN 

 

El mundo continúa experimentando un cambio sostenido y sin precedentes en la 

estructura de edad de la población mundial, impulsado por niveles crecientes de 

esperanza de vida. Según un informe de las Naciones Unidas de 2020 sobre el 

envejecimiento de la población mundial, durante las próximas tres décadas, se prevé que 

el número de personas mayores en todo el mundo supere los 1500 millones en 2050 

(Naciones Unidas, 2020). 

El envejecimiento de la población debería verse como un éxito en la historia de la 

humanidad; sin embargo, también trae problemas a nivel de salud pública ya que nuestro 

organismo comienza a fallar y trae consigo varias consecuencias físicas y cognitivas. A 

pesar de estas mejoras en la esperanza de vida, podría decirse que las enfermedades 

neurodegenerativas se han convertido en las enfermedades más temidas de las personas 

mayores. 

El envejecimiento se caracteriza por una pérdida progresiva de la integridad fisiológica 

y, por tanto, es el principal factor de riesgo de las principales patologías humanas, como 

el cáncer, la diabetes, los trastornos cardiovasculares, el deterioro cognitivo y las 

enfermedades neurodegenerativas (Currais, 2015; López-Otín et al., 2013).  

Previamente se ha informado un perfil proinflamatorio de bajo grado en la sangre y el 

cerebro  durante el envejecimiento (Wyss-Coray, 2016). La infiltración de células 

inmunes periféricas en el cerebro explica la homeostasis del tejido en etapas más 

jóvenes, pero esta infiltración promueve la liberación de citocinas proinflamatorias que 

conducen a la neuroinflamación durante el envejecimiento (Batterman et al., 2021; 

Dubenko et al., 2021; Fulop et al., 2018; Jeon et al., 2012). De hecho, los ratones de 

edad avanzada muestran un aumento en las citoquinas inflamatorias circulantes que se 

correlaciona con una infiltración de neutrófilos y macrófagos relacionada con la edad, lo 

que permite la activación microglial en el cerebro (Wolfe et al., 2018). La microglía se 

vuelve disruptiva durante el envejecimiento, exhibiendo plasticidad morfológica al 

mostrar hipertrofia del citoplasma perinuclear y procesos retraídos, que recuerdan a la 

microglía activada (Miller and Streit, 2007; Sheng et al., 1998). La microglía activada en 

el envejecimiento integra las firmas moleculares que se encuentran en estados de lesión 
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o enfermedad, como una mayor expresión del complejo mayor de histocompatibilidad II 

(MHCII) y CD11b (p. ej., Iba1, OX6) (Frank et al., 2006). En particular, la 

neuroinflamación y la activación de la microglia promueven el deterioro cognitivo y 

aumentan la susceptibilidad a la neurodegeneración en modelos preclínicos y clínicos 

(Bachstetter et al., 2017; Wolfe et al., 2018; Wyss-Coray, 2016). De manera congruente, 

el bloqueo farmacológico de la neuroinflamación mejora el rendimiento de la memoria 

espacial en ratones de edad avanzada (Fung et al., 2020; Zhou et al., 2019). Sin 

embargo, la interacción entre la plasticidad microglial y la neuroinflamación durante el 

envejecimiento, y su papel en el deterioro cognitivo, no se han entendido totalmente. 

Durante el envejecimiento se han identificado cambios volumétricos en áreas selectivas 

del cerebro relacionadas con el rendimiento cognitivo. Diversos autores reportan una 

disminución media en el volumen total de -0,45 % por año entre los 18 y los 97 años 

(Fotenos et al., 2005), y una reducción lineal persistente en la corteza y un aumento del 

volumen ventricular a partir de los 20 años (Fillmore et al., 2015). Varios estudios de 

imágenes por resonancia magnética (MRI) también han informado reducciones 

volumétricas de la materia gris (GM) en las cortezas de asociación prefrontal, parietal y 

temporal, y en la ínsula, el cerebelo, los ganglios basales y el tálamo de humanos de 

edad avanzada (Alexander et al., 2006; Good et al., 2001; Grieve et al., 2005; Jernigan et 

al., 2001; Kalpouzos et al., 2009; Resnick et al., 2003; Sowell et al., 2004; Taki et al., 

2004; Tisserand et al., 2002). Sin embargo, los rasgos celulares y moleculares que 

contribuyen a los cambios volumétricos del cerebro durante el envejecimiento no se han 

caracterizado y, en algunos casos, todavía se malinterpretan. 

En esta tesis, analizamos la contribución del perfil proinflamatorio central y la 

plasticidad morfológica microglial durante el envejecimiento y descubrimos que son 

congruentes con los cambios volumétricos en regiones selectivas asociadas con el 

deterioro cognitivo. De acuerdo con nuestros resultados, proponemos que los cambios 

morfológicos en la microglía, contribuyen a los cambios volumétricos en las regiones 

del cerebro que ayudan al deterioro cognitivo durante el envejecimiento fisiológico. 
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4. ANTECEDENTES 

 
4.1 Envejecimiento 

El envejecimiento es un proceso natural que se asocia con el deterioro fisiológico, tanto 

físico como cognitivo (Bettio et al., 2017). Biológicamente, el envejecimiento se asocia 

con una disminución progresiva de la homeostasis fisiológica, lo que resulta en una 

función deteriorada y una mayor susceptibilidad a la muerte (López-Otín et al., 2013). 

Históricamente, el declive fisiológico asociado con la edad y su papel como factor de 

riesgo de enfermedades crónicas se ha considerado inmutable (Sierra, 2016). Sin 

embargo, en los últimos años, los avances en la biología del envejecimiento han 

demostrado que la tasa de envejecimiento está, al menos en parte, controlada por genes y 

vías bioquímicas conservadas en la evolución (López-Otín et al., 2013), lo cual nos hace 

replantear la idea de que se pueden desarrollar intervenciones efectivas que podrían 

retrasar o disminuir las múltiples patologías encontradas en los adultos de la tercera edad 

y por consecuencia, extender su vida saludable, es decir, la duración de la salud y no 

solamente de la vida. 

Con el aumento de la esperanza de vida en la población, así como de la falta de un 

tratamiento eficaz o bien una estrategia para evitarlas, la prevalencia de las 

enfermedades neurodegenerativas está aumentando e imponiendo una carga importante a 

la población, pues las personas mayores pasan la mayor parte de su vida extendida con 

problemas de salud y múltiples comorbilidades, que incluyen deterioro cognitivo, 

enfermedades crónicas y discapacidad. 

Durante el envejecimiento normal, el deterioro cognitivo puede presentarse como 

déficits en ciertos dominios que incluyen el aprendizaje espacial, la memoria de trabajo, 

la memoria episódica, y la atención (Ober, 1996). Sin embargo, la manifestación de este 

declive exhibe diferencias sustanciales entre los pacientes debido a la variabilidad en la 

resiliencia y la reserva cognitiva. Algunos de los factores involucrados en la variabilidad 

de este fenotipo son: la educación, la inteligencia y la estimulación mental, que permiten 

que el cerebro se adapte al daño patológico y mantenga la función cognitiva. 

Desafortunadamente, el envejecimiento también está asociado con varias condiciones 

neurodegenerativas debilitantes, la más común es la enfermedad de Alzheimer (EA). Y 
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aunque las enfermedades sistémicas cobran el mayor número de víctimas en la salud y el 

bienestar humanos, cada vez más, un cerebro defectuoso es el árbitro de una muerte 

precedida por una pérdida gradual de la esencia del ser (Wyss-Coray, 2016).  

 

4.2 Deterioro cognitivo asociado a la edad 

El deterioro cognitivo (DC) es un síndrome caracterizado por un cuadro clínico 

intermedio entre el envejecimiento saludable y el envejecimiento patológico. Las 

personas con DC no cumplen con el diagnóstico de ningún tipo de demencia, pero tienen 

un funcionamiento cognitivo alterado, el cual a pesar de que no compromete la 

capacidad de funcionamiento, y no entra en la clasificación de envejecimiento 

fisiológico y normal, es un estado intermedio entre la aparición de una patología o bien, 

envejecer saludablemente. El síntoma de inicio más común es el deterioro de la 

memoria, como en la EA, seguido de otros déficits cognitivos que no necesariamente 

involucran a la memoria, tales como, la función ejecutiva, el uso del lenguaje y las 

habilidades visuoespaciales (Lo et al., 2011; Petersen, 2016).  

El DC puede ser clasificado en dos subtipos: amnésico y no amnésico (Petersen, 2016). 

Las características de cada uno de éstos están implícitamente escritas en su propio 

nombre. El deterioro cognitivo leve amnésico implica la pérdida o la afectación de la 

memoria, sin embargo, no cumple los criterios de demencia y a pesar de que éste puede 

empeorar con el paso del tiempo, otras capacidades cognitivas, como la función 

ejecutiva, el uso del lenguaje y las habilidades visuoespaciales, se mantienen 

relativamente conservadas y las actividades funcionales están intactas, excepto quizás 

por algunas ineficiencias leves. En cambio, el deterioro cognitivo leve no amnésico es 

caracterizado por una disminución sutil de funciones no relacionadas con la memoria, 

que afectan la atención, el uso del lenguaje o las habilidades visuoespaciales. También, 

es el tipo menos común y puede ser el precursor de demencias que no están relacionadas 

con la enfermedad de Alzheimer, como la degeneración del lóbulo frontotemporal o la 

demencia con cuerpos de Lewy (Lo et al., 2011) .   

Las causas subyacentes del deterioro cognitivo son aún ampliamente desconocidas, sin 

embargo, con el tiempo y el avance de la ciencia, se han propuesto la inflamación 
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asociada a la edad “inflammageing” y los cambios estructurales en estructuras 

cerebrales relacionadas a los procesos de aprendizaje y memoria. 

Primeramente, abordaremos el fenómeno conocido como inflammageing y más adelante 

se describirán los cambios estructurales que aparecen durante el envejecimiento. 

 
4.3 Inflamación asociada a la edad 

El proceso inflamatorio, es una respuesta del sistema inmune innato y humoral ante 

patógenos, heridas, isquemia, etc. para restablecer la homeostasia fisiológica del cuerpo, 

éste es regulado por la activación de los inflamasomas. Los complejos 

macromoleculares denominados inflamasomas están constituidos por un receptor NOD 

(NLR), un receptor de AIM2 (ausente en melanoma 2) el ALR, la proteína tipo punto 

asociada a apoptosis (ASC) y la procaspasa-1, los cuales pueden ser activados por 

variación en la concentración iónica y de ATP intracelular y extracelular, por 

desestabilización del fagolisosoma, por internalización de cristales insolubles o por 

mecanismos de oxidoreducción, lo cual permite la activación de la plataforma molecular 

y el consiguiente procesamiento de las pro-interleucinas inflamatorias a sus formas 

activas (Suárez and Buelvas, 2015).  

A pesar de que la inflamación es utilizada como una herramienta de defensa, un proceso 

inflamatorio crónico puede dañar tejidos y permitir la aparición o bien, la prevalencia de 

alguna patología (von Bernhardi et al., 2015).  

Una de las características que exhiben las patologías presentes durante el 

envejecimiento, es que comparten un trasfondo inflamatorio en común, el cual ha sido 

adjudicado al envejecimiento y ha sido denominado como “inflammageing”. La palabra 

“inflamm-ageing” está compuesta por dos palabras que vienen del inglés de 

inflammation y aging, que significan inflamación y envejecimiento, respectivamente. 

Este término inflammaging fue detallado por primera vez por Franceschi et al., en el año 

2000, para describir un fenotipo inflamatorio crónico causado por una reducción en la 

capacidad de hacer frente a una variedad de factores de estrés (antigénicos, químicos, 

físicos, etc.) que favorecen la aparición de este fenotipo.  

El inflammageing puede resultar por diferentes causas, tales como, la acumulación de 

daño en los tejidos a lo largo de la vida, la disfunción o bien, la senescencia del sistema 
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inmune y su inefectividad en la eliminación de patógenos o células disfuncionales, la 

propensión de las células senescentes a secretar citocinas proinflamatorias, la activación 

perpetua del factor de transcripción NF-kB, o bien, la aparición de una respuesta de 

autofagia defectuosa (Salminen et al., 2012). Este fenómeno se presenta en el sistema 

inmunológico periférico, así como también en el sistema nervioso central (SNC) y ha 

sido propuesto como un candidato causal del deterioro cognitivo asociado a la edad. 

Durante muchos años se creyó que el cerebro era un órgano inmunoprivilegiado, sin 

embargo, últimamente se ha demostrado que el SNC posee su propio sistema inmune 

(SI) y que éste además se encuentra intrínsecamente comunicado con el SI periférico 

(Buckman et al., 2014; Maldonado-Ruiz et al., 2017; Santoro et al., 2018).  

El SI del cerebro está principalmente constituido por la microglía. Las células de la 

microglía son los macrófagos residentes del SNC y están encargadas de supervisar la 

vigilancia de la integridad del SNC, responder a patógenos, lesiones y también a 

alteraciones muy sutiles en su microambiente (Soulet and Rivest, 2014).  

En cerebros sanos, la microglía se encuentra en un estado altamente ramificado y estable 

(Davalos et al., 2005). Pero, en cerebros con alguna patología o en caso de alguna lesión, 

la morfología de la microglía cambia, sus procesos se acortan y toma forma ameboidea, 

se activa su estado fagocítico y ejecuta funciones similares a las de otros macrófagos 

residentes de tejido, tales como la secreción de citocinas proinflamatorias, presentación 

de antígenos, producción de ROS y fagocitosis; entre otros, todas éstas conducen a la 

neuroinflamación (Davies et al., 2017). La microglía activa también integra regulación 

negativa de varios genes homeostáticos (Keren-Shaul et al., 2017).  

De acuerdo con lo mencionado anteriormente, se puede atribuir que la microglía podría 

ser la responsable de producir un fenómeno proinflamatorio en el cerebro, conocido 

como neuroinflamación. Bajo un escenario controlado, la neuroinflamación es 

beneficiosa y promueve la eliminación de los desechos o las neuronas disfuncionales 

que pueden tener un impacto negativo en la función del SNC. Sin embargo, bajo un 

estado patológico, la activación de microglía está regulada positivamente y puede ser 

dañina para las neuronas debido a la liberación excesiva de ROS y citocinas 

proinflamatorias que conducen a neuroinflamación (von Bernhardi et al., 2015) y, podría 

contribuir al daño tisular y patología de la enfermedad o la aparición de alguna.  
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Se pensaría que una solución sería inactivar la microglía, sin embargo, esta célula 

también proporciona factores tróficos esenciales para la supervivencia de las neuronas y 

demás células en el SNC, como el factor neurotrófico derivado del cerebro (BDNF) y el 

factor neurotrófico derivado de la glía (GDNF) (Salter and Stevens, 2017).  

Es de importancia comentar que, en algunas enfermedades neurodegenerativas, el SI del 

SNC tiene un papel muy importante, por ejemplo, se ha encontrado un fenotipo en 

especial de la microglía el que ha sido denominado DAM, lo que significa microglía 

asociada a la enfermedad (por sus siglas en inglés: Disease Associated Microglia). Este 

fenotipo muestra cambios significativos en la expresión génica en comparación con la 

microglía no asociada a enfermedades, como la reducción en los niveles de expresión de 

varios genes homeostáticos de microglía, incluidos los receptores purinérgicos P2ry12 / 

P2ry13, Cx3cr1 y Tmem119. Lo que se ha propuesto es que DAM no está asociada con 

la causa primaria específica de patología de la enfermedad o etiología de la enfermedad, 

sino más bien con una reacción que el organismo está montando para depurar las 

proteínas mal plegadas y/o agregados proteicos resistentes a proteosoma que, 

comúnmente, se acumulan en enfermedades neurodegenerativas o en el daño general 

causado por el envejecimiento natural (Keren-Shaul et al., 2017). Otro ejemplo que le 

brinda importancia al sistema inmune en las enfermedades neurodegenerativas es el que 

describen Lee et al., 2018 que la sobreexpresión de TREM2 en la microglía durante el 

Alzheimer reprograma la capacidad fagocítica de la microglía y favorece la eliminación 

de las placas amiloideas, mejorando por consecuencia la neuropatología y la capacidad 

de memoria-aprendizaje en un modelo murino de Alzheimer. 

Con todos estos reportes, se puede determinar, que la microglía puede jugar un papel 

fundamental en las afectaciones del cerebro, ya sean patológicas o fisiológicas, siendo el 

caso del envejecimiento. Es por ello que la hemos propuesto como un candidato crucial 

en la aparición del deterioro cognitivo asociado a la edad. Sin embargo, no sólo esta 

célula podría ser parte de la explicación, sino también lo que sucede en las regiones 

cerebrales donde reside. 
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4.4 Cambios estructurales en el cerebro durante el envejecimiento 

La estructura del cerebro cambia constantemente, desde el momento que nacemos hasta 

que envejecemos; estos cambios son considerados normales, siempre y cuando no se 

presente demencia o alguna alteración cognitiva.  

Durante el envejecimiento, no sólo el cuerpo se deteriora, si no que ha sido ampliamente 

descrito que el cerebro sufre cambios morfológicos y volumétricos durante la edad 

adulta (Galluzzi et al., 2008). El cambio de volumen parcial más consistentemente 

reportado es una reducción en el volumen de GM. Ge et al., 2002 describieron un 

porcentaje de disminución de GM en sujetos de 20 años con una reducción constante 

durante todo el periodo comprendido entre la edad adulta temprana y la tardía; sin 

embargo, no sólo este grupo de investigación ha sido responsable de reportar esta 

reducción de GM durante la edad, sino que tambien otros autores han reportado las 

relaciones lineales negativas similares entre el volumen de GM cortical y la edad (Good 

et al., 2001; Lemaître et al., 2005; Sato et al., 2003; Smith et al., 2007; Sullivan et al., 

2004; Taki et al., 2004). 

Existen estudios previos, donde se ha reportado que existen diferencias en el volumen 

cerebral total a partir de los 30 años y se ha notificado un descenso medio en el volumen 

total de -0.45% por año después de los 65 años (Fotenos et al., 2005). Además, durante 

el envejecimiento se han identificado cambios volumétricos en áreas selectivas del 

cerebro relacionadas con el rendimiento cognitivo. Diversos autores reportan una 

disminución media en el volumen total de -0,45 % por año entre los 18 y los 97 años 

(Fotenos et al., 2005), y una reducción lineal persistente en la corteza y un aumento del 

volumen ventricular a partir de los 20 años (Fillmore et al., 2015). Varios estudios de 

imágenes por MRI también han informado reducciones volumétricas de la GM en las 

cortezas de asociación prefrontal, parietal y temporal, y en la ínsula, el cerebelo, los 

ganglios basales y el tálamo de humanos de edad avanzada (Alexander et al., 2006; 

Good et al., 2001; Grieve et al., 2005; Jernigan et al., 2001; Kalpouzos et al., 2009; 

Resnick et al., 2003; Sowell et al., 2004; Taki et al., 2004; Tisserand et al., 2002). No 

está de demás agregar que también se han reportado disminuciones volumétricas en la 

GM occipital, el hipocampo, la circunvolución occipital media, el polo occipital y el 

tálamo (Armstrong et al., 2020). 
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5. JUSTIFICACIÓN 

 
Según un informe de las Naciones Unidas de 2020 sobre el envejecimiento de la 

población mundial, durante las próximas tres décadas se proyecta que el número de 

personas mayores en todo el mundo supere los 1500 millones en 2050. Con este 

aumento de la esperanza de vida, la humanidad se enfrenta ahora a patologías que no 

representaban un problema de salud pública antes, sin embargo, las patologías 

neurodegenerativas como el deterioro cognitivo se han convertido en las condiciones 

más temidas de las personas mayores. Varias capacidades cognitivas disminuyen con la 

edad, incluso en ausencia de Alzheimer, demencia u otras patologías. Un candidato bien 

descrito para esta pérdida de capacidades cognitivas es el volumen cerebral. Sin 

embargo, los eventos celulares y moleculares que promueven los cambios volumétricos 

del cerebro durante el envejecimiento no han sido caracterizados y, en algunos casos, 

aún son mal entendidos. 

Es por esto que, en esta tesis, se analizó la contribución del perfil proinflamatorio central 

y la plasticidad morfológica de la microglía durante el envejecimiento para describir lo 

que sucede a nivel celular en los cambios volumétricos en regiones selectivas del 

cerebro asociadas con el deterioro cognitivo. 
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6. HIPÓTESIS 

 
La neuroinflamación durante el envejecimiento provoca alteraciones estructurales en el 

sistema nervioso central que se manifiestan en déficits cognitivos y alteraciones 

conductuales. 
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7. OBJETIVOS 

 
7.1 Objetivo General 

Identificar el papel de la neuroinflamación en el deterioro cognitivo durante el 

envejecimiento usando Mus musculus como modelo. 

 
7.2 Objetivos específicos 

1. Evaluar el aprendizaje y la memoria de ratones macho C57BL/6 durante el 

envejecimiento en grupos de 2, 12 y 20 meses de edad. 

2. Determinar los perfiles inflamatorios central y periférico en el proceso de 

envejecimiento murino en grupos de 2, 12 y 20 meses de edad. 

3. Identificar cambios estructurales en regiones cerebrales de los ratones de 2, 12 y 20 

meses relacionadas con el proceso de aprendizaje-memoria MRI. 
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8. MATERIALES Y MÉTODOS 

 
En la Figura 1 se encuentra descrita la estrategia general.  

La estrategia general del proyecto consistió en: todos los ratones de los grupos de 2, 12 y 

20 meses de edad realizaron las diferentes pruebas de memoria (Laberinto en Y, NORT, 

Laberinto de Barnes y OLT) para determinar su capacidad de memoria y aprendizaje. 

Posteriormente, los grupos fueron divididos en dos cohortes: el cohorte 1 al que se le 

realizaron los análisis de resonancia magnética estructural y el análisis morfológico de la 

microglia; y el cohorte 2, que fueron los ratones a los que se le analizaron los perfiles 

citocinas en sangre y en la región fórnix y corteza entorrinal medial (Fig. 1). Finalmente, 

se realizaron análisis estadísticos para determinar correlaciones entre las pruebas de 

memoria y aprendizaje, los cambios de volumen y los perfiles de citocinas. 

 

8.1 Área de estudio 

Este proyecto pertenece al área de estudio de las neurociencias y neuroinmunología. 

 
8.2 Materiales 

Tabla 1. Materiales utilizados en el modelo de envejecimiento del modelo murino 

Reactivo No. Cat. Aplicación Concentración Proveedor 

Pentobarbital Q-7833-

215 

Eutanasia 150 mg/kg PiSA 

Agropecuaria, 

Jalisco, 

México 

kit MILLIPLEX 

MAP Kit Mouse 

Cytokine / 

Chemokine Magnetic 

Bead Panel 

MCYTO

MAG-

70K 

Cuantificación de 

citocinas 

N/A Milli-pore 

corporation, 

Massachusetts, 

USA 

Triton X-100 93443 Inmunofluorescencia 0.01% Sigma-

Aldrich, MO, 
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USA 

Paraformaldehido 158127 Fijación ex-vivo 4% Sigma-

Aldrich, MO, 

USA 

Prohance N/A MRI 4 mM Bracco 

Diagnostics, 

NJ, USA 

Fomblin N/A MRI N/A Sigma-

Aldrich, MO, 

USA 

Anti-Iba1 (rabbit) ab178846 Inmunofluorescencia 1:200 abcam, 

Cambridge, 

MA, USA 

Anti-synaptophysin 

(rabbit) 

N/A Inmunohistoquímica 1:200 GenScript, NJ, 

USA 

Vectashield con 

DAPI 

H-1200-

10 

Inmunofluorescencia N/A Vector 

Laboratories, 

CA, USA 

Mouse and Rabbit 

Specific HRP/DAB 

ab64264 Inmunohistoquímica 1:200 abcam, 

Cambridge, 

MA, USA 

Alexa-Fluor 488 goat 

anti-rabbit 

# A32731 

 

Inmunofluorescencia 1:1000 Thermofisher, 

MA, USA 
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8.3 Animales de laboratorio 

Todos los experimentos con animales fueron aprobados por el Comité Institucional de 

Cuidado y Uso de Animales de la Universidad Autónoma de Nuevo León (CEIBA-

2018-006) y se llevaron a cabo de acuerdo con las regulaciones de la Asociación para la 

Evaluación y Acreditación de Cuidado de Animales de Laboratorio Internacional, el 

Departamento de Agricultura de EE. UU. Ley de Bienestar Animal y la Guía para el 

Cuidado y Uso de Animales de Laboratorio de los NIH. Se hicieron todos los esfuerzos 

para minimizar el número de animales utilizados y su sufrimiento. 

A su llegada, los ratones C57BL/6 macho de 2, 12 y 20 meses de edad (n = 30/grupo de 

edad) se alojaron en jaulas estilo plexiglás durante al menos 10 días para aclimatarse con 

acceso ad libitum a Chow estándar, dieta y agua, temperatura de 23-25º C, y 12:12 h 

control de luz. Los ratones de 2, 12 y 20 meses de edad se dividieron en dos cohortes de 

15 ratones cada una para caracterizar los cambios de macro y microplasticidad 

utilizando resonancia magnética, inmunofluorescencia e inmunohistoquímica y análisis 

morfológico cerebral (cohorte 1) y análisis Bioplex para central y marcadores 

proinflamatorios periféricos (cohorte 2) (Fig. 1). El fenotipado conductual se realizó en 

ambas cohortes como se describe a continuación. 
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Figura 1. Estrategia general del diseño experimental del modelo de envejecimiento murino. A) Los 
ratones de la cohorte 1 (n = 15) fueron sometidos a la batería de pruebas de comportamiento seguido de un 
sacrificio ético, aislamiento de plasma y cuantificación de citocinas utilizando la plataforma BioPlex. B) 
De la misma manera, los ratones de la cohorte 2 (n = 15) fueron sometidos a todas las pruebas de 
comportamiento y luego se evaluaron los cambios macroestructurales con MRI y la evaluación 
microestructural consistió en evaluar la microglía en el fórnix y MEntC izquierda creado con 
BioRender.com 
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8.4 Evaluación del deterioro cognitivo a través de pruebas de memoria y 

aprendizaje 

La batería de pruebas de memoria y aprendizaje se realizó en las dos cohortes de ratones 

exponiéndolos a cuatro pruebas de memoria en el siguiente orden: alternancia forzada 

del laberinto en Y, Reconocimiento de objetos nuevos (NORT), laberinto de Barnes y 

Reconocimiento de Ubicación de Objetos (OLT) (Fig. 2 A). Se siguió un orden 

específico para realizar las pruebas de modo que los ratones tuvieran varios días de 

descanso entre las tareas y evitar posibles efectos de las pruebas anteriores (Fig. 2 A). Se 

colocaron señales visuales en las paredes del área de prueba para todas las pruebas 

excepto la NORT. Todos los ratones se habituaron a la sala de pruebas durante 1 hora 

antes de cada día de prueba. Todas las pruebas de comportamiento fueron realizadas por 

el mismo experimentador para evitar un estrés adicional en los animales.  

 

8.4.1 Laberinto en Y 

Las pruebas de alternancia forzada se realizaron utilizando un laberinto en Y simétrico, 

cada brazo tenía 35 cm de largo, 5 cm de ancho y 10 cm de alto, y la pared al final de 

cada brazo estaba marcada con una señal visual diferente (Fig. 2 B). Seguimos el 

protocolo informado por Andrea Wolf y colaboradores (Wolf et al., 2016) con ligeras 

modificaciones. En resumen, la prueba consistió en una prueba de muestra de 15 min 

(T1) seguida de una prueba de recuperación de 15 min (T2). En T1, el ratón se colocó en 

el extremo del brazo de inicio, mirando hacia la pared y lejos del centro. Luego se 

permitió al ratón explorar dos brazos del laberinto en Y, mientras que la entrada al tercer 

brazo estaba bloqueada por una barrera. Después de la T1, el ratón se devolvió a su jaula 

de origen durante un intervalo entre pruebas de 30 minutos. En T2, se eliminó la barrera 

en el brazo 3, se colocó nuevamente al ratón en el brazo de inicio y luego se le permitió 

acceder a los tres brazos del laberinto. Después de cada animal y entre T1 y T2, el 

laberinto se limpió con etanol al 70 % para evitar pistas olfativas. El tiempo en el brazo 

nuevo (segundos) se contó en función de cuántos segundos pasó el ratón explorando el 

brazo nuevo. La alternancia forzada (%) se definió como el porcentaje de ratones que 

entraban primero en el brazo novedoso durante T2. Se excluyeron del análisis los 

ratones con menos de tres entradas de brazos en el primer minuto de T2. 
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8.4.2 Reconocimiento de Objetos Novedosos 

La NORT se estandarizó en el laboratorio de acuerdo a los descrito previamente por 

(Bevins and Besheer, 2006) (Fig. 2 E). La prueba se llevó a cabo en arenas cuadradas 

idénticas (40 × 40 cm) rodeadas de paredes (35 cm de alto). En resumen, la prueba se 

llevó a cabo como un programa de tres pasos que consistió en una fase de habituación de 

15 minutos donde el ratón exploró libremente la caja vacía, un paso de familiarización 

que consistió en colocar los dos objetos idénticos en campo abierto y finalmente la 

prueba de reconocimiento, donde se colocaron los dos objetos familiares, uno con la 

copia por triplicado (para asegurarse de que no haya señales olfativas residuales en el 

objeto utilizado anteriormente) y el otro por un objeto novedoso. Después de cada 

prueba, los objetos y las cajas se limpiaron con etanol al 70 % para eliminar las pistas 

olfativas. El tiempo de exploración del nuevo objeto se midió en segundos, los ratones 

con menos de 7 s de interacción total con el objeto en cualquiera de los ensayos se 

excluyeron del análisis como se informó previamente (Kalueff et al., 2006). La 

interacción de objeto [%] para el objeto familiar se calculó como (interacción de objeto 

familiar x 100) / (interacción de objeto familiar + interacción de objeto nuevo) y la 

interacción de objeto [%] para el objeto nuevo se calculó como (interacción de objeto 

nuevo x 100) / (interacción con objetos familiares + interacción con objetos novedosos).  

 

8.4.3 Laberinto de Barnes 

Esta prueba se estandarizó en el laboratorio de acuerdo a los descrito previamente por  

(Sunyer et al., 2007) (Fig. 2 G). Brevemente, la prueba consistió en una fase de 

adaptación, adquisición espacial y dos pruebas de pruebas de memoria (memoria a corto 

y largo plazo) como se describirá a continuación: En el período de adaptación, los 

ratones fueron guiados suavemente hacia la caja de escape y permanecieron allí durante 

2 min. Luego, durante la adquisición espacial, los ratones realizaron 4 pruebas por día 

con un intervalo entre pruebas de 15 minutos durante 4 días. Brevemente, los ratones se 

colocaron en el medio del laberinto dentro de una cámara de inicio cilíndrica negra. 

Después de transcurridos 10 s, se levantó la cámara y se permitió al ratón explorar el 

laberinto libremente durante 3 minutos. Durante estos 3 minutos, el experimentador 
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midió el número de errores totales y la latencia primaria. Finalmente, la prueba de 

memoria de referencia corta se realizó el día 5, 24 h después del último día de 

entrenamiento, y la prueba de memoria de referencia larga se realizó 7 días después del 

último entrenamiento, que sería el día 12. Durante estos ensayos, los ratones recibieron 

30 segundos para Al final de la prueba, el experimentador midió el número total de 

errores y la latencia para escapar. 

 

8.4.5 Prueba de ubicación de objetos 

Esta prueba se estandarizó en el laboratorio de acuerdo a los descrito previamente por  

(Bello-Medina et al., 2013). El aparato utilizado fue una caja acrílica abierta de 45 cm × 

45 cm con paredes de 45 cm de altura. La caja se limpió con etanol al 70 % después de 

cada ratón. Brevemente, la prueba constaba de cuatro fases: habituación, entrenamiento, 

intervalo de retención y prueba de memoria. Durante la fase de habituación, se permitió 

a los ratones explorar libremente la caja abierta sin objetos. Cada animal se colocó 

individualmente en él durante 3 min durante el primer día. Posteriormente, durante la 

fase de entrenamiento, cada ratón se colocó en la caja abierta, que contenía los 3 objetos 

de muestra, durante una prueba de 5 minutos por día. Consecutivamente, durante el 

intervalo de retención, todos los ratones permanecieron en sus jaulas durante 24 h o 7 

días después de la última prueba de entrenamiento. Finalmente, ya sea 24 h o 7 días 

después del último entrenamiento, se llevó a cabo la prueba, que consistió en utilizar los 

mismos objetos utilizados durante el entrenamiento (a, b, c) pero la ubicación de un 

objeto familiar cambió a una ubicación desconocido previamente por cualquiera de los 

objetos (Fig. 1 J). El tiempo de exploración de los objetos se midió de la siguiente 

manera: la interacción con el objeto [%] para el objeto familiar se calculó como 

(interacción con el objeto familiar x 100) / (interacción con el objeto familiar + 

interacción con el objeto nuevo) y se calculó la interacción con el objeto [%] para el 

objeto nuevo como (interacción de objeto novedoso x 100) / (interacción de objeto 

familiar + interacción de objeto novedoso). 

 

 



 19 

8.5 Fijación ex vivo y análisis de resonancia magnética por morfometría basada en 

deformación (DBM) 

Se asignaron ratones macho de la cohorte 1 (n = 15 de 2 meses, n = 15 de 12 meses y n 

= 15 de 20 meses) para realizar un análisis de resonancia magnética (MRI). Después del 

preprocesamiento y el control de calidad se excluyeron las imágenes de MRI que 

presentaban artefactos en la adquisición. Finalmente, se analizó un grupo de n = 12 para 

los ratones de 2 meses, 12 meses y 20 meses. 

Se realizó una disección dérmica desde la región abdominal hasta la parte superior de la 

caja torácica, exponiendo el corazón. Luego, se punzó el ventrículo izquierdo del 

corazón siguiendo su vértice y se hizo un corte en la aurícula derecha para abrir el 

sistema circulatorio. Los ratones se perfundieron transcardialmente con PBS 0,1 M + 

heparina (10 U/ml) + solución de lavado Prohance (4 mM) utilizando una bomba de 

infusión (Fisher Scientific GP1000) a una velocidad de flujo de 1 ml/min. 

Posteriormente, la solución de lavado se cambió a la solución fijadora que incluía 

paraformaldehído (PFA) al 4% en PBS 0,1 M + Prohance 4 mM durante 25 min, 

siguiendo el mismo flujo, como se reportó anteriormente (Trujillo-Villarreal et al., 

2021). Se recolectó el cerebro protegido por el cráneo y las muestras se almacenaron a 4 

°C en PFA al 4 % + Prohance 4 mM durante 24 horas y luego se cambió la solución a 

PBS 0,1 M + azida de sodio al 0,02 % hasta su posterior análisis por MRI. 

Para la adquisición de MRI, los cráneos se sumergieron y se fijaron dentro de tubos de 

plástico llenos de Fomblin (un fluorocarbono de perfluoropoliéter químicamente inerte; 

Solvay Solexis, Inc.). La obtención de imágenes se realizó en un escáner Bruker 7 T de 

16 cm de diámetro interior (Pharmascan 70/16) utilizando un sistema Paravision 6.0.1 y 

una bobina de volumen Tx/Rx para ratones con un diámetro interior de 72 mm. Después 

se adquirió un nombre de secuencia T1w Bruker FLASH: 3D_FLASH_Mn_Garza, 

TR/TE = 32,88/8,64 ms, ángulo de giro = 20 grados, promedios = 1, matriz = 256 × 256 

x 256, espaciado = 0,050 mm, ancho de banda de píxeles = 108,507 Hz, FOV = 12,8 x 

12,8 x 12,8 mm, n. de cortes = 255. La resolución de las imágenes de resonancia 

magnética finales fue isotrópica de 0,05 mm. El análisis morfológico se realizó 

convirtiendo DICOM a formato MINC y luego se preprocesó utilizando una tubería 

interna basada en MINC-Tools y la tubería pydpiper (https://github.com/Mouse-
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Imageing-Centre/pydpiper). Todos los análisis se realizaron con los paquetes pydpiper 

versión 1.8 (Friedel et al., 2014), R studio versión 3.6.3 (Rstudio, 2020) y RMINC 

versión 1.5.2.2 (Lerch, JP., 2017) y tidyverse versión 1.3.1 (Wickham, H., 2017). 

Todas las imágenes se convirtieron de formato DICOM a MINC y, luego, se 

preprocesaron utilizando una tubería interna basada en MINC-Tools y ANT, donde se 

realizaron los siguientes pasos: imagen central, máscara completa y corrección de campo 

de polarización N4. Después se utilizó un enfoque basado en el registro de imágenes 

para evaluar las diferencias anatómicas entre los grupos. El registro de imágenes 

encuentra una transformación espacial suave que alinea una imagen con otra, de modo 

que se superponen las características anatómicas correspondientes. Se realizó un enfoque 

de registro grupal basado en la intensidad automatizado (Lerch, JP., 2011) para alinear 

todos los cerebros del estudio en un sistema de coordenadas común, lo que produjo una 

imagen promedio de los 45 escaneos T1w. La deformación que alinea las imágenes se 

convirtió en un resumen de cómo se diferencian. Para evaluar las diferencias de volumen 

entre los grupos, se realizamó DBM, pues proporciona una definición continua vóxel por 

vóxel de los cambios de volumen (expansión/contracción) relacionados con la edad del 

sujeto. Luego, las deformaciones se mapearon desde los escaneos individuales hasta la 

imagen promedio. Los campos de deformación finales se calcularon con un registro 

difeomorfo simétrico codicioso (el algoritmo SyN en ANTS) (Avants, B. et al., 2008; 

Bird, S. et al., 2009), se invirtieron y desdibujaron con un FWHM Gaussiano de 0,1 mm 

con un núcleo suavizante. Se extrajeron los determinantes jacobianos de estas 

deformaciones, dando una medida de la expansión/contracción del volumen local en 

cada vóxel del cerebro. Se utilizaron determinantes relativos jacobianos transformados 

logarítmicamente (0,2 mm blurry) para evaluar las diferencias entre los grupos porque 

estiman mejor una distribución normal. 

 
8.6 Análisis histológico 

Los cerebros del análisis de la cohorte 1 MRI (n = 4) se recolectaron aleatoriamente, se 

sacaron de los huesos del cráneo y se incubaron en sacarosa al 10 %, 20 % y 30 % + 

PBS 0,1 M y en un criostato se obtuvieron secciones coronales de 30 μm para dos 

regiones, fórnix (Fornix, Bregma 4,28 mm a – 0,14 mm) y Corteza Entorrinal medial 
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izquierda (MentC izquierdo, Bregma 4,04 mm a – 0,22 mm). Los límites anatómicos de 

cada región del cerebro se identificaron utilizando el atlas de cerebro de ratones (Paxinos 

y Franklin, 2001). 

 
8.7 Inmunohistoquímica para sinaptofisina 

La inmunohistoquímica de los cerebros de la cohorte 1 se realizó como se reportó 

previamente en (Trujillo-Villarreal et al., 2021).  

Los cortes de cerebro de ratón de 2, 12 y 20 meses de edad (n = 4/grupo de edad) se 

lavaron 2 veces con PBS 0,1 M + TritonX-100 al 0,1 %, se incubaron con el bloqueador 

de peroxidasa durante 10 minutos ( Abcam, Cat. AB64264), después se lavaron con PBS 

0,1 M + TritonX-100 al 0,1 % y se incubaron con el bloqueador de proteínas durante 10 

minutos (Abcam, Cat. AB64264). Posteriormente, las secciones se incubaron con PBS 

0,1 M + TritonX-100 al 0,1 %, seguido del anticuerpo anti-sinaptofisina primario (4 

μg/mL, Genscript Cat. A01307) a 4° C durante la noche.  

