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RESUMEN 

La neuroinflamación persistente en el sistema nervioso central (SNC) se ha post ulado 

como uno de los procesos cerebrales que subyacen en diversas patologías centrales, como las 

enfermedades neurodegenerativas o la isquemia. Asimismo, el abuso de diversas sustancias, 

incluido el alcohol, también está asociado con el desequilibrio de la homeostasis del SNC y el 

desarrollo de neuroinflamación. Actualmente, continúa la búsqueda de tratamientos más 

efectivos para disminuir el consumo excesivo de alcohol y los efectos nocivos asociados al 
mismo, incluidos los efectos neurotóxicos de esta droga, relacionados con su capacidad para 

producir neuroinflamación. Por este motivo, el descubrimiento de nuevos factores capaces de 

modular la neuroinflamación y que participen en enfermedades centrales que cursan con 

componente inflamatorio como el alcoholismo, sería relevante para la identificación de nuevas 

dianas para el tratamiento de diversas patologías del SNC. En este sentido, las citoquinas 

pleiotrofina (PTN) y midkina (MK) se sobreexpresan en la corteza cerebral de pacientes 

alcohólicos y en la corteza prefrontal de ratones tratados con alcohol. En estudios previos se 

demostró que los ratones knock-out de PTN (Ptn-/-) y de MK (Mk-/-) son más vulnerables a los 
efectos reforzadores del alcohol, mientras que estos se encuentran disminuidos o incluso 

ausentes en el ratón transgénico que sobre expresa PTN en la corteza prefrontal e hipocampo 

(Ptn-Tg). Por otra parte, se ha demostrado que estas citoquinas se encuentran implicadas en la 

neuroinflamación desencadenada por distintos estímulos como la administración de anfetamina 

o por otras patologías como las enfermedades neurodegenerativas. La PTN y la MK son 

inhibidores endógenos del receptor RPTPβ/ζ (receptor proteína fosfatasa de tirosinas β/ζ, 

también conocido como PTPRZ1). Ambas citoquinas inactivan la actividad fosfatasa de este 
receptor y, como resultado, incrementan los niveles de fosforilación de los sustratos de RPTPβ/ζ. 

Todo esto nos llevó a plantearnos la hipótesis de que la PTN y la MK podrían ser nuevos factores 

moduladores de la neuroinflamación en distintos contextos patológicos y que la utilización de 

inhibidores farmacológicos de RPTPβ/ζ debería reproducir las acciones centrales de PTN y MK 

y, así, limitar los efectos reforzadores del alcohol y su consumo. 

Para probar esta hipótesis, esta tesis engloba estudios in vitro e in vivo, modelos de 

animales genéticamente modificados (GEMMs) de inactivación de PTN o MK endógenas y de 

sobreexpresión de PTN, así como el uso de inhibidores de RPTPβ/ζ que mimetizan la actividad 
de la PTN y la MK sobre este receptor. Por una parte, los datos obtenidos en este trabajo 

demuestran que la expresión endógena de PTN y MK modula la respuesta astrocítica y la 

activación microglial inducidas por el lipopolisacárido (LPS) y que la sobreexpresión cerebral de 

PTN potencia la neuroinflamación en este modelo de endotoxemia. Por otro lado, demostramos 

por primera vez que MY10 y MY33-3, compuestos inhibidores de RPTPβ/ζ, disminuyen 

significativamente el consumo de alcohol en ratones en un modelo de consumo por atracón (DID, 

drinking in the dark) y bloquean el condicionamiento preferencial al sitio inducido por el alcohol, 
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probablemente a través de la capacidad de estos inhibidores de activar ALK (anaplastic 

lymphoma kinase), un substrato de RPTPβ/ζ. 

Por lo tanto, los datos aquí recopilados demuestran por primera vez que la PTN es un 

potente regulador de la neuroinflamación y abren la posibilidad de modular la vía de señalización 

PTN/MK/RPTPβ/ζ como nueva estrategia terapéutica para el tratamiento de trastornos por 

consumo excesivo de alcohol y de otras patrologías que cursen con componente 

neuroinflamatorio
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ABSTRACT 

Prolonged neuroinflammation in the central nervous system (CNS) has been proposed 

as one of the main brain processes underlying several CNS pathologies such as 

neurodegenerative diseases and stroke. Moreover, drug abuse and heavy alcohol consumption 

are also linked to an imbalance of the CNS homeostasis and to the development of 

neuroinflammation. Currently, the urge to find more effective treatments to reduce excessive 

alcohol consumption and its associated noxious effects, including neurotoxicity and 
neuroinflammation, is still present. Therefore, the discovery of new modulators of 

neuroinflammation, involved in CNS diseases characterized by overt-neuroinflammation such as 

alcoholism, would provide valuable new targets for treatments for multiple CNS pathologies. In 