Finalmente, las secciones se expusieron al anticuerpo secundario IgG anti-conejo de 

cabra biotinilado durante 10 minutos, seguido de estreptavidina (10 min) y solución de 

cromógeno de diaminobencidina (30 μl en 1,5 ml de sustrato) durante 10 minutos.  

El montaje de los cortes se realizó con solución de montaje sobre cubreobjetos. Se 

prepararon controles por omisión de anticuerpos primarios y se consideraron negativos 

cuando no se identificó señal de densitometría. 

 
8.8 Inmunofluorescencia para Iba-1 

La inmunofluorescencia de los cerebros de la cohorte 1 se realizó como se reportó 

anteriormente (Maldonado-Ruiz et al., 2019). Sin embargo, se trabajaron en cortes de 

forma flotante; estas secciones flotantes de 30 μm de ratones de 2, 12 y 20 meses de 

edad (n = 4/grupo de edad) se lavaron tres veces durante 5 min con 1X PBS + 0,1% 

TritonX-100 (PBST) y se bloquearon con PBST + suero de cabra al 10% + suero de 

caballo al 10% a temperatura ambiente durante una hora. Posteriormente, las secciones 

se incubaron con el anticuerpo primario anti-Iba1 1:200 (ab178847, abcam, Cambridge, 

MA, EE. UU.) a 4 °C durante 48 h. Dos días después, las secciones se lavaron en PBST 

tres veces y se incubaron durante dos horas con el anticuerpo secundario Alexa fluor 
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anti-rabbit 1:1000 (A-11034, Invitrogen) diluido en PBST + suero de cabra al 1% + 

suero de caballo al 1%. Posteriormente, las secciones de cerebro se lavaron tres veces 

con PBST y se secaron a temperatura ambiente. Finalmente, las secciones de cerebro se 

montaron usando Vectashield con DAPI (Vector Laboratories, Burlingame, CA, EE. 

UU.) en cubreobjetos y se visualizaron en el microscopio confocal. 

 
8.9 Análisis morfológico de la microglía 

La morfología de la microglía se analizó en cerebros de la cohorte 1 como se describió 

previamente por Young and Morrison, 2018 utilizando el software gratuito Fiji: una 

plataforma de código abierto para el análisis de imágenes biológicas. Brevemente, se 

describe el procedimiento a continuación: se obtuvieron células Iba1+ positivas en el 

tejido cerebral y las imágenes se convirtieron en 8 bits y después en escala de grises. Las 

imágenes se ajustaron a los controles mínimo o máximo según fuera necesario, hasta los 

bordes del histograma, seguidas por un filtro de máscara de enfoque. Luego, realizamos 

una eliminación de background para eliminar todo el ruido de salt and pepper, se 

convertió a binario y se usó la función de eliminación de valores atípicos. 

Posteriormente, las imágenes se guardaron por separado y, mediante el uso del 

complemento Skeleton, medimos la longitud de los procesos de la microglía y el número 

de terminaciones de ésta. Finalmente, los resultados fueron graficados y analizados de 

acuerdo al protocolo publicado. 

 
8.10 Cuantificación de citocinas en sangre periférica, fórnix y MEntC izquierdo 

Se sacrificaron los ratones de la cohorte 2 con una sobredosis de 500 μL i.p. de 

pentobarbital (PiSA Agropecuaria) y se recolectó la sangre periférica a través de 

punción cardíaca; ésta se mantuvo en tubos de heparina de plasma de heparina BD 

Vacutainer™ de grado farmacéutico (BD 368480), y los cerebros se diseccionaron, 

recolectaron y congelaron (-80 °C) para su uso posterior. 

Los tubos de sangre se centrifugaron a 2500 rpm durante 20 minutos y se recogió el 

plasma. De acuerdo con el análisis de MRI, se seleccionó el fórnix y MEntC izquierda 

porque mostraron los cambios de volumen más dramáticos con la edad. Para aislar 

selectivamente el fórnix y el MEntC izquierdo, se obtuvieron en el criostato secciones 
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coronales de 40 μm del fórnix (Bregma 4,28 mm a –0,14 mm) y MEntC izquierdo 

(Bregma 4,04 mm a –0,22 mm). Luego, utilizando el atlas de cerebro de ratón (Paxinos 

y Franklin, 2001) y bajo el estereoscopio de disección (Leica, ez4) con un bisturí, las 

regiones selectivas se cortaron y recolectaron en tubos de 0.1 mL. 

El perfil de citocinas en plasma, fórnix y el MEntC izquierdo se identificó utilizando el 

panel de microesferas magnéticas de citocinas/quimiocinas de ratón del kit MILLIPLEX 

MAP (Millipore Corporation, MCY-TOMAG-70K), siguiendo las instrucciones del 

fabricante. En resumen, para el análisis de citoquinas en el cerebro, Fornix o MEntC 

izquierda se incubaron en 70 μL de solución de tampón de lisis (Millipore corporation, 

43-040), se homogeneizó por sonicación (amplitud 20% 3 pulsos/segundo 10 veces), 

seguido por centrifugación a 10,000 RPM a 4°C y luego se aisló el sobrenadante. 

Las lecturas de las muestras de sobrenadante del plasma, el fórnix y MEntC izquierdo se 

realizaron empleando el instrumento Luminex® 200™ (Luminex Corporation, LX200-

XPON3.1). Medimos las citocinas proinflamatorias IL-1β, IL-6, IL-12, TNF-α y MCP-1. 

 

8.11 Análisis de componentes principales (PCA) 

El análisis de PCA implica la composición de una matriz 2D de datos como una 

herramienta efectiva de reducción de dimensiones que retiene la información de los 

datos originales tanto como sea posible (Wu et al., 2019). En este estudio, integramos 38 

variables (comportamiento, niveles de citoquinas cerebrales y periféricas y volúmenes 

de regiones cerebrales) para el análisis PCA. El PCA se realizó para proporcionar una 

indicación de la capacidad de las variables para agrupar a los individuos de acuerdo con 

su rendimiento en la prueba de memoria y aprendizaje, los niveles de citocinas y el 

volumen cerebral. Las contribuciones de las variables al análisis PCA se pueden 

encontrar en la Información complementaria. 

 
8.12 Análisis estadístico 

Los resultados se presentan como media ± SEM para todos los datos. Todos los análisis 

estadísticos, incluída la prueba de la normalidad de la distribución de datos, se realizaron 

con GraphPad Prism 7.01 y el software estadístico IBM SPSS versión 22 y se consideró 

significativo un valor de p corregido <0,05. Se probó la normalidad de todos los 
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resultados usando la prueba de Shapiro-Wilk. Para las diferencias entre los 3 grupos en 

las pruebas de comportamiento, se utilizó ANOVA de una vía seguido de la prueba de 

comparación múltiple de Tukey y se calculó el tamaño del efecto en lenguaje R. Las 

diferencias significativas en el rendimiento cognitivo durante las pruebas de conducta se 

muestran como la media ± SEM y las diferencias significativas en p < 0,05. El análisis 

estadístico para DBM se realizó utilizando los determinantes jacobianos transformados 

logarítmicamente como variable dependiente, "grupo de edad" como variable 

independiente (entre sujetos) y "peso" como covariable (peso del ratón al momento de la 

eutanasia). Se compararon los tres grupos usando un modelo lineal general y los análisis 

se corrigieron para comparaciones múltiples usando la tasa de descubrimiento falso 

(FDR) al 5%. Además, se extrajeron los valores jacobianos de picos significativos en 

V1: corteza visual primaria, FX: fórnix, S2: corteza somatosensorial secundaria, OB: 

bulbo olfativo, VIIB: lóbulo paramediano (lóbulo 7), MEntC: corteza entorrinal medial, 

A1: primaria corteza auditiva, Amg: Amígdala. Los jacobianos de las regiones de interés 

se correlacionaron con el comportamiento, las citocinas y los datos histológicos para 

explorar su patrón de asociación mediante la correlación de Pearson y se corrigieron 

mediante el FDR al 5 %. Estos análisis se realizaron en R studio versión 3.6.3. 
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9. RESULTADOS 

 
9.1 El envejecimiento altera el rendimiento cognitivo y de la memoria en ratones 

macho 

El fenotipado conductual individual se realizó en dos cohortes de sujetos para 

determinar el efecto del envejecimiento sobre el deterioro cognitivo.  

Seleccionamos pruebas de comportamiento para evaluar la memoria de trabajo 

(alternancia forzada), la memoria espacial (Laberinto de Barnes y OLT), la 

discriminación de objetos (NORT), y la memoria a corto y largo plazo (Laberinto de 

Barnes y OLT) (Figura 2 A). Diseñamos la batería de pruebas para su uso en estudios a 

largo plazo que evalúan el aprendizaje y la memoria y, por lo tanto, consideramos las 

deficiencias que podrían ocurrir potencialmente en los ratones durante el envejecimiento 

(p. ej., disminución de la fuerza muscular, la coordinación motora, el equilibrio y la 

velocidad). Además, para evitar cualquier estrés metabólico en los ratones, omitimos las 

pruebas que involucraban la restricción de alimentos (Wolf et al., 2016). 

 
9.1.1 Alternancia Forzada 

Se encontró un efecto dependiente de la edad sobre la memoria de trabajo en ratones 

C57BL/6. El envejecimiento disminuyó el porcentaje de alternancia forzada entre los 

ratones de 12 y 20 meses (ANOVA, F(2,42)= 12 meses: **p = 0.0049 y 20 meses: **p = 

0.0018, respectivamente) en comparación con ratones de 2 meses (Fig. 2 B, C y D). 

Aproximadamente, el 60 % de los ratones de 12 meses y cerca del 20 % de los ratones 

de 20 meses que realizaron la prueba de alternancia forzada reconocieron el brazo 

bloqueado como novedoso y lo eligieron como su primera opción en comparación con el 

de 2 meses. En cambio, los ratones viejos mostraron una preferencia del 80% por el 

brazo conocido (Fig. 2 C). Cabe destacar que, los ratones de 12 y 20 meses asignaron 

menos tiempo al grupo nuevo en comparación con los ratones de 2 meses (ANOVA, 

F(2,42)= 12 meses: ****p < 0.0001 y 20 meses: ****p < 0.0001, respectivamente) (Fig. 

2 D). Específicamente, los ratones de 12 y 20 meses pasaron 83,93 ± 14,3 s y 63,48 ± 

15,81 s, respectivamente, en el brazo nuevo, en contraste con 135 ± 15,81 s de los 
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ratones de 2 meses, lo que confirma un efecto dependiente de la edad con respecto a la 

memoria y aprendizaje (Fig. 2 D). 

 
9.1.2 Reconocimiento de objetos novedosos 

El NORT evalúa la memoria de reconocimiento en ratones basándose en la 

predisposición innata de los roedores a investigar un objeto novedoso durante más 

tiempo que uno familiar (Fig. 1E) (Antunes and Biala, 2012). Los ratones de los tres 

grupos de edad demostraron una mayor interacción con el objeto nuevo en comparación 

con el objeto familiar (Figura 2 F). Sin embargo, el aumento en el tiempo de interacción 

solo fue significativo en ratones de 2 meses de edad, demostrado por el aumento de 

interacción con el objeto aumentando hasta un 68% con el objeto novedoso (ANOVA, 

F(5,84)= ****p < 0,0001) (Fig. 2 F). Estos resultados confirmaron que el 

reconocimiento de novedosos en ratones envejecidos es defectuoso, confirmando otro 

rasgo del deterioro cognitivo, el cual en este caso es asociado a la edad. 

 
9.1.3 Laberinto de Barnes 

Se utilizó la prueba del laberinto de Barnes para evaluar la memoria espacial, así como 

el aprendizaje a corto y largo plazo.  

En resumen, los sujetos fueron entrenados como se describió previamente y se cuantificó 

el número total de errores antes de llegar a la salida de la plataforma, así como la 

latencia para salir (Fig. 2 G). Se encontró que los ratones de 12 y 20 meses exhiben una 

memoria a corto plazo defectuosa (STM: evaluada un día después de la última sesión de 

entrenamiento) evidenciada por cometer más errores al encontrar la salida en 

comparación con los ratones de 2 meses (ANOVA, F(5,100)= ****p < 0.0001 y ****p 

< 0.0001, respectivamente) (Fig. 2 H). De hecho, la STM defectuosa se exacerbó en 

ratones de 20 meses en contraste con ratones de 12 meses (ANOVA, F(5,100)= **p < 

0,002) (Fig. 2 H). Además, el deterioro en el rendimiento de la memoria se encuentra en 

etapas posteriores durante la prueba de memoria a largo plazo (LTM: evaluada a los 

siete días después de la última sesión de entrenamiento) en los ratones de 12 y 20 meses 

de edad en comparación con los ratones de 2 meses (ANOVA, F(5,100)= ****p < 

0.0001 y ****p < 0.0001, respectivamente) (Fig. 2 H). 
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También se observó un aumento en el tiempo para ubicar y salir del laberinto de forma 

edad-dependiente. A los ratones de 12 y 20 meses les tomó más tiempo para encontrar la 

salida durante las pruebas STM y LTM en comparación con el grupo de 2 meses 

(ANOVA, F(5,100)= ****p < 0,0001 y ****p < 0,0001, respectivamente) (Fig. 2 I). 

Estos resultados confirmaron que los ratones de 12 y 20 meses mostraron un 

rendimiento de memoria espacial comprometido. 

 
9.1.4 Prueba de reconocimiento de ubicación de objetos 

El envejecimiento puede causar cambios importantes en la velocidad y la locomoción 

que podrían sesgar el rendimiento defectuoso encontrado en la prueba del laberinto de 

Barnes. Para evitar un sesgo, evaluamos, nuevamente, la memoria y el aprendizaje 

espacial en un pequeño escenario utilizando el OLT (Fig. 2 J). Los ratones de dos meses 

de edad investigaron los objetos en ubicaciones novedosas significativamente más que 

los objetos en ubicaciones familiares cuando se probaron usando ambas versiones de la 

prueba, tanto a corto como a largo plazo, realizadas uno o siete días después del 

entrenamiento, respectivamente (Figura 2 K - L) (ANOVA, F(5,84)= ****p < 0.0001). 

En comparación, los ratones de 12 y 20 meses no interactuaron con el objeto en un lugar 

nuevo significativamente más que en un lugar familiar. Estos resultados confirmaron el 

deterioro dependiente de la edad en el rendimiento de la memoria espacial en ratones de 

12 y 20 meses (Fig. 2 K - L). 
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Figura 2. Fenotipado conductual de ratones macho C57BL/6. A) Se utlizaron ratones de 2, 12 y 20 
meses de edad en una batería de prueba de comportamiento que constaba de alternancia forzada (laberinto 
en Y), laberinto de Barnes, NORT y OLT durante un período de 5 semanas. B) En la prueba del laberinto 
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en Y, los ratones fueron expuestos a una sesión de familiarización durante 5 minutos (T1), luego fueron 
devueltos a su jaula durante 30 minutos y durante la prueba (T2) se evaluó la alternancia forzada y el 
tiempo de permanencia en el brazo novedoso en el laberinto Y. C) La prueba de alternancia forzada fue 
evaluada de acuerdo con el brazo elegido como primera opción en el laberinto en Y durante T2. Los 
resultados mostraron el porcentaje de alternancia de los diferentes grupos de edad. D) El tiempo de 
permanencia en el brazo novedoso se realizó 30 minutos después de la sesión de familiarización. Los 
resultados mostraron el tiempo pasado (s) en el brazo nuevo durante la prueba T2 entre los diferentes 
grupos. E) El rendimiento de la memoria de reconocimiento se evaluó con la NORT, siguiendo el 
protocolo ilustrado en la imagen. F) El tiempo pasado con el objeto familiar y el objeto nuevo se 
representó como % de interacción del objeto. G) La prueba del laberinto de Barnes evaluó la memoria 
espacial a corto plazo (STM) un día después del último día de entrenamiento y la memoria a largo plazo 
(LTM) se evaluó 7 días después de la última sesión de entrenamiento. H) El gráfico muestra el número de 
errores antes de que se encontrara la salida en las pruebas STM y LTM. I) Los resultados muestran la 
latencia para salir (s) hasta que se encontró la salida, tanto para STM como para LTM. J) También se 
evaluó STM y LTM con OLT. El tiempo pasado (%) con los objetos en la ubicación conocida (Familiar) 
se comparó con el objeto en la nueva ubicación (Nuevo). El porcentaje de tiempo dedicado a la interacción 
del objeto nuevo durante STM (K) y LTM (L). Los resultados se expresan como Media ± SEM seguido de 
ANOVA post-hoc Tukey n.s= 0.1234, *p= 0.03, **p= 0.002, ***p= 0.0002, ****p <0.0001. n=15/grupo.  
Creado con BioRender.com 
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9.2 Alteraciones macroestructurales cerebrales dependientes de la edad 

Se realizó un análisis de MRI global para caracterizar selectivamente las alteraciones 

macroestructurales relacionadas con el volumen cerebral durante el envejecimiento de 

los ratones.  

El análisis mostró diferencias significativas en el volumen local del cerebro completo en 

los ratones de 12 meses en comparación con el grupo de 2 meses (Fig. 3 A), lo mismo se 

observó entre los ratones de 12 meses en comparación con ratones de 20 meses (Fig. 3 

B) y también, en los ratones de 2 meses en comparación con ratones de 20 meses, todos 

ellos corregidos por el FDR 5% (Fig. 3 C).  

Se identificaron cambios importantes en el volumen local de todo el cerebro en los 

ratones de 20 meses en comparación con el grupo de 2 meses (Fig. 3 C). Selectivamente, 

el grupo de 20 meses fue el que mostró más cambios volumétricos en regiones 

cerebrales selectivas en comparación con el grupo de 2 meses con grupos más 

localizados (Tabla 2).  

En la Tabla 2 se destacan en color rojo las regiones que sufrieron el cambio más 

drástico, el fórnix y la corteza entorrinal medial izquierda. 

 
Tabla 2. Áreas afectadas por el agrandamiento y contracción del tejido por edad  en los grupos de 2 

vs 12 y 20 meses 

 

Region Cerebral  Lado  t-stat  Cambio 
Volumen  

Coordenadas  Valor de  
p: 2 vs 12 

Valor 
de p:  

2 vs 20 
Primary visual cortex: 

monocular area 
I  12.85 Higher  2.17 -2.03 3.16 3.50E-06 3.02E-08 

Fornix I  11.82 Higher  0.17 2.41 -0.08 5.45E-05 6.11E-07 
Primary visual cortex D  11.76 Higher  -3.43 -3.11 1.92 1.60E-05 3.09E-07 

Secondary 
somatosensory cortex 

I  4.166 Higher  5.09 0.93 0.24 1.13E-03 4.89E-05 

Olfactory bulb: mitral 
cell layer 

I  -12.07 Lower  1.53 4.17 3.32 1.60E-05 3.09E-07 

paramedian lobule 
(lobule 7) 

D  -8.538 Lower  -1.31 -5.91 0.36 5.81E-06 2.07E-05 

Medial entorhinal 
cortex 

I  -7.839 Lower  2.85 -1.43 -2 0.00295 9.17E-05 

Primary auditory cortex D  -7.759 Lower  -4.19 -1.11 1.64 5.70E-05 2.61E-05 
amygdala D  -6.086 Lower  -2.43 1.77 -2.52 0.049 0.00464 
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ANOVA de medidas repetidas a un umbral de p<0,001 (FDR corregido); Prueba t para aumento y 

disminución de volumen en el grupo de 20 meses en comparación con el grupo de 2 meses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 3. Comparación de volumen cerebral de ratones de 2 y 12 meses y ratones de 12 y 20 meses. 
Los cambios de volumen se ven representados con un mapa de calor, donde los colores azul-azul claro 
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indican menor volumen; y los colores rojo-amarillo indican mayor volumen A) DBM de ratones de 2 
meses en comparación con el grupo de 12 meses. B) DBM de ratones de 12 meses en comparación con 
ratones de 20 meses. C) DBM de ratones de 2 meses en comparación con ratones de 20 meses. Los 
resultados son significativos a FDR 5%. n=12/grupo. 

 

De acuerdo con los resultados de la MRI, se seleccionaron las regiones que mostraron un 

mayor cambio volumétrico. Con ayuda del Atlas de Cerebro de Ratón Paxinos y 

Franklin's, se identificó que el fórnix mostraba el mayor aymento de volumen, y la 

MentC izquierda, el mayor decremento de volumen en los ratones de 20 meses en 

comparación con los ratones de 2 meses (señalados en rojo en la Tabla 2) (Tabla 2, Fig. 

4 A, B).  

En particular, se calculó una regresión lineal simple para predecir los jacobianos en 

fórnix o MEntC izquierdo en función de la edad. Se encontró una ecuación de regresión 

significativa para predecir el fórnix (F(2, 37) = 395,7, ****p < 0.0001), con un R2 

ajustado de 0.952, y para predecir el MEntC izquierdo (F(2, 37) = 63,09 , ****p < 

0.0001), con un R2 ajustado de 0.761. El fórnix es igual a -0.133 (2 meses) + 0.105 (12 

meses) y -0.133 (2 meses) + 0.253 (20 meses) jacobianos. La MEntC izquierda es igual 

a 0,039 (2 meses) - 0,037 (12 meses) y 0,039 (2 meses) - 0,159 (20 meses) jacobianos. 

El volumen del fórnix aumenta 0.105 jacobianos a los 12 meses y 0.253 jacobianos a los 

20 meses, mientras que el volumen del MEntC izquierdo disminuye -0.037 y -0,159 

jacobianos a los 12 y 20 meses, respectivamente (Fig. 3 A, B). 

 
Fig. 4. Comparación del volumen cerebral de ratones C57BL/6 de 2 y 20 meses de edad. A-B) Las 
primeras imágenes que se observan son de MRI, en las cuales el fórnix y la MEntC izquierda se 
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encuentran señalados con una estrella amarilla. Seguido de éstas, están los datos de DBM, donde los 
colores azul-azul claro = menor volumen; rojo-amarillo = mayor volumen. Los resultados son 
significativos a FDR 5%. Se observa la gráfica demostrando el aumento de volumen relativo en fórnix y el 
decremento en MEntC izquierda. Los gráficos de barras muestran la media de datos +/- SEM seguido de 
ANOVA post-hoc Tukey. *p= 0,03, **p= 0,002, ***p= 0,0002. n=15/grupo. 

 
9.3 Los cambios volumétricos en fórnix y MEntC izquierdo correlacionan con la 

edad y el rendimiento en tareas cognitivas 
 

Se determinó si los cambios de volumen cerebral encontrados en el fórnix y en la 

MEntC izquierda durante el envejecimiento se correlacionaban con el rendimiento 

cognitivo y de la memoria. Las correlaciones de Pearson de los cambios de volumen 

cerebral frente a las tareas cognitivas se representan como mapas de calor (Fig. 5 A-C). 

Se encontraron correlaciones positivas y negativas entre diferentes áreas del cerebro y 

diversas tareas cognitivas que se resumen en la Figura 5 A, B, C. En particular, los 

ratones de 2 meses de edad mostraron una correlación positiva entre el volumen del 

fórnix y la cantidad de errores (Error_STM) antes de alcanzar la salida en el laberinto de 

Barnes durante la prueba STM (r = 0.58, *p = 0.02) (Fig. 5 A) y en el desempeño en el 

NORT (NOR_P) (r = 0.67, ***p = 0,008) (Fig. 5 A). Por el contrario, se encontró una 

correlación negativa entre el fórnix y el el número de errores en el laberinto de Barnes 

durante la prueba LTM (Error_LTM) (r = -0.64, **p = 0.01) (Fig. 5 A). También, se 

encontró una correlación positiva entre el volumen en la MEntC izquierda y el número 

de errores (Error_LTM) en el laberinto de Barnes durante la prueba LTM (r = 0,63, **p 

= 0,01) y en el rendimiento durante el OLT en la prueba LTM (OLT_LTM) con relación 

con el volumen de MEntC izquierda (r = 0,54, *p = 0,04) (Fig. 5 A). 

A los 12 meses de edad, el aumento de volumen en el fórnix se correlacionó 

positivamente con el número de errores durante STM y LTM (Error_STM, Error_LTM) 

en el laberinto de Barnes (STM: r = 0,58, *p = 0,03; LTM: r = 0,64, *p = 0,04) así como 

durante la OLT (OLT_STM) en la prueba STM (r = -0,32, **p = 0,01) (Fig. 5 D). 

Curiosamente, también se encontró una correlación negativa entre MEntC y la cantidad 

de errores (Error_STM) en el laberinto de Barnes durante LTM (r = -0.48, *p = 0.02) 

(Fig. 5 B). Asimismo, la disminución de volumen en la MEntC izquierda mostró una 

correlación negativa con  el OLT en la prueba STM (OLT_STM) (r = 0.24, ***p = 

2.75x10-5) (Fig. 5 B). 
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Finalmente, el mayor aumento de volumen en el fórnix encontrado en ratones de 20 

meses mostró una correlación positiva con el tiempo transcurrido antes de encontrar la 

salida (Time_STM) en el laberinto de Barnes durante la prueba STM (r = 0.67, *p = 

0.01), de manera similar durante NORT (NOR_P) (r = 0,55, *p = 0,05) y OLT durante 

LTM (OLT_LTM) (r = 0,91, ***p = 0,0001) (Fig. 5 C). Se encontró una correlación 

negativa selectiva entre la disminución de MEntC izquierdo con el rendimiento en OLT 

(OLT_LTM) durante la prueba LTM (MEntC: r = -0.70, ***p = 0.007) (Fig. 5 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 5. Los cambios volumétricos en fórnix y MEntC izquierdo se correlacionan con la edad y el 
rendimiento en tareas cognitivas. A-C) Mapas de calor de la prueba de correlación de Pearson entre los 
cambios volumétricos cerebrales y el rendimiento cognitivo. Correlación de Pearson, *p= 0,03, **p= 
0,002, ***p= 0,0002. n=15/grupo. 
 

9.4 El envejecimiento favorece un perfil de citocinas proinflamatorias en sangre 
periférica 

 
Uno de los puntos más importantes del proyecto fue evaluar el perfil proinflamatorio en 

sangre periférica dada su asociación con el deterioro cognitivo durante el envejecimiento 

(Brombacher et al., 2017; Dubenko et al., 2021; Fossati et al., 2017; Pennisi et al., 2017; 

Tarkowski et al., 2001; Wyss-Coray, 2016). 

La caracterización inicial del aumento en plasma dependiente de la edad de los 

proinflamatorios mostró un fuerte aumento en citocinas y quimiocinas como: GM-CSF, 

IFN-γ, IL-6, IL-1 β, IL-4, IL-12p70, IL-13, IL-17, MCP-1 y TNF-α en ratones macho de 

20 meses (Fig. 6).  

A B C 
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Figura 6. Cuantificación de citocinas en plasma en los grupos de ratones de 2, 12 y 20 meses. El 
gráfico muestra el análisis de citocinas en plasma. A) Cuantificación de citocinas plasmáticas expresada 
en pg/mL. La cuantificación de citocinas se midió con la plataforma Bioplex y se muestra en pg/mL. 
ANOVA post-hoc Tukey n.s= 0,1234, *p= 0,03, **p= 0,002, ***p= 0,0002, ****p= <0,0001. Media ± 
SEM n=3/grupo). 

 
De acuerdo con los resultados anteriores, se eligieron las citocinas/quimicionas que 

presentaban los niveles más altos, por los que se decidió proseguir estudiando MCP-1, 

IL-12p70, TNF-α, IL-1β e IL-6.  

En particular, los ratones de 20 meses mostraron aumentos importantes en los niveles 

plasmáticos de IL12p70, TNF-α, MCP-1 e IL-6 en comparación con el grupo de 2 meses 

(ANOVA, F(2, 18) = IL12p70: ***p = 0.008, TNF-α: ****p < 0.0001, MCP-1: ****p < 

0.0001 e IL-6: ****p < 0.0001) (Fig. 7 A). También encontramos que los ratones de 12 

meses mostraron un aumento en los niveles plasmáticos de IL-12p70, TNF-α, IL-1β e 

IL-6 en comparación con ratones jóvenes de 2 meses (ANOVA, F(2, 18) = IL12p70: **p 

= 0.002, TNF-α: ****p < 0.0001, IL-1 β: ****p < 0.0001 e IL-6: ****p < 0.0001) (Fig. 
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7 A). Estos resultados confirman una acumulación dependiente de la edad de IL-12p70, 

TNF-α, MCP-1, IL-6 e IL-1β en sangre periférica. 
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Figura 7. Análisis de cuantificación de citoquinas centrales y periféricas durante el envejecimiento 
murino. A) Cuantificación de citocinas plasmáticas expresadas en pg/mL en ratones. B) Sección coronal 
del cerebro representativa del fórnix murino del Atlas de Paxino’s del Fornix, el Fornix está resaltado 
dentro del cuadro rojo. Perfil de citocinas dependiente de la edad en fórnix (pg/mL) de ratones de 2-12 y 
20 meses de edad. C) Sección coronal cerebral representativa de la MentC izquierda del Atlas de Paxino’s, 
la MentC se se muestra en el recuadro rojo. Cuantificación de citocinas en MEntC izquierda durante el 
envejecimiento (pg/ml) de ratones de 2, 12 y 20 meses. D) Análisis de k-media y E) Análisis de 
componentes principales (PCA) de ratones de 2-12 y 20 meses de edad. Los resultados se expresan como 
Media ± S.E.M seguido de ANOVA post-hoc Tukey n.s p= 0.1234, *p= 0.03, **p= 0.002, ***p= 0.0002, 
****p= 0.0001. n=7-8/grupo. 
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9.5 Los ratones de edad avanzada muestran un aumento de citocinas 
proinflamatorias en el fórnix y una disminución en el MEntC izquierdo 
 

De acuerdo con los resultados de MRI, se identificó que el Fornix y la MEntC izquierda 

experimentaron los cambios volumétricos más dramáticos y antagónicos durante el 

envejecimiento (Fig. 4 A, B). Se evaluó si los cambios de volumen diferenciales en 

fórnix y MEntC izquierda correlacionaban con la acumulación de citocinas 

proinflamatorias. Se encontró que los ratones de 20 meses acumularon IL-12p70, MCP-

1, IL-1β e IL-6 en el fórnix en comparación con el grupo de 2 meses (ANOVA, F(2, 18) 

= IL- 12p70: ****p < 0.0001, TNF-α: p = 0.6884, MCP-1: ****p < 0.0001, IL-1β: ***p 

< 0.0008 e IL-6: ****p < 0.0001) (Fig. 7 B). No se encontraron cambios en TNF-α 

(ANOVA, F(2, 18) p= 0.6884). En particular, los niveles de IL-12p70, TNF-α, MCP-1, 

IL-1β e IL-6 se redujeron en la MEntC izquierda de ratones de 20 meses en comparación 

con los ratones de 2 meses (ANOVA, F (2, 18) = IL-12p70: **p = 0,0031, TNF-α: *p = 

0,0056, MCP-1: *p = 0,0097, IL-1β: **p = 0,0007 e IL-6: **p = 0,0055) (Fig. 7 C). 

Estos resultados confirmaron la acumulación antagonista de IL-12p70, MCP-1, IL-1β e 

IL-6 en el fórnix y la MEntC izquierda durante el envejecimiento fisiológico. 

Después de estas mediciones, se realizó el PCA integrando 38 variables 

(comportamiento, niveles de citocinas periféricas y cerebrales y volúmenes de regiones 

cerebrales) para agrupar a los individuos en grupos de acuerdo con sus resultados en 

comportamiento, perfiles inmunológicos y cambios en el volumen cerebral. El análisis 

de PCA con k-media identificó tres grupos según la edad de los ratones (Fig. 7 D, E). 

Como se muestra en la Fig. 7 E, el componente principal 1 (PC1) y el componente 

principal 2 (PC2) representaron el 73 y el 13,7 % de la varianza total, respectivamente. 

 
9.6 Los niveles de citocinas se correlacionan negativamente con el rendimiento 
en tareas cognitivas 
 
Se evaluó si la acumulación de citocinas proinflamatorias en sangre periférica, fórnix o 

MEntC izquierda se correlacionaba con las tareas cognitivas defectuosas en ratones de 

edad avanzada mediante análisis de Pearson. Se identificaron correlaciones positivas y 

negativas entre diferentes citocinas y diversas tareas cognitivas que se resumen en la 

Figura 8 A, B, C. Principalmente, el grupo de dos meses mostró una correlación 
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negativa de los niveles periféricos de IL-12p70 (IL12p70_P) y MCP1 (MCP1_F) en el 

fórnix y el tiempo transcurrido antes de encontrar la salida (Time_LTM) en el laberinto 

de Barnes durante la prueba LTM (IL-12p70: r=-0,67 **p = 0,008; MCP1: r = -0,54, *p 

= 0,04) (Fig. 3 A). Además, una correlación positiva de la IL-1β periférica (IL1B_P) y el 

tiempo LTM (Time_LTM) del laberinto de Barnes (r= 0.57, *p = 0.03) (Fig. 8 A). A los 

12 meses de edad, los niveles periféricos de IL-6 (IL6_P) se correlacionan 

negativamente con más tiempo para llegar a la salida en el laberinto de Barnes 

(Time_STM) durante la prueba STM (r= -0.70 **p = 0.007) (Fig. 8 B). Finalmente, se 

encontró una correlación negativa en el rendimiento del Laberinto de Barnes y los 

niveles de IL-1β en el fórnix en ratones de 20 meses (Fig. 8 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 8. Los niveles de citocinas se correlacionan negativamente con el rendimiento en tareas 
cognitivas. A-C) Correlaciones de Pearson de los perfiles de citocinas en sangre periférica, fórnix o 
MEntC izquierda con el desempeño conductual durante el envejecimiento en los tres grupos de edad. 
Abreviaturas: _P: sangre periférica, _F: fórnix, _MEntC: corteza entorrinal medial izquierda. Para  
pruebas comportamiento: 1) Barnes, Time_STM: tiempo durante la memoria de tiempo corto, Error_STM: 
error durante la memoria de tiempo corto, Time_LTM: tiempo durante la memoria de tiempo largo, 
Error_LTM: error durante la memoria de tiempo largo. 2) NORT: prueba de reconocimiento de objetos 
novedosos, NOR_P: índice de reconocimiento durante la prueba de reconocimiento de objetos novedosos, 
New: Tiempo con objeto nuevo durante la prueba de reconocimiento de objetos novedosos. 3) OLT: 
prueba de ubicación de objetos, OLT_STM: prueba de ubicación de objetos durante la memoria a corto 
plazo, OLT_LTM: prueba de ubicación de objetos durante la memoria a largo plazo, Old_LTM: tiempo 
dedicado a la ubicación anterior del objeto durante la prueba de memoria a largo plazo, New_LTM: 
tiempo dedicado a nueva ubicación del objeto durante la prueba de memoria a largo plazo. n.s p= 0.1234, 
*p= 0.03, **p= 0.002, ***p= 0.0002, ****p= 0.0001. n=7-8/grupo 

 

A B C 
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9.7 Los niveles de citoquinas no correlacionan con los cambios macroestructurales 
del cerebro 
 

A continuación, se comprobó si la acumulación central de IL-12p70, TNF-α, MCP-1, 

IL-1β e IL-6 promovían cambios de volumen en fórnix y MEntC izquierda de los 

ratones de edad avanzada. Sin embargo, no se encontraron correlaciones significativas 

entre los niveles de citocinas periféricas o los niveles de citocinas en el fórnix o MEntC 

izquierda con los cambios cerebrales volumétricos (Fig. 9). 

 

 
Figura 9. Los niveles de citocinas en plasma, fórnix o MEntC izquierdo no influyen en los cambios 
volumétricos del cerebro en ratones. A-C) Correlación Pearson de citocinas con cambios volumétricos 
cerebrales en el cerebro murino. (Abreviaturas: _P= sangre periférica, _F: fórnix, _MEntC: corteza 
entorrinal medial izquierda; V1_MA: corteza visual primaria, área mononuclear, FX: fórnix, V1: corteza 
visual primaria, S2: corteza somatosensorial secundaria, OB: bulbo olfativo, VIIB: lóbulo paramediano 
(lóbulo 7), MEntC: corteza entorrinal medial, A1: corteza auditiva primaria, Amg: amígdala). n=12/grupo. 

 
9.8 El envejecimiento favorece cambios antagónicos en la morfología de la 

microglía en el Fornix y MEntC izquierdo 
 

Se evaluó la morfología de la microglía en el fórnix y MEntC. Se encontró que durante 

el envejecimiento aumenta el número total de células Iba-1+ positivas en el fórnix de 

ratones de 12 y 20 meses en comparación con los de 2 meses (Fig. 10 B, C, ANOVA, 

F(2, 6) = 2 vs 20: **p = 0.0014, 12 vs 20: *p = 0.0196). Además, se encontró una 

disminución significativa en la duración de los procesos de la microglía en el fórnix en 

ratones de 12 y 20 meses en comparación con los de 2 meses (Fig. 10 D, ANOVA, F(2, 

6) = 2 vs 12: **p = 0.0120, 12 vs 20: *p = 0.0075, 2 vs 20: ***p = 0.0003). Por otra 
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parte, la microglía en el fórnix de ratones de 12 meses mostró un aumento en el número 

de ramificaciones por célula en comparación con los de 2 y 20 meses (Fig. 10 E, 

ANOVA, F (2, 6) = 2 vs 12: **p = 0.0019, 12 vs 20: ***p = 0.0009). 

 

 

Figura 10. La morfología de la microglía en el fórnix sufre alteraciones durante el envejecimiento. 
A) Sección coronal representativa del cerebro del fórnix murino del Atlas de Paxinos, el fórnix está 
resaltado en rojo. B) Inmunofluorescencia para microglía reactiva para Iba-1 en el fórnix durante el 
envejecimiento. C) Imágenes representativas de la microglía Iba-1+ en el fórnix, se contaron en 5 campos 
aleatorios. El gráfico muestra el número total de microglía en 150 μm2 de ratones de 2, 12 y 20 meses de 
edad. D) El gráfico muestra la longitud de los procesos (µM) de la microglía Iba1+ en el fórnix. E) Gráfica 
de ramificaciones de microglía Iba1+ por cada célula.  

 
Por el contrario, el envejecimiento disminuyó la inmunotinción de Iba-1+ en el MEntC 

izquierdo de ratones de 2 y 12 meses, así como en ratones de 2 y 20 meses (ANOVA, 

F(2, 6 ) = 2 vs 12: ***p = 0.0017, 2 vs 20: ***p = 0.0004; respectivamente) (Fig. 11 B - 

C). Precisamente, la evaluación de la morfología de la microglía en el MEntC izquierdo 
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utilizando los complementos de ImageJ AnalyzeSkeleton (2D/3D) identificó un aumento 

significativo de los procesos de la microglía en los ratones de 20 meses en comparación 

con los ratones de 2 y 12 meses (***p = 0,0007) (Fig. 11 D) y ramificación celular (Fig. 

11 E) en los ratones de 12 y 20 meses en comparación con los de 2 meses (ANOVA, 

F(2, 6): ***p = 0.0007) (Fig. 11 E, ANOVA, F(2, 6) = 2 vs 12: ****p < 0.0001, 2 vs 20: 

***p = 0,0008 y 12 vs 20: **p = 0.0012).  

 
Figura 11. La morfología de la microglía cambia durante el envejecimiento en la MEntC izquierda. 
A) Sección coronal cerebral representativa de la MEntC izquierda murino del Atlas de Paxinos, la MEntC 
se muestra en el recuadro rojo. B) Inmunofluorescencia para microglía reactiva Iba-1 en el MEntC 
izquierdo durante el envejecimiento. C) La inmunotinción de Iba-1 para microglía se contó en 5 campos 
aleatorios. El gráfico muestra el número de microglía en 150 µm2 de ratones de 2, 12 y 20 meses de edad. 
I) El gráfico muestra la longitud de los procesos (µM) de la microglía Iba1+ en la MEntC izquierda. J) 
Total de terminaciones de microglía Iba1+ por célula.  

 
Finalmente, dada la naturaleza del tejido de la MEntC y todas sus implicaciones en las 

tareas de memoria y aprendizaje, se decidió evaluar la expresión de sinaptofisina. En 

particular, el envejecimiento promovió una disminución significativa en la inmunoseñal 

de sinaptofisina, un marcador proteico de la hendidura sináptica, en la MEntC izquierda 
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de ratones de 12 y 20 meses en comparación con los de 2 meses (Fig. 12 A, B, ANOVA, 

F(2, 6) = 2 vs 12: ***p = 0.0009, 2 vs 20: ****p < 0.0001 y 12 vs 20: *p = 0.0109). 

 

 
Figura 12. Existen cambios en la expresión de sinaptofisina en el cerebro murino durante el 
envejecimiento. A) Expresión de sinaptofisina en la MEntC izquierda de ratones de 2, 12 y 20 meses de 
edad. B) La cuantificación de la densidad óptica para la sinaptofisina se llevó a cabo utilizando la imagen 
J. Los resultados se expresan como Media ± S.E.M seguido de ANOVA post-hoc Tukey n.sp= 0.1234, 
*p= 0.03, **p= 0.002, ***p= 0.0002, ****p= 0.0001. n=3/grupo. 

 
9.9 La acumulación de citocinas en el cerebro y el plasma no se correlaciona con la 

morfología de la microglía en el fórnix o MEntC izquierdo 
 

Se decidió comprobar si la acumulación de citocinas en plasma, fórnix o MEntC 

izquierda correlacionaba con la plasticidad morfológica de la microglía durante el 

envejecimiento. Sin embargo, no se encontraron correlaciones significativas entre los 

niveles de citocinas periféricas o centrales con la morfología de la microglía, es decir, 

con el número total de microglía por región, la longitud de los procesos y el número de 
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ramificaciones por célula de los ratones envejecidos a través del análisis de Pearson 

(Fig. 13). 

 

 
Figura 13. Los niveles de citocinas en plasma, fórnix o MEntC no influyen en la morfología de la 
microglía en fórnix o MEntC izquierdo. A-C) Correlación de Pearson de citocinas y morfología de la 
microglía en fórnix y MEntC. (Abreviaturas: _P= sangre periférica, _F: fórnix, _MEntC: corteza 
entorrinal medial izquierda; Microglia: número de microglia, EndPoint: número de ramificaciones por 
microglia, BLength: longitud de proceso, Synapto: sinaptofisina). n=15/grupo. 

 
9.10  La morfología de la microglía correlaciona con los cambios de volumen 

cerebral en el fórnix y el MEntC izquierdo 
 

Se determinó si la plasticidad morfológica de la microglía correlacionaba con cambios 

volumétricos en fórnix y MEntC izquierda durante el envejecimiento (Figura 14 A, B, 

C). No se encontraron correlaciones significativas entre la morfología de la microglia 

(microglia, EndPoint, BLength) y el volumen del fórnix en los ratones macho de 2 y 12 

meses de edad (Fig. 14 A, B,). Sin embargo, en los ratones de 2 meses de edad, se 

observó una correlación positiva en la longitud de la rama de la microglía (BLength) (r = 

0,70, *p = 0.05) y la expresión de sinaptofisina (r = 0,67, *p = 0.008) con la disminución 

del volumen en la MEntC izquierda. (Fig. 14 A). Además, a los 12 meses de edad, no 
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encontramos correlaciones significativas entre la morfología de la microglía y los 

cambios de volumen de fórnix y MEntC (Fig. 14 B). Finalmente, en los ratones de 20 

meses de edad, encontramos una correlación negativa con los puntos finales de la 

microglía (EndPoint) con el cambio de volumen de MEntC izquierdo (r = -0,85, **p = 

0.02) y no hubo correlaciones significativas para la morfología del fórnix y la microglía. 

(Fig. 14 C). 

 

 

Figura 14. La morfología de la microglía correlaciona con los cambios de volumen cerebral en el 
fórnix y el MEntC izquierdo. A-C) Correlaciones de Pearson de la morfología de la microglía en fórnix 
y MEntC izquierda con cambios volumétricos cerebrales. Abreviaturas: Microglia: número de microglia, 
EndPoint: número de punto final por microglia, BLength: longitud de procesos. Para tareas de 
comportamiento: 1) Barnes, Time_STM: tiempo durante la memoria de tiempo corto, Error_STM: error 
durante la memoria de tiempo corto, Time_LTM: tiempo durante la memoria de tiempo largo, 
Error_LTM: error durante la memoria de tiempo largo. 2) NORT: prueba de reconocimiento de objetos 
novedosos, NOR_P: índice de reconocimiento durante la prueba de reconocimiento de objetos novedosos, 
New: Tiempo con objeto nuevo durante la prueba de reconocimiento de objetos novedosos. 3) OLT: 
prueba de ubicación de objetos, OLT_STM: prueba de ubicación de objetos durante la memoria a corto 
plazo, OLT_LTM: prueba de ubicación de objetos durante la memoria a largo plazo, Old_LTM: tiempo 
dedicado a la ubicación anterior del objeto durante la prueba de memoria a largo plazo, New_LTM: 
tiempo dedicado a nueva ubicación del objeto durante la prueba de memoria a largo plazo. n.s p= 0.1234, 
*p= 0.03, **p= 0.002, ***p= 0.0002, ****p= 0.0001. n=3/grupo. 

 

9.11 La morfología de la microglía correlaciona con el desempeño en tareas 
cognitivas durante el envejecimiento 
 
Finalmente, se evaluaron las posibles correlaciones de la morfología de la microglía en 

el fórnix o en la MEntC izquierda con el rendimiento cognitivo durante el 

envejecimiento (Fig. 15 A, B, C). A los 2 meses de edad, no se encontraron 

correlaciones significativas entre la morfología de la microglía con ninguna de las tareas 

cognitivas evaluadas (Fig. 15 A). Sin embargo, a los 12 meses de edad, se identificaron 

correlaciones positivas entre la longitud de los procesos de la microglía (BLength) en el 
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fórnix con el OLT en STM y LTM (OLT_STM, OLT_LTM) (STM: r = 0,72 **p = 

0.005; LTM: r = 0.98 ***p = 5.07x10-9) (Fig. 15 B), así como una correlación negativa 

entre el número de microglía (Microglia) en la MEntC izquierda con el OLT en LTM 

(LTM: r = - 0,93 **p = 2.1x10-6) (Fig. 15 C). Finalmente, en el grupo de 20 meses se 

identificó una correlación negativa entre el número de microglía y el desempeño en el 

NORT (NOR_P) (r = - 0.81 *p = 0.04) y OLT LTM (r = - 0.83 *p = 0,043) (Fig. 15 C). 

 

 
 

 

 

 

 

 

 

 

Figura 15. La morfología de la microglía se correlaciona con el desempeño en tareas cognitivas 
durante el envejecimiento. A-C) Correlación de Pearson de la morfología de la microglía en fórnix y 
MEntC izquierda con el rendimiento cognitivo durante el envejecimiento. Abreviaturas: Microglia: 
número de microglia, EndPoint: número de punto final por microglia, BLength: longitud de procesos, 
Synapto: sinaptofisina, medial, Para tareas de comportamiento: 1) Barnes, Time_STM: tiempo durante la 
memoria de tiempo corto, Error_STM: error durante la memoria de tiempo corto, Time_LTM: tiempo 
durante la memoria de tiempo largo, Error_LTM: error durante la memoria de tiempo largo. 2) NORT: 
prueba de reconocimiento de objetos novedosos, NOR_P: índice de reconocimiento durante la prueba de 
reconocimiento de objetos novedosos, New: Tiempo con objeto nuevo durante la prueba de 
reconocimiento de objetos novedosos. 3) OLT: prueba de ubicación de objetos, OLT_STM: prueba de 
ubicación de objetos durante la memoria a corto plazo, OLT_LTM: prueba de ubicación de objetos 
durante la memoria a largo plazo, Old_LTM: tiempo dedicado a la ubicación anterior del objeto durante la 
prueba de memoria a largo plazo, New_LTM: tiempo dedicado a nueva ubicación del objeto durante la 
prueba de memoria a largo plazo. n.s. p= 0.1234, *p= 0.03, **p= 0.002, ***p= 0.0002, ****p= 0.0001. 
n=3/grupo. 

 
9.12 El aumento volumétrico del fórnix y la morfología de la microglía predicen 
un desempeño defectuoso en el reconocimiento de objetos nuevos (NORT) y en la 
prueba de ubicación de objetos (OLT) en ratones envejecidos 
 
Se calculó un modelo de regresión lineal múltiple para analizar la interacción de los 

cambios en la morfología y el volumen de la microglía en fórnix y MEntC izquierda que 

matemáticamente predicen los resultados conductuales durante el envejecimiento. Se 

consideró Error_LTM y STM durante la prueba de Barnes, NOR_P durante NORT y 

A B C 



 47 

OLT_LTM y STM durante OLT como las principales interacciones para realizar el 

análisis. Particularmente, el análisis de regresión lineal múltiple identificó relaciones 

significativas entre varias variables con Fornix y no con MentC izquierdo. El análisis de 

regresión múltiple demostró una interacción negativa significativa entre la longitud de 

los procesos microgliales y el volumen del fórnix en los ratones de 20 meses y predice 

significativamente el declive en la preferencia de objetos en NORT y OLT durante 

LTM; es decir, mientras más cortos los procesos, mayor volumen en fórnix y un peor 

desempeño en la tarea NORT y OLT durante LTM (Figura 16 A, B). Por el contrario, el 

análisis demostró una interacción positiva pero no fue significativa entre la longitud de 

los procesos microgliales y el volumen de MEntC en los ratones de 20 meses (Figura 5 

C, D).  
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Figura 16. Regresión lineal múltiple de comportamiento (NOR_P y OLT durante LTM, volúmenes 
cerebrales (jacobianos) y parámetros histológicos (Modelo estadístico de ratones macho de 2, 12 y 20 
meses). A) Porcentaje de reconocimiento en el NORT de los tres grupos de edad según el aumento de 
volumen en el fórnix y la longitud de la rama de la microglía. B) Porcentaje de reconocimiento en el OLT 
durante LTM de los tres grupos de edad según el aumento de volumen en fórnix y longitud de rama de 
microglia. C) Porcentaje de reconocimiento en la NORT de los tres grupos de edad según la disminución 
de volumen en MEntC y longitud de rama de microglia. D) Porcentaje de reconocimiento en el OLT 
durante LTM de los tres grupos de edad según la disminución de volumen en MEntC y longitud de rama 
de microglia. 

  



 49 

10. DISCUSIÓN 
En esta tesis se caracterizaron las alteraciones del volumen cerebral dependientes de la 

edad en el modelo murino de envejecimiento, mediante MRI junto con un perfil 

proinflamatorio específico y características morfológicas de la microglía en regiones 

cerebrales selectivas asociadas con el deterioro cognitivo en ratones macho C57BL/6. Se 

identificó el fórnix y la MEntC izquierda como las principales estructuras cerebrales que 

mostraron cambios volumétricos antagónicos dependientes de la edad que se 

correlacionaron con cambios en la morfológicos de la microglía. Nuestros datos 

proponen que la plasticidad morfológica de la microglía y el aumento de volumen en el 

fórnix predicen fallas en las tareas NORT y OLT en ratones machos de edad avanzada. 

Se realizó un fenotipado conductual para caracterizar el aprendizaje, la memoria y las 

deficiencias cognitivas durante el envejecimiento murino. A través de éste, se confirmó 

un deterioro de la memoria dependiente de la edad en los ratones de 12 y 20 meses en 

comparación con los ratones de 2 meses. Los ratones machos envejecidos mostraron una 

pérdida progresiva de la memoria espacial evidenciada por los resultados de la prueba de 

alternancia forzada, y la latencia y la cantidad de errores durante el laberinto de Barnes, 

que son consistentes con informes anteriores (Morgan et al., 2018). Además, los ratones 

viejos no reconocieron la nueva ubicación del objeto en comparación con los ratones 

jóvenes de 2 meses, lo que confirmó un rendimiento defectuoso de la memoria espacial. 

Finalmente, la memoria episódica también se vió interrumpida en ratones de 12 y 20 

meses durante el paradigma NORT. Esta observación fue consistente con informes 

previos que han mostrado que la memoria de reconocimiento de objetos se afecta desde 

los 12 meses de edad (Belblidia et al., 2018; Li et al., 2020). 

La primer gran contribución en esta tesis fue la identificación del aumento de volumen 

en el fórnix durante el envejecimiento en ratones machos. Se utilizó la MRI para 

caracterizar globalmente las alteraciones cerebrales estructurales durante el 

envejecimiento como contribuyentes al deterioro cognitivo. Reportes anteriores han 

documentado que la alteración cerebral estructural contribuye al deterioro cognitivo 

durante el envejecimiento (Faizy et al., 2020; Filo et al., 2019; Matsuda, 2013). Nuestros 

resultados muestran que los ratones envejecidos muestran el mayor aumento de volumen 

en el fórnix y la mayor disminución en la MEntC izquierda. También, se identificó una 
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pérdida dramática de volumen cerebral en el bulbo olfatorio izquierdo, el lóbulo 

paramediano derecho, la corteza auditiva primaria derecha y la amígdala derecha en los 

ratones macho envejecidos.  

Los cambios volumétricos encontrados en el fórnix durante el envejecimiento parecen 

ser controvertidos porque algunos informes han encontrado que disminuyeron durante el 

envejecimiento (Fletcher et al., 2014, 2013). También, durante el envejecimiento se han 

reportado disminuciones volumétricas en la materia gris occipital, el hipocampo, la 

circunvolución occipital media, el polo occipital y el tálamo (Armstrong et al., 2020). 

Por el contrario, nuestros resultados demostraron que el envejecimiento favorece un 

aumento de la corteza visual primaria izquierda y la corteza somatosensorial secundaria 

izquierda. En particular, la reducción en el volumen del hipocampo se reportó como un 

determinante temprano de la disminución de la memoria (Armstrong et al., 2020; 

Mungas et al., 2005) y nuestros hallazgos también confirmaron una reducción en el 

volumen del hipocampo en ratones viejos, sin embargo, esta significancia no sobrevivió 

la corrección FDR 5%. Con base en las correlaciones encontradas en esta tesis entre los 

cambios cerebrales de volumen en el fórnix y la MEntC izquierda con las pruebas 

conductuales como Barnes Maze, OLT y NORT, hemos propuesto que los cambios 

cerebrales volumétricos antagónicos en el fórnix y la MEntC izquierda durante el 

envejecimiento contribuyen a la pérdida de la memoria y deterioro cognitivo en ratones. 

Los resultados obtenidos sugirieron que las citocinas circulatorias periféricas podrían 

infiltrarse de manera potencial y selectiva en las regiones del cerebro durante el 

envejecimiento, promoviendo el deterioro cognitivo. Se identificó que el desempeño en 

las pruebas de memoria, los cambios volumétricos del cerebro y las variables de 

inflamación se agruparon en los tres grupos de edad utilizando el análisis PCA. Después 

de esto, se probó la hipótesis de que la neuroinflamación podría modular los cambios 

cerebrales volumétricos en el fórnix y la MEntC izquierda en los ratones viejos. El 

envejecimiento integra un estado proinflamatorio crónico de bajo grado, llamado 

inflammageing (Franceschi et al., 2006) que contribuye significativamente al deterioro 

cognitivo (Berryer et al., 2016; D’Avila et al., 2018; Feng et al., 2017; López-Otín et al., 

2013; Yin et al., 2019). Nuestros resultados confirmaron un perfil de citocinas 

proinflamatorias dependiente de la edad en plasma, con niveles elevados de IL12p70, 
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TNF-α, IL-1β, MCP-1 e IL-6, que fueron consistentes con informes previos 

(Brombacher et al., 2017; Dubenko et al., 2021; Fossati et al., 2017; Pennisi et al., 2017; 

Tarkowski et al., 2001). De hecho, según el análisis de correlación de Pearson, la 

acumulación de IL-1β en el fórnix afecta el rendimiento del laberinto de Barnes durante 

las pruebas STM y LTM. Hasta donde sabemos, no existe evidencia que proponga que la 

acumulación de IL-1β en el fórnix podría estar asociada con el deterioro de la memoria. 

Dado que no encontramos ninguna correlación significativa entre la neuroinflamación y 

los cambios en el volumen del cerebro, se probó una segunda hipótesis. Según un 

reporte anterior, la disminución en la expresión de sinaptofisina en el núcleo accumbens 

podría contribuir potencialmente a los cambios en el volumen cerebral en ratas (Trujillo-

Villarreal et al., 2021). De hecho, el plasma de ratones viejos es capaz de disminuir la 

plasticidad sináptica y perjudicar el aprendizaje espacial y la memoria (Villeda et al., 

2014). Los resultados mostraron una disminución en la expresión de sinaptofisina en la 

MEntC izquierda que también mostró una disminución de volumen en los ratones viejos, 

lo que respalda que un volumen cerebral más bajo integra la interrupción sináptica. A 

pesar de todos los resultados, el análisis de Pearson no mostró correlaciones 

significativas entre los niveles de citocinas en plasma, fórnix o MEntC izquierdo con 

disminución de volumen en la MEntC izquierda y en el aumento del fórnix. Además, no 

se encontraron correlaciones significativas entre la expresión de sinaptofisina en la 

MEntC izquierda con la disminución del volumen en la misma. Por lo tanto, no se pudo 

concluir que la neuroinflamación esté asociada con cambios de volumen en el fórnix o 

MEntC. 

La segunda contribución más importante de los resultados obtenidos es que la 

plasticidad selectiva de la microglía en el fórnix y el MEntC izquierdo contribuyen al 

deterioro cognitivo durante el envejecimiento. Se ha sugerido que la activación de la 

microglía es un segundo contribuyente potencial a la neuroinflamación durante el 

envejecimiento (Shahidehpour et al., 2021). De acuerdo a nuestros resultados, el 

envejecimiento conduce a una disminución en el número de microglía, un aumento en la 

longitud de los procesos y en las ramificaciones en la MEntC izquierda. Por el contrario, 

se encontró un aumento en el número de microglía, una disminución en la longitud de 

los procesos y en las ramificaciones en el fórnix de ratones machos senescentes. La 
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microglía en la MEntC izquierda parece imitar un “estado de vigilancia” tipificado por 

una morfología altamente ramificada, con procesos extensos capaces de formar 

contactos con células y estructuras (Davalos et al., 2005), y permitir un monitoreo 

continuo del microambiente cerebral. Por el contrario, la microglía en el fórnix parece 

recapitular el fenotipo de microglía asociado a la enfermedad (DAM) que se encuentra 

durante el envejecimiento (Davies et al., 2017), mostrando procesos cortos y una 

morfología ameboidea que también integra la regulación a la baja de varios genes 

homeostáticos (Keren-Shaul et al., 2017). Sin embargo, de acuerdo a la literatura, esta 

evidencia de que la morfología de la microglía no confirma la liberación de citocinas. 

Además, la microglía distrófica que se encuentra en el fórnix de ratones envejecidos se 

ha observado en cerebros sanos pero envejecidos (Miller and Streit, 2007), y también se 

ha asociado con enfermedades neurodegenerativas (Shahidehpour et al., 2021). Esta 

propuesta está de acuerdo con informes anteriores que han demostrado que el 

envejecimiento se asoció con la aparente plasticidad de la glía pero no con el daño de la 

densidad de neuritas en el fórnix (Metzler-Baddeley et al., 2019). Sin embargo, queda 

por aclarar si la microglía distrófica identificada en esta tesis recapitula la microglía 

senescente asociada con la liberación de citocinas y la neuroinflamación que se 

convierte en el fenotipo asociado a la enfermedad que se ha encontrado en el 

envejecimiento. 

Finalmente, se realizó un análisis de regresión lineal múltiple para integrar el efecto de 

la plasticidad morfológica de la microglía con los cambios volumétricos en el fórnix y su 

asociación con los resultados de las pruebas de memoria durante el envejecimiento. El 

modelo biológico identificó que una disminución en el índice NORT y OLT está 

asociada con el tamaño del fórnix y la longitud de los procesos de la microglía en el 

fórnix de ratones macho senescentes. El fórnix, de acuerdo a su posición anatómica, 

conecta el hipocampo, el tálamo, el hipotálamo, los núcleos septales y el núcleo 

accumbens. Por sí mismo, el fórnix es la principal salida del hipocampo y su 

estimulación mejora la memoria espacial (Hescham et al., 2017). De acuerdo con 

nuestros datos, las afecciones en el fórnix, como los cambios volumétricos, afectaron 

procesos dependientes selectivos del hipocampo como NORT y OLT (Broadbent et al., 

2010). Por otro lado, se identificó una disminución en el volumen de la MEntC 
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izquierda. Fisiológicamente, la MEntC también está implicada en la regulación la 

memoria y el aprendizaje (Bangen et al., 2021; Matuskova et al., 2021), sin embargo, 

nuestro modelo biológico no demostró su asociación con el rendimiento de NORT y 

OLT en ratones macho senescentes. 

Una de las limitaciones más importantes de esta tesis es la confirmación de una 

respuesta causa-efecto de la longitud de las ramificaciones de la microglía en los 

cambios volumétricos del fórnix que afectan el rendimiento cognitivo. Para esto, se 

requieren experimentos adicionales para demostrar que los cambios morfológicos 

específicos de la microglía en las regiones cerebrales accesorias que se conectan con el 

fórnix podrían alterar el rendimiento cognitivo durante el envejecimiento. Finalmente, 

queda pendiente caracterizar el dimorfismo sexual con respecto al volumen cerebral, los 

niveles de citocinas y el desempeño conductual en ratones hembra. 
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11. CONCLUSIONES 
Los resultados obtenidos en ésta tesis nos permiten concluir en el modelo murino de 

envejecimiento utilizado que: 

1) La capacidad de aprendizaje y memoria sufre un declive con la edad evidenciada 

por el mal desempeño en las pruebas de memoria (Laberinto en Y, NORT, 

Laberinto de Barnes y OLT) a partir de los 12 meses de edad en ratones 

C57BL/6 macho. 

2) El envejecimiento murino se ve acompañado de la presencia de un perfil pro-

inflamatorio periférico, en donde destacan los niveles elevados de IL-12p70, 

TNF-α, MCP-1, IL-1β e IL-6 en el grupo de 12 y 20 meses en comparación con 

el grupo de 2 meses. 

3) Los cambios cerebrales volumétricos mediante MRI muestran el aumento de 

volumen en el fórnix y el decremento en la MEntC izquierda durante el 

envejecimiento murino. 

4) El fórnix muestra un aumento en la acumulación de citocinas proinflamatorias, 

mientras que la MEntC izquierda muestra una disminución en el grupo de 20 

meses en comparación con el grupo de 2 meses de edad. 

5) No existe correlación significativa entre la neuroinflamación y los cambios en el 

volumétricos encontrados  en el cerebro de los ratones en los diferentes grupos 

de edad. 

6) La evaluación morfológica de la microglía confirma un fenotipo activo y 

distrófico en el fórnix y un fenotipo de vigilancia en la MEntC izquierda. 

7)  El modelado biológico reveló que el aumento de volumen relacionado con la 

edad en el fórnix se asoció con microglía distrófica y deterioro cognitivo 

8) La disminución en el índice el reconocimiento de objetos está significativamente 

asociado con el tamaño del fórnix y la longitud de los procesos de la microglía en 

el fórnix de ratones macho senescentes.  

9) La disminución en la expresión de sinaptofisina en la MEntC izquierda también 

mostró una disminución de volumen en los ratones viejos, lo que respalda que un 

volumen cerebral bajo puede participar la interrupción sináptica. 
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10) La plasticidad selectiva de la microglía en el fórnix y la MEntC izquierda 

contribuyen al deterioro cognitivo durante el envejecimiento.  
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12. PERSPECTIVAS 
 

• Confirmar una respuesta causa-efecto de la longitud de los procesos de la 

microglía en los cambios volumétricos del fórnix. 

• Modular la activación de la microglía en regiones cerebrales accesorias que se 

conectan al fórnix y demostrar que el circuito se ve afectado. 

• Demostrar de forma directa que los cambios morfológicos específicos de la 

microglía en el fórnix podrían alterar el rendimiento cognitivo durante el 

envejecimiento. 

• Analizar el dimorfismo sexual en todos los niveles, desde el desempeño en las 

pruebas de memoria y aprendizaje, los perfiles proinflamatorios y el volumen 

cerebral. 
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Maternal overnutrition modulates body weight, development of metabolic failure and,
potentially, neurodegenerative susceptibility in the offspring. Overnutrition sets a chronic
pro-inflammatory profile that integrates peripheral and central immune activation
nodes, damaging neuronal physiology and survival. Innate immune cells exposed to
hypercaloric diets might experience trained immunity. Here, we address the role of
maternal overnutrition as a trigger for central and peripheral immune training and its
contribution to neurodegeneration and the molecular nodes implicated in the Nod-like
receptor protein 3 (NLRP3) inflammasome pathway leading to immune training. We
propose that maternal overnutrition leads to peripheral or central immune training that
favor neurodegenerative susceptibility in the offspring.
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INTRODUCTION

According to the World Health Organization, nearly 39% of adults were overweight in 2016, and
13% were obese. Epidemiological data from human catastrophes such as the Dutch famine (1944),
the siege of Leningrad (1942–1944), the great Chinese famine (1958–1961), and the Överkalix study
(1890-present) propose that changes in nutrient intake such as fasting or overnutrition during
pregnancy and lactation are associated with metabolic and behavioral disorders in the o�spring
(Vaiserman, 2017).Maternal nutritional programing can influence o�spring bodyweight, adiposity,
and development of metabolic syndrome in diverse ways (Friedman, 2018; Patro Golab et al., 2018).
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For instance, nutritional programing adversely impacts both
maternal and o�spring health, increasing susceptibility to show
metabolic abnormalities later in life such as obesity, dyslipidemia,
type 2 diabetes (T2D) mellitus and hypertension, as well
as behavioral disorders related to schizophrenia, autism, and
compulsive eating (Shapiro et al., 2017; Friedman, 2018; Patro
Golab et al., 2018; Derks et al., 2019).

Recent experimental evidence shows that exposure to
hypercaloric diets programs the immune nodes that modulate
metabolism and neuronal survival during embryogenesis. For
instance, the immune response is involved in the balance and
maintenance of an adequate metabolic state; however, conditions
of altered metabolic demand promote a pro-inflammatory
state (Christ et al., 2018). On this context, overnutrition
might trigger an epigenetic process called “trained immunity”
in innate immune cells, such as microglia in the central
nervous system (CNS) and macrophages or natural killer
cells in the periphery, which results in enhanced immune
responses following infections or immune stimulation. The
epigenetic mechanisms that mediate trained immunity are
better understood in macrophages and monocytes, and a
few have been described in microglia. Wendeln et al. (2018)
demonstrated that microglia, just like peripheral macrophages,
can be trained to confer long-lasting memory. In microglia,
“trained immunity” is dependent on chromatin remodeling and
activation of inflammatory signaling pathways (NF-kB, JNK,
and ERK1/2). Also, by knocking down Hdac1/2 or Tak1 in
long-lived CX3CR1 + cells (most of them microglia) cytokine
levels were reduced, suggesting that epigenetic reprograming of
inflammatory responses is key to accomplish immune training
(Wendeln et al., 2018).

In this review, we address the role of maternal nutritional
programing on central and peripheral immune training and
crosstalk during positive metabolic scenarios, as well as
their potential relevance in neurodegenerative susceptibility
in the o�spring.

CENTRAL AND PERIPHERAL IMMUNE
SYSTEM COMMUNICATION

The innate immune system is the first line of defense against
pathogens and tissue damage; it includes physical barriers
such as the skin, and specific cell types that modulate the
inflammatory response such as macrophages, microglia, and
complement proteins. The inflammatory response consists of
an innate cellular system and humoral responses that occur
during injury to restore homeostasis (Ciaccia, 2010). In this
scenario, microglia, play the role of the innate immune system in
the brain, infiltrating during early embryogenesis, coordinating
neurogenesis, synaptic pruning, connectome establishment, and
acting as major antigen-presenting cells (Colonna and Butovsky,
2017; Maldonado-Ruiz et al., 2017). In healthy brains, microglia
remain in a ramified stated, and when activated, they enlarge
their cell body, change to a phagocytic state, release pro-
inflammatory cytokines, and increase antigen presentation and
ROS production, leading to neuroinflammation (Colonna and

Butovsky, 2017). As shown in Figure 1, under an altered
physiological scenario, peripheral immune cells infiltrate the
brain, become pro-inflammatory and secrete cytokines. This
causes an exacerbated immune response by M1-activated
microglia which leads to neuroinflammation, favoring protein
aggregation and brain damage consistent with neurodegenerative
pathologies (Colonna and Butovsky, 2017).

In the past years, the concept of the CNS as an immune-
privileged site has changed, and interactions between the
peripheral and central immune system have been demonstrated.
Furthermore, these interactions are necessary to maintain
homeostasis in the CNS, which was once thought to be
impossible. For instance, the myeloid cells such as the
macrophages and dendritic cells (DCs) in the meninges (dura,
arachnoid, and pia mater), choroid plexus, and perivascular
spaces in the CNS parenchyma canmount a robust protective and
restorative response when necessary.

In addition, there is a strong relationship between
inflammation and metabolic disorders in the immune response
against infection. It is known that the immune response is
involved in the balance and maintenance of an adequate
metabolic state; however, it can have adverse e�ects under
conditions of altered metabolic demand (Agrawal, 2014). In this
way, positive energy balance during overnutrition promotes
an inflammatory state in the CNS. For instance, saturated
fatty acids from the diet are considered powerful candidates to
trigger immune response in the peripheral system and in the
CNS. However, how central immunity communicates with the
peripheral immune response during overnutrition remains to be
clarified (Maldonado-Ruiz et al., 2017). Based on this complex
and delicate regulation, we next address how much the cells of
the immune system can be influenced by selective diets.

MATERNAL PROGRAMING BY
EXPOSURE TO HIGH-FAT-HIGH-SUGAR
DIETS ACTIVATES IMMUNITY AND
REGULATES NEURODEGENERATIVE
SUSCEPTIBILITY

Experimental data in animal models and humans have
contributed to understand the e�ect of caloric overnutrition
during pregnancy on immunity and neurodegenerative
susceptibility later in life. The nervous system develops
through a sophisticated and precise process from embryonic
stages through puberty and adulthood. Proliferation, migration
and di�erentiation of major brain cell types followed by rapid
synaptogenesis integrate and establish a selective and e�cient
brain connectome. The immune system shares a time-dependent
development and maturation with the nervous system during
embryogenesis and post-natal periods (Estes and McAllister,
2016), which renders these systems extremely responsive to
environmental factors, potentially modulating central and
peripheral cross-talk and neurodegenerative susceptibility.

Initial experimental evidence in animal models and humans
showing defects in glucose homeostasis such as T2D, have
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FIGURE 1 | M1 Microglial activation induces a pro-inflammatory cytokines favoring neuroinflammation and protein aggregation-related neurodegenerative
pathologies. M1 activated microglia induces a pro-inflammatory profile, including increase of IL-1b, TNF-a, MCP-1, and IL-6, all of these cytokines have been
identified in different neurodegenerative pathologies including AD, PD, HD, and ALS. These neurodegenerative pathologies are characterized by selective protein
aggregation, including amyloid beta (Ab) and hyperphosphorylated Tau (hpTau) in AD, a-synuclein in PD, elongated huntingtin (HTT) in HD, and TAR DNA binding
protein 43 (TDP43) and superoxide dismutase 1 (SOD1) in ALS.

reported to contribute to neurodegeneration. For instance,
rats fed a high-fat/glucose die develop insulin resistance and
exhibit impaired spatial learning ability, reduced hippocampal
dendritic spine density, and reduced long-term potentiation in
the CA1 region due to glucotoxicity or altered insulin signaling
(Stranahan et al., 2008). Moreover, Alzheimer’s disease (AD)
transgenic mice models fed with a high-fat diet showed T2D-
like peripheral insulin resistance but also more severe cognitive
deficits compared to normoglycemic AD mice (Procaccini et al.,
2016), demonstrating the possible interplay between defects in
glucose metabolism and AD development. Of note, patients with
T2D show two-fold higher risk to develop AD than normal
subjects (Ott et al., 1999).

Experimental and clinical data support the hypothesis that
inflammation itself might be a risk factor for neurodegeneration
during AD (Ott et al., 1999; Bertram et al., 2007; Takahashi
et al., 2007; Tartaglione et al., 2016). For instance, Ling Z.
et al. (2004) and Ling Z. D. et al. (2004) exposed rats to LPS
prenatally and then administered with a subtoxic dose of the
dopaminergic (DA) neurotoxin rotenone (1.25 mg/kg per day for
14 days) when 16months old. Of note, prenatal LPS and postnatal
rotenone exposure exacerbate DA cell loss compared with the
e�ects of single LPS or rotenone exposure. Also, initial genomic
analysis of AD patients identified several risk genes that encode

proteins involved in neural repair and remyelination and in
the modulation of microglial responses, including phagocytosis
(Bertram et al., 2007; Takahashi et al., 2007).

Obesity or maternal programing by exposure to high-fat-
high-sugar diets in animal models and humans is in fact
associated with overactivation of the immune system, triggering
a process of chronic inflammation named “meta-inflammation”
or “metabolic inflammation,” which ultimately links central
and peripheral immune activation (O’Brien et al., 2017). For
instance, maternal overnutrition of high-fat-high-sugar diets
during pregnancy in murine models programs metabolic and
hormonal settings that modulate neuronal development, axonal
pruning, synaptic plasticity and connectome establishment
during embryogenesis (Bilbo and Tsang, 2010; Morin et al.,
2017; Mucellini et al., 2019). Also, mice born from obese
dams have shown significant metabolic alterations including
higher body fat, altered serum leptin levels, pancreatic islet
hypertrophy, and lower expression of metabolism-related genes
(Bilbo and Tsang, 2010; Gomes et al., 2018; Mucellini et al.,
2019). In addition, human obesity is associated with the low-
grade peripheral immune activation characteristic of an acute
phase reaction, including C-reactive protein and serum amyloid
A (SAA), an increase of cytokines, such as tumor necrosis
factor (TNF-a), IL-1b, and IL-6 in serum, and an increase
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in white cell counts (Esser et al., 2014). In fact, systemic
immune activation in psoriasis, a skin disorder, e�ciently favors
neuroinflammation (O’Brien et al., 2017). There are also other
evidences in humans verifying that obesity is closely associated
with neurodegenerative susceptibility including Alzheimer’s,
Parkinson’s, and Huntington’s diseases and nervous system
sclerosis (Procaccini et al., 2016), and an increase in the Body
Mass Index in healthy mothers is negatively associated with
white matter development in their o�spring (Ou et al., 2015;
Procaccini et al., 2016; Widen et al., 2018). These results suggest
that positive energy balance such as during obesity or maternal
overnutrition leads to neurodegenerative susceptibility, which
potentially involves an immune activation pathway.

Initial reports of maternal programing by overnutrition
using murine models identified sex-specific di�erences in fetal
size and gene expression signatures in fetal-brains, showing
that male o�spring are the most a�ected. Importantly, the
o�spring displays a pro-inflammatory gene signature as the
top regulated gene pathway (Edlow et al., 2016a). Later on,
these results were confirmed in humans in a pilot study that
analyzed the amniotic fluid from obese and lean pregnant
women on the second trimester; in this study, 205 genes
were found di�erentially regulated, where the lipid regulator,
Apolipoprotein D, was the most upregulated gene (9-fold).
Also, genes involved in apoptotic cell death were significantly
downregulated particularly within pathways involving the
cerebral cortex, such as the Serine/threonine kinase 24 ATPase
(STK24). These biomarkers also correlated with the activation
of the transcriptional regulators estrogen receptor, FOS, and
STAT3, suggesting a pro-estrogenic, pro-inflammatory milieu
(Edlow et al., 2014). In addition, this molecular signature
was then confirmed in a prospective case-control study were
701 di�erentially regulated genes were identified, integrating a
neurodegeneration gene signature, including Occludin (OCLN),
Kinesin Family Member 14 (KIF14), and Nuclear receptor
subfamily 2, group E, member 1 (NR2E1) (Edlow et al.,
2016b). Upregulation of OCLN and KIF14 genes have been
previously associated to AD and vascular dementia in post-
mortem human brain tissue (Romanitan et al., 2007), and
in negative regulation of neuron apoptosis and regulation of
myelination (Fujikura et al., 2013), respectively. Also, NR2E1
is implicated in neurogenesis and neuronal di�erentiation
modulating aggressive behavior and fear response (Young et al.,
2002). Notably, all of these gene alterations also correlated with
a pro-inflammatory signature of upregulated genes: chemokine
(C-C motif) receptor 6 (CCR6), O-linked N-acetylglucosamine
(GlcNAc) transferase (OGT), chemokine (C-C motif) receptor
2 (CCR2), caspase 4, apoptosis-related cysteine peptidase
(CASP4), toll-like receptor 1 (TLR1), nucleoporin 107 kDa
(NUP107), decapping enzyme, scavenger (D), among others
(Edlow et al., 2016b). Together, maternal nutritional programing
by overnutrition activates the central and peripheral immune
systems that intimately communicate with each other to
modulate neuroinflammation, thus increasing neurodegenerative
susceptibility in o�spring.

We will now discuss the experimental data addressing the
potential role ofmaternal nutritional programing on theNod-like

receptor protein 3 (NLRP3) inflammasome pathway activation
and its e�ects on neurodegeneration.

POTENTIAL ROLE OF THE NOD-LIKE
RECEPTOR PROTEIN 3
INFLAMMASOME PATHWAY ON
NEURODEGENERATIVE
SUSCEPTIBILITY BY NUTRIENT OVER
SUPPLY

The NLRP3- inflammasome pathway is linked to a danger-
associated molecular pattern released from damaged or
dying neurons that bind and activate the Toll-like receptor
(TLR) –dependent myeloid di�erentiation primary response
protein MyD88 (MYD88)–nuclear factor-kB (NF-kB) pathway.
At first, the TLR-MYD88-NF-kB pathway positively produces
pro-IL-1b and NLRP3 synthesis, activating a positive feedback
loop. Then, negative stimuli, including changes in potassium
e�ux or reactive oxygen species, trigger the inflammasome
assembly and processing of pro-IL-1b into IL-1b by caspase 1
activation (Heneka et al., 2018). Finally, the NF-kB transcription
factor also regulates a variety of di�erent processes, including
stress response and a pro-inflammatory profile activation.