this context, the cytokines pleiotrophin (PTN) and midkine (MK) are overexpressed in the cerebral 

cortex of alcoholic patients and in the prefrontal cortex of alcohol-treated rodents. Previous 

studies have shown that PTN knock-out mice (Ptn-/-) and MK knock-out mice (Mk-/-) are more 

vulnerable to the rewarding effects of alcohol, whereas this effect is decreased or even blocked 

in transgenic mice that overexpresses PTN in the prefrontal cortex and the hippocampus (PTN-
Tg). On the other hand, it has been confirmed that these cytokines are involved in 

neuroinflammation triggered by several stimuli such as amphetamine administration or in 

pathologies such as neurodegenerative diseases. The cytokines PTN and MK are endogenous 

inhibitors of RPTPβ/ζ (receptor protein tyrosine phosphatase β/ζ, also known as PTPRZ1). Both 

cytokines inactivate this receptor’s phosphatase activity and, as a result, induce an increase in 

the phosphorylation of RPTPβ/ζ substrates. This led us to hypothesize that PTN and MK are two 

novel modulators of neuroinflammation in different pathological contexts and that the use of 
pharmacological inhibitors of RPTPβ/ζ should reproduce the central actions of PTN and MK, and 

thus, could limit the rewarding effects of alcohol and, potentially, decrease alcohol consumption. 

To test this hypothesis, this thesis comprises in vitro and in vivo studies, using GEMMs 

(genetically engineered mouse models) involving PTN or MK endogenous inactivation and 

endogenous PTN overexpression, and the use of RPTPβ/ζ inhibitors that mimic PTN and MK 

actions. The data collected in these studies show that endogenous overexpression of PTN and 

MK modulate astrocytic and microglial responses induced by LPS (lipopolysaccharide), and that 

brain PTN overexpression promotes neuroinflammation in this model. In addition, we show that 
MY10 and MY33-3, inhibitors of RPTPβ/ζ, significantly suppress alcohol consumption in mouse 

models of binge consumption (DID, drinking in the dark) and block alcohol-induced conditioned 

place preference, possibly through the ability of these inhibitors to activate ALK (anaplastic 

lymphoma kinase), a substrate of RPTPβ/ζ. 

In conclusion, the data here gathered illustrate for the first time that PTN is a potent 

regulator of neuroinflammation and suggest that modulation of the PTN/MK/RPTPβ/ζ signaling 
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pathway is a novel therapeutic strategy for the treatment of alcohol use disorders and other central 

pathologies characterized by overt-neuroinflammation 
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INTRODUCCIÓN 

1. Problemática del consumo y la adicción a las drogas. 

El informe europeo sobre drogas estima que alrededor de una cuarta parte de la 

población entre 15 y 64 años de la Unión Europea ha consumido drogas ilegales en algún 

momento de su vida. Entre las drogas más consumidas se encuentran el cannabis, la cocaína, 

la heroína, la anfetamina y otros derivados anfetamínicos como el MDMA (3,4-metilendioxi-

metanfetamina) (O.E.D.T., 2019). Según el informe mundial sobre drogas de 2019, el número de 

fallecimientos relacionados con el consumo de drogas se estima en 585.000 personas durante 

el año 2017 (UNODC, 2019).  
El consumo de alcohol constituye la sexta mayor causa de muerte prematura en países 

desarrollados (WHO, 2017). En 2016 el consumo de alcohol originó el 5,3% de las muertes 

mundiales, resultando en el 7,6% de las muertes prematuras de 2016. A nivel mundial, la 

prevalencia del consumo de alcohol en mujeres tiende a ser menor que en hombres y las 

regiones europeas son las que presentan los niveles más altos de consumo, 6,4 litros per cápita 

en 2016 (WHO, 2018). Una gran parte del consumo se lleva a cabo en atracones. Los 

adolescentes europeos de entre 15 y 19 años son los más habituados a este tipo de consumo 
(43,8%), seguidos por estadounidenses (38,2%) y adolescentes de las regiones del sur del 

Pacífico (37,9%) (WHO, 2018). Se calcula que solo en 2010, el consumo abusivo de alcohol 

supuso a Estados Unidos un coste superior a los 200 mil millones de dólares (NIAAA, 2019). 

 El problema del abuso del alcohol y de sustancias ilegales como la anfetamina 

trasciende el impacto económico y sociocultural, produciendo severas repercusiones en el 

ámbito de la salud. Existen múltiples trastornos derivados del alcoholismo o que pueden verse 

agravados por el abuso de alcohol como enfermedades neuropsiquiátricas, cardiovasculares, 

gastrointestinales o cáncer (Rehm y col., 2017). En Estados Unidos, el 47,9% de las muertes por 
cirrosis en el año 2013 estaban relacionadas con el consumo de alcohol (NIAAA, 2019).  