Initial reports by Christ et al. (2018) identified that murine
models exposed to high-fat-high-sugar diets set an epigenetic
program that primes B lymphocytes into an exacerbated
pro-inflammatory phenotype. These, become much more
responsive under physiologic stimuli which depend on the
NLRP3-inflammasome pathway (Christ et al., 2018). Selective
lipid species, such as palmitate and stearate, as well as,
carbohydrates have been identified to activate the NLRP3-
inflammasome pathway (Wen et al., 2011; Ann et al., 2018).
For instance, saturated lipids from diet intake such as palmitic
and stearic acids promote IL-1b release from bone marrow-
derived macrophages of rodents and humans, respectively (Wen
et al., 2011; L’homme et al., 2013), an e�ect replicated in
murine macrophages (Ann et al., 2018). Of note, immune
activation by palmitic and stearic acids precisely depends
on the NLRP3-inflammasome pathway (Wen et al., 2011;
L’homme et al., 2013). Conversely, unsaturated fatty acids,
including oleate and linoleate, prevent IL-1b release and are
unable to activate the NLRP3-inflammasome pathway in human
monocytes/macrophages (L’homme et al., 2013; Sui et al., 2016).
Also, a high-fructose diet in mice positively activates the NLRP3-
inflammasome pathway and IL-1b release in human macrophage
and liver cell lines, which correlates with neutrophil infiltration
(Mastrocola et al., 2016; Nigro et al., 2017; Choe and Kim, 2017).
Finally, the role of metabolic species regulating the NLRP3-
inflammasome and neurodegeneration was recently evidenced
by showing that the 25-hydroxycholesterol also activates
the NLRP3-inflammasome pathway, promoting progressive
neurodegeneration in X-linked adrenoleukodystrophy, a nervous
disease with cerebral inflammatory demyelination (Jang et al.,
2016). Moreover, the NLRP3 inflammasome pathway has
been identified to contribute to PD (Fan et al., 2017;
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Gordon et al., 2018; Lee et al., 2018), AD and ALS (Heneka et al.,
2013; Johann et al., 2015), HD (Glinsky, 2008), as well as to
behavioral alterations in mice at later stages, such as anhedonia
(Zhu et al., 2017), anxiety (Lei et al., 2017) and depression-like
behavior (Pan et al., 2014; Su et al., 2017).

Altogether, the evidence suggests that overnutrition during
pregnancy might promote microglia activation, which
correlates with peripheral pro-inflammatory profiles and
brain abnormalities in the o�spring that are related with
neurodegenerative susceptibility. We next discuss the role
of diet-induced central and peripheral immune training on
neurodegeneration.

DOES CENTRAL AND PERIPHERAL
INNATE IMMUNE TRAINING BY NLRP3
INFLAMMASOME CONTRIBUTES TO
NEURODEGENERATION?

Trained immunity is a selective innate immune memory that
induces an enhanced response to an inflammatory stimulus
in innate immune cells (for instance, microglia), with a
much stronger e�ect than that observed in basal conditions.
Trained immunity depends of signal imprinting on transcription
factors and epigenetic reprograming (Figure 2A). At this state,
microglia in the CNS, or macrophages, leukocytes, natural
killer cells, etc., in the peripheral system undergo apparent
changes in their morphology, elevated secretion of cytokines and
other inflammatory mediators, as well as substantial epigenetic
program settings (Netea et al., 2016). Recent reports in di�erent
models and also in humans have confirmed robust innate
immune training of myeloid cells following a pro-inflammatory
challenge (Arts et al., 2018; Bekkering et al., 2018; Christ et al.,
2018; Kaufmann et al., 2018; Mitroulis et al., 2018). For instance,
exposure to a brief high-fat diet for 3 days promoted the
activation of the NLRP3 inflammasome pathway, leading to
central immune training, which potentially associates to deficits
in long-term memory formation in mice (Sobesky et al., 2016).
Also, peripherally applied inflammatory stimuli induce acute
immune training in microglia, which correlates with di�erential
epigenetic reprograming that modulates the microglial Tak1 or
Hdac1/2 genes. Notably, microglia immune training persists for
at least 6 months and increases neuronal death in an animal
model of AD and ischemia (Wendeln et al., 2018). These
results support the importance of central immune training as a
positive regulator of neurodegenerative susceptibility that, during
nutritional programing, depends on the NLRP3 inflammasome
pathway, as we mentioned before (Christ et al., 2018).

Major advances demonstrating the role of the NLRP3
inflammasome pathway on neurodegenerative susceptibility have
been identified in animal models. In fact, it is believed that the
NLRP3 inflammasome pathway goes beyond IL-1b synthesis,
activating the function of the NF-kB factor and modulating
neurodegenerative susceptibility. At first, experimental studies
using murine models propose that NF-kB seems to have a role
in the development of synaptic plasticity and neuronal survival

(Monje et al., 2003), however, over activation of the IKKb/NF-kB
binomial might set the scenario toward a new pro-inflammatory
state involving TNF-a through the paracrine actions modulating
neuronal survival (Figure 2B). For instance, microglia IKKb/NF-
kB ablation in the hypothalamus reverts cognitive decline in
rodents (Zhang et al., 2013), whereas IKKb/NF-kB activation
under long-time exposure to a hypercaloric diet depletes and
impairs neuronal di�erentiation of adult hypothalamic neural
stem cells (Li et al., 2012).

In the context of overnutrition, the IKKb/NF-kB
pathway (Figure 2C) seems to activate metabolic-related
neurodegenerative markers including the suppressor of cytokine
signaling 3 (SOCS3), the tyrosine-protein phosphatase non-
receptor type 1 (PTP1B), and potentially, the T-cell protein
tyrosine phosphatase (TCPTP) (Milanski et al., 2009). SOCS3 is
implicated in neuronal damage during aging (Yadav et al., 2005;
DiNapoli et al., 2010), and is also activated during Wallerian
degeneration in injured peripheral nerves (Girolami et al.,
2010; McNamee et al., 2010). The PTP1B marker leads to
neuronal damage in the developing brain (Liu et al., 2019)
and is actively implicated in apoptotic neuronal death in a
high-glucose in vitro model (Arroba et al., 2016). Of note,
PTP1B inhibition significantly inactivates GSK-3b-suppressing,
amyloid b (Ab)-induced tau phosphorylation and ameliorates
spatial learning and memory in an animal model of AD
(Kanno et al., 2016). On the other hand, the TCPTP marker
was initially identified as a contributor to leptin resistance in
the hypothalamus during obesity in rodents (Loh et al., 2011)
and as a modulator of the homeostasis of body glucose (Dodd
et al., 2015, 2018). Recently, TCPTP was reported to modulate
cytokine release by the expression of connexin 30 (CX30) and
connexin 43 (CX43) from astrocytes in a reciprocal interplay
with PTP1B following LPS administration (Debarba et al.,
2018). In fact, connexin43 or pannexin1 in astrocytes has been
demonstrated to promote activation of the inflammasome
in glial cells (Yi et al., 2016) and, its blockade with boldine,
inhibited hemichannel activity in astrocytes and microglia
without a�ecting gap junctional communication in culture
and acute hippocampal slices. Also, when tested in animal
models, AD mice with long-term oral administration of boldine
prevented the increase in glial hemichannel activity, astrocytic
Ca2+ signal, ATP and glutamate release which in turn, alleviated
hippocampal neuronal su�ering (Yi et al., 2017). These evidences
allow us to propose that the IKKb/NF-kB pathway activation
during overnutrition integrates the PTP1B – TCPTP cross-talk
which might be potentially implicated in neuronal survival.
Together, given that overnutrition is associated to immune
training by regulating the NF-kB activation linked to the NLRP3
inflammasome pathway (Christ et al., 2018), we propose that
maternal nutritional programing by exposure to hypercaloric
diets during pregnancy might set microglia immune training by
activation of the IKKb/NF-kB pathway, amplifying its e�ects on
the SOCS3, the PTP1B, and the TCPTP (Figure 2C). Altogether,
these proteins might increase susceptibility to neurodegenerative
diseases in the o�spring at later stages.

Potential molecular mechanisms that regulate peripheral
immune training linked to NLRP3 inflammasome and
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FIGURE 2 | Toll-like receptor 4 activation by hypercaloric diet regulates inflammasome activation in innate cells leading to neurodegeneration. (A) In granulocyte
monocyte precursor cells lipids activate Toll-like receptor 4 (TLR-4) leading to the inflammasome-pathway (NLRP3) activation, epigenetic, and transcriptomic
changes in nucleus and IL-1b synthesis and release. IL-1b itself might stimulate an autocrine loop activating the TLR-4. (B) Classic activation of the IKK kinase
complex (IKKa and IKKb) by lipids in granulocyte monocyte precursor cells over supply leads to the NF-kB transcription factor activation and translocation into the
nucleus positively regulating the NLRP3 synthesis. Dual activation of the (A) and (B) pathways result in neuronal death found in AD, PD, HD, and potentially in ALS.
(C) Activation of the TLR-4 in microglia stimulates the IKK kinase complex following by the NF-kB activation and translocation into the nucleus leading to cytokines,
suppressor of cytokine signaling 3 (SOCS3), protein-tyrosine phosphatase 1B (PTP1B) and probably, T-cell protein tyrosine phosphatase (TCPTP) synthesis, which
altogether promote neurodegeneration and aging.

neurodegeneration are being elucidated. Qiao et al. (2018)
identified that hepatic NLRP3 inflammasome inhibition by
in vivo siRNA administration decreases the TNF-a, IL-b, IL-12,
and IL-18 serum levels. Of note, inhibition of the hepatic
NLRP3 inflammasome partially prevents dopaminergic neuronal
death in the substantia nigra of a murine Parkinson model
by decreasing the pro-inflammatory profile in plasma (Qiao
et al., 2018). It seems that immune activation, at least for viral
infections, depends on CXCR6, a chemokine receptor of hepatic
NK cells involved in the persistence of cellular memory (Netea
et al., 2011). This suggests a potential direct link between
peripheral immune training in the liver and neuroinflammation
that leads to neurodegeneration in the CNS (Figure 3A).

Moreover, initial central immune training and its cross-
talk with peripheral immunity also seems to be involved
in neurodegeneration. For instance, recently, a substantial
accumulation of peripheral FOXP3 + regulatory T cells in
the mouse brain following ischemic stroke (Ito et al., 2019)
was described. Of note, central FOXP3 + regulatory T cells
accumulation inhibits neurotoxic astrogliosis by releasing
amphiregulin, a low-a�nity ligand of the epidermal growth
factor receptor (Ito et al., 2019). Central FOXP3 + regulatory
T cell accumulation appears to have a binary role on neuronal
survival (Figure 3A). Transient depletion of FOXP3+ regulatory
T cells decrease amyloid-b plaque accumulation, reverts
the neuroinflammatory response and improves cognitive
performance in the 5XFAD AD mouse model, therefore is
beneficial under acute central inflammation (Baruch et al., 2015).

Conversely, peripheral immune training in the liver might also
be regulated by central immune inflammation (Figure 3B).
Initial reports show that extracellular vesicles released from
astrocytes and microglia during central immune training might
be implicated in the peripheral-central immune cross-talk
(Wang et al., 2017; Yang et al., 2018). For instance, in murine
models, intracerebral injection of IL-1b promotes the release
of extracellular vesicles from astrocytes, leading to leukocyte
migration into the brain and regulation of the liver cytokines
profile by inhibition of the peroxisome proliferator-activated
receptor a (Dickens et al., 2017). It is important to mention
that extracellular vesicles released by central immune activation
depend on glutamine modulation by glutaminase enzyme
activation (Dickens et al., 2017; Wang et al., 2017; Wu et al.,
2018). In fact, substantial programing of metabolic related
pathways coordinates innate immunity. For instance, M1
pro-inflammatory state in macrophages depends largely on
glycolytic metabolism, impairment of oxidative phosphorylation
and disruption of the Krebs cycle; glycolysis activation during
immune training was recently reported to be dependent on
the mevalonate pathway (Bekkering et al., 2018). Conversely,
macrophages M2 phenotype, which are involved in tissue repair
and homeostasis, are dependent on the Krebs cycle (Netea
et al., 2011). These results suggest that a shift from oxidative
phosphorylation toward glycolysis seems to be a potential
metabolic node to regulated immune training. In line with
this, the Akt/mTOR/HIF-1a–dependent pathway and the brain
neutral sphingomyelin hydrolase 2 have been reported to be
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FIGURE 3 | Cross-talk between peripheral and central immune system on neurodegenerative susceptibility. (A) Peripheral immune system regulates
neurodegeneration. Under a physiological scenario, Foxp3 + T cells are released from the liver to circulation reaching the central nervous system (CNS) positively
modulating neuronal survival, whereas soon after a chronic activation Foxp3 + T cells become overactive promoting neuronal death. Likewise, activation of the
inflammasome pathway in the liver produces IL-1b and TNF-a which exacerbate neurodegeneration. (B) Central immune system regulates neurodegeneration.
Astrocytes secrete extracellular vesicles (EV) to the circulation reaching the liver and positively modulating the NF-kB transcriptional activation program, which
includes IL-1b, TNF-a and CCL2 synthesis and release. This pro-inflammatory profile has been reported to contribute centrally to neuronal damage.

essential for trained immunity (Cheng et al., 2014; Saeed et al.,
2014; Dickens et al., 2017).

A pro-inflammatory profile has been demonstrated to
contribute to four major neurodegenerative pathologies and
either suppressing or ameliorating this inflammatory process can
have a good outcome for these diseases. According to this, we next
discuss four of the major neurodegenerative pathologies in which
inflammation has been proven to play a key role.

CENTRAL AND PERIPHERAL
INFLAMMATORY NODES IN
NEURODEGENERATIVE DISEASES

Active Immunity in Alzheimer Disease
(AD)
Alzheimer disease is the most common type of senile dementia.
Worldwide, approximately 50 million people are living with
dementia and this number will triple in the next 40 years
(Venigalla et al., 2015). AD is characterized by Ab aggregation
and intracellular bundles of hyperphosphorylated Tau protein
(Colonna and Butovsky, 2017), which contribute to cognitive
decline (Heneka et al., 2015).

High levels of TNF-a have also been identified in murine
models of AD that resemble the classical behavioral abnormalities
of the disease in humans (Gabbita et al., 2012; Kinney et al.,
2018). Blocking the TNF-a pathway decreases central immune
infiltration and prevents AD neurochemical and behavioral

phenotypes (Tweedie et al., 2012; Prasad Gabbita et al., 2015),
suggesting that central–peripheral cross-talk may be implicated
in the disease. Notably, experimental studies using transgenic AD
models have demonstrated that non-steroidal anti-inflammatory
drugs (NSAIDs) can reduce AD pathology (Kinney et al., 2018).
In addition, not only vertebrates seem to have dysregulation
of the immune system during AD: In a D. melanogaster AD-
like model, there is an upregulation of all five antimicrobial
peptides (AMPs) related to inflammatory genes, suggesting the
activation of innate immunity in AD-like flies. To counteract this
neuroinflammation, they fed the flies with Gardenia jasminoides
extracts (iridoid glycosides and aglycones, such as gardenoside,
crocin, geniposide, and genipin) whose components can rescue
cognitive deficits in a memory impairment mouse model (Nam
and Lee, 2013) and show neuroprotective e�ect in cell culture
(Sun et al., 2014). This experiment demonstrated that even
though these extracts did not alter the Ab concentration, they
regulated the expression of immune-related genes (Drosomycin,
Diptericine, Attacin, Cecropin, Mtk) in the brain of the
flies and ameliorated memory deficits (Wei-Wei et al., 2017).
The amelioration of memory loss and the counteraction of
inflammation occurs through the modulation of the activity of
acetylcholine esterase and the regulation the genes in apoptosis
for neuroprotection, which have been recently accounted for
in glycosides and aglycones present in Gardenia jasminoides
extracts (Sun et al., 2014). Moreover, the robust e�ect of central-
peripheral immune activation on AD-like neuropathology is also
simulated using prenatal immune activation by the bacterial
endotoxin lipopolysaccharide (LPS) or polyinosinic:polycytidylic
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acid (PolyI:C) (Chen et al., 2011; Krstic et al., 2012; Giovanoli
et al., 2015, 2016) these findings suggest that prenatal immune
activation may be an important environmental risk factor that
can cause hippocampus-related cognitive and synaptic deficits in
the absence of chronic inflammation across aging.

Initial reports in humans have identified a proinflammatory
profile of cytokines such as TNF-a, IL-6, and IL-1b in the
prefrontal cortex, hippocampus and serum of AD subjects
(Cacabelos et al., 1994; Mrak and Gri�n, 2005; Calsolaro
and Edison, 2016). In fact, the risk for progression from
mild cognitive impairment to AD and cognitive decline is
higher in subjects with elevated IL-6 and TNF-a levels in
the cerebral spinal fluid (Heneka et al., 2015). In the 1980s,
when neuroinflammation was described in AD and immune-
related cells where described to be close to Ab plaques,
several large epidemiological and observational studies were
published concluding that long-term use of NSAIDs showed
protective qualities against developing AD. However, recent
studies have identified variable outcomes and no convincing
evidence regarding the positive e�ect of NSAIDs in AD (Kinney
et al., 2018). Despite these experimental evidences, it is still
unknown whether elevated levels of IL-1b, IL-6 and TNF-a lead
directly to neurodegeneration in humans (Figure 1).

Active Immunity in Parkinson’s Disease
(PD)
Parkinson’s disease is a the second most common
neurodegenerative condition, a�ecting about 1.6% of people over
60 years old; it acts by promoting dopaminergic neuronal death
in the substantia nigra pars compacta (Bassani et al., 2015). PD
shows intraneuronal aggregates (called Lewy bodies) formed by
a-synuclein that contribute to dopaminergic neuronal death in
the basal ganglia, leading to the classical parkinsonian motor
symptoms (De Virgilio et al., 2016). Neurodegeneration in PD is
associated with the activation of microglia (Heneka et al., 2015),
increased TNF-a, IL-1b, and IL-6 levels in the midbrain, serum
and cerebral spinal fluid (Hofmann et al., 2009; Montgomery and
Bowers, 2012) and activation of astrocytes (Wang et al., 2015).

Potential systemic triggers of immune activation in PD
have identified that maternal immune activation in murine
models reproduces the neurochemical and neuropathological
symptoms of the disease (Wang et al., 2009; Vuillermot et al.,
2012). Also, TNF-a and IL-6 levels correlate with dopaminergic
neuronal death in the PD brain – it seems that both cytokines
show a dual role on neurodegeneration and neurophysiology
(Figure 1). Another in vivo example in which neuroinflammation
is involved in neurodegeneration is the D. melanogaster
Rotenone PD-like model. Lakkappa et al. (2018) used a new
compound, PTUPB [(4-(5-phenyl-3-3-3-(4-trifluoromethyl-
phenyl)-ureido-propyl-pyrazol-1-yl)-benzenesulfonamide)],
that inhibited neuroinflammation and in turn prevented
the loss of dopaminergic neurons, slightly ameliorating the
PD-like pathology.

Similar to the animal models, post-mortem PD patients
show infiltration of T-lymphocytes into the substantia nigra
(Montgomery and Bowers, 2012). The immune hypothesis as a

tentative cause of PD is still active given that, similar to AD
genetic risk factors, PD involves the LRRK2, NR4A2, PARK7, and
CD74 genes, which are capable of regulating immune function
and microglial activation (Pandey et al., 2009). In summary, the
involvement of immune responses in PD is not fully understood,
but they influence the inflammation response and seem to a�ect
disease progression.

Active Immunity in Huntington’s Disease
(HD)
Huntington’s disease is an autosomal-dominant
neurodegenerative disease caused by a CAG trinucleotide
repeat expansion that gives place to a polyglutamine region
in the huntingtin protein (HTT). HD patients show a positive
pro-inflammatory profile (Figure 1) correlated with the disease’s
progression, including increases of IL-1b, IL-6, and TNF-a in
the striatum, cerebral spinal fluid and plasma that were also
confirmed in mouse models (Rocha et al., 2016). Central immune
activation in HD subjects was confirmed using positron emission
tomography (PET) and in pre-symptomatic HD-gene carriers
(Rocha et al., 2016). Even though pharmacologic immune
modulation using the XPro1595 TNF-a inhibitor has shown
neuroprotection against the cytokine-induced neurotoxicity
in primary R6/2 neurons and human neurons derived from
iPSCs of HD patients (Hsiao et al., 2014), the information
available is contradictory based on one report describing that
neuroinflammation seems a consequence rather than a cause of
neurodegeneration in late HD (Vinther-Jensen et al., 2016).

Active Immunity in Amyotrophic Lateral
Sclerosis (ALS)
Amyotrophic lateral sclerosis is the most prevalent kind of
motor neuron disease in adults, a�ecting 4–6 per 100,000 people,
and is considered a fatal neurodegenerative disease (Filippi and
Agosta, 2016). ALS is characterized by the degeneration of
motor spinal neurons, brain stem and primary motor cortex
mainly associated to a neuroinflammatory response by central
(microglial) and peripheral (T-cells) immune activation and
infiltration into the a�ected brain regions (Evans et al., 2013;
Filippi and Agosta, 2016). Central immune activation also
occurs in patients with either sporadic or familiar ALS, as well
as in transgenic models of the disease (Geloso et al., 2017).
Immune activation has also been reported in a model of ALS
in D. melanogaster, in which the flies were supplemented with
potent anti-inflammatory natural extracts ofWithania somnifera
(Wse) and Mucuna pruriens (Mpe), which significantly rescued
climbing impairment (De Rose et al., 2017). Also, ALS patients
and mouse models of the disease have elevated levels of TNFa,
IL-6, and IL-1b in blood and cerebrospinal fluid. In addition
to TNF-a upregulation in ALS, TNFR1, and TNFR2 transcripts
have also been found to be overexpressed in ALS patients
compared with non-neurological controls (Han et al., 2015;
Tortarolo et al., 2017). Similar to Alzheimer, Parkinson and
Huntington, modulation of inflammatory cytokine–dependent
pathways prevent neuronal death in ALS models. As we
commented previously, the contribution of TNFa or IL-6
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(Figure 1) as etiological causes of ALS pathophysiology remains
controversial because of their physiological functions or dual
role on the central and peripheral immune activation or as a
neurotrophic factors (Tortarolo et al., 2017).

Altogether, these results propose a very new and not-yet-
understood pathway that integrates metabolism, central and
peripheral immune training and cross-talk which might actively
modulate neurodegeneration.

CONCLUSION

Maternal nutritional programing and immune training in
microglia or peripheral innate cells are complex and require a
profound integration of glycolytic and oxidative metabolism as
well as the reprograming of molecular signatures that modulate
susceptibility to neuronal damage at earlier stages of development
in the o�spring. Peripheral or central innate immune training
during maternal nutritional programing might integrate a
significant node that regulates neurodegenerative susceptibility in
the o�spring. Potential integration of the NLRP3 inflammasome
and the IKKb/NF-kB pathways in microglia at early stages,
and peripheral or central immune cross-talk at later stages,
including the FOXP3 + regulatory T cells or the extracellular
vesicles, might actively regulate neuroinflammation and neuronal

death/survival. This information allows us to propose that
maternal nutritional programing leads to peripheral or central
immune training, favoring neurodegenerative susceptibility.
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a b s t r a c t 
Ageing displays a low-grade pro-inflammatory profile in blood and the brain. Accumulation of pro-inflammatory 
cytokines, microglia activation and volumetric changes in the brain correlate with cognitive decline in ageing 
models. However, the interplay between them is not totally understood. Here, we aimed to globally identify 
an age-dependent pro-inflammatory profile and microglia morphological plasticity that favors major volume 
changes in the brain associated with cognitive decline. Cluster analysis of behavioral data obtained from 2-,12- 
and 20-month-old male C57BL/6 mice revealed age-dependent cognitive decline after the Y-maze, Barnes maze, 
object recognition (NORT) and object location tests (OLT). Global magnetic resonance imageing (MRI) analysis 
by deformation-based morphometry (DBM) in the brain identified a volume increase in the fornix and a decrease 
in the left medial entorhinal cortex (MEntC) during ageing. Notably, the fornix shows an increase in the accu- 
mulation of pro-inflammatory cytokines, whereas the left MEntC displays a decrease. Morphological assessment 
of microglia also confirms an active and dystrophic phenotype in the fornix and a surveillance phenotype in the 
left MEntC. Finally, biological modeling revealed that age-related volume increase in the fornix was associated 
with dystrophic microglia and cognitive impairment, as evidenced by failure on tasks examining memory of ob- 
ject location and novelty. Our results propose that the morphological plasticity of microglia might contribute to 
volumetric changes in brain regions associated with cognitive decline during physiological ageing. 

1. Introduction 
Ageing is characterized by a progressive loss of physiological in- 

tegrity and is therefore the primary risk factor for major human patholo- 
gies, including cancer, diabetes, cardiovascular disorders, cognitive de- 
cline and neurodegenerative diseases ( Currais, 2015 ; López-Otín et al., 
2013 ). 

A low-grade pro-inflammatory profile in blood and the brain ( Wyss- 
Coray, 2016 ) has been previously reported during ageing. Infiltration 
of peripheral immune cells in the brain account for tissue homeosta- 
sis at younger stages, but this infiltration promotes the release of pro- 
inflammatory cytokines leading to neuroinflammation during ageing 
( Batterman et al., 2021 ; Dubenko et al., 2021 ; Fulop et al., 2018 ; 
Jeon et al., 2012 ). In fact, aged mice show an increase in circulating 
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inflammatory cytokines that correlates with an age-related infiltration 
of neutrophils and macrophages, allowing for microglial activation in 
the brain ( Wolfe et al., 2018 ). Microglia become disruptive during age- 
ing, exhibiting morphological plasticity by displaying perinuclear cyto- 
plasm hypertrophy and retracted processes, which are reminiscent of 
activated microglia ( Miller and Streit, 2007 ; Sheng et al., 1998 ). Acti- 
vated microglia in ageing integrate the molecular signatures found in 
injury or disease states, such as increased expression of major histocom- 
patibility complex II (MHCII) and CD11b (e.g., Iba1, OX6) ( Frank et al., 
2006 ). Notably, neuroinflammation and microglia activation promote 
cognitive decline and increase the susceptibility to neurodegeneration 
in preclinical and clinical models ( Bachstetter et al., 2017 ; Wolfe et al., 
2018 ; Wyss-Coray, 2016 ). Congruently, pharmacologic blockage of neu- 
roinflammation improves spatial memory performance in aged mice 
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( Fung et al., 2020 ; Zhou et al., 2019 ). However, the interplay between 
microglial plasticity and neuroinflammation during ageing, and their 
role on cognitive decline have not been totally understood. 

Volumetric changes in selective brain areas related to cognitive 
performance have been identified during ageing. Authors report a 
mean decline in total volume of − 0.45% per year from age 18 to 97 
( Fotenos et al., 2005 ), and a persistent linear reduction in cortex and in- 
creased ventricular volume beginning at age 20 ( Fillmore et al., 2015 ). 
Several magnetic resonance imageing (MRI) studies have also reported 
volumetric reductions of gray matter (GM) in prefrontal, parietal and 
temporal association cortices, and in the insula, cerebellum, basal gan- 
glia and thalamus of aged humans ( Alexander et al., 2006 ; Good et al., 
2001 ; Grieve et al., 2005 ; Jernigan et al., 2001 ; Kalpouzos et al., 2009 ; 
Resnick et al., 2003 ; Sowell et al., 2004 ; Taki et al., 2004 ; Tisserand 
et al., 2002 ). However , cellular and molecular traits contributing to vol- 
umetric brain changes during ageing have not been characterized and 
in some cases are still misunderstood. 

Here, we dissect the contribution of central pro-inflammatory profile 
and microglial morphological plasticity during ageing and found that 
they are congruent with volumetric changes in selective regions asso- 
ciated with cognitive decline. We propose that morphological changes 
in microglia rather than neuroinflammation contribute to volumetric 
changes in brain regions assisting cognitive decline during physiologi- 
cal ageing. 
2. Materials and methods 
2.1. Animals and housing 

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the Universidad Autónoma de Nuevo León 
(CEIBA-2018-006) and carried out in accordance with Association for 
Assessment and Acreditation of Laboratory Animal Care International 
regulations, the US Department of Agriculture Animal Welfare Act, and 
the Guide for the Care and Use of Laboratory Animals of the NIH. All 
efforts were made to minimize the number of animals used and their 
suffering. 

Upon arrival, 2-, 12-, and 20-month-old male C57BL/6 mice 
(n = 30/age group) were single-housed in Plexiglas style cages for at least 
10 days to acclimatize with ad libitum access to standard Chow diet and 
water, temperature of 23-25° C, and 12:12 h light control. Mice aged 
2-, 12-, and 20-month-old were divided into two cohorts of 15 mice 
each to characterize macro and microplasticity changes using MRI, im- 
munofluorescence and immunohistochemistry, and brain morphological 
analysis (cohort 1), and Bioplex analysis for central and peripheral pro- 
inflammatory markers (cohort 2). We performed the behavioral pheno- 
typing of both cohorts as described below. 
2.2. Behavioral phenotyping 

The behavioral test battery was performed in the two cohorts of male 
mice by exposing them to four memory tests in the following order: Y- 
maze forced alternation, NORT, Barnes maze and OLT ( Fig. 1 , Fig. S1). 
We followed a specific order to conduct the tests so that the mice could 
have several resting days between the tasks and to avoid carryover ef- 
fects from prior tests ( Fig. 1 A). Visual cues were placed on the walls 
of the testing area for all tests except the NORT. All mice were habitu- 
ated to the testing room for 1-hour before each test day. All behavioral 
tests were conducted by the same experimenter to avoid extra stress 
on the animals, which was blinded from the groups. During the trials, 
mice were not able to see the experimenter, as they were separated by a 
glass wall. A detailed description of the methodological procedures and 
rationale of inclusion are found in the Supplemental Information. 

2.3. Ex-vivo fixation and MRI analysis by DBM 
Male mice from the cohort 1 (2-month-old n = 15, 12-month-old 

n = 15, and 20-month-old n = 15) were allocated to perform MRI analysis, 
however after preprocessing and quality control of the MRI images those 
that had artifacts in the acquisition were excluded. Finally, an n = 12 
for the 2-month, 12-month and 20-month-old mice was reported. 

A dermal dissection was performed from the abdominal region to 
the upper part of the thoracic cage, exposing the heart. Then, left ven- 
tricle of the heart was punctured following its apex and a cut was made 
in the right atrium to open the circulatory system. Mice were transcar- 
dially perfused with 0.1M PBS + Heparin (10 U/ml) + Prohance wash 
solution (4 mM) using an infusion pump (Fisher Scientific GP1000) at a 
flow rate of 10 ml/min. Subsequently, the washing solution was changed 
to the fixing solution including 4% paraformaldehyde (PFA) in 0.1M 
PBS + 4 mM Prohance for 25 min, following the same flow, as previ- 
ously reported ( Trujillo-Villarreal et al., 2021 ). The brain protected by 
the skull was collected and samples were stored at 4°C in 4% PFA + 4 
mM Prohance for 24 hours and then the solution was changed to 0.1M 
PBS + 0.02% sodium azide until further analysis of MRI. 

For MRI acquisition, the skulls were submerged and fixed inside plas- 
tic tubes filled with Fomblin (a chemically inert perfluoropolyether fluo- 
rocarbon; Solvay Solexis, Inc.). Imageing was performed in a 16 cm bore 
7 T Bruker scanner (Pharmascan 70/16) using a Paravision 6.0.1 system 
and a Tx/Rx volume coil for mice with a 72 mm inner diameter. We then 
acquired a T1w Bruker FLASH sequence name: 3D_FLASH_Mn_Garza, 
TR/TE = 32.88/8.64 ms, flip angle = 20 degrees, averages = 1, ma- 
trix = 256 × 256 × 256, spacing = 0.050 mm, Pixel bandwidth = 108.507 
Hz, FOV = 12.8 × 12.8 × 12.8 mm, no. of slices = 255. The res- 
olution of the final MRI images was 0.05 mm isotropic. Morpho- 
logical analysis was performed by converting DICOM to MINC for- 
mat, and then preprocessed using an in-house pipeline based on 
MINC-Tools ( https://github.com/CoBrALab/minc- toolkit- extras/blob/ 
master/mouse- preprocessing- v5.sh ) and the pydpiper pipeline ( https:// 
github.com/Mouse- Imageing- Centre/pydpiper ). All analyses were per- 
formed using pydpiper version 1.8 ( Friedel et al., 2014 ), R studio version 
3.6.3 ( Rstudio, 2020 ), and the RMINC version 1.5.2.2 (Lerch, J., 2017) 
and tidyverse version 1.3.1 (Wickham, H., 2017) packages. 

All images were converted from DICOM to MINC format, and then 
preprocessed using an in-house pipeline based on MINC-Tools and ANTs, 
which performed the following steps: center image, full mask and N4 
Bias Field Correction. We then used an image registration-based ap- 
proach to assess anatomical differences between groups. Image regis- 
tration finds a smooth spatial transformation that best aligns one image 
to another such that corresponding anatomical features are superim- 
posed. We used an automated intensity-based group-wise registration 
approach (Lerch, JP., 2011) to align all brains in the study into a com- 
mon coordinate system, yielding an average image of the 45 T1w scans. 
The deformation that aligns the images becomes a summary of how they 
differ. To assess volume differences between groups, we performed DBM 
as it provides a continuous voxel by voxel definition of volume changes 
(expansion/contraction) related to their age. Deformations were then 
mapped from the individual scans back to the average image. The fi- 
nal deformation fields were computed with a greedy symmetric diffeo- 
morphic registration (the SyN algorithm in ANTS) ( Avants, B. et al., 
2008; Bird, S. et al., 2009) then inverted and blurred with a 0.1 mm 
FWHM Gaussian smoothing kernel. The Jacobian determinants of these 
deformations were extracted, giving a measure of local volume expan- 
sion/contraction at every voxel in the brain. Log-transformed Jacobian 
relative determinants (blurred 0.2 mm) were used to assess differences 
between groups because they better estimate a normal distribution. 
2.4. Histological analysis 

Brains from the MRI analysis (cohort 1) (n = 4) were randomly col- 
lected, dissected from the skull and incubated in 10%, 20% and 30% 
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Fig 1. Behavioral phenotyping of male C57BL/6 mice. A) 2-,12- and 20-month-old mice were tested in a behavioral test battery consisting of forced alternation 
(Y-maze), Barnes maze, NORT and OLT over a period of 5 weeks . B) In the Y-maze test, mice were exposed to a familiarization session for 5 minutes (T1), afterwards 
they were returned to their cage for 30 minutes and then during the trial (T2) forced alternation and time spent in the novel arm was assessed in the Y maze. C) 
Forced alternation test was evaluated according to the arm chosen as the first option in the Y maze during T2. Results show the percentage of alternation between 
groups. D) Time spent in the novel arm was conducted 30 min after the familiarization session. Results show time spent (s) in the novel arm during the retrieval 
trial between groups . E) Recognition memory performance was evaluated with the NORT, following the protocol illustrated in the picture. F) Time spent with the 
familiar object and novel object is represented as % of object interaction. G) Barnes maze test evaluated spatial short-term (STM) memory by one day after the last 
training day and long-term memory (LTM) was evaluated 7 days later after the last training session. H) The graph shows the number of errors before the exit was 
found in the STM and LTM tests. I) Results show latency to exit (s) until the exit was found, for both STM and LTM. J) Spatial STM and LTM were also evaluated 
with OLT, with this test mouse speed bias was avoided. Time spent (%) with the objects in the known location (Familiar) was compared with the object in the new 
location (Novel). Percentage of time spent during the novel object interaction during STM (K) and LTM (L). Results are expressed as Mean ± S.E.M followed by 
ANOVA post-hoc Tukey n.s = 0.1234, ∗ p = 0.03, ∗ ∗ p = 0.002, ∗ ∗ ∗ p = 0.0002, ∗ ∗ ∗ ∗ p < 0.0001. n = 15/group. Created with BioRender.com 
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sucrose + 0.1 M PBS and 30 !m coronal sections for two regions, fornix 
(Fornix, Bregma 4.28 mm to – 0.14 mm) and left Medial entorhinal 
cortex (left MEntC, Bregma 4.04 mm to – .22mm), were obtained in a 
cryostat. Anatomical limits of each brain region were identified using 
the mice brain atlas (Paxinos and Franklin, 2001). 
2.5. Immunohistochemistry for synaptophysin 

The immunohistochemistry of brains from the cohort 1 was per- 
formed as we reported ( Trujillo-Villarreal et al., 2021 ). The slices of 2- 
,12-, and 20-month-old male mice (n = 4/group of age) were 2 x washed 
with 0.1 M PBS + 0.1% TritonX-100, incubated with the peroxidase 
blocker for 10 minutes (Abcam, Cat. AB64264), washed with 0.1M 
PBS + 0.1% TritonX-100 and incubated with the protein blocker for 
10 minutes (Abcam, Cat. AB64264). Sections were incubated with 0.1M 
PBS + 0.1% TritonX-100, following by the primary anti-synaptophysin 
antibody (4 !g/mL, Genscript Cat. A01307) at 4°C overnight. Finally, 
sections were exposed to biotinylated goat anti-rabbit IgG secondary 
antibody for 10 minutes, following by streptavidin (10 min) and di- 
aminobenzidine chromogen solution (30 !L in 1.5mL of substrate) for 
10 minutes. Assembly of the cut was performed with mounting solution 
on coverslips. Negative controls were prepared by omission of primary 
antibodies and no densitometry signal was identified. 
2.6. Immunofluorescence for Iba-1 

The immunofluorescence of brains from the cohort 1 was performed 
as we previously reported ( Maldonado-Ruiz et al., 2019 ). Free floating 
sections of 30 !m of 2-,12-, and 20-month-old mice (n = 4/group of age) 
were washed three times for 5 min with 1X PBS + 0.1% TritonX-100 
(PBST) and were blocked in PBST + 10% goat serum + 10% horse serum 
at room temperature (RT) for an hour. Subsequently, sections were in- 
cubated with the primary antibody anti-Iba1 1:200 (ab178847, abcam, 
Cambridge, MA, USA) at 4°C for 48 h. Two days later, the sections were 
washed in PBST three times and then incubated for two hours with the 
secondary antibody Alexa fluor anti-rabbit 1:1000 (A-11034, Invitro- 
gen) diluted in PBST + 1% goat serum + 1% horse serum. Afterwards, 
brain sections were washed three times with PBST and air-dried at RT. 
Finally, brain sections were mounted using Vectashield with DAPI (Vec- 
tor Laboratories, Burlingame, CA, USA) on coverslips. 
2.7. Microglia morphological analysis 

Microglia morphology was analyzed in brains from the cohort 1 as 
previously described ( Young and Morrison, 2018 ) using the free soft- 
ware Fiji: an open-source platform for biological-image analysis. In 
brief, Iba1 positive cells in the brain tissue were obtained and images 
were converted into 8-bit and into grayscale. Images were adjusted to 
the minimum or maximum sliders as needed, up to the edges of the his- 
togram but no further followed by an Unsharp mask filter. Afterwards, 
we performed a despeckle to eliminate all the salt and pepper noise, con- 
verted into binary and used the remove outliers function. Subsequently, 
the images were saved separately and by using the plugin Skeleton we 
measured microglia branches length and the number of end points. Fi- 
nally, the results were graphed and analyzed according to their protocol. 
2.8. Cytokine quantification in peripheral blood, fornix and left MEntC 

Male mice from cohort 2 were anesthetized with 500 !L i.p. pen- 
tobarbital (PiSA Agropecuaria) overdose and peripheral blood was col- 
lected through cardiac puncture and kept in pharmaceutical-grade Hep- 
arin BD Vacutainer TM Heparin Plasma Tubes (BD 368480), and brains 
were dissected, collected and frozen (-80° C) for further use. 

Blood tubes were centrifuged at 2500 rpm for 20 minutes and plasma 
was collected. According to the MRI analysis, we selected the fornix 
and left MEntC because they displayed the largest volume changes with 

age. To selectively isolate the fornix and the left MEntC, we started off
by obtaining in the cryostat coronal sections of 40 !m of the fornix 
(Bregma 4.28 mm to – 0.14 mm) and left MEntC (Bregma 4.04 mm to 
– 0.22mm). Then, using the mouse brain atlas (Paxinos and Franklin, 
2001) and under the dissecting stereoscope (Leica, ez4) with a scalpel 
the selective regions were cut and collected in 0.1 mL tubes. 

Cytokine profile in plasma, fornix and the left MEntC was identi- 
fied using the MILLIPLEX MAP Kit Mouse Cytokine/Chemokine Mag- 
netic Bead Panel (Millipore corporation, MCY-TOMAG-70K), following 
the manufacturer’s instructions. In brief, for cytokine analysis in the 
brain, Fornix or left MEntC were incubated in 70 !L cell signaling Lysis 
buffer for Multiplexing (Millipore corporation, 43-040), homogenized 
by sonication (amplitude 20% 3 pulses/second 10 times), followed by 
centrifugation at 10,000 RMP/4°C and then the supernatant was iso- 
lated. 

Reads from the plasma, fornix and the left MEntC supernatant sam- 
ples were performed employing the Luminex® 200 TM Multiplexing In- 
strument (Luminex Corporation, LX200-XPON3.1). We measured the 
pro-inflammatory cytokines IL-1 ", IL-4, IL-6, IL-12, IL-13, IL-17- GM- 
CSF, INF- #, TNF- $, and MCP-1. 
2.9. Principal component analysis (PCA) 

PCA involves 2D matrix composition of data as an effective 
dimension-reducing tool retaining the information of the original data as 
much as possible ( Wu et al., 2019 ). In this study, we integrated 38 vari- 
ables (behavior, peripheral and brain cytokine levels and brain region 
volumes), for PCA analysis. PCA was performed to provide an indica- 
tion of the capacity of variables to cluster individuals according to their 
behavioural test performance, cytokine levels, and brain volume. Vari- 
ables contributions to PCA analysis can be found in the Supplemental 
Information (Fig. S6, S7 and Table S3). 
2.10. Statistical analysis 

Data are presented as mean ± SEM for all data. All statistical analy- 
ses including testing the normality of data distribution were performed 
using GraphPad Prism 7.01 and IBM SPSS statistics version 22 software 
and a corrected p value < 0.05 was considered as significant. All results 
were tested for normality using Shapiro-Wilk test. For differences be- 
tween the 3 groups in the behavioral tests, one-way ANOVA followed 
by Tukey’s multiple comparison test was used and effect size was cal- 
culated in R language. Significant differences in cognitive performance 
during behavioral phenotyping data are shown as the mean ± SEM and 
significant differences at p < 0.05. The statistical analysis on DBM was 
performed using the log transformed Jacobian determinants as the de- 
pendent variable, “age group ” as the independent variable (between 
subjects) and “weight ” as covariate (mouse weight at euthanasia). We 
compared the three groups using a general lineal model and analyses 
were corrected for multiple comparisons using the false-discovery rate 
(FDR) at 5%. Furthermore, we extracted the jacobians values from sig- 
nificant peaks at V1: primary visual cortex, FX: fornix, S2: secondary 
somatosensory cortex, OB: olfactory bulb, VIIB: paramedian lobule (lob- 
ule 7), MEntC: medial entorhinal cortex, A1: primary auditory cortex, 
Amg: Amygdala. Jacobians from regions of interest were correlated with 
the behavior, cytokines and histology data to explore their association 
pattern using Pearson correlation and corrected using the FDR at 5%. 
These analyses were performed in R studio version 3.6.3. 
3. Results 
3.1. Ageing disrupts cognitive and memory performance in male mice 

Individual behavioral phenotyping was performed in two cohorts of 
subjects to determine the effect of ageing on cognitive decline. 
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3.1.1. Forced alternation 

We found an age-dependent effect on working memory in male 
C57BL/6 mice. Ageing decreased the forced alternation percentage be- 
tween the 12- and 20-month-old mice (ANOVA, F (2,42) = 12-month-old: 
∗ ∗ p = 0.0049 and 20-month-old: ∗ ∗ p = 0.0018, respectively) when com- 
pared to 2-month-old mice ( Fig. 1 B, C, and D). Selectively, about 60% 
of the 12-month-old mice and about 20% of the 20-month-old mice per- 
forming the forced alternation test recognized the blocked arm as novel 
and chose it as their first choice when compared with the 2-month-old 
mice which showed a preference of 80% for the novel arm ( Fig. 1 C). 
Also, 12- and 20-month-old mice allocated less time in the novel arm 
when compared with the 2-month-old mice (ANOVA, F (2,42) = 12-month- 
old: ∗ ∗ ∗ ∗ p < 0.0001 and 20-month-old: ∗ ∗ ∗ ∗ p < 0.0001, respectively) 
( Fig. 1 D). More specifically, 12 and 20-month-old mice spent 83.93 ± 
14.3 s and 63.48 ± 15.81 s, respectively in the novel arm, in contrast to 
135 ± 15.81 s in 2-month-old mice, confirming an age-dependent effect 
on preference and recognition performance ( Fig. 1 D). 
3.1.2. Novel object recognition 

The NORT evaluates recognition memory in mice based on the in- 
nate predisposition of rodents to investigate a novel object longer than a 
familiar one ( Fig. 1 E) ( Antunes and Biala, 2012 ). Male mice in all three 
age groups demonstrated increased interaction with the novel object as 
compared to the familiar object ( Figure 1 F). However, the increase in 
interaction time was only significant in 2-month-old mice, whereby % 
object interaction during each trial increased from approximately 31% 
with the familiar object to 68% with the novel object. (ANOVA, F (5,84) = 
∗ ∗ ∗ ∗ p < 0.0001) ( Fig. 1 F). These results confirm defective novel item 
recognition and interaction in aged mice. 
3.1.3. Barnes maze 

The Barnes maze test was used to assess spatial memory and learning 
in the short and long term. In brief, subjects were trained as described 
and we scored the total number of errors before reaching the exit from 
the platform as well as latency to exit ( Fig. 1 G). We found that 12- and 
20-month-old mice exhibit defective short-term memory (STM: evalu- 
ated at one day after the last training session) evidenced by more er- 
rors finding the exit when compared with the 2-month-old (ANOVA, 
F (5,100) = ∗ ∗ ∗ ∗ p < 0.0001 and ∗ ∗ ∗ ∗ p < 0.0001, respectively) ( Fig. 1 H). 
In fact, defective STM was exacerbated in 20-month-old mice in con- 
trast to 12-month-old mice (ANOVA, F (5,100) = ∗ ∗ p < 0.002) ( Fig. 1 H). 
In addition, impairment in memory performance is found at later stages 
during the long-term memory (LTM: evaluated at seven days after the 
last training session) test in the 12- and 20-month-old mice when com- 
pared with the 2-month-old (ANOVA, F (5,100) = ∗ ∗ ∗ ∗ p < 0.0001 and ∗ ∗ ∗ ∗ p 
< 0.0001, respectively) ( Fig. 1 H). 

An increase in the time needed to locate and exit the maze was also 
seen with age. Mice aged 12- and 20-month experience longer time to 
find the exit during the STM and LTM tests when compared with the 2- 
month-old group (ANOVA, F (5,100) = ∗ ∗ ∗ ∗ p < 0.0001 and ∗ ∗ ∗ ∗ p < 0.0001, 
respectively) ( Fig. 1 I). These results confirm that 12- and 20-month-old 
male mice display a compromised spatial memory performance. 
3.1.4. Object location recognition test 

Ageing can cause major changes in speed and locomotion that could 
potentially bias the defective performance found in the Barnes maze 
test. In order to avoid a bias, we evaluated spatial memory and learning 
in a small arena using the OLT ( Fig. 1 J). Two-month-old mice investi- 
gated objects at novel locations significantly more than objects at famil- 
iar locations when tested using both short-term and long-term versions 
of the test, conducted at one- or seven-days post-training, respectively 
( Figure 1 K - L) (ANOVA, F (5,84) = ∗ ∗ ∗ ∗ p < 0.0001). In comparison, 12- 
and 20-month-old mice did not interact with the object in a novel lo- 
cation significantly more than that in a familiar location. These results 
confirm age-dependent impairment in spatial memory performance in 
12- and 20-month-old mice ( Fig. 1 K - L). 

3.2. Age-dependent brain macrostructural alterations 
We performed global MRI analysis to selectively characterize re- 

gional volume-related macrostructural brain alterations during ageing. 
The pairwise analysis showed significant whole-brain local volume dif- 
ferences in the 12-month-old mice compared with the 2-month-old 
group (Supplemental Information Fig. S2 A), 12-month-old mice com- 
pared with 20-month-old mice (Supplemental Information Fig. S2 B) and 
also, 2-month-old mice compared with 20-month-old mice, all of them 
corrected by the FDR 5% (Supplemental information Fig. S2 C). Major 
whole-brain local volume changes were identified in the 20-month-old 
mice when compared with 2-month-old group (Fig. S2 C). Selectively, 
the 20-month-old group showed lower and higher local volume of se- 
lective brain regions compared with the 2-month-old group with more 
localized clusters (Supplemental Information Table S1). By using the 
Paxinos and Franklin’s Mouse Brain in Stereotaxic Coordinates Atlas, we 
identified that the fornix displayed the higher and the left MEntC dis- 
played the lowest local volume change in the 20-month-old mice when 
compared with 2-month-old mice (Table S1, Fig. 2 A, B). Notably, a sim- 
ple linear regression was calculated to predict jacobians on fornix or 
left MEntC based on age. A significant regression equation was found 
to predict fornix (F (2, 37) = 395.7, ∗ ∗ ∗ ∗ p < 0.0001), with an adjusted 
R 2 of 0.952, and to predict the left MEntC (F (2, 37) = 63.09, ∗ ∗ ∗ ∗ p < 
0.0001), with an adjusted R 2 of 0.761. Predicted fornix is equal to - 
0.133 (2-month) + 0.105 (12-months) and -0.133 (2-month) + 0.253 
(20-months) jacobian value. Predicted left MEntC is equal to 0.039 (2- 
month) - 0.037 (12-months) and 0.039 (2-month) - 0.159 (20-months) 
jacobians. Fornix volume increases 0.105 for 12 months and 0.253 for 
20 months, whereas left MEntC volume decreases -0.037 and -0.159 ja- 
cobians for 12 and 20 months, respectively ( Fig. 2 A, B). 
3.3. Antagonistic volumetric changes in fornix and left MEntC correlate 
with age and performance in cognitive tasks 

We tested whether brain volume changes found in the fornix and 
left MEntC during ageing correlated with cognitive and memory perfor- 
mance. Pearson correlations of brain volume changes vs cognitive tasks 
are pictured as heatmaps ( Fig. 2 C-E). We found positive and negative 
correlations among different brain areas and diverse cognitive tasks that 
were summarized in Table S2 A, B, C. In particular, 2-month-old mice 
showed a positive correlation between fornix volume and number of er- 
rors (Error_STM) before reaching the exit in the Barnes maze during the 
STM test (r = 0.58, ∗ p = 0.02) ( Fig. 2 C, Table S2 A) and in the perfor- 
mance in the NORT (NOR_P) (r = 0.67, ∗ ∗ ∗ p = 0.008) ( Fig. 2 C, Table 
S2 A). Conversely, a negative correlation was found between fornix and 
behavior before reaching the exit in the Barnes maze during the LTM 
test (Error_LTM) (r = -0.64, ∗ ∗ p = 0.01) ( Fig. 2 C, Table S2 A). We also 
found a positive correlation between the volume in the left MEntC and 
the number of errors (Error_LTM) in the Barnes maze during the LTM 
test (r = 0.63, ∗ ∗ p = 0.01) and in the performance during the OLT in 
the LTM test (OLT_LTM) for the left MEntC volume (r = 0.54, ∗ p = 0.04) 
( Fig. 2 C, Table S2 A). 

At 12 months of age, increased volume in the fornix positively cor- 
relates with the number of errors during STM and LTM (Error_STM, Er- 
ror_LTM) in the Barnes maze (STM: r = 0.58, ∗ p = 0.03; LTM: r = 0.64, 
∗ p = 0.04) as well as during the OLT (OLT_STM) in the STM test (r = - 
0.32, ∗ ∗ p = 0.01) ( Fig. 2 D, Table S2 B). Interestingly, we also found 
a negative correlation between MEntC and the number of errors (Er- 
ror_STM) in the Barnes maze during LTM (r = -0.48, ∗ p = 0.02) ( Fig. 2 
D, Table S2 B). Likewise, decreased volume in the left MEntC displays a 
negative correlation with ( Fig. 2 D, Table S2 B) the OLT in the STM test 
(OLT_STM) (r = 0.24, ∗ ∗ ∗ p = 2.75 × 10 − 5 ) ( Fig. 2 D, Table S2 B). 

Finally, major volume increase in the fornix found in 20-month-old 
mice shows a positive correlation with the time spent before finding 
the exit (Time_STM) in the Barnes maze during the STM test (r = 0.67, 
∗ p = 0.01), similarly during the NORT (NOR_P) (r = 0.55, ∗ p = 0.05) and 
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Fig 2. DBM of brain volume comparison of 2- and 20-month-old male C57BL/6 mice. A-B) MRI images of DBM data of 2- compared with 20-month-old mice. 
ROI = Fornix or Left MEntC plot of relative volume peak (right) and DBM (Left), box plot of relative volume peak (right). Blue-light blue = lower volume; red- 
yellow = higher volume. Results are significant at FDR 5%. Boxplots show the relative volume (y axis = Jacobians) in each group (x axis) across age in significant 
peaks. C-E) Heatmaps of Pearson correlation test between brain volumetric changes and cognitive performance. Bar graphs display data mean + /- SEM followed by 
ANOVA post-hoc Tukey. ∗ p = 0.03, ∗ ∗ p = 0.002, ∗ ∗ ∗ p = 0.0002. n = 15/group. 
OLT during the LTM (OLT_LTM) (r = 0.91, ∗ ∗ ∗ p = 0.0001) ( Fig 2 E, Table 
S2 C). A selective negative correlation was found between decrease in 
left MEntC with the performance in the OLT (OLT_LTM) during the LTM 
test (MEntC: r = -0.70, ∗ ∗ ∗ p = 0.007) ( Fig. 2 E, Table S2 C). 
3.4. Ageing favors a pro-inflammatory cytokine profile in peripheral blood 

We were interested in evaluating the pro-inflammatory profile in pe- 
ripheral blood given their associations to cognitive decline during age- 
ing ( Brombacher et al., 2017 ; Dubenko et al., 2021 ; Fossati et al., 2017 ; 
Pennisi et al., 2017 ; Tarkowski et al., 2001 ). Initial characterization of 
age-dependent increase in plasma of the pro-inflammatory shown a ro- 
bust increase in cytokines and chemokines such as: GM-CSF, IFN- #, IL-6, 
IL-1 ", IL-4, IL-12p70, IL-13, IL-17, MCP-1 and TNF- $ in 20-month-old 
male mice (Fig. S3). Notably, 20-month-old mice show major increases 
in IL12p70, TNF- $, MCP-1 and IL-6 plasma levels when compared with 
the 2-month-old group (ANOVA, F (2, 18) = IL12p70: ∗ ∗ ∗ p = 0.008, TNF- 
$: ∗ ∗ ∗ ∗ p < 0.0001, MCP-1: ∗ ∗ ∗ ∗ p < 0.0001 and IL-6: ∗ ∗ ∗ ∗ p < 0.0001) 
( Fig. 3 A). We also found that 12-month-old mice display an increase in 
IL-12p70, TNF- $, IL-1 " and IL-6 plasma levels when compare to young 

2-month-old mice (ANOVA, F (2, 18) = IL12p70: ∗ ∗ p = 0.002, TNF- $: ∗ ∗ ∗ ∗ p 
< 0.0001, IL-1 ": ∗ ∗ ∗ ∗ p < 0.0001 and IL-6: ∗ ∗ ∗ ∗ p < 0.0001) ( Fig. 3 A). 
These results confirm an age-dependent accumulation of IL-12p70, TNF- 
$, MCP-1, IL-6 and IL-1 " in peripheral blood. 
3.5. Aged male mice show increased pro-inflammatory cytokines in the 
fornix and decreased in the left MEntC 

According to our MRI analyses, we identified that the Fornix and the 
left MEntC experienced the major and antagonistic volumetric changes 
during ageing ( Fig. 2 A, B). We evaluated whether differential volume 
changes in fornix and left MEntC correlate with pro-inflammatory cy- 
tokines accumulation. We found that 20-month-old mice accumulate 
IL-12p70, MCP-1, IL-1 " and IL-6 in the fornix when compared with 
the 2-month-old group (ANOVA, F (2, 18) = IL-12p70: ∗ ∗ ∗ ∗ p < 0.0001, 
TNF- $: p = 0.6884, MCP-1: ∗ ∗ ∗ ∗ p < 0.0001, IL-1 ": ∗ ∗ ∗ p < 0.0008 and 
IL-6: ∗ ∗ ∗ ∗ p < 0.0001) ( Fig. 3 B). No changes were found in TNF- $
(ANOVA, F (2, 18) = p = 0.6884). Notably, levels of the IL-12p70, TNF- 
$, MCP-1, IL-1 " and IL-6 were reduced in the left MEntC of 20-month- 
old mice in comparison with 2-month-old mice (ANOVA, F (2, 18) = IL- 

6 



M. Cárdenas-Tueme, L.Á. Trujillo-Villarreal, V. Rami ́rez-Amaya et al. NeuroImage 252 (2022) 119039 

Fig 3. Central and peripheral cytokine quantification analysis. A) Plasmatic cytokine quantification expressed in pg/mL in aged male mice. B) Representative 
brain coronal sections of the Paxino’s Atlas of the murine Fornix, the Fornix is highlighted within the red box. Age-dependent cytokine profile in Fornix (pg/mL) 
of 2-12-, and 20-month-old mice. C) Representative brain coronal section of the Paxino’s Atlas of the murine Left MEnt, it is shown in the red box . Cytokines 
quantification in Left MEntC during ageing (pg/mL) of 2-12-, and 20-month-old-mice. D) k-mean analysis and E) Principal component analysis (PCA) of 2-12-, and 
20-month-old-mice. F-H) Pearson correlation of cytokines profiles in peripheral blood, fornix or left MEntC with behavioral performance during ageing. Abbreviations: 
_P: peripheral blood, _F: fornix, _MEntC: left Medial entorhinal cortex. For behavioural tasks: 1) Barnes, Time_STM: time during short time memory, Error_STM: error 
during short time memory, Time_LTM: time during long time memory, Error_LTM: error during long time memory. 2) NORT: novel object recognition test, NOR_P: 
recognition index during the novel object recognition test, New: Time with new object during the novel object recognition test. 3) OLT: object location test, OLT_STM: 
object location test during the short time memory, OLT_LTM: object location test during long term memory, Old_LTM: time spent with object’s old location during 
the long-term memory test, New_LTM: time spent with object’s new location during the long-term memory test. Results are expressed as Mean ± S.E.M followed by 
ANOVA post-hoc Tukey n.s p = 0.1234, ∗ p = 0.03, ∗ ∗ p = 0.002, ∗ ∗ ∗ p = 0.0002, ∗ ∗ ∗ ∗ p = 0.0001. n = 7-8/group. 
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Fig 4. Fornix and left MEntC integrate changes in microglia morphology during ageing. A) Representative brain coronal sections of the Paxino’s Atlas of the 
murine Fornix, the Fornix is highlighted in red. B) Immunofluorescence for Iba-1 reactive microglia in the fornix during ageing. C) Representative images for Iba-1 + 
microglia in the fornix, these were counted in 5 random fields. The graph shows the number of microglia in 150 !m 2 of 2-,12- and 20-month-old-mice. D) The 
graph shows processes length ( !M) of Iba1 + microglia in the fornix . E) Iba1 + microglia endpoint per cell. F) Representative brain coronal section of the Paxino’s 
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12p70: ∗ ∗ p = 0.0031, TNF- $: ∗ p = 0.0056, MCP-1: ∗ p = 0.0097, IL-1 ": 
∗ ∗ p = 0.0007 and IL-6: ∗ ∗ p = 0.0055) ( Fig. 3 C). These results confirm 
antagonistic IL-12p70, MCP-1, IL-1 " and IL-6 accumulation in the fornix 
and left MEntC during physiological ageing. 

PCA was performed by integrating 38 variables (behavior, peripheral 
and brain cytokines levels and brain region volumes) to cluster individ- 
uals into groups according to their results in behavior, immune profiles 
and brain volume changes. PCA analysis with k-mean identified three 
clusters according to mice age ( Fig. 3 D). As shown in Fig. 3 E, principal 
component 1 (PC1) and principal component 2 (PC2) accounted for 73 
and 13.7% of the total variance, respectively (Fig. S6, S7 and Table S3). 
3.6. Cytokine levels negatively correlate to performance in cognitive tasks 

We assessed whether pro-inflammatory cytokine accumulation in pe- 
ripheral blood, fornix or left MEntC correlate with defective cognitive 
tasks in aged male mice by Pearson analysis. We identified positive and 
negative correlations among different cytokines and diverse cognitive 
tasks that were summarized in Table S4 A, B, C. Two-month-old group 
shows a negative correlation of peripheral IL-12p70 (IL12p70_P) and 
MCP1 levels (MCP1_F) in the fornix and the time spent before finding 
the exit (Time_LTM) in the Barnes maze during the LTM test (IL-12p70: 
r = -0.67 ∗ ∗ p = 0.008; MCP1: r = -0.54, ∗ p = 0.04) ( Fig. 3 F). Also, a posi- 
tive correlation of peripheral IL-1 " (IL1B_P) and time LTM (Time_LTM) 
of the Barnes maze (r = 0.57, ∗ p = 0.03) ( Fig. 3 F, Table S4 A). By 12 
months of age, peripheral IL-6 levels (IL6_P) negatively correlates with 
more time spent reaching the exit in Barnes maze (Time_STM) during 
the STM test (r = -0.70 ∗ ∗ p = 0.007) ( Fig. 3 G, Table S4 B). Finally, a 
negative correlation was found in performance of the Barnes Maze and 
levels of IL-1 " in the fornix in 20-month-old mice ( Fig. 3 H, Table S4 C). 
3.7. Cytokine levels do not correlate with brain macrostructural changes 

Next, we tested whether the central accumulation of IL-12p70, TNF- 
$, MCP-1, IL-1 " and IL-6 promote volume changes in fornix and left 
MEntC of aged male mice. We found no significant correlations between 
peripheral cytokine levels or cytokine levels in the fornix or left MEntC 
with volumetric brain changes (Table S5 A, B, C) (Fig. S4). 
3.8. Ageing favors antagonistic changes in microglia morphology in the 
Fornix and left MEntC 

Microglia morphology in the fornix and MEntC was evaluated. Age- 
ing increases the total number positive Iba-1 cells in the fornix of 12- and 
20-month-old male mice when compared with the 2-month-old ( Fig 4 
A – E, ANOVA, F (2, 6) = 2 vs 20: ∗ ∗ p = 0.0014, 12 vs 20: ∗ p = 0.0196). 
Also, a significant decrease in the length of microglial processes in the 
fornix was found in 12- and 20-month-old mice when compared with 
the 2-month-old ( Fig. 4 D, ANOVA, F (2, 6) = 2 vs 12: ∗ ∗ p = 0.0120, 12 
vs 20: ∗ p = 0.0075, ∗ ∗ ∗ 2 vs 20: p = 0.0003). Microglia in the fornix 
of 12-month-old mice shows increase in the number of end points per 

cell when compared with the 2-and 20-month-old ( Fig. 4 E, ANOVA, 
F (2, 6) = 2 vs 12: ∗ ∗ p = 0.0019, 12 vs 20: ∗ ∗ ∗ p = 0.0009). 

In contrast, ageing decreases the Iba-1 immunostaining (microglia 
marker) in the left MEntC of 2- and 12-month-old mice as well as for 
the 2- and 20-month-old mice (ANOVA, F (2, 6) = 2 vs 12: ∗ ∗ ∗ p = 0.0017, 
2 vs 20: ∗ ∗ ∗ p = 0.0004; respectively) ( Fig. 4 F - H). Precisely, evaluation 
of microglia morphology in the left MEntC using ImageJ plugins An- 
alyzeSkeleton (2D/3D) identified significant enlargement of microglia 
processes in the 20-month-old mice when compared with the 2- and 
12-month-old mice ( ∗ ∗ ∗ p = 0.0007) ( Fig. 4 I) and cell ramification in 
the 12- and 20-month-old mice when compared with the 2-month-old 
(ANOVA, F (2, 6) = ∗ ∗ ∗ p = 0.0007) ( Fig. 4 J, ANOVA, F (2, 6) = 2 vs 12: 
∗ ∗ ∗ ∗ p < 0.0001, 2 vs 20: ∗ ∗ ∗ p = 0.0008 and 12 vs 20: ∗ ∗ p = 0.0012). Fi- 
nally, we previously reported that volume decrease in the right nucleus 
accumbens (NAc) core of rats correlates with lower expression of synap- 
tophysin ( Trujillo-Villarreal et al., 2021 ). Notably, ageing promotes sig- 
nificant decrease in synaptophysin immunosignal, a protein marker of 
the synaptic cleft, in the left MEntC of 12- and 20-month-old mice when 
compared with the 2-month-old ( Fig 4 K, L, ANOVA, F (2, 6) = 2 vs 12: 
∗ ∗ ∗ p = 0.0009, 2 vs 20: ∗ ∗ ∗ ∗ p < 0.0001 and 12 vs 20: ∗ p = 0.0109). 
3.9. Brain and plasma cytokine accumulation does not correlate with 
microglia morphology in the fornix or left MEntC 

We tested whether cytokines accumulation in plasma, fornix or left 
MEntC correlate with morphological plasticity of microglia during age- 
ing. We found no significant correlations between peripheral or central 
cytokine levels with the number of microglia, length of processes, and 
number of end points per cell in aged male mice in the Pearson analysis 
(Table S6 A, B, C) (Fig. S5). 
3.10. Microglia morphology correlates with brain volume changes in fornix 
and left MEntC 

We were interested in determining whether morphological plasticity 
in microglia correlates to volumetric changes in fornix and left MEntC 
during ageing (Table S6 A, B, C). No significant correlations between 
microglia morphology (microglia, EndPoint, BLength) and fornix vol- 
ume in the 2- and 12-month-old male mice were found ( Fig. 4 M, N, 
Table S7 A, B). However, in the 2-month-old mice a positive correlation 
in microglia branch length (BLength) (r = 0.70, ∗ p = 0.05) and synap- 
tophysin expression (r = 0.67, ∗ p = 0.008) with volume decrease in the 
left MEntC was found ( Fig. 4 M, Table S7 A). Furthermore, at 12-month- 
old we found no significant correlations between microglia morphology 
and fornix and MEntC volume changes ( Fig. 4 N, Table S7 B). Finally, in 
the 20-month-old mice we found a negative correlation with microglia 
end-points (EndPoint) with the left MEntC volume change (r = -0.85, 
∗ ∗ p = 0.02) and no significant correlations for fornix and microglia mor- 
phology ( Fig. 4 O, Table S7 C). 

Atlas of the murine Left MEntC, MEntC is shown in the red zone. G) Immunofluorescence for Iba-1 reactive microglia in the left MEntC during ageing. H) Iba-1 
immunostaining for microglia was counted in 5 random fields. The graph shows the number of microglia in 150 !m 2 of 2-,12- and 20-month-old-mice. I) The graph 
shows processes length ( !M) of Iba1 + microglia in the left MEntC . J) Iba1 + microglia endpoint per cell. K) Synaptophysin expression in the left MEntC from 2-,12- 
and 20-month-old mice. L) Optical density quantification for synaptophysin was carried out using Image J. M-O) Pearson correlation of microglia morphology in 
fornix and left MEntC and brain volumetric changes. P-R) Pearson correlation of microglia morphology in fornix and left MEntC with cognitive performance during 
ageing. Abbreviations: Microglia: # number of microglia, EndPoint: number of end-point per microglia, BLength: branch length, Synapto: synaptophysin, V1_MA: 
primary visual cortex, mononuclear area, FX: fornix, V1: primary visual cortex, S2: secondary somatosensory cortex, OB: olfactory bulb, VIIB: paramedian lobule 
(lobule 7), MEntC: medial entorhinal cortex, A1: primary auditory cortex, Amg: Amygdala. For behavioural tasks: 1) Barnes, Time_STM: time during short time 
memory, Error_STM: error during short time memory, Time_LTM: time during long time memory, Error_LTM: error during long time memory. 2) NORT: novel object 
recognition test, NOR_P: recognition index during the novel object recognition test, New: Time with new object during the novel object recognition test. 3) OLT: 
object location test, OLT_STM: object location test during the short time memory, OLT_LTM: object location test during long term memory, Old_LTM: time spent with 
object’s old location during the long-term memory test, New_LTM: time spent with object’s new location during the long-term memory test. Results are expressed as 
Mean ± S.E.M following by ANOVA post-hoc Tukey n.s p = 0.1234, ∗ p = 0.03, ∗ ∗ p = 0.002, ∗ ∗ ∗ p = 0.0002, ∗ ∗ ∗ ∗ p = 0.0001. n = 3/group. 
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Fig. 5. Multiple linear regression of behavior (NOR_P and OLT during LTM, brain volumes (jacobians) and histology parameters (Statistical model from 
2, 12 and 20-months-old male mice). A) Recognition percentage in the NORT of the three groups of age according to the volume increase in fornix and microglia 
branch length. B) Recognition percentage in the OLT during LTM of the three groups of age according to the volume increase in fornix and microglia branch length. C) 
Recognition percentage in the NORT of the three groups of age according to the volume decrease in MEntC and microglia branch length. D) Recognition percentage 
in the OLT during LTM of the three groups of age according to the volume decrease in MEntC and microglia branch length. 

3.11. Microglia morphology correlates with the performance in cognitive 
tasks during ageing 

Finally, we evaluated potential correlations of microglia morphol- 
ogy in the fornix or in the left MEntC with cognitive performance dur- 
ing ageing ( Fig 4 P – R, Table S8 A, B, C). At 2-months-old we found no 
significant correlations between microglia morphology with none of the 
cognitive tasks evaluated ( Fig 4 P, Table S8 A). However, by 12-months- 
old, we identified positive correlations between microglia branch length 
(BLength) in the fornix with the OLT in STM and LTM (OLT_STM, 
OLT_LTM) (STM: r = 0.72 ∗ ∗ p = 0.005; LTM: r = 0.98 ∗ ∗ ∗ p = 5.07 × 10 − 9 ) 
( Fig. 4 Q, Table S8 B), as well as a negative correlation of microglia num- 
ber (Microglia) in the left MEntC with the OLT in LTM (LTM: r = - 0.93 
∗ ∗ p = 2.1 × 10 − 6 ) ( Fig. 4 Q, Table S8 B). Finally, in the 20-month-old 
group a negative correlation between the number of microglia and the 
performance in the NORT (NOR_P) (r = - 0.81 ∗ p = 0.04) and OLT LTM 
was identified (r = - 0.83 ∗ p = 0.043) ( Fig 4 R, Table S8 C). 

3.12. Fornix volumetric increase and microglia morphology predicts 
defective novel object recognition (NORT) and object location (OLT) 
memory in aged male mice 

A multiple linear regression model was calculated to analyze the in- 
teraction of changes in microglia morphology and volume in fornix and 
left MEntC predicting behavioral outcomes during ageing. We consider 
Error_LTM and STM during the Barnes test, NOR_P during NORT and 
OLT_LTM and STM during the OLT as the major interactions to perform 
the analysis. Notably, the multiple linear regression analysis identified 
significant relationships among several variables with Fornix and not in 
left MentC (Table S9). Our multiple regression analysis demonstrated a 
negative interaction between microglial branch length and fornix vol- 
ume that is evident in the 20-month-old mice and significantly predicts 
object preference in the NORT and OLT during LTM ( Figure 5 A, B) (Ta- 
ble S9). Converserly, our analysis demonstrated a positive interaction 
between microglial branch length and MEntC volume that is evident in 
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the 20-month-old mice and significantly predicts object preference in 
the NORT and OLT during LTM ( Figure 5 C, D) (Table S9). 
4. Discussion 

In the current study, we globally characterized age-dependent brain 
volume alterations using MRI coupled to selective pro-inflammatory 
profile and microglia morphological features in selective brain regions 
associated with cognitive decline in male C57BL/6 mice. We identi- 
fied the fornix and left MEntC as the major brain structures showing 
age-dependent antagonistic volumetric changes which correlated with 
changes in microglia morphology. Our data propose that morphological 
plasticity of microglia and volume increase in the fornix predicts failure 
in the NORT and OLT tasks in aged male mice. 

Behavioral phenotyping was performed to characterize learning, 
memory and cognitive impairments during ageing. We confirmed an 
age-dependent memory impairment in the 12- and 20-month-old mice 
compared with the 2-month-old mice. Aged male mice showed progres- 
sive loss in spatial memory evidenced by the results of the Forced Alter- 
nation Test, and latency and number of errors during the Barnes Maze, 
that are consistent with previous reports ( Morgan et al., 2018 ). Also, 
aged mice are not able to recognize the novel location of the object 
when compared with the young 2-month-old mice, confirming defec- 
tive spatial memory performance. Finally, episodic-like memory is also 
disrupted in 12- and 20-month-old mice during the NORT paradigm. 
This observation was consistent with previous reports showing that the 
object recognition memory seemed to be impaired as early as the age of 
12 months ( Belblidia et al., 2018 ; Li et al., 2020 ). 

Our first major contribution in this proposal is the identification of 
volume increase in fornix during ageing in male mice. We used MRI anal- 
ysis to globally characterize structural brain alterations during ageing 
as a contributor to cognitive impairment. Previous reports documented 
that structural brain alteration contributes to cognitive decline during 
ageing ( Faizy et al., 2020 ; Filo et al., 2019 ; Matsuda, 2013 ). Here, we 
reported that aged mice show the highest volume increase in the fornix 
and the greatest decrease in the left MEntC. We also identified a dra- 
matic loss of brain volume in the left olfactory bulb, the right parame- 
dian lobule, the right primary auditory cortex and the right amygdala in 
aged male mice. Volumetric changes in the fornix during ageing seem 
to be controversial because some reports have found it decreased during 
ageing ( Fletcher et al., 2014 , 2013 ). Volumetric declines have also been 
reported in occipital grey matter, hippocampus, middle occipital gyrus, 
occipital pole, and thalamus ( Armstrong et al., 2020 ). In contrast, our 
results demonstrated that ageing favors an increase in the left primary 
visual cortex and the left secondary somatosensory cortex. Notably, re- 
duction in hippocampal volume was reported as an early determinant 
for memory decline ( Armstrong et al., 2020 ; Mungas et al., 2005 ) and 
our findings also confirm a reduction in the hippocampal volume in aged 
mice, however it did not survive the FDR 5% correction. Based on corre- 
lations found in our study between volume brain changes in the fornix 
and left MEntC with the behavioral tasks such as the Barnes Maze, OLT 
and NORT, we propose that antagonistic volumetric brain changes in 
the fornix and the left MEntC during ageing contribute to memory and 
cognitive decline in mice. 

Our experiments suggested that peripheral circulatory cytokines 
might potentially and selectively infiltrate brain regions during age- 
ing, assisting cognitive decline. We identified that behavior, brain vol- 
umetric changes and inflammation variables clustered into the three 
groups of age using the PCA analysis. Following this, we tested the 
hypothesis that neuroinflammation might modulate volumetric brain 
changes in the fornix and the left MEntC in aged mice. Ageing inte- 
grates a low-grade chronic pro-inflammatory state, called inflammage- 
ing ( FRANCESCHI et al., 2000 ) which significantly contributes to cogni- 
tive decline ( Berryer et al., 2016 ; D’Avila et al., 2018 ; Feng et al., 2017 ; 
López-Otín et al., 2013 ; Yin et al., 2019 ). Our results confirmed an age- 
dependent pro-inflammatory cytokine profile in plasma, with increased 

levels of IL12p70, TNF- $, IL-1 ", MCP-1 and IL-6, which are consistent 
with previous reports ( Brombacher et al., 2017 ; Dubenko et al., 2021 ; 
Fossati et al., 2017 ; Pennisi et al., 2017 ; Tarkowski et al., 2001 ) . In fact, 
according to the Pearson correlation analysis the IL-1 " accumulation 
in the fornix disrupts the performance of the Barnes Maze during the 
STM and LTM tests. To our knowledge no evidence has been reported 
to propose that IL-1 " accumulation in the fornix could be associated to 
memory impairment. 

Since we did not find any significant correlation between neuroin- 
flammation and brain volume changes we tested a second proposal. Ac- 
cording to our previous report, a decrease in synaptophysin expression 
in the right NAc core could be a potential contributor to brain volume 
changes in rats ( Trujillo-Villarreal et al., 2021 ). In fact, plasma from old 
mice is able to decrease synaptic plasticity and impair spatial learning 
and memory ( Villeda et al., 2011 ). In the current study, we identified 
a decreased in synaptophysin expression in the left MEntC which also 
shows a volume decrease in aged mice, supporting that lower brain vol- 
ume integrates synaptic disruption. Despite all the results, the Pearson 
analysis does not show significant correlations between cytokines levels 
in plasma, fornix or left MEntC with volume decrease in left MEntC and 
increase in the fornix. Also, no significant correlations between synapto- 
physin expression in the left MEntC with volume decrease in left MEntC 
were found. Therefore, we cannot conclude that neuroinflammation is 
associated with volume changes in the fornix or MEntC. 

A second major contribution of our study is that selective mi- 
croglia plasticity in the fornix and left MEntC contribute to cogni- 
tive decline during ageing. Microglia activation has been suggested 
as a second potential contributor to neuroinflammation during ageing 
( Shahidehpour et al., 2021 ). We found that ageing leads to a decrease 
in the number of microglia, an increase in branch length, and and in 
ramified morphology in the left MEntC. Conversely, an increase in the 
number of microglia, a decrease in branch length and in ramified mor- 
phology were found in the fornix of aged male mice. Microglia in the 
left MEntC seems to imitate a “surveillance state ” typified by a highly 
ramified morphology, with extended processes capable of forming con- 
tacts with cells and structures ( Davalos et al., 2005 ), and enabling a 
continuous monitoring of the brain microenvironment. In contrast, mi- 
croglia in the fornix seems to recapitulate the disease-associated mi- 
croglia (DAM) phenotype found during ageing ( Davies et al., 2017 ), 
showing short processes, and amoeboid morphology that also inte- 
grates downregulation of various homeostatic genes ( Keren-Shaul et al., 
2017 ). However, this evidence from microglia morphology does not con- 
firm cytokine release. Also, dystrophic microglia found in the fornix of 
aged mice have been observed in healthy but aged brains ( Miller and 
Streit, 2007 ), and they have also been associated with neurodegenera- 
tive disease ( Shahidehpour et al., 2021 ). This proposal agrees with pre- 
vious reports demonstrating that ageing was associated with apparent 
glia plasticity but not neurite density damage in the fornix ( Metzler- 
Baddeley et al., 2019 ). It remains to be clarified whether the dystrophic 
microglia identified in our study, recapitulates senescent microglia asso- 
ciated with cytokine release and neuroinflammation which become the 
disease-associated phenotype found in ageing. 

We performed a multiple linear regression analysis to integrate the 
effect of microglia morphological plasticity on volumetric changes in 
fornix and their association to behavioral outcomes during ageing. Bio- 
logical modeling identified that a decrease in the NORT and OLT index 
is associated with fornix size and microglia branch length in fornix of 
aged male mice. The fornix connects the hippocampus, the thalamus, 
the hypothalamus, the septal nuclei and the nucleus accumbens. By it- 
self, the fornix is the major output of the hippocampus and its stimu- 
lation improves spatial memory ( Hescham et al., 2017 ). In accordance 
with our data, afflictions in the fornix, such as volumetric changes af- 
fect selective hippocampal dependent processes such as NORT and OLT 
(Broadbent et al., 2010). On the other hand, we identified a decrease in 
the volume of the left MEntC. Physiologically, the MEntC also regulates 
memory and learning ( Bangen et al., 2021 ; Matuskova et al., 2021 ), 
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however, our biological model did not demonstrate its association with 
the performance of NORT and OLT performance in aged male mice. 