Uno de los principales problemas de estas sustancias es su poder adictivo. La asociación 

americana de psiquiatría define la adicción como una patología cerebral manifestada por el uso 

compulsivo de sustancias a pesar de las consecuencias dañinas que estas puedan acarrear. 

Esta asociación elabora un manual diagnóstico y estadístico de los trastornos mentales 

(Diagnostic and Statistical Manual of Mental Disorders, DSM), que actualmente va por la quinta 

edición, y en el que se clasifican categóricamente los tipos de adicciones. El DSM-5 identifica los 
trastornos relacionados con el abuso de sustancias como aquellos que resultan del abuso de: 

alcohol, cafeína, cannabis, alucinógenos, inhaladores, opiáceos, sedantes, hipnóticos, 

ansiolíticos, estimulantes (incluyendo los derivados de las anfetaminas, cocaína y otros 

estimulantes), tabaco y otras sustancias desconocidas (Grant y col., 2016). 

La adicción ha sido conceptualizada como un desorden que implica impulsividad y 

compulsividad y da lugar a un ciclo compuesto por tres fases: atracón/intoxicación, abstinencia 

y preocupación/anticipación también definido como ansia o “craving” en inglés (Koob y col., 
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2010). La mayoría de las drogas de abuso actúan a nivel del sistema de recompensa cerebral, 

lo que provoca adaptaciones cerebrales que acaban desembocando en tolerancia (Guerri y col., 

2019; Hamilton y col., 2019) . El sistema opioide endógeno es clave en el desarrollo de adicciones 

(Bodnar, 2016) junto con las vías mesocorticolímbicas, que consisten en proyecciones 

dopaminérgicas desde el área tegmental ventral (ATV) a las zonas límbicas, incluidos el 

hipocampo y la amígdala (Feltenstein y col., 2008), y el núcleo accumbens, que está relacionado 

con las experiencias placenteras posteriores a la exposición a drogas y a la motivación 
consecuente a repetir la exposición (Castro y col., 2015). El hecho de que las estructuras límbicas 

estén implicadas en la memoria y el aprendizaje también está estrechamente relacionado con 

las propiedades reforzadoras de las drogas de abuso (Goodman y col., 2016; Harricharan y col., 

2017; Kutlu y col., 2016).  

En la adicción al alcohol se produce una disminución de la función del sistema de 

recompensa cerebral, un incremento del estrés y la afectación de funciones cerebrales, lo que 

contribuye al refuerzo negativo, que se define como el alivio emocional generado por el uso de 

la droga (Koob, 2014). Existen factores genéticos y ambientales involucrados en el desarrollo de 
este tipo de adicción (Palmisano y col., 2017). Por ejemplo, el estrés y otros desórdenes 

psiquiátricos pueden incrementar la susceptibilidad a desarrollar alcoholismo (Becker, 2012; 

Bolton y col., 2009; Kushner y col., 2000). 

Es importante categorizar los niveles de consumo de alcohol para la predicción de 

posibles problemas de salud asociados. El NIAAA (National Institute on Alcohol Abuse and 

Alcoholism) cuantifica el consumo moderado de alcohol como una bebida al día en mujeres y 

dos en hombres. Según el NIAAA, sólo el dos por ciento de aquellos que consumen alcohol de 
forma moderada desarrollan un trastorno por abuso de alcohol y define el consumo por atracón 

como aquel que eleva los niveles de alcohol en sangre a 0.08 g/dL en un periodo de dos horas 

(cuatro bebidas en mujeres y cinco en hombres). La administración de abuso de sustancias y de 

salud mental de Estados Unidos (Substance Abuse and Mental Health Services Administration, 

SAMHSA) estipula como consumo excesivo de alcohol cinco o más episodios de consumo de 

tipo atracón en un mes.  

Como se ha comentado previamente, el desarrollo de un trastorno adictivo combina 

factores genéticos, ambientales y del propio desarrollo individual. Existen diversas teorías del 
desarrollo de la adicción como la teoría hedónica (Koob y col., 1997), la sensibilización (Kalivas 

y col., 1991) y la contra adaptación (Koob y col., 1997) entre otras; sin embargo, ninguna de ellas 

explica completamente el ciclo de la conducta adictiva (Harricharan y col., 2017). Paralelamente, 

existen estudios que tratan de identificar los factores genéticos involucrados en los procesos de 

desarrollo de la adicción, especialmente en el caso del alcohol a través de estudios del genoma 

completo (GWAS, del inglés Genome-wide association study) (Walters y col., 2018). La 

epigenética también juega un papel fundamental en el estudio del desarrollo de las adicciones a 

estimulantes, opiáceos, alcohol y nicotina (Mews y col., 2017; Walker y col., 2012).  
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1.1. Consecuencias del consumo de drogas en el sistema nervioso central. Efectos 
comportamentales y neuroadaptativos. 