A potential limitation of our study is to confirm a cause-effect re- 
sponse of microglia branch length in the volumetric changes of fornix af- 
fecting the cognitive performance. Additional experiments are required 
to demonstrate that specific microglia morphological changes in acces- 
sory brain regions connecting to the fornix which might disrupt cogni- 
tive performance during ageing. Finally, the sexual dimorphism regard- 
ing brain volume, cytokine levels and behavioral performance in female 
mice must be characterized. 
Conclusions 

Our findings identified global volumetric and cellular brain changes 
emerging during physiological ageing. We highlight an age-dependent 
microglia morphological plasticity modulating volume increase in fornix 
which are associated with failure in the NORT and OLT in aged male 
mice. Peripheral and central factors assisting cognitive decline in murine 
models of physiological ageing offer the opportunity to dissect major 
molecular pathways for efficient therapeutic or preventive personalized 
treatments. We conceive that our experimental findings add scientific 
evidence supporting micro and macrostructural brain disruptions which 
might provide a rationale for the etiology of cognitive impairment dur- 
ing ageing. 
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ƓƐѶՊ�|Պ ՊՍ TRUJILLO VILLARREAL ET AL.
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Sofia Bernal-Vega3, Roger Maldonado-Ruiz1,2, Diana Reséndez-Pérez3,
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1 Department of Biochemistry, College of Medicine, Universidad Autónoma de Nuevo León, San Nicolás de los Garza,
Mexico, 2 Neurometabolism Unit, Center for Research and Development in Health Sciences, Universidad Autónoma
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Fetal programming by hypercaloric intake leads to food addiction-like behavior and
brain pro-inflammatory gene expression in offspring. The role of methylome modulation
during programming on central immune activation and addiction-like behavior has not
been characterized. We employed a nutritional programming model exposing female
Wistar rats to chow diet, cafeteria (CAF), or CAF-methyl donor’s diet from pre-pregnancy
to weaning. Addiction-like behavior in offspring was characterized by the operant
training response using Skinner boxes. Food intake in offspring was determined after
fasting–refeeding schedule and subcutaneous injection of ghrelin. Genome-wide DNA
methylation in the nucleus accumbens (NAc) shell was performed by fluorescence
polarization, and brain immune activation was evaluated using real-time PCR for pro-
inflammatory cytokines (IL-1b, TNF-1a, and IL-6). Molecular effects of methyl modulators
[S-adenosylmethionine (SAM) or 5-azatidine (5-AZA)] on pro-inflammatory cytokine
expression and phagocytosis were identified in the cultures of immortalized SIM-A9
microglia cells following palmitic acid (100 µM) or LPS (100 nM) stimulation for 6 or
24 h. Our results show that fetal programming by CAF exposure increases the number of
offspring subjects and reinforcers under the operant training response schedule, which
correlates with an increase in the NAc shell global methylation. Notably, methyl donor’s
diet selectively decreases lever-pressing responses for reinforcers and unexpectedly
decreases the NAc shell global methylation. Also, programmed offspring by CAF diet
shows a selective IL-6 gene expression in the NAc shell, which is reverted to control
values by methyl diet exposure. In vitro analysis identified that LPS and palmitic acid
activate IL-1b, TNF-1a, and IL-6 gene expression, which is repressed by the methyl
donor SAM. Finally, methylation actively represses phagocytosis activity of SIM-A9
microglia cells induced by LPS and palmitic acid stimulation. Our in vivo and in vitro
data suggest that fetal programming by methyl donors actively decreases addiction-like

Frontiers in Neuroscience | www.frontiersin.org 1 June 2020 | Volume 14 | Article 452

��

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2020.00452
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2020.00452
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2020.00452&domain=pdf&date_stamp=2020-06-03
https://www.frontiersin.org/articles/10.3389/fnins.2020.00452/full
http://loop.frontiersin.org/people/896787/overview
http://loop.frontiersin.org/people/851899/overview
http://loop.frontiersin.org/people/869426/overview
http://loop.frontiersin.org/people/882665/overview
http://loop.frontiersin.org/people/896598/overview
http://loop.frontiersin.org/people/255236/overview
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00452 May 30, 2020 Time: 19:18 # 2

Cruz-Carrillo et al. Maternal Programming of Brain Methylome

behavior to palatable food in the offspring, which correlates with a decrease in NAc shell
methylome, expression of pro-inflammatory cytokine genes, and activity of phagocytic
microglia. These results support the role of fetal programming in brain methylome on
immune activation and food addiction-like behavior in the offspring.

Keywords: programming, methylome, addiction, nucleus accumbens, inflammation

INTRODUCTION

Maternal obesity or maternal hypercaloric intake in humans
and murine models is associated with an increased risk of
systemic and central pathologies early in life. We and others
have published that maternal overnutrition programs negative
metabolic and immune profiles (Cardenas-Perez et al., 2018;
Maldonado-Ruiz et al., 2019), and addiction (Camacho, 2017;
Sarker et al., 2018), as well as depression-like behavior phenotypes
in the o�spring (de la Garza et al., 2019). Excessive high-energy
food consumption seems to modulate positively or negatively
a hedonic phenotype in humans and animal models. Several
neurotransmitter-related hypotheses were proposed to explain
unhealthy eating; for instance, the hypothesis of the reward
deficiency states that in the context of high caloric overfeeding
or obesity, uncontrolled food intake is activated in order to
compensate for a deficient reward e�ect of food consumption
due to failure in the dopaminergic activity (Kenny, 2011; Land
and DiLeone, 2012; Barry et al., 2018; Courtney et al., 2018;
Gold et al., 2018; van Galen et al., 2018; DiFeliceantonio
and Small, 2019; Ducrocq et al., 2019). Under this scenario,
impulsiveness for unhealthy eating and caloric overconsumption
as a reward is developed (Volkow et al., 2011; Dietrich et al.,
2014; Bongers et al., 2015). Classically, reward and incentive
salience are integrated to the nucleus accumbens (NAc), whereas
preoccupation/anticipation including craving, impulsivity, and
executive function involve the prefrontal cortex (PFC) (Volkow
and Wise, 2005; Volkow et al., 2013; Koob and Volkow, 2016).

Potential molecular or cellular mechanism leading to
addiction-like behavior during maternal hypercaloric exposure is
not totally understood. Hypercaloric diets themselves stimulate
central and peripheral inflammatory nodes. For instance,
exposure to saturated fatty acids during pregnancy activate
the Toll-like type 4 receptor signaling (TLR4) in adipocytes
and macrophages (Shi et al., 2006) and promotes substantial
activation of microglia in the hypothalamus (Maldonado-
Ruiz et al., 2019). Systemic and central immune activation
pathways regulate abnormal behaviors including depression
(Wohleb et al., 2016), schizophrenia (Yuan et al., 2019),
and addiction (Alfonso-Loeches et al., 2010; Pascual et al.,
2011; Ho�ord et al., 2018). Conversely, systemic treatment of
the anti-inflammatory drug minocycline to methamphetamine-
addicted rats reverted addiction-like behavior (Snider et al.,
2013; Attarzadeh-Yazdi et al., 2014). Of note, morphine binds
to the TLR4 directly, which increases the risk of drug-
induced reinstatement (Schwarz and Bilbo, 2013), and blocking
the TLR4 pathway in the VTA of rats reduces cocaine and
morphine-primed drug seeking (Tanda et al., 2016; Chen
et al., 2017; Brown et al., 2018), which seems to depend on

microglia activation (Northcutt et al., 2015). Physiologically,
TLR4 signaling regulates glutamatergic stimulation in the NAc
shell (Kashima and Grueter, 2017); however, repeated cocaine
administration activates striatal microglia, leading to TNF-a
production and disrupting glutamatergic synaptic strength in the
NAc shell (Lewitus et al., 2016). These data suggest that microglia
activation and TLR4 signaling positively modulate reinstatement
for drug-seeking behavior. It is unknown if addiction-like
behavior primed by maternal hypercaloric programming sets a
TLR4-like inflammatory profile in NAc capable of regulating
addiction-like behavior in the o�spring.

Exposure to hypercaloric diet in mice sets a higher
proliferation and immune response of myeloid progenitor
cells by activating an epigenetic reprogramming mechanism
(Christ et al., 2018), known as trained immunity (Netea,
2013). Physiologically, epigenetic modulation, such as DNA
methylation, positively activates neuronal di�erentiation in
mammals (Mohn et al., 2008), regulates synaptic plasticity in
the hippocampus (Levenson et al., 2006), and, by its own
neuronal activity induced by external cues, closely modulates
DNA methylation (Maag et al., 2017). For instance, chronic
exposure to amphetamine, ecstasy, or MDMA favors a positive
global DNA methylation and pro-inflammatory profile in the
NAc shell of rats (Mychasiuk et al., 2013), and shows an increase
in tri-methylation of lysine 4 in histone H3 (H3K4me3) on the
pronociceptin, prodynorphin, and neuropsin promoters, while
decreasing the acetylation of lysine 9 in Histone H3 (H3K9ac)
in the nociceptin/orphaninFQ (pN/OFQ) (Caputi et al., 2016).
Also, maternal care of rat o�spring blocks drug-induced
reinstatement of morphine by decreasing the methylation of
the IL-10 promoter in NAc shell (Schwarz et al., 2011). These
evidences support a potential role of the brain proinflammatory
profile and drug addiction susceptibility actively modulated
by methylation and/or acetylation of histones and/or DNA.
Overall, we hypothesized that maternal programming by caloric
diet exposure primes DNA methylation changes and a pro-
inflammatory profile in NAc favoring addiction-like behavior for
natural rewards in the o�spring.

The present study aimed to explore the role of maternal
nutritional programming and its e�ects on DNA methylation,
pro-inflammatory profile, and susceptibility to addiction-like
behavior in the o�spring.

MATERIALS AND METHODS

Animals and Housing
All the experiments were performed using 2-month-old wild-
type female Wistar rats (initial body weight, 200–250 g). Animals

Frontiers in Neuroscience | www.frontiersin.org 2 June 2020 | Volume 14 | Article 452

��

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00452 May 30, 2020 Time: 19:18 # 3

Cruz-Carrillo et al. Maternal Programming of Brain Methylome

were handled according to the NIH Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 80–23, revised
in 1996). We followed the Basel Declaration to implement the
ethical principles of Replacement, Reduction, and Refinement of
experimental animalmodels. Our study was approved by the local
Animal Care Committee (BI0002) at the Universidad Autónoma
de Nuevo León, Mexico. Rats were housed individually in
Plexiglas-style cages, maintained at 20–23�C in a temperature-
controlled room with a 12-h light/dark cycle. Water was available
ad libitum in the home cage. Food availability is described below.

Diets
• The standard chow diet formula contained 57%

carbohydrates, 13% lipids, and 30% proteins, and 290 mg
of sodium, caloric density = 3.35 kcal/g (LabDiet, St. Louis,
MO 63144, 5001, United States). Cafeteria (CAF) diet was
made of liquid chocolate, biscuits, bacon, fried potatoes,
standard chow diet, and pork paté at a 1:1:1:1:1:1:2 ratio,
including 39% carbohydrates, 49% lipids, 12% proteins,
and 290 mg of sodium, caloric density = 3.72 kcal/g,
as we reported (Camacho, 2017; Cardenas-Perez et al.,
2018; Maldonado-Ruiz et al., 2019). CAF diet with methyl
donors consisted of CAF formula enriched with betaine
(5 g/kg of diet), choline (5,37 g/kg of diet), folic acid
(5,5 mg/kg of diet), and vitamin B12 (0.5 mg/kg of diet).
Total fiber available for CAF diet and standard chow diet
is similar and can be found in Supplementary Table S1 in
Supplementary Material.

Maternal Programming Model
Animals were acclimated to the animal facility 7 days before being
exposed to the diet. A total of 27 10-week-old female Wistar
rats (initial body weight, 200–250 g) were housed in standard
conditions as described above with ad libitum access to food
and water. Females were randomized into three di�erent dietary
groups: standard chow diet (C, n = 8), CAF diet (n = 14), and
CAF + methyl donor supplemented (CAF + Met, n = 5) and
were exposed ad libitum to them for 9 weeks, including 3 weeks
before mating, 3 weeks during gestation, and 3 weeks during
lactation. Rats were mated with age-matched Wistar males for
2 days, after which males were removed from the home cage.
Pregnancy diagnosis was performed after mating by vaginal plug.
Female rats lacking plugs were returned to the home cage for a
secondmating. Pregnant rats were transferred to individual cages
and were kept on the same diet until birth and lactation. Pregnant
females might have uneven litter load during gestation; however,
litters were adjusted to 10 pups per mother after birth. After
21 days of lactation, male o�spring were exposed to a control diet
until 2 months of age before the operant training test protocol
(see below for details and Figure 1A for experimental design).We
chose male o�spring based on the potential hormone sensitive-
behavioral e�ects in females. In any case, in order to follow the
ethical principles of Replacement, Reduction, and Refinement of
experimental animal models, we allocated all female o�spring to
a second experimental behavioral protocol, which is currently
under investigation.

Operant Training Test
We followed the operant training protocol using the Skinner box
as reported before (Camacho, 2017), with slight modifications.

Rat Acclimation and Food Restriction
Upon arrival, o�spring rats from the three dietary groups: chow
diet, CAF, and CAF + Met were group-housed for at least
7 days to acclimatize with ad libitum access to standard chow
diet and water. After acclimation, rats were subsequently single-
housed, and food was restricted by lowering to 70% their daily
chow food intake until they lost 5–10% of total body weight at
7 days. This manipulation allowed acquisition of e�cient lever-
press responding during training. Upon reaching desired weight,
we adjusted daily food intake to stabilize their weights for the
remainder of the training period.

Fixed Ratio (FR)-1 Schedule
Rats were trained to press the lever on a fixed ratio (FR)-1
reinforcement schedule where a single lever press delivers a food
pellet to the receptacle. Only one lever is designated as “active,”
showing a 5-s timeout (TO) to the FR1 schedule (FR1/TO-5),
during which additional lever pressing does not result in the
delivery of a food pellet. Each FR training session lasts 1 h
or when 100 pellets have been delivered. Training on the FR1
schedule lasted 3 days.

Fixed Ratio (FR)-5 Schedule
We established the FR5/TO-5 seconds schedule where five active
lever presses triggered the delivery of the food pellet. Training on
the FR5 schedule lasted 4 days. As for FR1/TO-5, schedule rats
were exposed to ad libitum access to standard chow and water.

Progressive Ratio (PR) Schedule
The PR testing was calculated as per Richardson and Roberts
(1996) using the following formula (rounded to the nearest
integer): = [5e (R ⇥ 0.2)]�5, where R is equal to the number of
food rewards already earned plus 1 (i.e., next reinforcer). Thus,
the number of responses required to earn a food reward follow
the order: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, and
so on. The PR session lasts a maximum of 1 h per day. Failure
to press the lever in any 10-min period results in termination of
the session. We also verified performance on the PR schedule by
documenting the stable reinforcement for food when the number
of rewards earned in a 1-h session deviates by 10% for at least 3
consecutive days. Like in the FR1/TO-5 and FR5/TO-5 schedule,
rats were exposed to ad libitum access to standard chow and
water. Training on the PR schedule lasted 5 days.

Calculation of Motivation and Intake Scores
Addiction-like and non-addiction-like behavior in the o�spring
subjects was diagnosed by integrating lever presses during the
FR5 and PR schedules, as reported (Bock et al., 2013; Le et al.,
2017). We use the ⇥ = Xi�X

s.d , where Xi is the behavior value for
each rat, X is the mean behavior value for all the rats, and s.d.
is the standard deviation of the population behavior value. We
identified addiction-like and non-addiction-like behavior in the
o�spring by the FR5/PR ratio by setting a +0.5 or �0.5 score at
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FIGURE 1 | Maternal programming by CAF diet primes addiction-like behavior in offspring. (A) Maternal programming model. We fed female Wistar rats for 9 weeks
including pre-pregnancy, pregnancy, and lactation with standard chow diet (C, n = 8) or CAF diet (n = 14). Offspring was fed with control diet after weaning until
2 months of age and was trained in the operant training test protocol to diagnosed non-addiction and addiction-like behavior. Molecular characterization of
pro-inflammatory expression and global DNA methylome in the NAc shell were performed in non-addiction and addiction-like behavior subjects. (B,C) To diagnose
addiction-like and non-addiction-like behavior phenotypes in the offspring subjects, we calculated the intake and motivation scores by integrating lever presses
during the FR5 and PR schedules, respectively, as reported (Bock et al., 2013; Le et al., 2017). We identified addiction-like and non-addiction-like behavior in the
offspring by the FR5/PR ratio by setting a +0.5 or –0.5 score at “x” and “y” axis to characterize the addiction or non-addiction-like behavior subjects, respectively.
Motivation (based on PR) or intake (based on FR5) scores in the offspring programmed by chow or CAF, respectively. Graphs show mean ± SEM. Chow, n = 53;
CAF, n = 36. (D) Number of events during PR protocol of subjects exposed to chow or CAF diet during programming. Graphs show mean ± SEM. Chow diet
programmed, addict = 10, non-addict = 14; CAF diet programmed, addict = 10, non-addict = 27. Statistical significance after using one-way ANOVA, followed by a
Bonferroni’s post hoc test. The differences between the groups of operant training test were tested by two-way repeated measures ANOVA. ****p < 0.0001. A,
Addiction-like; NA, Non-addiction-like.

“x” (intake score) and “y” (motivation score) to characterize the
addiction- or non-addiction-like behavior subjects, respectively.
This analysis allows one to set the intake and motivation scores
for each subject to classify them as high and low responses
(addiction- or non-addiction-like behavior) to operant training
for natural rewards during the FR5 and PR schedules.

Dams after lactation and o�spring after addiction-like and
non-addiction-like behavior characterization were sacrificed
using decapitation according to the NORMA Oficial Mexicana
NOM-062-ZOO-1999. We used decapitation to preserve
DNA/RNA integrity. Also, we allocated all female o�spring to
a second experimental behavioral protocol, which is currently
under investigation.

Microglia Cell Culture and Treatments
SIM-A9 (CRL-3265) mouse microglia cells were purchased
from ATCC (Manassas, VA, United States) and were
expanded in Corning R� T75 cm2 flasks with Dulbecco’s
modified Eagle’s medium (DMEM high glucose 4.5 g/L,
Caisson Labs, EE.UU, Utah) supplemented with 10%
(vol/vol) 5% heat-inactivated horse serum and heat-
inactivated fetal bovine serum 10% (Sigma Aldrich,
EE.UU, Missouri), 50 units/ml penicillin, and 50 µg/ml
streptomycin (Penicillin/Streptomycin, Sigma Aldrich,
EE.UU, Missouri) in a 5% CO2 incubator at 37�C. The
cells were split when they reached 70–90% confluence (plate
ratio of 1:4) using a PBS/EDTA/EGTA/GLUCOSE solution
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(1 ⇥ /1 mM/1 mM/1 mg/ml) at 37�C for 1–5 min, followed by
washing/resuspension in growth medium.

After confluence, cells were plated in 6-well plates and 96-well
plates, at 200,000 and 5000 cells per well accordingly and pre-
incubated with 5-Aza-20-deoxycytidine (5-AZA) (Sigma Aldrich,
A3656) or S-(50-adenosyl)-L-methionine (SAM) (Sigma-Aldrich,
A2408) for 24 h and cell viability was evaluated as described
below. Based on cell viability assay in some experiments, we used
preincubation of 250 µM SAM or 75 nM 5-AZA or 0.1% DMSO
(Control) for 24 h followed by 500 ng lipopolysaccharide (LPS)
(stock 1 µg/ml) (Sigma-Aldrich, L3023) or 100 µM palmitic acid
(PAL) (Sigma-Aldrich, P9767) stimulation for the next 6 and 24 h.
PAL was first solubilized in DMEM containing 10% of free fatty
acid bovine serum albumin and then administered in each well.

Cell Viability Analysis
Cell survival was determined using the MTT (Cell proliferation
kit I, Roche Diagnostics, Mannheim, Germany) following
manufacturer instructions by adding MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide)
for 1 h at 37�C in a CO2 chamber. Cell viability was quantified at
570 nm wavelength. Results are expressed as percentage of MTT
reduction relative to control cells treated with 0.1% DMSO.

Quantitative Phagocytosis Assay in
Microglia Cells
Phagocytosis in microglia cells was determined using the green
fluorescent latex beads (Sigma, L1030-1ML), which were pre-
opsonized in fetal bovine serum (FBS) (1:5 ratio) for 1 h at 37�C.
Subsequently, the FBS with the beads was added to the wells to
obtain a final concentration of beads = 0.1% (v/v) as previously
reported in Lian et al. (2016). After the cell treatment described
previously, cells were incubated with the beads during 6 h at
37�C. We also incubated the experiment at 4�C for 6 h as a
negative control.

The percentage of phagocytosis of the microglia was
analyzed using a flow cytometer (BD Acuri C6 Plus). After
the 6-h incubation ended, the culture medium containing
the beads was discarded and the cells were washed
twice with sterile 1 ⇥ PBS at 37�C. Cells were detached
using 1 ml of the PBS/EDTA/EGTA/GLUCOSE solution
(1 ⇥ /1 mM/1 mM/1 mg/ml) and resuspended in 100 µl of
1 ⇥ PBS for analysis in the BD Acuri C6 Plus flow cytometer in
the channel FL1-A.

Qualitative Phagocytosis Assay in
Microglia Cells
To visualize phagocytosis under conditions of proinflammatory
LPS and PAL stimulation and its modulation by 5-AZA and
SAM methylation modulators, we used confocal microscopy.
SIM-A9 cells were seeded on sterile coverslips in six-well plates
covered with 0.01% poly-L-lysine solution (Sigma, p4707). After
treatment, cells were fixed by adding 4% paraformaldehyde
(PAF) (Sigma, 158127) for 10 min, washed three times with
1 ⇥ PBS, and were permeabilized with PBS solution 1 ⇥ + 0.1%
Triton X-100 (PBST) (Sigma, ⇥ 100) for 10 min. Next, the cells

were blocked in PBST + 10% goat serum (GIBCO, 16210064)
for 30 min and washed three times with 1 ⇥ PBS. Microglia
immunodetection was performed by overnight primary antibody
anti-mouse Iba-1 (1:200) (Abcam, ab178847) incubation at
4�C followed by goat anti-rabbit IgG coupled to Alexa
Fluor 546 (1:1000) (Invitrogen, A-11035). Finally, cells were
washed 3 ⇥ with 1 ⇥ PBS and mounted in VECTASHIELD
mounting mediumwith DAPI (Vector Laboratories, H-1000-10).
Fluorescent signals were detected by confocal-laser microscopy
using an Olympus BX61W1 microscope with an FV1000 module
with diode laser. Finally, the images were processed with
ImageJ software.

NAc Shell and PFC Isolation and
DNA/RNA Extraction
Brains were isolated from addiction-like and non-addiction-like
behavior of subjects from the three dietary groups: chow diet,
CAF, and CAF + Met and were frozen on dry ice and stored at
�80�C until the collection of tissue. NAc shell and PFC of each
brain were surgically isolated following stereotaxic coordinates
according to Paxinos and Watson (2007) and total DNA/RNA
extraction was performed by utilizing a purification kit (Qiagen)
according to the manufacturer’s instructions.

Quantitative Real-Time RT-PCR
We used 200 ng of total RNA for cDNA retro transcription
using Applied BiosystemsTM High-Capacity cDNA Reverse
Transcription Kit. Quantitative real-time RT-PCR was
performed on a Lightcycler 480 system (Roche) using a iQTM

SYBR R� Green SuperMix (Bio-Rad) with cDNA and primers
(0.5 µM). The sequence primers used for analysis were as
follows: IL-6 forward, 50-TAGTCCTTCCTACCCCAATTTCC-
30. IL-6 reverse, 50-TTGGTCAGCCACTCCTTC-30. IL-1b
forward, 50-GCAACTGTTCCTGAACTCAAC-30. IL-1b
reverse, 50-ATCTTTTGGGGTCCGTCAACT-30. IL-1a-forward,
50-GCACCTTACACCTACCAGAGT-30. IL-1a reverse, 50-
TGCAGGTCATTTAACCAAGTGG-30. TNFa forward,
50-CAGGCGGTGCCTATGTCTC-30. TNFa reverse, 50-
CGATCACCCCGAAGTCAGTAG-30. 36B4 forward,
50-TCCAGGCTTTGGGCATCA-30. 36B4 reverse, 50-
CTTTATCAGCTGCACATCACTCAGA-30. Changes in gene
expression were evaluated using the �11Ct method.

Global DNA Methylation Analysis
Genomic DNA (50 ng/µl) was obtained as described before
and quantified using the SYBR Green I protocol (Gragene,
DNA Genotek Inc., Canada). For the global methylation analysis
(Shiratori et al., 2016), 800 ng of DNA was digested with HpaII
(H) and with MspI (M) restriction enzymes and incubated
at 37�C for 2 h. Afterward, samples were incubated with
the final extension reaction (1.7 ⇥ PCR bu�er, 0.75 U Taq
DNA polymerase) (Thermo Fisher Scientific) and 17 nM of
TAMRA-dCTP (Jena Bioscience) for 1 h at 58�C in complete
darkness. Aliquots of each final extension reaction were placed
in 384-well black plates (Greiner Bio-One). The incorporation
of TAMRA-dCTP fluorescence was directly measured using the
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Infinite M1000-Tecan microplate reader (excitation/emission
535/590 nm). Fluorescence polarization values (FP) were
computed by the i-controlTM software (Tecan). The average
of the FP values was calculated for each condition: FPSD,
FPH, and FPM. The FPH and FPM values were normalized
by subtraction of the FPSD value. Once the FP values of each
sample were normalized, the 5 mC content of the genomic DNA
was obtained with the following formula:% 5 mC ADN = (1-
(FPH/FPM)) ⇥ 100.

Statistical Analyses
All statistical tests were performed using the GraphPad Prism
Version 7. For the in vivo data including the real-time RT-PCR
analysis, we used one-way ANOVA, followed by a Bonferroni’s
post hoc test. The di�erences between the groups of operant
training test were tested by two-way repeated measures ANOVA.
For the in vitro data including the real time RT-PCR and
phagocytosis analysis, we used one-way ANOVA, followed by a
Tukey’s post hoc test from one independent experiment of a total
of four. Data are presented as mean ± SEM. The significance
levels displayed on figures are as follows: ⇤p < 0.05, ⇤⇤p < 0.01,
⇤⇤⇤p < 0.001.

RESULTS

Maternal Programming by Cafeteria Diet
Favors Addiction-Like Behavior in
Offspring
We initially evaluated the e�ect of cafeteria nutritional
programming on addiction-like behavior in the o�spring
using the operant training response to get a cafeteria-like
precision pellet. We identified responders to operant training
based on number of lever presses during the FR1 and FR5
protocols. Analysis of self-administration during the FR5
schedule did not show e�ect on the total population of the first
filial generation of o�spring (F1) subjects from the cafeteria
diet exposure during programming when compared with F1
control diet subjects (two-way repeated measures ANOVA,
p < 0.001) (Supplementary Figure S1A). Data generated from
the PR schedule also confirms that cafeteria programming
does not a�ect lever presses responses in the F1 subjects
(Supplementary Figure S1B). We previously reported that
nutritional programming with CAF diet sets a low and high
response to operant training for natural rewards during FR5
and PR schedules (Camacho, 2017). To diagnose addiction-like
and non-addiction-like behavior phenotypes in the o�spring
subjects, we calculated the intake and motivation scores by
integrating lever presses during the FR5 and PR schedules,
respectively, as reported (Bock et al., 2013; Le et al., 2017). We
use the ⇥ = Xi�X

s.d , where Xi is the behavior value for each rat, X
is the mean behavior value for all the rats, and s.d. is the standard
deviation of the population behavior value. We identified
addiction-like and non-addiction-like behavior in the o�spring
by the FR5/PR ratio by setting a +0.5 or �0.5 score at “x” and
“y” axis to characterize the addiction or non-addiction-like
behavior subjects, respectively. Initially, we found that maternal

programming by cafeteria diet exposure increases the number of
F1 subjects diagnosed as addiction-like behavior when compared
with control chow diet (chow = 11 vs. CAF = 14) (Figures 1B,C).
Characterizing the F1 o�spring showing major addiction-
like behavior phenotype, we found that subjects of mothers
exposed to CAF diet (n = 10) showed significant response to
operant training schedule displaying high lever responses when
compared to high responders (n = 10) of chow-exposed mothers
(Figure 1D). No changes in lever responses were found in the
non-addiction-like behavior subjects programmed by CAF or
chow diets. This evidence confirms that caloric nutritional intake
during pregnancy seems to modulate susceptibility to maximize
operant responses to palatable food in o�spring.

Methyl-Donor Diet Reverts
Addiction-Like Behavior in Offspring
Maternal programming by external stimuli actively modulates
epigenetic landscape, including the DNA methylome. We tested
the e�ect of CAF diet exposure during programming on
global DNA methylation and its modulation by methyl-donor
supplementation [betaine (5 g/kg of diet), choline (5.37 g/kg of
diet), folic acid (5.5 mg/kg of diet), and vitamin B12 (0.5 mg/kg
of diet)] on addiction-like behavior. We found that programming
by CAF diet actively increases global 5-methylcytosine DNA
levels in the NAc shell and no changes were found in the
PFC of o�spring (Figures 2A,B). Unexpectedly, methyl-donor
supplementation decreases 5-methylcytosine DNA levels similar
to control values in the o�spring (Figure 2A); however, it
e�ciently decreases the number of subjects displaying lever
presses response on the FR5 and PR schedule (Supplementary
Figures S2A,B). As before, we diagnosed the number of subjects
showing addiction-like behavior diagnosed by the FR5/PR ratio
by setting a +0.5 or �0.5 score at “x” and “y” axis to characterize
the addiction- or non-addiction-like behavior. We identified that
methyl donors decrease the addiction-like behavior displaying 14
o�spring of CAF vs. 4 subjects included into the CAF-methyl
donors (Figure 2C). Also, methyl donors e�ciently decrease
the number of events during the PR protocol (Figure 2D).
These data propose that exposure to methyl groups during
CAF programming decreases the 5-methylcytosine DNA levels
in NAc shell and e�ciently revert addiction-like behavior
in the o�spring.

Methyl Supplementation to CAF Diet
Increases Feed, Fasting, and
Ghrelin-Sensitive Food Intake in
Offspring
Next, we identified the e�ect of maternal CAF and/or
methyl-donor supplementation on physiological fast-feeding and
ghrelin-sensitive food intake. We have recently reported that
maternal programming by CAF diet primes ghrelin response
to food intake in the o�spring (Maldonado-Ruiz et al., 2019).
Ghrelin has also been reported to modulate addiction-like
behavior by its positive e�ects on the reward circuit. Our
data initially showed that o�spring from CAF diet-fed mothers
showed increase in food intake of chow diet during feed and
fasting scenarios, which is exacerbated when exposed to CAF
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FIGURE 2 | Methyl donors revert addiction-like behavior in the offspring. We fed female Wistar rats for 9 weeks as described with CAF + methyl donors (CAF + Met,
n = 5). Offspring was fed with control diet and was trained in the operant training test protocol. (A,B) Global DNA methylome in NAc shell and PFC were identified
using fluorescence polarization. Molecular characterization of pro-inflammatory expression and global DNA methylome in the NAc shell were performed in
non-addiction and addiction-like behavior subjects. Graphs show mean ± SEM. Statistical significance after using one-way ANOVA, followed by a Bonferroni’s
post hoc test. The differences between the groups of operant training test were tested by two-way repeated measures ANOVA. *p < 0.05 for CAF vs. CAF-Met;
**p < 0.01 for CAF vs. chow. (C) Intake/motivation score for individual offspring subjects from mothers exposed to chow or CAF + Met diet followed the ⇥ = (⇥i–⇥��

)/(s.d) analysis (chow, n = 10; CAF, n = 14; CAF-Met, n = 4). (D) Number of events during PR protocol of subjects exposed to chow or CAF or CAF + Met diet during
programming. Graphs show mean ± SEM. Statistical significance after using one-way ANOVA, followed by a Bonferroni’s post hoc test. The differences between the
groups of operant training test were tested by two-way repeated measures ANOVA. *p < 0.05 for CAF vs. chow; ****p < 0.0001 for CAF vs. CAF-Met.

diet (Figure 3A). Notably, programming by methyl donors
leads to a substantial increase in CAF diet intake during the
feed state, and a significant chow and CAF diet intake after
fasting (Figure 3A). Also, methyl donors increase chow and
CAF diet intake, up to twice and three times higher after
intraperitoneal saline administration (Figure 3B). Remarkably,
methyl donors promote a substantial increase up to three
to five times of chow and CAF diet intake in the o�spring
following ghrelin systemic administration (Figure 3B). These
results suggest that maternal programming by CAF diet actively
promotes food intake by potentially priming ghrelin sensitivity
in o�spring, which is substantially exacerbated when exposed
to methyl donors.

Maternal Programming by CAF Diet
Promotes Pro-inflammatory Expression
in the NAc Shell of Addiction-Like
Behavior Subjects
We compared mRNA expression of proinflammatory cytokines
involved in metabolic inflammation in subjects exposed to chow
or CAF diets during programming. We found an increase in the
IL-6 cytokinemRNA expression in the NAc shell of addiction-like
behavior subjects programmed by CAF exposure when compared
with non-addiction-like subjects or with chow-programmed F1
subjects (Figure 4A). Also, we found a decrease in the expression
of IL-1b and no changes in TNF-a mRNA expression in the
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FIGURE 3 | Effect of maternal nutritional programming on fed-fasting and
ghrelin-sensitive food intake in offspring. (A) Maternal programming was
performed by exposing chow or CAF or CAF + Met diet and daily food intake
was quantified for each group (Feed state). Chow and CAF diet consumption
during 4 h in offspring was registered after fasting for 16 h and refeeding.
(B) Chow and/or CAF diet intake for 2 h after subcutaneous 0.2 µg/kg ghrelin
administration (n = 10–12 per group). Graphs show normalized data of the
mean ± SEM. Two-way ANOVA followed by Bonferroni multiple comparison
test; *p < 0.05, **p < 0.01, ***p < 0.001.

same addiction-like behavior of subjects programmed by CAF
exposure when compared with non-addiction-like subjects or
with chow-programmed F1 subjects (Figures 4B,C).

Methylation Modulates Pro-inflammatory
Cytokines Expression in Microglia Cells
Maternal programming by CAF exposure activates global DNA
methylation, which correlates with an IL-6 increase and an
IL-1b decrease in the NAc shell of addiction-like behavior
subjects, we tested whether methylation/demethylation
pharmacologic modulation promotes/reverts to a pro-
inflammatory profile expression in the SIM-A9 microglia
cells. Initially, we found a dose-dependent e�ect of 5-AZA
or SAM on the MTT reduction showing no changes in cell
survival at 75 nM 5-AZA and 250 µM SAM (Figure 5A).
We did not find changes in IL-6, IL-1b, and TNF-1a gene
expression followed by 5-AZA or SAM stimulation (data
not shown). Real-time PCR analysis identified that favoring
global DNA methylation by SAM incubation increases up to
292% and 200% IL-6 and IL-1b gene expression, respectively,

FIGURE 4 | Maternal programming by CAF diet promotes IL-6 expression in
the NAc shell of addiction-like behavior subjects. Maternal programming by
chow or CAF diet exposure and addiction-like and non-addiction-like behavior
diagnosis was performed as described. NAc shell was isolated following
stereotaxic coordinates, total DNA/RNA was isolated by purification kit
(QIAGEN), and RT-PCR analysis was performed by standardized methods.
IL-6 (A) and IL-1b (B), and TNF-a (C) mRNA expression was performed by
selective primers and standardized methods. Graphs show normalized data of
the mean ± SEM (n = 10–12 per group). Statistical significance after using
one-way ANOVA, followed by a Bonferroni’s post hoc test. For IL-6, *p < 0.05
for A chow vs. A CAF; for IL-1b, *p < 0.05 for A CAF vs. A chow and NA CAF.
A, Addiction-like; NA, Non-addiction-like.

following 6 h LPS incubation compared to LPS or LPS + 5-AZA
treatments (Figures 5B,C). Conversely, active TNF-1a gene
expression during LPS stimulation does not seem to depend
on methylation/demethylation, given that SAM or 5-AZA
incubation substantially downregulate TNF-1a gene activation
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FIGURE 5 | Methylation activates IL-6 and IL-1b gene expression followed by LPS stimulation in microglia cells. (A) Dose-dependent microglia cell viability during
24 h 5-AZA or SAM incubation was registered using standardized MTT protocols. Graphs show normalized data of the mean ± SEM for n = 4 and statistical
significance after using one-way ANOVA with post hoc Tukey’s test. *p < 0.05, ****p < 0.0001. IL-6 (B), IL-1b (C), and TNF-1a (D) RT-PCR gene expression after
24 h 75 nM 5-AZA or 250 µM SAM pre-incubation followed by 6 h 500 ng of LPS (stock 1 µg/ml). Graphs show normalized data of the mean ± SEM relative
quantification using 36B4 as a normalizing gene from one independent experiment of a total of four. Statistical significance after using one-way ANOVA with Tukey’s
multiple comparisons test. For IL-6, bp < 0.001 vs. LPS or vs. cp < 0.0001 vs. 5-AZA; for IL-1b, bp < 0.001 vs. 5-AZA, and for TNF-1a, bp < 0.001 vs. LPS or vs.
cp < 0.0001 vs. LPS. 5-AZA, 5-Aza-20-deoxycytidine; SAM, S-(50-adenosyl)-L-methionine; PAL, palmitic acid.

up to 48% and 28%, respectively, when compared with LPS
e�ect (Figure 5D).

We also evaluated the e�ect of methylation/demethylation
on IL-6, IL-1b, and TNF-1a gene expression following PAL
stimulation.We have reported that intraventricular PAL injection
in rats or incubation in microglia cells promotes IL-6, IL-1b,
and TNF-1a cytokine release in microglia cells (Maldonado-Ruiz
et al., 2019). Also, we have found that maternal programming
by CAF diet sets a hypothalamic microglia activation in the
o�spring (Maldonado-Ruiz et al., 2019). We found that 5-
AZA-induced demethylation actively promotes IL-6 and IL-1b
gene expression following 6 h of 100 µM PAL stimulation
and no changes by 24 h when compared with PAL itself
(Figures 6A–D). Of note, replicating the results found during
LPS stimulation, IL-1 alpha and TNF-1a gene expression
during 5-AZA or SAM and 100 µM PAL incubation do not
seem to be mediated by methyl donors given that 5-AZA or

SAM actively promotes a downregulation of gene activation
by 6 h (Figures 6E,G). Again, these e�ects are reverted to
48% and 28% of the control values after 5-AZA or SAM pre-
incubation, respectively, followed by 24 h of PAL stimulation
(Figures 6F,H). These results confirm that demethylation
primes IL-6 and IL-1b gene activation following PAL or
LPS stimulation.

Methylation Modulates Microglia
Phagocytosis in Culture
Finally, we tested if methylation/demethylation potentially
coordinates microglia phagocytosis following LPS or PAL
incubation. Initially, we characterized a significant reduction
of basal microglia phagocytosis followed by 5-AZA incubation
when compared with basal microglia phagocytosis, LPS,
or following SAM-induced methylation (Figures 7A,B).
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FIGURE 6 | Demethylation activates IL-6 and IL-1b gene expression followed
palmitic acid stimulation in microglia cells. Microglia cells were pre-incubated
with 75 nM 5-AZA or 250 µM SAM for 24 h followed by 6 or 24 h stimulation
of 100 µM PAL. IL-6 (A,B), IL-1b (C,D), IL-1a (E,F), and TNF-1a (G,H)
RT-PCR gene expression. Graphs show normalized data of the mean ± SEM
relative quantification using 36B4 as a normalizing gene from one independent
experiment of a total of four. Statistical significance after using one-way
ANOVA with Tukey’s multiple comparisons test. For IL-6, cp < 0.0001 vs. PAL
and SAM; TNF-1a, cp < 0.0001 vs. PAL; IL-1a ap < 0.05 vs. PAL, bp < 0.001
vs. SAM, and cp < 0.0001 vs. PAL. 5-AZA. 5-AZA: 5-Aza-20-deoxycytidine,
SAM: S-(50-adenosyl)-L-methionine, PAL, palmitic acid. IL-1b, ap < 0.05 vs.
PAL, bp < 0.001 vs. PAL, and cp < 0.0001 vs. SAM.