La barrera hematoencefálica (BHE) juega un papel fundamental en las funciones 

cerebrales. Se la considera como un sensor de la homeostasis y cualquier alteración que se 

produzca en el cerebro puede provocar su disfunción. Los componentes de la BHE son células 

endoteliales, pericitos y astrocitos embebidos en una malla de matriz extracelular. La BHE junto 

con el fluido cerebroespinal constituyen la barrera responsable del transporte selectivo de iones 
y de mediadores encargados de la homeostasis cerebral, transporte de nutrientes y hormonas 

(Thurgur y col., 2019). La BHE limita la entrada de moléculas en el sistema nervioso central 

(SNC), aunque en condiciones de desequilibrio, como son los procesos neuroinflamatorios, esta 

permeabilidad puede verse afectada (Strazielle y col., 2016; Thurgur y col., 2019). Una 

consecuencia directa de un mal funcionamiento de estas barreras protectoras del SNC es la 

pérdida de sus propiedades homeostáticas y neuroprotectoras. Se ha demostrado que la 

inflamación cerebrovascular y la alteración de la BHE son dos factores que contribuyen en gran 

medida a los desórdenes del SNC (Thurgur y col., 2019). 
En este sentido, el abuso crónico de alcohol afecta a la integridad de la BHE, lo que 

puede provocar el incremento del flujo de mediadores proinflamatorios y leucocitos al interior de 

las estructuras cerebrales (Obad y col., 2018). Otras drogas como los opiáceos o, especialmente, 

los derivados de la anfetamina provocan una marcada disrupción de la BHE a nivel de la corteza, 

el hipocampo, el tálamo, el hipotálamo, el cerebelo y la amígdala (Bowyer y col., 2006; Cadet y 

col., 2009; Kiyatkin y col., 2007; Sharma y col., 2007). 

Algunas de las variables que determinan los efectos deletéreos del consumo excesivo 
de alcohol sobre el sistema nervioso son la cantidad de alcohol consumido y la frecuencia del 

consumo, la edad a la que se ha iniciado el consumo, el historial familiar (Keenan y col., 1997), 

la exposición prenatal y los factores genéticos (Haddad y col., 2008; Hommer, 2003; Lemstra y 

col., 2008; Obad y col., 2018; Oscar-Berman y col., 2005; Zeigler y col., 2005). Está ampliamente 

descrito que el consumo abusivo de alcohol provoca un gran número de patologías degenerativas 

(Obad y col., 2018). Estudios post-mortem en cerebros de personas alcohólicas y en modelos 

animales de alcoholismo han demostrado que el consumo abusivo de alcohol está asociado con 

un incremento de la incidencia de miopatías y neuropatías (Crews y col., 2004; Fernandez-Sola 
y col., 2016; Liu y col., 2004; Liu y col., 2006; Obad y col., 2018; Remick, 2013). El abuso de 

alcohol provoca el desarrollo de neuroinflamación (Obad y col., 2018) y un desequilibrio del 

sistema inmune innato mediado, en parte, por la liberación de agonistas endógenos de los TLRs 

(del inglés Toll-like receptors) (Coleman y col., 2018b; Crews y col., 2017; Crews y col., 2016). 

La activación de estos receptores contribuye al incremento de la liberación de citoquinas, a 

alteraciones en la estructura y función del hipocampo, al daño neuronal y la consiguiente 

disminución del tamaño cerebral (Obad y col., 2018), y a problemas de memoria y de las 
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capacidades de aprendizaje (Eckardt y col., 1998; Nolen-Hoeksema y col., 2006; Wilkinson y col., 

1980).  

El desarrollo de una respuesta neuroinmune exacerbada y los procesos 

neuroinflamatorios asociados, se observan también tras la administración de otras drogas de 

abuso, lo que parece contribuir a las complicaciones neuropsiquiátricas que estas generan. Por 

ejemplo, las drogas de tipo anfetamínico, especialmente las más neurotóxicas como la 

metanfetamina, provocan una activación microglial y astrocítica muy marcada (Cadet y col., 
2009), lo que contribuye a su neurotoxicidad. Del mismo modo, la anfetamina también modula la 

neuroinflamación, aumentando la reactividad astrocitaria (Vicente-Rodriguez y col., 2016b) y 

microglial (Shanks y col., 2012). Los efectos neurotóxicos derivados de este tipo de drogas de 

abuso también pueden contribuir a procesos neurodegenerativos que se han observado en el 

cerebro de pacientes adictos a este tipo de sustancias (Cadet y col., 2009). 

2. Neuroinflamación y neuroprotección. 

La inflamación es un componente clave en el proceso de reparación del tejido nervioso. 

Sin embargo, cuando se prolonga excesivamente, puede tener efectos negativos en el SNC 
(Fernandez-Calle y col., 2017; Szepesi y col., 2018) (Figura 1). En el proceso neuroinflamatorio 

están implicados tanto el componente innato como el adaptativo de la respuesta inmune (Amor 

y col., 2014; Fakhoury, 2015; Kumar, 2019), así como neuronas, macroglía (astrocitos y 

oligodendrocitos) (Ramirez-Exposito y col., 1998) y microglía (Shabab y col., 2017). La respuesta 

inmune innata constituye la primera línea de defensa del organismo frente a patógenos, es una 

reacción inmune antígeno-específica y juega un papel esencial en la subsecuente activación de 

las respuestas inmunes adaptativas. En la respuesta inmune adaptativa, la respuesta ante ese 
determinado antígeno será más eficiente debido a la memoria inmunológica (Iwasaki y col., 

2015). 
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Figura 1. Efectos positivos y deletéreos de la inflamación en el SNC. La inflamación puede 
desencadenarse en respuesta a la presencia de patógenos externos como bacterias o virus, a un 
traumatismo, a la exposición a drogas de abuso o debido a factores internos como el envejecimiento, entre 
otros. El panel de la izquierda representa los efectos positivos de la inflamación, cuando esta tiene lugar de 
forma autolimitada y favorece la neuroprotección. Las células gliales, astrocitos y microglía pasan de un 
estado de reposo a uno activado y favorecen procesos como la plasticidad y excitabilidad sináptica, liberación 
de citoquinas pro y antiinflamatorias y de factores neurotróficos, eliminación de los agentes tóxicos y 
reparación del daño. Sin embargo, cuando la respuesta inflamatoria tiene lugar de forma descontrolada (panel 
derecho), la microglía y astrocitos adquieren un estado de hiperactivación disfuncional, en el que se va a 
impedir la comunicación celular, se incrementa demasiado la producción de citoquinas proinflamatorias, y se 
generan especies reactivas de oxígeno que van va a provocar disfunción mitocondrial, degradación de 
proteínas y muerte neuronal. Así, la neuroinflamación crónica de alta intensidad es un rasgo característico de 
enfermedades neurodegenerativas. TNF-α (factor de necrosis tumoral α), TGF-β (factor de crecimiento 
transformador β) e IL- (interleucina), C1q (factor 1 del complemento), IFN-γ (interferón-γ), CCL2 (C-C motif 
chemokine 2), NO (óxido nítrico). 
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La neuroinflamación se caracteriza por la activación de las células gliales, principalmente 

astrocitos y microglía, en respuesta a un daño en el SNC, independientemente que su origen sea 

infeccioso (Kumar, 2019), traumático (Chiu y col., 2016) o por contacto con neurotoxinas como 

algunas drogas de abuso (Xu y col., 2017b) (Figura 1). La activación de estas células gliales 

contribuye a la producción de una serie de mediadores proinflamatorios para limitarlo y recuperar 

la homeostasis. Durante este proceso, la BHE se puede ver comprometida y contribuir a la 

infiltración de células inmunes periféricas que a su vez pueden potenciar el proceso 
neuroinflamatorio (DiSabato y col., 2016; Hawkins y col., 2005; Michael y col., 2016; Monahan y 

col., 2008). Dicho proceso está mediado por varias citoquinas como la interleucina 1β (IL-1β), IL-

6 y el factor de necrosis tumoral-α (TNF-α), quimiocinas como CCL (del inglés C-C motif 

chemokine) -2 y -5 y CXCL1 (del inglés C-X-C motif ligand 1). También se liberan mensajeros 

secundarios como NO (óxido nítrico), prostaglandinas y especies reactivas de oxígeno (ROS) 

(DiSabato y col., 2016; Norden y col., 2016).  

Existe una estrecha relación entre astrocitos y microglía, y el equilibrio entre estos dos 

tipos celulares mantiene la homeostasis del SNC (Markiewicz y col., 2006). Durante mucho 
tiempo se creyó que los astrocitos eran un elemento pasivo de la estructura cerebral y que 

únicamente procuraban soporte estructural y metabólico a las neuronas. Sin embargo, se ha 

demostrado que  están implicados en importantes procesos como la regulación de la respuesta 

neuroinmune, la homeostasis iónica y de neurotransmisores, la regulación de la energía 

metabólica en el cerebro, la transmisión y generación sináptica, la excitabilidad neuronal, 

procesos de detoxificación y de eliminación de radicales libres, y el mantenimiento de la 

estructura de la BHE (Markiewicz y col., 2006). Los astrocitos son capaces de producir diversas 
citoquinas proinflamatorias y antiinflamatorias (Zhang y col., 2019). Además, cuando el SNC 

sufre un daño, se produce una transformación en los astrocitos denominada astrocitosis reactiva 

o astrogliosis, proceso que conlleva una hipertrofia y proliferación astrocitaria, un alargamiento 

de sus terminaciones y un incremento en la expresión de la proteína ácida fibrilar de la glía (del 

inglés glial fibrilary acidic protein o GFAP) (Liberto y col., 2004; Markiewicz y col., 2006; Ridet y 

col., 1997). La activación de los astrocitos también contribuye a la activación microglial (Xing y 

col., 2018). 