As expected, LPS stimulation e�ciently activates microglia
phagocytosis, which is blocked by 5-AZA demethylation induced
at 6 and 24 h (Figures 7C,D). Also, methyl donors by SAM
incubation are capable of preventing LPS-induced phagocytosis
at least by 6 h and no e�ect at 24 h (Figures 7C,D). On the other
hand, PAL shows a significant phagocytosis activation at 24 h,
which is also reverted by 5-AZA pre incubation (Figures 7E,F).
No changes in microglia phagocytosis were identified by SAM
incubation followed by PAL stimulation (Figures 7E,F).

DISCUSSION

We report that maternal programming by exposure to
hypercaloric diet elicits significant motivation to work for
food evidenced by positive lever press responses to caloric
pellets in the o�spring. Notably, we found that hypercaloric diet
intake promotes global DNA methylation in the NAc shell of
subjects with addiction-like behavior, which correlates with an
upregulation of IL-6 gene expression. We confirm that methyl
donor’s exposure during programming e�ciently decreases
addiction-like behavior for caloric pellets in o�spring, but
instead, they showed a substantial ghrelin-sensitive response for
food intake. These results suggest that maternal programming by
hypercaloric diet selectively modulates the NAc shell methylome,
favoring IL-6 gene expression, which is associated with incentive
motivation for natural rewards and ghrelin-sensitive food intake
response in the o�spring.

In this study, we contribute to characterize the detrimental
e�ect of maternal programming by caloric diets on incentive
motivation behavior for food in the o�spring. We identified that
caloric overnutrition during pregnancy and lactation increases
the number of o�spring subjects that show addiction-like
behavior for caloric pellets when compared with the o�spring
from mothers exposed to chow diet. Our results agree with
previous reports confirming a hedonic phenotype to natural
and non-natural rewards in the programmed o�spring (Ong
and Muhlhausler, 2011; Peleg-Raibstein et al., 2016; Sarker
et al., 2018). Of interest, under FR1, FR5, and PR schedules,
we identified two responder groups of subjects that displayed
low and high motivation for lever presses, which are also
identified under cocaine response (Verheij and Cools, 2011;
Yamamoto et al., 2013), suggesting that susceptibility among
individuals to addiction or external choices depends on genetic,
epigenetic, and environmental factors (Pierce et al., 2018). Of
note, motivation to work for hypercaloric food during the PR
schedule showed a higher scale-up response in the o�spring
programmed by CAF diet, such as that reported for cocaine,
alcohol, nicotine, heroin, and methamphetamine in rats (Peleg-
Raibstein et al., 2016). It is important to mention that chronic
food restriction in rats actively increases dopamine levels in NAc,
leading to augmentation of hedonic behavior (D’Cunha et al.,
2017). We used a food restriction protocol in order to enhance
the lever presses response during the FR1 schedule; however,
we evaluated the hedonic phenotype for natural rewards in the
FR5 and PR schedules (4 and 7 days after the ad libitum feeding
schedules). This protocol allows us to selectively characterize
the e�ect of maternal programming on hedonic rather than
metabolic parameters. In line with this evidence, humans have
shown increased caloric food liking and/or increased hunger
ratings in subjects classified as food addicts (Loxton and
Tipman, 2017; Ruddock et al., 2017). Mechanistically, it has been
proposed that excessive high-energy food consumption seems
to negatively modulate a hedonic phenotype in animal models
(Kenny, 2011; Barry et al., 2018; Ducrocq et al., 2019), in part,
by downregulating the D2 dopamine receptors (Johnson and
Kenny, 2010; Winterdahl et al., 2019), and/or reduced dopamine
release (Avena and Bocarsly, 2012). In our context, it seems
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FIGURE 7 | Demethylation inhibits microglia phagocytosis in microglia cells. (A,B) Microglia cells were pre-incubated with 75 nM 5-AZA or 250 µM SAM for 24 h, or
LPS followed by pre-opsonized green fluorescent latex beads incubation for 1 h at 37�C. Qualitative phagocytosis was evaluated using immunofluorescence against
anti Iba-1 (1: 200) followed by goat anti-rabbit IgG coupled to Alexa Fluor 546 (1:1000) and VECTASHIELD mounting medium with DAPI. Fluorescent signals were
detected by confocal-laser microscopy using an Olympus BX61W1 microscope with an FV1000 module with diode laser and ImageJ software. cp < 0.0001 for LPS
vs. Basal, SAM and 5-AZA. (C,D) After 5-AZA or SAM incubation, microglia cells were treated with 500 ng of LPS for 6 or 24 h, respectively, and pre-opsonized
green fluorescent latex beads were incubated as before.cp < 0.0001 for LPS vs. Basal, SAM + LPS and 5-AZA + LPS and cp < 0.0001 for LPS vs. Basal and
5-AZA + LPS, respectively. (E,F) After 5-AZA or SAM incubation, microglia cells were treated with 100 µM PAL for 6 or 24 h, respectively, and pre-opsonized green
fluorescent latex beads were incubated as before. Graphs show normalized data of the mean ± SEM relative to % phagocytosis of microglia cells from one
independent experiment of a total of four. Statistical significance after using one-way ANOVA with Tukey’s multiple comparisons test. cp < 0.0001 for PAL vs.
5-AZA + PAL; bp < 0.001 for PAL vs. Basal and cp < 0.0001 for PAL vs. 5-AZA + PAL.

that maternal programming by caloric exposure and/or food
restriction primes a new state of reward deficiency integrating
lower availability dopamine receptors and dopamine release,
which might favor impulsiveness for unhealthy eating in order to
cope against deficient dopaminergic neurotransmission (Dietrich
et al., 2014; Bongers et al., 2015). Taken together, our work
rea�rms the proposal that fetal programming by hypercaloric
diet in mothers favors motivating behavior toward natural high
caloric value rewards in the o�spring (Claycombe et al., 2015;
Edlow, 2017), whichmight replicate major hedonic value for food
in subjects classified as food addicts (Loxton and Tipman, 2017;
Ruddock et al., 2017).

Here, we reported for the first time that CAF diet exposure
during pregnancy and lactation leads to selective global DNA
methylation in the NAc shell and no changes in the PFC of
addict o�spring subjects. DNAmethylation is a deep coordinator
of fetal programming by assisting selective developmental states
capable of modulating long-lasting changes in brain plasticity
related to motivation addiction (Honegger and de Bivort, 2018).
In our maternal programming model, pregnant females are
expected to have uneven litter load during gestation and might

be exposed to di�erential fetal programming, which denotes
a potential limitation of the murine model. However, litters
were adjusted to the same number in the chow and CAF
experimental groups. Molecular epigenetic signatures for setting
food addiction in the o�spring are not totally understood because
food is a natural and necessary reward for animals and humans
when compared with drugs or alcohol. For example, changes
in DNA methylation could be responsible for neuroplasticity
changes induced by addictive drugs, such as repeated cocaine
administration reduced global levels of H3K9 dimethylation in
the NAc, which correlates with changes in dendritic spines (Maze
et al., 2010). Also, changes of the histone dimethyltransferase
G9a in the NAc shell actively a�ect cocaine self-administration
in rats (Anderson et al., 2018, 2019). Of importance, DNA
methylation in NAc during drug addiction seems to respond to
a time-dependent regulation, enhancing DNAmethylation in the
NAc after 30 days of cocaine withdrawal (Massart et al., 2015),
suggesting that an increase in DNA methylation is responsible
for cocaine craving. In agreement with these data, we found
that programming by CAF diet substantially increases global
DNA methylation in the NAc shell of addict o�spring that are
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no longer exposed to CAF diet. Recent evidence have identified
that CAF programming promotes D2 dopamine receptor DNA
methylation in NAc of the o�spring (Rossetti et al., 2020), which
potentially might explain the impulsiveness for unhealthy eating.
Notably, methyl donors revert the percentage of global DNA
methylation and block addiction-like behavior in the o�spring.
Our data agree with the fact that chronic treatment with the
methyl-donor methionine inhibits cocaine-induced conditioned
place preference in rats (Tian et al., 2012), which seems to
depend on cocaine-induced c-Fos expression in the NAc (Wright
et al., 2015). Also, it has been reported that fetal programming
by high-fat diet promotes global DNA hypomethylation in the
o�spring reward circuit (Skinner et al., 2011; Carlin et al.,
2013), and in fact, it is also detected in response to fetal
programming by environmental exposure to toxins (Baccarelli
and Bollati, 2009), during restriction of nutrients in utero
or prenatal exposure to cocaine (Novikova et al., 2008). In
addition, global hypomethylation correlates with an increased
expression of opioid receptors and the dopamine transporter
in the NAc of the high-fat diet-programmed o�spring (Carlin
et al., 2013). Conversely, maternal diet supplementation with
methyl donors seems to be beneficial by restoring weight gain
and food intake in animals exposed to caloric diet (Carlin
et al., 2013). Alternatively, methyl-donor supplementation during
programming might also contribute to additional metabolic
or systemic molecular pathways away to the e�ects in DNA
methylation during neonatal development. For instance, methyl-
donor infusion in piglets increases creatine, whereas it decreases
phosphatidylcholine levels in liver (Robinson et al., 2016).
Creatine synthesis itself requires glycine and an amidino group
(provided by arginine) and a methyl group (provided by SAM)
(Brosnan et al., 2009), supporting the notion that methyl donors
modulates amino acids metabolism in energy-demand tissues
including brain. Finally, in a remarkable report, Rizzardi et al.
(2019) identified 12 Mb of di�erentially methylated CG regions
in flash-frozen postmortem human tissues including dorsolateral
PFC, hippocampus, NAc, and anterior cingulate gyrus implicated
in neuropsychiatric disorders, including addiction (Rizzardi et al.,
2019). Our data suggest a di�erential and opposite e�ect of
drugs and food on DNA methylation in NAc; however, in both
scenarios, NAc methylation favors addiction-like behavior.

One of the major results from our study proposes that
maternal programming by methyl donors decreases the
incentive to work for natural rewards; however, it does
prime a metabolic aberrant phenotype promoting overfeeding
during fasting and ghrelin-sensitive schedules. We have
previously reported that CAF diet primes a fasting and
ghrelin-sensitive food intake response in the o�spring
when compared with the o�spring of mothers exposed
to chow diet (Maldonado-Ruiz et al., 2019). Overfeeding
in the programmed o�spring might be explained by two
scenarios, firstly, postnatal high caloric diet exposure has been
identified to induce hypermethylation of the Pomc promoter,
blocking leptin signaling and favoring food consumption
and weight gain (Marco et al., 2013; Zhang et al., 2014). In
fact, higher methylation levels at the proopiomelanocortin
(POMC) CpG sites +136 bp, and +138 bp and lower

methylation of the neuropeptide Y promoter in human
leukocytes have been associated to weight gain (Crujeiras
et al., 2013). A potential second scenario might be related
with hypomethylation in the neuropeptide Y promoter
(Lazzarino et al., 2017) favoring overfeeding after fasting or
ghrelin administration in the o�spring. We have reported
that fetal programming by CAF diet exposure exacerbates
hypothalamic c-fos neuronal response to ghrelin in the
o�spring (Maldonado-Ruiz et al., 2019), suggesting that
DNA methylation during maternal CAF exposure might
disrupt the expression of food intake neuropeptides favoring
ghrelin-sensitive orexigenic signaling.

Next, we characterized the molecular immune signatures
of fetal programming in the o�spring that favor or correlate
with addiction-like behavior. We have reported that maternal
programming by CAF exposure leads to hypothalamic microglia
activation in the o�spring (Maldonado-Ruiz et al., 2019). Our
in vivo data show a higher expression of IL-6 in the NAc
shell of subjects that exhibited addiction-like behavior. Our
in vitro experiments indicate that LPS or PAL incubation
e�ciently activates TNF-a, IL-6, and IL-1a gene expression. Also,
methyl-donor incubation activates or decreases IL-6 and IL-1a
gene expression following LPS or PAL stimulation, respectively.
Our results agree with recent reports demonstrating that 5-
AZA-induced demethylation significantly increases IL-6 and
IL-8 gene expression in human dental pulp cells (Mo et al.,
2019) and in polymorphonuclear cells (Shen et al., 2016)
followed by LPS stimulation. Potentially, we propose that DNA
methylation might coordinate a pro- and anti-inflammatory
profile in macrophages toward both M1 and M2 phenotypes.
For example, LPS e�ciently leads to SOCS1 gene promoter
methylation in macrophages favoring secretion of TNF-a and IL-
6 cytokines (Cheng et al., 2014). Global DNA hypermethylation
has also been reported in inflamed tissues of obesogenic-diabetic
mellitus mice models, showing anM1 phenotype in macrophages
(Babu et al., 2015; Kapellos and Iqbal, 2016). In our context,
positive energy balance such as the obesogenic-diabetic mellitus
mice models are closely related to the metabolic failure found
in our maternal programming model (Cardenas-Perez et al.,
2018), suggesting that global DNA methylation in NAc might
potentially be associated to positive energy balance. Finally, our
in vitro experiments identified that demethylation selectively
blocks phagocytosis in microglia during LPS or PAL stimulation.
There are no available studies regarding the e�ect of DNA
methylation/demethylation on phagocytosis in microglia, which
allow us to integrate this mechanism on addiction behavior.
A previous study reported 5-AZA-induced demethylation and
significantly increased e�erocytosis in alveolar macrophages
from COPD patients (Barnawi et al., 2017), which potentially
reflects a pathological scenario linked to immunity.

We propose that maternal programming increases
susceptibility to addiction-like behavior in the o�spring
integrating global DNA methylation in the NAc shell, which
correlates with IL-6 gene expression. CAF diet made of lipids
such as PAL might imitate foreign compounds and initiate a
proinflammatory immune signaling in the brain to create its
rewarding and/or overfeeding e�ects.
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Abstract: Maternal overnutrition during pregnancy leads to metabolic alterations, including obesity,
hyperphagia, and inflammation in the o↵spring. Nutritional priming of central inflammation and its
role in ghrelin sensitivity during fed and fasted states have not been analyzed. The current study
aims to identify the e↵ect of maternal programming on microglia activation and ghrelin-induced
activation of hypothalamic neurons leading to food intake response. We employed a nutritional
programming model exposing female Wistar rats to a cafeteria diet (CAF) from pre-pregnancy
to weaning. Food intake in male o↵spring was determined daily after fasting and subcutaneous
injection of ghrelin. Hypothalamic ghrelin sensitivity and microglia activation was evaluated using
immunodetection for Iba-1 and c-Fos markers, and Western blot for TBK1 signaling. Release of
TNF-alpha, IL-6, and IL-1� after stimulation with palmitic, oleic, linoleic acid, or C6 ceramide in
primary microglia culture were quantified using ELISA. We found that programmed o↵spring by
CAF diet exhibits overfeeding after fasting and peripheral ghrelin administration, which correlates
with an increase in the hypothalamic Iba-1 microglia marker and c-Fos cell activation. Additionally,
in contrast to oleic, linoleic, or C6 ceramide stimulation in primary microglia culture, stimulation with
palmitic acid for 24 h promotes TNF-alpha, IL-6, and IL-1� release and TBK1 activation. Notably,
intracerebroventricular (i.c.v.) palmitic acid or LPS inoculation for five days promotes daily increase in
food intake and food consumption after ghrelin administration. Finally, we found that i.c.v. palmitic
acid substantially activates hypothalamic Iba-1 microglia marker and c-Fos. Together, our results
suggest that maternal nutritional programing primes ghrelin sensitivity and microglia activation,
which potentially might mirror hypothalamic administration of the saturated palmitic acid.

Keywords: ghrelin; hypothalamic inflammation; microglia; nutritional programing
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1. Introduction

Maternal obesity or maternal overnutrition during pregnancy and lactation programs an adverse
uterine milieu leading to defects in organ function and metabolism in o↵spring [1,2]. Programing
involves a new setting of peripheral and central pathways including energy expenditure and appetite
regulation, which potentially increase the susceptibility for obesity and metabolic-related pathologies
in adult o↵spring [2]. Maternal nutritional programming by cafeteria diet (CAF) in murine models sets
metabolic alterations including impaired insulin sensitivity, hypertension, endothelial dysfunction,
increased adiposity [3–5], and altered appetite regulation (hyperphagia) [2,6].

Food intake is actively regulated by ghrelin, which is the only known appetite-inducing peptide
produced by endocrine cells of the gastric mucosa [7,8]. Ghrelin induces a powerful orexigenic signal
by activating the secretagogue receptors of growth hormone (GHSR) expressed in the hypothalamic
POMC of the arcuate nucleus (ARC) and the NPY/AgRP neurons of the paraventricular nucleus
(PVH) [7,8]. Maternal programming by overnutrition increases plasma ghrelin levels in both dams
and their o↵spring [9]; Additionally, neonatal overfeeding disrupts ghrelin signaling [10] and induces
overweight into adulthood in both males and females [11,12]. Maternal nutritional programming
by overnutrition also stimulates proliferation of neuroepithelial and neuronal precursor cells in the
hypothalamus during the embryonic period, leading to di↵erentiation and proliferation of orexigenic
peptide-producing neurons [13]. Furthermore, a recent clinical study demonstrated that the maternal
prenatal lipid profile was associated with the o↵spring’s eating behavior and energy intake [14].
This evidence proposes that maternal nutritional programming might set an orexigenic phenotype
in the o↵spring by increasing plasma ghrelin levels and orexigenic neuronal expression in the
hypothalamic nucleus.

Maternal obesity or maternal overnutrition is also associated with a positive inflammatory profile,
known as metabolic inflammation. For instance, free fatty acids accumulation in plasma during
maternal programming promote a central and peripheral inflammatory response through toll-like
receptor 4 (TLR-4) activation [15–17]. In addition, clinical evidence showed substantial increased
expression of TLR-4, IL-6, and IL-8 in the placenta of obese women [18], and TLR-4 ablation in the
ARC nucleus of murine models prevents obesity [19].

In the brain, hypothalamic microglia actively responds to accumulation of saturated fatty acids
following caloric exposure in murine models [11,12]. We have reported that the saturated lipid palmitic
acid leads to the activation of the TLR-4-TBK1 pathway in the hypothalamus of obese murine models,
which correlates with insulin resistance [20]. Of note, initial reports identified that chronic microglia
activation following caloric exposure correlates with ghrelin resistance in the hypothalamus [21].
Conversely, genetic ablation of microglia leads to anorexia and weight loss [22]. Of importance,
seminal studies have identified that plasma lipid profile selectively regulates ghrelin sensitivity.
For instance, lipid infusions in humans suppresses the GHSR e↵ects of ghrelin [23]. Additionally,
in vitro studies identified that prolonged exposure to unsaturated fatty acids activates ghrelin sensitivity,
potentially due to an increase in the GHSR in lipid rafts [24]. This evidence suggests that unsaturated
or saturated plasma lipid profiles promote microglia activation, leading to positive or negative ghrelin
sensitivity, respectively. It is unknown whether overnutrition during maternal programming primes
hypothalamic ghrelin signaling in o↵spring, promoting increased food intake in adulthood. The current
study was designed to identify the e↵ect of maternal nutritional programming by caloric exposure on
ghrelin-induced activation of hypothalamic neurons and food intake regulation in the o↵spring.
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2. Materials and Methods

2.1. Reagents and Antibodies

Reagents and antibodies used in our experimental design are showed in Tables 1 and 2, respectively.

Table 1. List of reagents

Reagent Catalog Application
(conc.) Manufacturer

Ghrelin
Dulbecco’s Modified Eagle’s

Medium high glucose
G8903 D5648 i.c.v

PC
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

L-15 Medium (Leibovitz) L4386 PC Sigma-Aldrich, St. Louis, MO, USA
Palmitic acid P0500 i.c.v. and PC Sigma-Aldrich, St. Louis, MO, USA

Palmitoleic acid P9417 PC Sigma-Aldrich, St. Louis, MO, USA
Linoleic acid L1376 PC Sigma-Aldrich, St. Louis, MO, USA
Stearic acid S47S1 PC Sigma-Aldrich, St. Louis, MO, USA

N-hexanoyl-D-esfingosin H6524 PC Sigma-Aldrich, St. Louis, MO, USA
lipopolysaccharide (LPS)
Escherichia coli 0111: B4 L2630 i.c.v. and PC Sigma-Aldrich, St. Louis, MO, USA

Rat TNF-↵ ELISA
Ready-SET-Go! 88-7340 ELISA eBioscience, San Diego, CA, USA

Rat IL-6 ELISA kit RAB0311 ELISA Sigma-Aldrich, St. Louis, MO, USA
Rat IL-1� ELISA kit RAB0277 ELISA Sigma-Aldrich, St. Louis, MO, USA

PC: primary microglia cell culture; i.c.v: intracerebroventricular injection.

Table 2. List of antibodies

Antibody Catalog Application
(conc.) Host Manufacturer

Anti-NAK ab40676 WB (1:1000) Rabbit abcam, Cambridge, MA, USA
Anti-p-NAK S172 ab109272 WB (1:1000) Rabbit abcam, Cambridge, MA, USA

Anti-p-NF-B p65 S536 3033S WB (1:1000) Rabbit Cell Signaling, Beverly, MA, USA
Anti-p- NF-B p65 8242S WB (1:1000) Rabbit Cell Signaling, Beverly, MA, USA

Anti- �-Actin 8457P WB (1:5000) Rabbit Cell Signaling, Beverly, MA, USA
Anti-rabbit IgG-HRP sc-2370 WB (1:1000) Cow Santa Cruz Biotech., Dallas, TX, USA

Alexa fluor 488
anti-rabbit A-11034 IF (1:1000) Goat Thermo Fisher Scientific, Waltham,

MA, USA
Alexa fluor 546

anti-rabbit A-11035 IF (1:1000) Goat Thermo Fisher Scientific, Waltham,
MA, USA

Anti-c-fos ab190289 IF (1:1000) Rabbit abcam, Cambridge, MA, USA
Anti-Iba-1 ab178847 IF (1:200) Rabbit abcam, Cambridge, MA, USA

WB: western blot; IF: Immunofluorescence.

2.2. Animals and Housing

All the experiments were performed using two-month-old wild-type female Wistar rats (initial body
weight 200–250 g). Animals were handled according to the NIH guide for the care and use of laboratory
animals (NIH Publications No. 80–23, revised in 1996). We followed the Basel Declaration to implement
the ethical principles of Replacement, Reduction and Refinement of experimental animal models.
Our study was approved by the local Animal Care Committee (BI0002). Rats were housed individually
in Plexiglas-style cages, maintained at 20–23 �C in a temperature-controlled room with a 12-h light/dark
cycle. Water was available ad libitum in the home cage. Food availability is described below.
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2.3. Diets

The standard chow diet formula contained 57% carbohydrates, 13% lipids, and 30% proteins,
caloric density = 3.35 kcal/g (LabDiet, St. Louis, MO 63144, 5001, Cat. D12450B). Cafeteria (CAF) diet
was made of liquid chocolate, biscuits, bacon, fries potatoes, standard diet, and pork paté based on a
1:1:1:1:1:1:2 ratio, respectively; total calories 3.72 kcal/g in 39% carbohydrates, 49% lipids, 12% proteins,
and 513.53 mg of sodium, caloric density = 3.72 kcal/g, as we reported before [5]. It is important to
note that the CAF diet simulates the feeding habits of human populations in North America [25].

2.4. Maternal Nutritional Programming Model

Programing and mating experiments were performed using 12-week-old male and 10-weel-old
virgin female Wistar rats. Animals were acclimated to the animal facility seven days prior to the
nutritional programming protocol in standard conditions with ad libitum access to food and water.
Female rats (n = 6) were randomized into two batches of three animals each, one for the control chow
diet and the second for the CAF diet, as we reported [5]. After randomization, female rats were exposed
ad libitum to specific formula diets three weeks before mating. Rats were mated with age-matched
Wistar males for two days and males were removed from the home cage. Pregnancy diagnosis was
performed in females after mating by vaginal plug. Female rats lacking copulation plugs were returned
to the home cage for a second mating. Pregnant rats were kept on the same diet until birth and
lactation. Male o↵spring from mothers exposed to Chow or CAF diets were weaned at post-natal
day 21, grouped into 10–12 subjects per group and exposed to control Chow diet (Control Chow and
CAF programmed groups) for nine weeks. During the experiment, body weight and food intake were
measured weekly (Figure 1a).

2.5. Analysis of Ghrelin Signaling for Chow and CAF Exposure in O↵spring

The o↵spring from mothers exposed to Chow (n = 10–12) or CAF (n = 10–12) diet were fasted
for 16 h by removing their food at 18:00 PM. To measure total food intake, Chow and CAF diets were
weighed and placed inside the cages, where they were left for 4 h, after which food was removed and
weighed. Additionally, after removing the food, Chow or CAF programmed o↵spring were injected
intradermically with 0.2 micrograms/kg of ghrelin (n = 10–12) or saline (n = 10–12), and food was
placed in their cages for 2 h (see Table 1 for reagents). Rats were allowed to eat ad libitum, and then
food was removed and weighed.

This procedure allowed each subject to be its own control for the ghrelin e↵ect. Next, rats were
intracardially perfused and processed for immunohistochemistry against c-Fos for neuronal and Iba-1
for microglia activation (see Table 2 for antibodies), as described below.

2.6. Intracardiac Perfusion

After 2 h of ghrelin administration, the o↵spring was anesthetized by 1 mL pentobarbital
(PiSA Agropecuaria) i.p. overdose. A dermal dissection was performed from the abdominal region
to the upper part of the thoracic cage, exposing the heart. Then, the left ventricle of the heart was
perforated following its apex and a cut was made in the right atrium in order to open the circulatory
system. Rats were intracardially perfused with 250 mL 0.1 M phosphate-bu↵ered saline (PBS) + 10
U/mL heparin followed by 250 mL paraformaldehyde 4% in PBS 0.1M (PFA) using an infusion pump
(Fisher Scientific GP1000) at a flow rate of 15 mL/min. The brains were collected, and samples were
stored in 4% PFA + PBS 0.1 M at 4 �C for 24 hours and changed to 10%, 20%, and 30% sucrose before
cutting. We obtained 40-µm coronal sections in the rostral-caudal direction between bregma �1.58
and �1.94 mm for the ARC, and between bregma �0.70 and �0.94 mm for the PVN using a cryostat;
the sections were processed for immunohistochemistry as described below. Anatomical limits of each
brain region were identified using the Paxinos and Watson Atlas [26].
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Figure 1. E↵ect of maternal nutritional programming on food intake in male o↵spring. (a) Maternal
programing was performed by exposing Chow or CAF diet for nine weeks including pre-pregnancy,
pregnancy and lactation. After weaning the o↵spring of both (CAF and Chow diets) was exposed to
Chow diet for 5 weeks, by two months of age (week 23) we performed the feeding test. (b) Daily food
intake by both Chow o↵spring and CAF diet o↵spring. (c) Chow and CAF diet consumption during 4 h
in o↵spring after fasting for 16 h and refeeding. (d) Food intake for 2 h after administration with ghrelin
0.2 µg/Kg SC. (control diet group n = 10–12; cafeteria diet (CAF) group n = 10–12; the graphs show
normalized data of the mean ± S.E.M. Two-way ANOVA followed by Tukey multiple comparation test;
* p <0.05, ** p <0.01, *** p <0.001).

2.7. Tissue Sample Collection

The second batch of o↵spring (n = 10–12 each) were sacrificed by decapitation at nine weeks
of age. Blood samples were collected in 500-µL tubes (Beckton Dickinson) and plasma fraction was
isolated by centrifugation at 4 �C and frozen at �80 �C. ARC and PVN-DMN of hypothalamus were
dissected and frozen immediately at 80 �C for Western blot analysis.

2.8. Stereotaxic Surgery and I.C.V. Ghrelin Administration

A third batch of rats was selected for stereotaxic brain surgeries to selectively stimulate the
hypothalamic region. In brief, all surgeries were carried out using aseptic techniques and animals were
injected with ketamine (100 mg/kg, i.p.) + xylazine (10 mg/kg, i.p.) to induce anesthesia and analgesia,
respectively. By eight weeks of age, male rats (n = 36) were implanted with a cannula in the third
ventricle following the stereotaxic coordinates, AP: �2.56, mL: 0, DV: �9.4 according to the rat brain
atlas [26]. The animals were allowed to recover for seven days and placed into three experimental
groups (n = 8/group) for five days i.c.v administration of: 1) artificial cerebrospinal fluid (ACSF)
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(Control), 2) 40 µg/µL palmitic acid (PAL), and 3) 2 µg/µL lipopolysaccharide (LPS) (Escherichia coli
0111: B4). We performed a single i.c.v administration of ACSF, PAL or LPS using an infusion pump at
2 µL flux rate. We quantified total food intake per day as well as glucose and insulin following the i.c.v
administration of 1µg/µL ghrelin.

2.9. Glucose and Insulin Tolerance Test (GTT, ITT) and Ghrelin Sensitivity Assessments

Following i.c.v administration, males were fasted for 8 or 12 h and were intraperitoneally injected
with 1 U of insulin/100 g or 40% glucose/kg body weight, respectively. Blood glucose levels were
quantified at 0, 15, 30, 45, 60, 90, and 120 min, as described previously [5]. A week after GTT and ITT
assessments, rats were i.c.v. injected with ghrelin (1 µg/µL) and we quantified total food intake for two
hours. Subjects were transcardially perfused as described and processed for immunohistochemistry
analysis as described below.

2.10. Microglia Primary Culture and Treatments

Cerebral cortices from the postnatal day 2 (P2) Wistar rat pups were surgically dissected, harvested,
the meninges and blood vessels were removed, and the parenchyma minced and triturated in Leibovitz’s
L-15 Medium (Thermo Fisher Scientific, Waltham, Massachusetts) + 0.1% bovine serum albumin
(BSA) with 4.5 g/L glucose, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Suspended cells were
filtered (70 mm) and plated on T-75 Flasks containing 10 mL of Dulbecco’s Modified Eagle’s medium
(DMEM) (SIGMA, San Luis, MO, USA); media were replenished every two days, resulting in mixed
glial monolayers. Two weeks later, the flasks were shaken (200 rpm) for two hours (37 �C) to specifically
release microglia.

Microglia culture were 70–80% confluent and stimulated for 24h with one of each fatty acids
as follow: 100 µM palmitic acid, 100 µM palmitoleic acid, 100 µM stearic acid and 100 µM linoleic
acid (Sigma-Aldrich, San Luis, MO, USA), 25 µM N-hexanoyl-D-sphingosine (C6) or 0.1 µg/mL LPS.
Culture medium was recovered to perform the IL-6, IL-1�, and TNF-alpha ELISA tests. All fatty acids
were first solubilized in DMEM media containing 10% of free fatty acid BSA, then administered in
each well. Microglia were harvested and total protein was extracted using lysis bu↵er for Western blot
analysis as described below.

2.11. Cytokine Measurements

Levels of IL-6, IL-1�, and TNF- alpha in culture medium of microglia following fatty acids
or LPS stimulation were measured by ELISA (Sigma-Aldrich, St. Louis, MO, USA), following the
manufacturer’s instructions.

2.12. Immunohistochemistry Analysis by Confocal Imaging

Frozen brain sections were air dried at room temperature (RT) for one hour to prevent sections
from falling o↵ the slides during antibody incubations. Afterwards, the slices were washed three times
for 5 min with 1X PBS + 0.1% TritonX-100 (PBST) and the slices were blocked in PBST + 10% goat
serum for an hour. Subsequently, brain sections were incubated with PBST + 5% goat serum with the
primary antibody anti-Iba-1 (1:200) or anti-c-Fos (1:1000) at 4 �C overnight. Subsequently, the slices
were washed in PBST three times and then incubated for three hours with the secondary antibodies
Alexa Fluor 488 Rabbit Goat Anti-Rabbit (IgG) for C-Fos or Alexa Fluor 546 Goat Anti-Rabbit (IgG)
for Iba-1, each diluted in PBST + 5% goat serum (1:1000). Afterwards, brain sections were washed
three times with PBST and air-dried at RT. Finally, brain sections were mounted using Vectashield with
DAPI (Vector Laboratories, Burlingame, CA, USA) on coverslips.
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2.13. Western Blot Analysis

Microglia culture samples and ARC and PVN-DMN hypothalamic biopsies were incubated in
lysis bu↵er solution (150 mM NaCl, 25 mM Tris–HCl pH 7.5, containing 50 mM NaF, 10 mM NaP2O7,
1 mM Sodium orthovanadate, complete protease inhibitor cocktail (Roche, Mannheim, Germany) 0.5%
Triton X-100) followed by sonication (for 5 s at 1500 Hz on ice). Samples were centrifuged for 10 min
at 1500⇥ g and protein concentration were determined by the bicinchoninic acid (BCA) assay at a
concentration of 40 µg/µL. Samples were mixed with Laemmli bu↵er and then heated t 90 �C for 5 min
and subjected to SDS–PAGE. Proteins were electrophoretically transferred to nitrocellulose membranes.
The membrane was then blocked for 2 h at RT in TBS-T bu↵er (10mM Tris, 0.9% NaCl, 0.1% Tween
20, pH 7.5) containing 5% BSA. Membranes were incubated overnight with primary antibodies at
4 �C: TBK1 (1:1000), TBK1-pSer172, anti-NF-B (1:1000), NF-B-pSer536 (1:1000), anti-actin (1:2000).
Membranes were washed (4 times/5 min) in TBS-T and incubated for 1 h with horseradish peroxidase
(HRP)-conjugated secondary antibody. Proteins were detected by ECL, which were read employing
the ChemiDoc™ XRS+ System (BIO-RAD) and quantified densitometrically with the 1.31V ImageJ
software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).

2.14. Statistical Analysis

Statistical analyses were conducted using the Prism 7 GraphPad software. Western blot data
were analyzed using the unpaired Student’s t-test. We used two-way ANOVA followed by Tukey for
multiple comparations. Data are presented as mean ± SD. The significance levels displayed on figures
are as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. Maternal Nutritional Programming Exacerbates Ghrelin Sensitivity in O↵spring, Leading to an Increase in
Food Intake

First, we aimed to identify the e↵ect of maternal nutritional programming by caloric exposure on
basal and ghrelin-induced food intake regulation in the o↵spring. We found that o↵spring showed
a significant transient increase of food intake by day two during the five days schedule, with no
changes on total basal food intake (Figure 1b). Additionally, o↵spring programmed by the CAF diet
exhibited an increase in Chow and CAF food intake after 14 h fasting when compared with o↵spring
exposed to Chow diet during programming (Figure 1c). Of note, incentive food intake behavior in the
programmed o↵spring was sensitive to ghrelin administration. We found that subcutaneous ghrelin
injection significantly increased Chow and CAF diet intake in o↵spring programmed by maternal
CAF compared with Chow programmed o↵spring (Figure 1d). These results suggest that maternal
programming by CAF diet actively promotes food intake by potentially priming ghrelin sensitivity
in o↵spring.

3.2. Maternal Programming by CAF Exposure Sets Activation of Hypothalamic Ghrelin-Sensitive C-Fos
Neurons in O↵spring

Next, we sought to identify if ghrelin sensitivity correlated with neuronal response and microglia
activation in the hypothalamic ARC nucleus. We used a 120-min time-frame schedule following
systemic ghrelin administration to identify central neuronal c-fos activation in the ARC nucleus leading
to food intake response, as reported [27]. We found that o↵spring programmed by a maternal CAF
diet exposure showed substantial microglia activation evidenced by an increase in the Iba-1 marker
(Figure 2a). Additionally, CAF diet exposure promoted a higher neuronal c-fos expression in ARC
when compared with matched controls (Figure 2b). Together, these results confirm that maternal
programming is able to sensitize central neuronal activation in the hypothalamus of o↵spring following
systemic ghrelin administration, which correlates with central microglia activation.
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Figure 2. Maternal programming leads to microglia activation and c-Fos response in hypothalamus.
O↵spring was programmed by CAF diet exposure as previously described, and 0.2 micrograms/kg
ghrelin was intradermically administered, and subjects were intracardially perfused with 0.1M PBS +
heparin followed by PBS + 4% PFA. Hypothalamic sections were obtained using a cryostat, according
to the Paxinos and Watson Atlas. Immunofluorescence to identify microglia activation was performed
using the Iba-1 antibody (1:200) following by the secondary antibody Alexa Fluor 546 Goat Anti-Rabbit
(IgG) (1:1000) (a). c-Fos activation was identified by anti c-Fos (1:1000) and Alexa Fluor 488 Rabbit Goat
Anti-Rabbit (1:1000) (b). Brain sections were mounted using Vectashield with DAPI (Vector Laboratories)
on coverslips. (n = 3). PBS, phosphate-bu↵ered saline, PFA, paraformaldehyde.

3.3. Saturated Lipids Activate a Pro-Inflammatory Stage in Microglia

To identify whether positive energy balance in o↵spring after programming selectively displayed
microglia activation and ghrelin sensitivity, we initially characterized potential lipid species showing a
pro-inflammatory profile using a microglia in vitro system. We performed saturated or unsaturated
fatty acids stimulation for 24 h and quantified TNF-alpha, IL-6, and IL-1� release, as described.
We found that the C16:0-saturated palmitic acid incubation e�ciently promotes TNF-alpha, IL-6 and
IL-1� release when compared with control, whereas the C18:0 long-chain stearic acid promotes
TNF-alpha release with no changes in IL-6 and IL-1� (Figure 3a–c). Additionally, palmitoleic acid
(C16:1), the monounsaturated form of palmitic acid promoted the production of IL-6, whereas the
C6 ceramide (C18:1/6:0) decreased it (Figure 3b). Finally, the polyunsaturated linoleic acid (C18:2)
incubation did not show changes in the pro-inflammatory profile of microglia (Figure 3a–c).
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Figure 3. Palmitic acid incubation leads to cytokine production and TBK1 pathway activation in
primary microglia. (a) TNF-alpha secretion, (b) IL-6 secretion or (c) IL-1� secretion by primary microglia
culture following 1% BSA-FFA (Control); 100 µM palmitic acid, palmitoleic acid, linoleic acid or stearic
acid or 25 µM C6 ceramide incubation for 24h. TNF-alpha, IL-6 and IL-1� secretion were quantified by
ELISA following the manufacturer’s instructions (n = 4). (d) TBK1 phosphorylation following saturated
and unsaturated fatty acids stimulation was identified using western blot analysis. The graphs show
normalized data of the mean ± S.E.M. Two-way ANOVA followed by Tukey multiple comparation
test; * p < 0.05, ** p < 0.01, *** p < 0.001). TBK1, TANK-binding kinase 1, BSA-FFA, Bovine serum
albumin-free fatty acids (FFA).

We previously reported that palmitic acid leads to the TLR4-TBK1 pathway activation in
the hypothalamus of obese murine models, which correlates with systemic insulin resistance [20].
We identified whether stimulation with saturated and unsaturated fatty acids lead to TBK1 activation
in microglia cultures. Our results show that both the positive inflammatory reagent, LPS, and palmitic
acid elicit a significant activation of the TBK1 pathway in microglia cells (Figure 3d). Of importance,
the C6 ceramide blocks the TBK1 pathway activation (Figure 3d), which correlates with no changes in
TNF-alpha and IL-1� release (Figure 3a,b) with a decrease in the IL-6 release (Figure 3c). Our results
confirmed the saturated palmitic acid as a reliable lipid species leading to pro-inflammatory state in
microglia cells.