Las células microgliales son los macrófagos residentes del SNC y juegan un papel 
fundamental en la reparación de tejidos y defensa del organismo. Son las células responsables 

de la activación de la respuesta inmune innata y adaptativa mediante la liberación de mediadores 

proinflamatorios (Lehnardt, 2010). La microglía representa el 5-12% de las células totales del 

SNC sano y derivan de células precursoras mieloides que se dirigen al SNC durante el proceso 

de embriogénesis (Ginhoux y col., 2015; Kierdorf y col., 2013). Además de mantener la 

homeostasis cerebral junto con los astrocitos, la microglía está implicada en la maduración 

neuronal durante el desarrollo y puede desempeñar interacciones bidireccionales con otros tipos 

celulares del SNC (Ginhoux y col., 2013). Cualquier cambio en el ambiente cerebral puede 
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desencadenar la activación microglial, que puede resultar nociva si no se regula adecuadamente 

(Ginhoux y col., 2015). 

El término de microglía “en reposo” se utiliza comúnmente para describir las células 

microgliales en estado basal. Sin embargo, este término no es adecuado, ya que en condiciones 

fisiológicas estas células se encuentran contrayendo y extendiendo sus prolongaciones, gracias 

a su citoestructura única que les permite abarcar todo el parénquima. Por tanto, resulta más 

apropiado referirse a un estado de vigilancia de la microglía. En respuesta a un daño, la microglía 
evoluciona a una estructura de tipo ameboidea caracterizada por un mayor tamaño del soma y 

las terminaciones celulares retraídas (Hanisch y col., 2007; Zanier y col., 2015). Tradicionalmente 

se ha descrito que la microglía puede presentar dos estados fenotípicos (M1 y M2) basados en 

las moléculas de superficie que presenten y en el tipo de compuestos que secreten (Franco y 

col., 2015). El estado M1 se corresponde con un estado proinflamatorio en el que la microglía 

libera ROS, especies reactivas de nitrógeno, TNF-α, IL-1β o IL-12, mientras que el fenotipo M2 

se considera antiinflamatorio y está implicado en la producción y liberación de factores tróficos 

como el factor de crecimiento transformador β (TGF-β) y el factor neurotrófico cerebral (BDNF) 
(Bachiller y col., 2018; Tang y col., 2016). Actualmente, este tipo de clasificación fenotípica no se 

considera del todo correcta puesto que se ha demostrado que la microglía puede presentar 

ambos fenotipos simultáneamente dependiendo de los estímulos a los que esté sometida (Chen 

y col., 2016; Morganti y col., 2016). 
La transición de la microglía de un estado quiescente a un estado activado está 

estrechamente relacionada con factores que pueden ser internos como, por ejemplo, factores de 

transcripción, o factores externos, ya sean factores neuronales como la proteína CD200 (proteína 
del grupo de diferenciación 200), Fraktalkina o también denominada CX3CR1 (receptor de 

quimiocinas CX3C 1, del inglés CX3C chemokine receptor 1), o receptores como TREM2 

(receptor detonante expresado en células mieloides 2, del inglés triggering receptor expressed 

on myeloid cells 2) (Kierdorf y col., 2013). Existen otros factores, como el origen del daño, el 

trasfondo genético, los factores ambientales, la edad o eventos anteriores que pueden modificar 

el efecto de la activación microglial y de las vías de señalización neuroinflamatorias (Bradl y col., 

2003; Carson y col., 2006; Shabab y col., 2017).  

Mención aparte merecen los TLRs, receptores de reconocimiento de patógenos 
presentes tanto en astrocitos como microglía que median la respuesta inmune innata y la 

adaptativa. A través de ellos, la microglía detecta patrones moleculares asociados a daño o 

DAMPS (del inglés danger associated molecular patterns) y patrones moleculares asociados a 

patógenos o PAMPS (del inglés pathogen-associated molecular patterns) (Lehnardt, 2010). La 

activación de los TLRs en la microglía está considerada como uno de los enlaces entre la 

neuroinflamación y el daño neuronal (Lehnardt y col., 2006). Se conocen al menos 13 tipos 

distintos de TLRs en mamíferos (Kawai y col., 2008; Lehnardt, 2010), de los que Medzhitov y 

colaboradores (1997) descubrieron que TLR4 inicia la respuesta inmune innata en respuesta a 
infecciones. TLR4 es el receptor del lipopolisacárido (LPS), componente mayoritario de la 
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membrana externa de las bacterias Gram negativas. El tratamiento intraperitoneal con LPS 

constituye uno de los modelos animales más utilizados para estudiar la neuroinflamación 

(Hamasaki y col., 2018). Es importante destacar que la microglía es uno de los tipos celulares 

del SNC que presenta mayor expresión de TLR4 (Jack y col., 2005), aunque también se ha 

detectado su expresión en astrocitos, fibroblastos, células endoteliales, macrófagos y neuronas 

sensoriales (Lacagnina y col., 2018; Shen y col., 2016).  