3.4. Hypothalamic Palmitic Acid Inoculation Promotes Increase in Total Food Intake

We determined whether central administration of the pro-inflammatory modulator palmitic acid
disrupted plasma glucose homeostasis and/or food intake response. We found that i.c.v administration
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of palmitic acid for 5 days partially increased plasma glucose levels following insulin administration,
however, it did not change total glucose homeostasis evidenced by area under the curve (AUC)
quantification (Figure 4a,b). Additionally, we found no changes in glucose homeostasis addressing by
the GTT (Figure 4c,d).
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Figure 4. Chronic i.c.v. palmitic acid administration sensitizes ghrelin signaling leading to food
intake increase. ITT and area under the curve (AUC) (a–b) and GTT and AUC (c–d) were analyzed
following i.c.v of 2 µg/mL LPS or 40 µg/µL palmitic acid administration for five days. Daily food intake
quantification following palmitic acid, LPS or ACSF administration (e). Ghrelin-sensitive food intake
was analyzed by day 5 after 2 h, 1 µg/µL ghrelin i.c.v. administration (f). The graphs show normalized
data of the mean ± S.E.M., Student’s t-test, * p < 0.05). (n = 4, the results are shown as the mean ± S.E.M.
Two-way ANOVA followed by Tukey multiple comparation test; * p < 0.05, ** p < 0.01, *** p < 0.001).
LPS, Lipopolysaccharides, ACSF, artificial cerebrospinal fluid.
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Next, we hypothesized that the pro-inflammatory modulator palmitic acid might reproduce the
increase in food intake found in the o↵spring of mothers exposed to CAF diet. We administered LPS,
palmitic acid or vehicle via i.c.v for five days and we quantified basal food intake and food intake
following i.c.v administration of ghrelin (1 µg/µL). We found a time-dependent increase of daily total
food intake during LPS or palmitic acid schedule when compared with ACSF administration (Figure 4e).
Additionally, we identified that five days of palmitic acid administration results in a 3.5-fold increase of
food intake following i.c.v. administration of ghrelin when compared with the control group (Figure 4f).
Of note, i.c.v. administration of the pro-inflammatory reagent LPS reproduces the total food intake
induced by ghrelin administration (Figure 4f). These results support the hypothesis that saturated
lipids sensitize hypothalamic ghrelin signaling, leading to exacerbation of food intake.

3.5. Hypothalamic Saturated Lipids Stimulation Activates Microglia and Ghrelin-Sensitive Neurons

At this final stage, we integrated the in vivo and in vitro results identified in Figures 1–4, supporting
the e↵ect of saturated palmitic acid on microglia activation and increased food intake in programmed
o↵spring. We determined that palmitic acid promoted hypothalamic microglia activation and that it
correlated with ghrelin-sensitive neuronal activation. We found that i.c.v. palmitic acid administration
for five days following by ghrelin stimulation promoted a significant increase of microglia activation
in the ARC of the hypothalamus, evidenced by immunofluorescence stain of the IBA1 marker when
compared with the vehicle (Figure 5a). We also confirmed that palmitic acid promoted an increase in
the c-fos immunosignal, confirming neuronal activation in the ARC nucleus (Figure 5b).
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Figure 5. Palmitic acid promotes microglia activation and c-fos response in hypothalamus. Rats were
i.c.v. administered with, ACSF, 2 µg/µL LPS or 40µg/µL palmitic acid for 5 days and vehicle or ghrelin
was injected into the third ventricle by day 5. Immunofluorescence against Iba-1 marker (microglia
activation) (a) or c-fos activation were performed as described in Figure 4 (b). (c and d) Changes in
TBK1 and NF-B phosphorylation in the ARC of hypothalamus were identified using western blot
analysis following i.c.v. ACSF, LPS or palmitic acid administration for five days (n = 4 per group).
The graphs show normalized data of the mean ± S.E.M. Two-way ANOVA followed by Tukey multiple
comparation test; * p < 0.05, *** p < 0.001). TBK1, TANK-binding kinase 1, BSA-FFA, Bovine serum
albumin-free fatty acids, ACSF, cerebrospinal fluid, PAL, palmitic acid, LPS, lipopolysaccharide.

Finally, microglia activation in the ARC nucleus of the hypothalamus after palmitic acid
administration was also evaluated by analyzing the TLR4-TBK1 pathway. Western blot analysis
showed a decrease of the nuclear factor kappa B (NF-B) phosphorylation following palmitic acid
stimulation, which is also promoted by LPS (Figure 5c). As expected, LPS administration promoted a
four-fold increase of NF-B phosphorylation in the ARC of the hypothalamus and no changes were
found after stimulation with palmitic acid (Figure 5d).

4. Discussion

Extensive evidence has confirmed that maternal obesity or maternal overnutrition during
pregnancy and lactation negatively modulate peripheral and central pathways disturbing basal
energy homeostasis and appetite regulation in the o↵spring [1,2]. We, and others, have identified
that maternal nutritional programming by CAF diet exposure in murine models sets metabolic
alterations [3–5] and defective behaviors, including addiction-like behavior [6,28], which potentially
contributes to hyperphagia [2]. Here, by using in vitro and in vivo experimental approaches we
suitably identified the lipotoxic e↵ect of the saturated lipid species palmitic acid as a potential trigger to
promote hypothalamic microglia activation and actively sensitize the central e↵ects of ghrelin on food
intake. Notably, we also discovered that maternal programming by CAF diet exposure also reproduces
the e↵ect of palmitic acid in the hypothalamus by priming the central ghrelin response for feeding in
the o↵spring. Based on our results, we propose that palmitic acid might be considered a lipid species
capable of dynamically priming hypothalamic ghrelin sensitivity to food intake in the o↵spring of
mothers programmed by caloric diets.

A key contribution of our study is that nutritional programming by CAF exposure increases basal
feeding response and ghrelin-sensitivity in the o↵spring. Initially, daily food intake was not increased
on CAF diet –programmed groups, however, we did observe hyperphagia following plasma increase
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of ghrelin levels by fasting or SC ghrelin injection. As already proposed, maternal programming by
caloric exposure increases ghrelin levels in the o↵spring [9], which may contribute to the hyperphagic
phenotype during fasting in our model. On this context, in a parallel scenario we identified that
maternal programming primes hypothalamic neuronal activation in the o↵spring, evidenced by an
increase in c-fos expression in the ARC nucleus, which is also exacerbated by i.c.v. or subcutaneous
ghrelin administration. This suggests that priming of central ghrelin signaling exacerbates feeding in
the context of fasting or pharmacologic plasma ghrelin increase. Our data agree with the e↵ects of
maternal nutritional programming by caloric diets in murine models, which stimulates the proliferation
of orexigenic peptide–producing neurons [13] and leads to hyperphagia in the o↵spring [2]. Notably,
the e↵ect of plasma lipidomic profile leading to food intake in humans suggests that the higher prenatal
triglycerides plasma concentrations in humans were associated with higher food responsiveness in
o↵spring at 5 years old [14]. These results are also in line with murine models showing that increased
perinatal triglyceride concentrations correlate with hyperphagia in the o↵spring [29]. Together,
these results propose that nutritional programing by CAF diet primes the ghrelin response for Chow
and CAF feeding in the o↵spring.

Maternal obesity or maternal overnutrition promotes free fatty acid accumulation in plasma,
which is associated with central and peripheral inflammatory response, potentially throughout the
TLR-4 pathway [13–15]. In fact, TLR-4, IL-6, and IL-8 expression have been identified in the placenta
of obese women when compared with lean women [16]. In murine models, plasma accumulation of
saturated fatty acids in diet-induced obesity activates hypothalamic microglia [18,19]. In fact, there is
an interactive crosstalk integrating central and peripheral immunity regulating hypothalamic nodes
for metabolic and feeding homeostasis [16]. For instance, we have reported that the saturated lipid
palmitic acid leads to the TLR-4-TBK1 pathway activation in the hypothalamus of obese murine models,
which correlates with insulin resistance [19]. Here we hypothesized that maternal programming by
CAF exposure sets a plasma lipotoxic profile in the o↵spring, leading to central microglia activation.
Our experimental in vitro data allowed us to propose that, in contrast to the unsaturated lipid species
such as the palmitoleic acid, linoleic acid or even, the C6 ceramide, the saturated lipid species
palmitic acid, is an e↵ective pro-inflammatory mediator in microglia activating the IL-6, IL-1� and
TNF-alpha cytokines release. Additionally, LPS stimulation in microglia cells closely reproduces the
pro-inflammatory profile found during palmitic acid stimulation, supporting the negative e↵ect of
palmitic acid.

One of the most outstanding results in our study is the major e↵ect of hypothalamic palmitic acid
inoculation on sensitizing ghrelin response for food intake. Ghrelin has been reported as a molecule that
prevents the lipotoxic e↵ects of palmitic acid stimulation in diverse cell types, including hepatocytes,
pancreatic �-cells, and myoblasts [30–32]. In fact, ghrelin also exerts immunomodulatory e↵ects
on macrophages, T lymphocytes and microglia, guiding these cells towards an anti-inflammatory
phenotype during obesity-induced inflammation [16,33]. In addition, ghrelin regulates by antagonizing
TNF-↵/NF-B and TLR-4 signaling pathways [16,34] associated whit metabolic inflammation on the
brain [35]. In any case, does hypothalamic microglia activation by palmitic acid explains the priming
ghrelin response in the o↵spring programmed by CAF diet exposure? Programming the o↵spring with
CAF diet exposure closely replicates microglia activation in the ARC nucleus of the hypothalamus,
evidenced by an increase in the Iba-1 marker staining. Our results agree with previous data showing
that systemic LPS inoculation activates central microglia [11,12,36]. In the beginning, clinical evidence,
reported that the microglial inhibitor minocycline induced weight loss as a major side-e↵ect [37].
Experimental basic evidence confirms that transient pharmacologic microglia depletion in murine
models leaded to food intake decrease and weight loss [22]. Supporting our findings, neonatal overfed
rats show hypothalamic microglia activation positive for Iba-1 and IL-6 and NF-B expression, which
correlates with accelerated weight gain [38]. However, additional experimental evidence does not
support this scenario by showing that LPS, certain cytokines (e.g., IL-1� and TNF-↵) and dietary lipids
sets, in fact, a pathological state known as sickness-associated anorexia [16,39], which actively induces
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IL-1� and TNF-↵ mRNA expression in the ARC nucleus of the hypothalamus [40]. Additionally,
weight loss and anorexia in mice do not show a peripheral or central pro-inflammatory phenotype [22],
and pharmacologic microglia ablation does not promote changes in mice body weight [41].

We suggest that an explanation to this discrepancy might be associated with a time-dependent
pro-inflammatory profile including LPS, palmitic acid and dietary lipids in our model, and potential
hormone and metabolic profiles modulating central and peripheral immune activation. For instance,
inflammation and gliosis are detected in rat and mouse ARC nucleus within the first few days following
high-fat diet exposure, before obesity develops [42], suggesting that a positive inflammatory profile
promotes central leptin and insulin resistance [16], which potentially leads to an increase in plasma
leptin levels favoring weight gain [43]. Additionally, hypothalamic microglia activation by lipid over
supply might prime ghrelin sensitivity, potentially due to an increase in the GHSR into lipid rafts [24].
In any case, based on these data we propose that during the maternal CAF diet programming, palmitic
acid might be one lipid species capable of promoting central microglia activation in the o↵spring.

Our study still lacks evidence if maternal programming by a CAF diet leads to plasma and
brain increases of palmitic acid to support its e↵ect on microglia activation and ghrelin sensitivity.
Reports have shown that mice exposed to a western-style high fat diet for 16 weeks experienced a C16:0
saturated lipid increase in plasma and brain [44], including hippocampus [45]. In fact, an increase
in plasma palmitic acid has been identified in healthy overweight subjects showing upper tertiles
(T3) according to L4 visceral fat area [46]. Importantly, the direct e↵ect of palmitic acid intake on
brain function and its correlation with positive inflammatory immune profile in humans, was recently
identified, showing that three-week high palmitic acid diet intake promotes an increase in the basal
ganglia activation which correlates with IL-6, IL-18, and IL-1� plasma accumulation [47]. Finally,
experimental evidence has also confirmed that the integrity of the blood brain barrier is compromised
following western diet exposure in mice [48], which tentatively suggests that selective fatty acids
incorporation into the brain might be favored during blood-brain barrier disruption and contribute to
palmitic acid flux to the hypothalamus, a region lacking a blood-brain barrier.

5. Conclusions

Our results support the hypothesis that maternal programming by CAF diet exposure primes
a hypothalamic ghrelin response leading to food intake exacerbation in male o↵spring. Of note,
caloric programing also replicates the central microglia activation and ghrelin sensitivity found during
intraventricular palmitic acid administration. We propose that palmitic acid might be considered a
lipid species involved in priming of hypothalamic ghrelin sensitivity to food intake in the o↵spring
during CAF diet exposure.
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Obesity or maternal overnutrition during pregnancy and lactation might have long-term consequences in o(spring health. Fetal
programming is characterized by adaptive responses to speci)c environmental conditions during early life stages. Programming
alters gene expression through epigenetic modi)cations leading to a transgenerational e(ect of behavioral phenotypes in the
o(spring. Maternal intake of hypercaloric diets during fetal development programs aberrant behaviors resembling addiction in
o(spring. Programming by hypercaloric surplus sets a gene expression pattern modulating axonal pruning, synaptic signaling, and
synaptic plasticity in selective regions of the reward system. Likewise, fetal programming can promote an in*ammatory phenotype
in peripheral and central sites through di(erent cell types such as microglia and T and B cells, which contribute to disrupted energy
sensing and behavioral pathways. 'e molecular mechanism that regulates the central and peripheral immune cross-talk during
fetal programming and its relevance on o(spring’s addictive behavior susceptibility is still unclear. Here, we review themost relevant
scienti)c reports about the impact of hypercaloric nutritional fetal programming on central and peripheral in*ammation and its
e(ects on addictive behavior of the o(spring.

1. Introduction

According to the World Health Organization, nearly 39% of
adults aged 18 years and over were overweight in 2016, and
13% were obese. Maternal obesity adversely impacts both
maternal and o(spring health, increasing the susceptibility
to show metabolic abnormalities later in life such as obesity,
dyslipidemia, type 2 diabetes mellitus, and hypertension
as well as behavioral disorders related to schizophrenia,
autism, and compulsive eating disorders [1, 2]. Maternal
obesity or maternal overnutrition programs metabolic and
hormonal nodes thatmodulate neuronal development during
embryogenesis. For instance, neuronal maturation, includ-
ing axonal pruning, synaptic plasticity, and stable tract
formation between structures, is selectively programmed

during pregnancy and lactation by consumption of high-
sugar, high-fat, or high-sugar-high-fat diet formulas. Under
this scenario, nutritional programming de)nes a-er-weaning
selective behavioral phenotypes in o(spring that might be
exacerbated during adulthood, such as incentive-motivation
behaviors leading to compulsive eating disorders.

Maternal obesity or overnutrition during fetal program-
ming activates molecular and cellular mechanisms that com-
mand a new physiological state that might compromise basic
metabolic and neuronal homeostasis. Metabolic imbalance
during obesity can lead to overactivation of the immune
system, triggering a process of chronic in*ammation evi-
denced in animal models and humans. In fact, nutritional
programming by hypercaloric diets promotes an in*amma-
tory phenotype that contributes to disrupted energy sensing
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pathways in metabolic-relevant systems including adipose
tissue, liver, pancreas, muscle, and the brain. In*ammation in
the brain is associated with a cross-talk between peripheral
and central cell types that potentially activates microglia in
the brain. However, it is still unclear which immune cells
in)ltrate into the fetal brain leading to microglia activation
and neuroin*ammation during maternal nutritional pro-
gramming.Moreover, it is unknown ifmaternal overnutrition
during fetal programming originates central in*ammation by
microglial activation in the absence of peripheral immune
cells in)ltration. Finally, the role of neuroin*ammation
during maternal nutritional programming and its e(ects on
defective behavior related to compulsive eating disorders
in the o(spring have only started to be dissected. In this
review, we will discuss the role of maternal programming on
peripheral and central immune cross-talk and its relevance
in the development of incentive-motivation behavior such as
addiction in the o(spring.

Obesity is a metabolic condition showing positive energy
balance driven by several factors including human genetics,
life style, environment, body activity, and diet [6]. At )rst,
obesity was conceived as a metabolic disorder showing an
increase in white adipose tissue mass-modulated exclusively
by the peripheral nervous system. However, recent evidence
shows that the central nervous system (CNS) plays a major
role in the modulation of adipose tissue mass and func-
tion. Also, the CNS is a major regulator of food intake
and metabolism and seeks for rewards such as food; in a
pathological state, CNS activation might lead to addiction-
like behavior [7].

2. Obesity Is a Potential Deregulator of
Energy-Satiety Integration in the CNS,
Leading to Overfeeding

In nature, all living organisms require energy to sustain
life and perform activities. Energy is mainly provided by
food assigned into three main formulas such as proteins,
carbohydrates, and fats. However, energy surplus such as
overnutrition disrupts metabolic and hormonal homeostasis
and has harmful consequences in health. On this matter,
metabolic and hormonal signals from the periphery arrive to
the CNS to give a message about the energy balance of the
body.'e CNS integrates these signals through evolutionary-
conserved neuronal tracts connecting peripheral organs to
selective brain structures. For instance, the brainstem receives
information from the gut, while the hypothalamus integrates
circulating/humoral signals. 'e brainstem and hypothala-
mus control satiety and integrate these signals by sayingwhen
and how much to eat [7]. However, under a pathological
scenario satiety might be overestimated, leading to activa-
tion of the reward system, which modulates the incentive
motivation to work and search for food despite an “apparent”
satiety signal. 'e reward system integrates dopaminergic
neurons located in the ventral tegmental area (VTA) that
project to the nucleus accumbens (NAc) and also innervate
several regions of the prefrontal cortex (PFC), central amyg-
dala, basolateral amygdala (BLA), and hippocampus and

dopamine neurons in the substantia nigra (SN) that project
to the dorsal striatum,which has traditionally been associated
with appetitive learning, performance, and motivation [8]. It
has been hypothesized that incentivemotivation for palatable
food contributes to overfeeding during obesity [9, 10]. For
instance, an evasion of satiety has been identi)ed in obesity
leading to positive energy balance and an increase of body
mass index [11, 12]. Several researchers propose that, like
drug-addiction, obesity sets an altered motivational behavior
for seeking foods rich in fat and sugars (hypercaloric) that
have high reward value (pleasant), which is potentially
dependent on dopamine neurotransmission [10].

'e proposal that overeating during obesity might be
considered as food addiction in the Diagnostic and Statistical
Manual of Mental Disorders (DSM) was initially based on
phenotypic similarities between patterns of overeating in
obese individuals and drug abuse in addicted persons. It
has been shown in both animal models and humans that
repeated exposure to high-fat or high-sugar diets disrupts
the integration of energy-satiety peripheral signals into the
CNS, leading to overfeeding which indeed shares behavioral
similarities to addiction [10, 13]. For instance, obese humans
might experience the following: (1) enhancedmotivation over
hypercaloric food intake including recurrent and excessive
consumption, (2) an increased time spent seeking palatable
food in contrast to habitual activities, and (3) frequent or per-
manent relapse to hypercaloric foods a-er dieting. Of note,
obesity or palatable food overconsumption might be subject-
speci)c and it is potentially modulated by environment-
subject interaction. Based on this proposal, researchers have
applied a selective Yale Food Addiction Scale (YFAS) to pro-
vide a standardizedmeasure for the assessment and diagnosis
of food addiction based mainly on substance dependence
criteria [14, 15]. 'ese evidences suggest that overfeeding
during obesity might be related to incentive motivation for
palatable food in human and animals. However, are humans
born addicted or do they become addicted to food?

3. Potential Role of Fetal Programming by
Hypercaloric Food in the Development of
Addictive Behaviors in the Offspring

Exposure to hypercaloric foods impacts the individual
metabolic-hormonal settings of mothers and fathers and
might also a(ect their o(spring. Substantial scienti)c evi-
dence has demonstrated the detrimental role of hypercaloric
food intake during pregnancy and lactation leading to a
failure in metabolic homeostasis, favoring the development
of incentive-motivation behavior for food in the o(spring. In
this context, epidemiological data from human catastrophes
such as the Dutch famine (1944), the siege of Leningrad
(1942–1944), the great Chinese famine (1958–1961), and also
the Överkalix study (1890-present) have shown that changes
in diet intake regarding overfeeding or fasting are associated
with disorders in the o(spring such as diabetes mellitus type
2 and cardiovascular diseases [16–19]. In addition, there is
evidence of behavioral alterations, including schizophrenia
[20–22], a(ective disorders [23], and addiction [24, 25]. Based
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on this data, Barker (1998) proposed the “Barker hypothesis”
suggesting that the transgenerational e(ect of diet expo-
sure during pregnancy modulates metabolic and behavioral
phenotypes in the o(spring, a mechanism known as “fetal
programming” [26]. In speci)c, this hypothesis claims that
oversupply or absence of energy intake during embryonic-
fetal development provides the fetus with physiological adap-
tations to a new milieu of metabolic-hormonal threshold
to face a potential adverse postnatal environment similar to
those whose parents were exposed to fetal programming.
In fact, any stimulus or insult throughout embryonic-fetal
development, including stress, infections, substance abuse,
overnutrition, and behavioral alterations, might result in
molecular adaptations that produce permanent structural,
physiological, and metabolic changes in the fetus. Also, fetal
programmingmight increase the risk of serious physiological
problems in perinatal stages including miscarriage, fetal-
congenital anomalies, thromboembolism, and gestational
diabetes.

Initial reports demonstrated that energy-dense food dis-
rupts the appetite-energy sensing and satiety systems, exac-
erbating the reward for food. Also, excessive consumption
of palatable food can lead to a profound hyposensitivity
to reward, leading to compulsive eating behavior similarly
observed during drug seeking [27]. Nutritional program-
ming in murine models induces alterations in behavior and
synaptic plasticity, favoring higher consumption and sensiti-
zation to alcohol, methamphetamines, and cocaine [28, 29].
Maternal exposure to hypercaloric diets during pregnancy or
lactation has shown to increase the long-term preference for
junk food in the o(spring [30], potentially associated with
repeated, intermittent increases in extracellular dopamine
(DA) in the NAc and the VTA [31–35]. Molecularly, these
synaptic plasticity changes show greater expression of theΔFosB gene [28] and both dopamine (e.g., DR2, DAT)
and opioid pathway genes expression (e.g., the "-opioid
receptor) at early stages of development [35–39]. In fact, the
opioid pathway regulates the rewarding e(ects of palatable
food; an injection of "-opioid agonists in the NAc increases
preference for high-fat or sugar-rich foods [40, 41], and
its antagonists decrease palatable food predilection, even at
doses that show no e(ect on standard food intake [42, 43].
In addition, fetal programming by drugs such as nicotine
exposure during pregnancy might also disrupt brain gene
expression involved in neuronal glutamatergic (e.g., GluA1,
GluA2, and CaMKII#) and dopaminergic (e.g., DR2, DAT,
and DR1) signaling plasticity in the hippocampus [44, 45],
the laterodorsal tegmental nucleus [46], and theNAc [47–49].
In murine maternal overnutrition models, a transcription
modulation of glutamatergic and dopaminergic systems in
the NAc and prefrontal cortex that increases fat/sugar food
preferences in the o(spring has been identi)ed [50–53]
(Figure 1).

In humans, it is still under investigation if obesity or
maternal overnutrition during pregnancy leads to the devel-
opment of food addiction in the o(spring. Initial reports
found that children from obese mothers or mothers with
eating disorders presentedmore binge eating and night eating
[54, 55] and consumedmore carbohydrates compared to their

normal weight counterparts [56]. Also, a positive correla-
tion between addicted parents and food addiction in their
o(spring has been proven [57], although epidemiological
studies are needed to support these )ndings.

4. Obesity and Maternal
Overfeeding Promote Peripheral and
Central Inflammatory Response

An organism’s )rst line of defense is the innate immune
system and it includes physical barriers such as the skin,
speci)c cell types such as macrophages, and complement
proteins. 'e second line of defense is the in*ammatory
response which consists of an innate cellular system and
humoral response that happens during injury to restore phys-
iological homeostasis.'e function of the immune system is
not limited to )ghting infections and repairing tissue damage,
it also plays a key role in shaping neuronal tracts during CNS
development. For instance, cells from the innate immune
system, such as microglia, regulate neurogenesis, synaptic
plasticity, and synaptic striping, and are the major antigen-
presenting cells (APC) in the CNS [58]. Cross-talk between
peripheral immune system and brain-resident immune cells
is in part regulated by B and T lymphocytes, macrophages,
and antibodies which migrate and penetrate the blood-brain
barrier (BBB) [58, 59] and have also been reported in the
cerebrospinal *uid [60]. Under an altered physiological sce-
nario, peripheral immune cells located in the brain become
proin*ammatory entities and secrete cytokines promoting
an exacerbated immune response by microglia. By doing
this, peripheral immune cells integrate positive feedback with
microglia that modulates neural growth and development
[61]. Microglial cells are the brain-resident macrophages of
the CNS; these oversee surveillance of the CNS integrity and
respond to pathogens and injuries and also to very subtle
alterations in their microenvironment [62]. In healthy brains,
microglia remain in a rami)ed stated, and when activated,
they enlarge their cell body, change to a phagocytic state,
and execute similar functions to those of other tissue-resident
macrophages such as proin*ammatory cytokines secretion,
antigen presentation, and ROS production and phagocytosis,
leading to neuroin*ammation [63]. Under this scenario,
neuroin*ammation is bene)cial because it removes debris or
dysfunctional neurons; under a pathological state, however,
microglia activation is upregulated and can be damaging
to neurons because of the excessive release of ROS and
proin*ammatory cytokines, leading to neuroin*ammation
[64], and might contribute to tissue damage and disease
pathology. Although microglial activation could be harmful,
microglia are necessary to provide essential trophic factors
for the survival of neurons, like brain-derived neurotrophic
factor (BDNF) and glial-derived neurotrophic factor (GDNF)
[63].

An atypical form of in*ammation, primarily induced
by fatty acids accumulation in selective energy-dependent
tissues including liver, adipose tissue, muscle, and brain
occurs when there is a positive energy balance, as found in
obesity or maternal overnutrition, [65]. Fatty acids promote
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Figure 1: Maternal programming by hypercaloric diets increases the development of addictive behavior in o(spring. (a) Hypercaloric diet
intake or obesity during pregnancy leads to activation of an in*ammatory state of mothers (F0), favoring aversive intrauterine environment
and selective increase in proin*ammatorymarkers. (b) Positive in*ammatory state inmothers correlates with the one in the o(spring (F1) and
also with activation of fetal epigenetic program including DNAmethylation, histone modi)cation (ip acetylation, methylation, sumoylation,
and ubiquitination), and noncoding RNAs (ipmiRNA, piRNA, and lncRNA), which are capable of altering gene expression pro)le in selective
regions belonging to the reward system: prefrontal cortex (PFC), nucleus accumbens (NAc), and ventral tegmental area (VTA). (c) Epigenetic
programming associates with neurodevelopment alterations in F1 including synaptic signaling, synaptic plasticity, and neurogenesis which
contributes to addictive-like behavior.

a type of body in*ammation termed “metain*ammation” or
“metabolic in*ammation,” which involves several immune
cells (T, B lymphocytes and microglia) and proin*ammatory
mediators (cytokines and chemokines) leading to metabolic
and neurodegenerative disorders [66, 67]. Obesity or over-
nutrition during pregnancy leads to maternal immune acti-
vation (MIA), which favors changes in plasma and placen-
tal tissue-speci)c lipidomic pro)le, recruiting lipid species
to membrane Toll-Like Receptor 4 (TLR4) and activating
the nuclear factor-kappa B (NF-$B) pathway, through an
increase of TLR2, TLR4, IL-6, IL-18, and TNF-# mRNA
levels and macrophage markers cluster of di(erentiation
including (CD)11b, CD14, and CD68 [68–70]. Maternal
overnutrition in a sheep model of obesity demonstrated that
in*ammatory markers such as CD-68, TGF-%1, and TNF-# found in the mother are also identi)ed in the o(spring
a-er birth [71].'ese evidences show that imbalances in the
peripheral and immune system cross-talkmight compromise
early stages of CNS development and di(erentiation poten-
tially contributes to epilepsy, schizophrenia, cerebral palsy,
Parkinson disease (PD), Alzheimer disease (AD), and ASD
[72].

5. Central-Peripheral Immune System
Cross-Talk Regulates Synaptic Plasticity,
Neurogenesis, and Neurodegeneration

As mentioned before, neuroin*ammation is how the innate
immune system protects the CNS and controls initial stimu-
lus, and although it is intended to be protective and bene)cial,
out-of-control in*ammation can be fatal and contribute to
tissue damage and disease pathology, including neurodegen-
eration [73]. Substantial scienti)c evidence has shown that
neuroin*ammation commands changes in cerebral plasticity
and in*uences synaptic function andmemory [72]. However,
there are no conclusive data showing a cause-e(ect relation-
ship in terms of the role of cytokines on synaptic plasticity
modulation in the NAc, as a trigger to addictive behavior.
Some data from neuroimmune interactions in humans in the
behavioral response to drugs have shown small clues about
their clinical relevance; however, these studies do not identify
the molecular mechanisms of such interactions [74, 75].
Cause-e(ect relationship is even harder to identify because
the CNS shows a selective cytokine pro)le when compared
to peripheral cytokines during drug exposure. For instance,
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Figure 2: Synaptic modulation by cytokine levels. (a) According to Bettie and cols. in 2002 and Stellwagen and cols. in 2006 results TNF-#
was demonstrated to promote normal expression of AMPARs favoring synaptic strength at excitatory synapses. (b) In contrast, high levels of
TNF-# can a(ect synaptic plasticity by removing of Ca2+-permeable AMPARs from plasma membrane according to Lewitus et al., 2014 (b).
(c) Physiological levels of IL-1% and IL-6 are detrimental to maintain and modulate hippocampus activity [3, 4]. (d) Excess of IL-1% and IL-6
a(ect LTP and impair memory formation [3, 5].

Calipari and colleagues did not )nd di(erences between the
TNF-# expression in serum when mice were exposed to
cocaine [76]. However, Lewitus et al. identi)ed TNF-# release
from microglia a-er cocaine consumption as a potential
regulation of neuronal and behavioral plasticity during both
the induction and expression of drug-induced behaviors [77].
Molecularly, initial reports have shown that glia releases
TNF-# to )t surface expression of AMPARs, favoring the
synaptic strength at excitatory synapses [78, 79]. In fact, TNF-# stimulation in brain slices reduced corticostriatal synaptic
strength by removing of Ca2+ permeable AMPARs from
the plasma membrane [80], suggesting that high levels of

TNF-# a(ect synaptic plasticity, but physiological levels favor
brain development and synaptic strength [79] (Figure 2).
'ese evidences reinforce the previous hypothesis that TNF-# pro)le in the CNS modulates synaptic plasticity during
addiction; however, it is still unknown whether central TNF-# accumulation might be a node of in*ammatory activation
during addiction or there is a cause-e(ect relationship involv-
ing a cross-talk between peripheral and central mechanism.

Synaptic plasticity during addiction might also be mod-
ulated by chemokines. For instance, the CCL4 and CCL17
chemokines and their ligand CCL25 are upregulated in
microglia following morphine treatment and might also
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induce local chemotaxis of axon terminals or dendritic
spines. Blocking the synthesis of certain chemokines pre-
vents the relapse of drug-seeking behavior following drug
reexposure months later [81]. In addition, the modulation
of the G-CSF chemokine concentration in the NAc and the
prefrontal cortex is crucial to alter the motivation of cocaine
consumption but not of food [76]. Together, chemokines have
a very profound neuromodulatory e(ect on the regulation
of neural circuits involved in addiction, but the molecular
mechanisms on this scenario still need to be described in
detail.

Central and peripheral immune cross-talk response
might also modulate hippocampal neurogenesis. It has been
reported that when CD4+ T lymphocytes are systemically
depleted in mice, there are reduced hippocampal neuroge-
nesis, learning impairment, and a decrease in BDNF secre-
tion in the brain, whereas inoculation of CD4+ T lympho-
cytes promotes hippocampal neurogenesis and restores the
de)cits observed before [82, 83]. In models of autoimmune
encephalitis in which in*ammatory responses are upreg-
ulated, synaptic plasticity in the hippocampus and long-
term potentiation (LTP) are a(ected because of the high
levels of IL-1%. While peripheral in*ammatory responses
related to TNF-# and IL-6 have been identi)ed to modulate
hippocampus activity [84, 85], it has not been fully described
whether central IL-1% comes from in)ltrating lymphocytes or
activated microglia within the CNS [86]. In any case, central
physiological levels of IL-1% are detrimental, because exces-
sive cytokines level or blockage of IL- 1 signaling through
IL-1ra has been reported to cause memory impairment [87],
potentially due to Ca2+ in*ux throughout NMDA receptors,
Src kinases activation, and NR2A/B subunits phosphoryla-
tion [88].

As mentioned before for TNF-# and IL-1%, initial reports
characterized that the IL-6 cytokine is required in normal
physiological levels for the formation of LTP, but levels
above normal a(ectmemory formation and learning [89, 90].
Supporting those )ndings, IL-6 KO mice display memory
impairment [84] and show reduced proliferating neuronal
stem cells (NSCs) in the hippocampus [91]. Under physi-
ological conditions, IL-6 is related to neural plasticity and
NSCs proliferation through the JAK/STAT, MAPK/cAMP,
Ras-MAPK, and PI3K pathways [92]. Lastly, the immune
system is involved in regulation of hippocampal neurogene-
sis, through the kynurenine pathway [93], a(ecting directly
the hippocampal neurogenesis and memory and learning
processes [82] (Figure 2).

A positive in*ammatory pro)le including the IL-1, IL-6,
IL-1%, TNF-#, and IFN-& has been evidenced in a wide range
of neurodegenerative diseases. In particular, TNF-# produc-
tion by active microglia is highly related to IFN-& secreted
by T cells into the CNS parenchyma [3]. Secreted IFN-& and
other in*ammation mediators activate the MEK/ERK sig-
naling pathway leading to TNF-# production and neuronal
death [4]. Also, TNF-# and IFN-& lead to microglial nitric
oxide (NO) production, favoring oxidative stress, inhibiting
neuronal respiration, and favoring neuronal apoptosis [94].
Of note, these responses seem to be independent, although

there might be a node at di(erent time-frame. For instance,
the TNF-# targets its own receptor to activate the NF-$B-
dependent proin*ammatory pathway and the expression of
inducible NO synthase (iNOS) thatmediates NOproduction,
which is regulated by NF-$B and STAT transcription factors
[95].

In addition, IL-6 also might potentially favor neuronal
death. By promoting the formation of the IL-6/IL-6R/gp130
complex, the proin*ammatory IL-6 activates the JAK1, JAK2,
and TYK2 pathway and promotes the phosphorylation of
STAT1 and STAT3. In speci)c, IL-6 favors neuronal death
by the STAT1 nuclear transcription factor, which associates
with transcription of IFNs, including type I (IFN-#, IFN-%, and IFN-') and type II (IFN-&), all of them involved
in detrimental innate immune responses. However, IL-6
might also be anti-in*ammatory and promote cell survival
through STAT3-PI3K/Akt signaling activation by regulating
cell cycle proteins (CDK2), antiapoptotic proteins (Bcl-2),
and proapoptotic proteins (Bax, Bad, and caspase-9) [5,
96]. 'us, IL-6 secretion by activated microglia regulates
in*ammatory mediators and shows a dual role that prevents
or promotes neuronal death.

In summary, because of their dual roles associated with
threshold levels, cytokines in the brain may help to maintain
cerebral homeostasis having a bene)cial e(ect in normal
physiological conditions; uncontrolled or chronic neuroin-
*ammation, however, leads to neurodegeneration, disruption
of cerebral plasticity, cognitive changes, and the appearance
of aberrant behavior, also de)ned as “sickness behavior” by
Cibelli and colleagues [74].

6. Epigenetic Mechanisms during Fetal
Programming and Transgenerational
Inheritance of Addictive Phenotype

By now, we have shown evidences that metabolic in*am-
mation during pregnancy leads to chronic in*ammation in
o(spring that might disrupt synaptic plasticity and set a
self-perpetuating cycle of addictive excessive consumption
of natural and synthetic rewards [28, 97]. Despite the lack
of epidemiological studies addressing the impact of human
obesity or maternal overnutrition as a node to promote
addiction-like phenotypes in o(spring, recent evidence sug-
gests that addiction in humans might have a common root
from transgenerational inheritance, given that biomarkers
that share identity in drug programming and addictive
behavior have been previously described [98–101]. A trans-
generational inheritance of addiction, eating disorders, or
pathological phenotypes in o(spring is modulated directly
by epigenetics, which programs and adapts organisms in
the early stages of development to face sudden changes in
the environment, compared with evolutionary and natural
selection processes, which tend to be slow [102]. Epigenetics
refer to the mechanisms of long-term or stable regulation
of gene expression that do not involve a change in gene
sequences including DNA methylation and histone mod-
i)cation such as acetylation, sumoylation, ubiquitination,
and methylation, as well as gene expression regulated by
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noncoding RNAs, miRNAs, piRNAs, and lncRNA [103].
'e role of maternal programing by overnutrition during
pregnancy and its e(ects on epigenetics linked to a proin-
*ammatory pro)le in o(spring have not been deeply analyzed
yet. Initial work has shown that epigenetics modulate the
immune system and potentially a(ects the CNS during
pregnancy [103]. A recent paper identi)ed that fat diet primes
an epigenomic reprogramming of myeloid progenitor cells
that led to an increased proliferation and enhanced innate
immune responses [104], which the authors named as “innate
immune memory” or “trained immunity,” able to mediate
metabolic reprogramming for prolonged periods of time
[105]. On this context, using a fetal-programing murine
model with hypercaloric diet, Edlow et al. (2016) identi)ed
a signi)cant number of deregulated miRNAs implicated
in immune and proin*ammatory processes, death cellular,
adipogenesis and cellular stress in the males of o(spring
[106] (Figure 1). In humans, a positive correlation between
body mass index (BMI) during prepregnancy with adiposity
and in*ammatory markers in o(spring at birth has been
demonstrated [107]. Also, Alexander and col. (2018) reported
alterations in the methylation pro)le of genes involved in
mitochondrial function, DNA repair, oxidative stress and
in*ammation in the placenta of childrenwhowere born from
mothers with type 2 diabetes mellitus [108]. Of importance,
a study in humans revealed that an adherence to Mediter-
ranean diet for 5 years ended up in a signi)cant increase in
DNA methylation which positively correlated with a reduc-
tion in the concentrations of TNF-#, sICAM-1, and CRP
[109].

'ese evidences suggest that gestational exposure to
high-fat and high-sugar diets in murine models results in
a disruption of the central reward system, which correlates
with epigenetic biomarkers found in addicted-programed
subjects. Programming sets the brain to potentiate changes
in neuroplasticity [97, 110], neuronal death, neurotoxicity
[111], etc., in postnatal life, which leads to the development of
cognitive disorders such as addiction [112–115]. It is still under
investigation if humans share the aberrant reward plasticity
that has been described in murine models.

7. Conclusions

Maternal overnutrition leads to fetal adaptive responses
which sets a neuronal gene expression program in o(spring.
Selective intake of diets rich in fats and sugars at critical
stages recruit central and peripheral in*ammatory cell type
markers, such as microglia and T and B cells, which disrupt
energy sensing and behavioral pathways increasing the sus-
ceptibility to show aberrant behaviors similar to addiction.
In fact, an addictive phenotype might be transgenerational
when inherited by selective epigenetic activation during fetal
programming. 'ese evidences propose the immune system
activation by nutritional programming during gestation as
a node to modulate changes in neuroplasticity related to
incentive behavior phenotypes which must be addressed
deeply for a better understanding.
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