La activación celular de TLR4 implica una serie de cambios conformacionales que 
desencadenan una cascada de señalización intracelular que resulta en la activación de NF-κB 

(factor nuclear potenciador de las cadenas ligeras kappa de las células B activadas) (Kawai y 

col., 2007; Lehnardt, 2010; Lu y col., 2008). Estas respuestas pueden tener lugar a través de la 

activación de dos vías, la vía en la que interviene la proteína adaptadora MyD88 (del inglés 

Myeloid differentiation primary response 88), llamada vía dependiente de MyD88, o por la vía 

independiente de MyD88. En la vía dependiente de MyD88, MyD88 recluta a las proteínas IRAK-

4 e IRAK-1 (del inglés IL-1 receptor-associated kinase), a las proteínas TRAF-6 (del inglés TNF 

receptor-associated factor), TAK1 (del inglés transforming growth factor-β-activated kinase 1) y 
por último, al complejo proteico IKK (I-κB quinasa) y a la vía de las MAPK (del inglés Mitogen-

Activated protein kinases), que estarán implicadas en la producción de citoquinas inflamatorias. 

En la vía independiente de MyD88 intervienen las proteínas TRAM (del inglés TRIF-related 

adaptor molecule), TRIF (del inglés Toll-interleukin-1 receptor domain-containin adaptor protein), 

RIP1 (del inglés receptor interacting protein 1), TRAF-3, MAPK e IKKs (del inglés inhibitory kappa 

B kinases) entre otras (Lu y col., 2008). La mayoría de las respuestas del sistema inmune innato 

frente a LPS van a ser operadas por la vía independiente de MyD88 y se dice que esta vía es un 
activador lento de NF-κB y de la secreción de TNF-α (Kumar, 2019). Estas vías de señalización 

van a dar como resultado la sobreexpresión de genes proinflamatorios que codifican citoquinas, 

quimiocinas, enzimas y otras moléculas para contrarrestar el daño que se esté produciendo en 

el SNC (Akira y col., 2006; Takeuchi y col., 2001). 

La duración y la intensidad del estímulo inflamatorio determinarán si el impacto sobre el 

SNC será negativo (Figura 1). La inflamación es una respuesta multietapa que cuando se auto 

limita resulta beneficiosa y neuroprotectora, una vez se ha eliminado el estímulo nocivo. Como 

se resume en la Figura 1, la activación de la microglía contribuye a la eliminación de agentes 
tóxicos y neuronas apoptóticas, y libera factores neurotróficos y citoquinas inflamatorias como 

TNF-α, que participa en el mantenimiento de la excitabilidad y la plasticidad sináptica (Camara y 

col., 2013). Los astrocitos y la microglía también liberan TGF-β e IL-10, que promueven la 

supervivencia neuronal y modulan la activación microglial para que esta no se descontrole 

(Burmeister y col., 2018; Norden y col., 2014). Tal es la importancia del control de la activación 

microglial y la neuroinflamación que se ha observado que, si se expone al organismo a patógenos 

que inducen niveles bajos de activación inmune, esto podría conferir mayor resistencia a futuras 

infecciones y limitar la neuroinflamación deletérea inducida por endotoxinas; este fenómeno se 
definió como euflamación (Figura 1) (Liu y col., 2016; Tarr y col., 2014). Como hemos comentado, 
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la sobre activación de astrocitos y microglía provoca daño neuronal directo y citotoxicidad junto 

con la disrupción de la BHE (Sumi y col., 2010), lo que va a permitir la infiltración de células 

periféricas en el SNC. La amplificación de la respuesta inflamatoria resultante provoca 

alteraciones en la interacción entre astrocitos y microglía, eliminando la actividad supresora de 

los astrocitos sobre la reactividad microglial y una producción descontrolada de citoquinas 

proinflamatorias, contribuyendo a potenciar aún más la neuroinflamación (Sochocka y col., 2017). 

2.1. Relación del consumo de alcohol y otras drogas de abuso con la neuroinflamación. 

El alcohol desencadena una respuesta inflamatoria que conlleva un estado de 

hiperinflamación (Obad y col., 2018). Muchos estudios de diferentes grupos han corroborado que 

esta respuesta se debe a la activación microglial a través de TLR4 y la cascada de señalización, 

que finaliza con la translocación nuclear de NF-κB y la liberación de citoquinas y mediadores 

inflamatorios como IL-1β, TNF-α, COX-2 (ciclooxigenasa 2), CCL2 e iNOS (óxido nítrico sintasa 

inducible) (Blanco y col., 2008; Fernandez-Lizarbe y col., 2009; Lawrimore y col., 2019). La 

neuroinflamación inducida por el alcohol contribuye al elenco de patologías relacionadas con el 

consumo excesivo de esta sustancia (Tyler y col., 2019) y se cree que puede tener un papel 
importante en el desarrollo de la adicción al alcohol (Flores-Bastias y col., 2018). 

 La neuroinflamación derivada del uso de otras sustancias con potencial adictivo como 

la morfina también está mediada por TLR4. La morfina induce la liberación de múltiples citoquinas 

inflamatorias y una marcada activación astrocítica en diversas áreas cerebrales, lo que se cree 

que puede contribuir al desarrollo de tolerancia y adicción al opiáceo (Garcia-Perez y col., 2017; 

Qu y col., 2017). En el caso del cannabis, múltiples estudios demuestran que el consumo de 

delta-9 tetrahidrocannabinol (Δ-9-THC) durante la adolescencia puede predisponer al desarrollo 
de trastornos neuropsiquiátricos en adultos. En modelos animales se ha demostrado que el THC 

induce una neuroinflamación persistente en la corteza prefrontal (CPF) caracterizada por una 

elevada expresión de TNF-α, iNOS y COX-2, y una reducción en la expresión de citoquinas 

antiinflamatorias como IL-10 (Moretti y col., 2015; Zamberletti y col., 2015). 

En cuanto a los psicoestimulantes más consumidos, hay que señalar que la cocaína 

induce estrés oxidativo y potencia la neuroinflamación a través de la activación de las células 

gliales y la producción de mediadores inflamatorios tanto por células gliales como no gliales, 

como los pericitos (Guo y col., 2015; Sil y col., 2019). Estudios recientes sugieren que los efectos 
adictivos de la cocaína están modulados a través de TLR3 (Zhu y col., 2018). Como se ha 

comentado previamente, el consumo de anfetamina y sus derivados provoca activación 

microglial y astrocítica, induciendo neuroinflamación y efectos neurotóxicos (Moratalla y col., 

2017). Existen evidencias crecientes que indican que la activación microglial juega un papel 

fundamental en la neurotoxicidad inducida por anfetamina, ya que precede a la degeneración 

neuronal y a la activación astrocítica (Xu y col., 2017a). La anfetamina provoca activación 

microglial y astrogliosis en diversas áreas cerebrales como el cuerpo estriado, hipocampo, CPF 

y Sustancia Negra (SN) (Cadet y col., 2007; Krasnova y col., 2005; Moratalla y col., 2017). En 
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cultivos primarios de astrocitos se ha detectado que la anfetamina eleva la expresión de 

Caspasa-11 y TLR4, potencia la activación de las vías mediadas por este receptor y aumenta la 

producción de citoquinas proinflamatorias (Bortell y col., 2017; Papageorgiou y col., 2019).  

Además, la anfetamina induce altos niveles de estrés oxidativo y generación de radicales libres 

que desencadenarán la toxicidad celular y la disfunción mitocondrial (Cadet y col., 1998; 

Moratalla y col., 2017). Todo lo anterior contribuye a la conocida neurotoxicidad de este tipo de 

drogas que puede variar desde denervación dopaminérgica estriatal en el caso de la anfetamina, 
a pérdida de neuronas dopaminérgicas de la SN en el caso de sus derivados más neurotóxicos 

como la metanfetamina (Ares-Santos y col., 2014; Moratalla y col., 2017). 

Por lo tanto, se puede concluir de forma general, que la exposición prolongada a drogas 

de abuso potencia la neuroinflamación e incrementa la susceptibilidad al desarrollo de patologías 

que cursan con neuroinflamación. En este sentido, el desarrollo de estrategias terapéuticas 

encaminadas a modular la neuroinflamación resultan esenciales para el tratamiento de 

enfermedades con componente neuroinflamatorio, como son las enfermedades 

neurodegenerativas y los trastornos derivados del consumo de drogas de abuso.  
 

2.2. Pleiotrofina (PTN) y Midkina (MK). 

Las citoquinas pleiotrofina (PTN) y midkina (MK) son los dos únicos miembros de una 

misma familia de factores de crecimiento de unión a la heparina (Deuel y col., 2002). Ambas 

citoquinas se encuentran sobreexpresadas en cerebro en distintas patologías centrales que 

cursan con un importante componente neuroinflamatorio como la enfermedad de Parkinson (EP), 

la enfermedad de Alzheimer o el infarto cerebral (Herradón & Pérez-García, 2014; Herradón y 
col., 2019). 

 La PTN también se conoce como p18, HBGF8 (del inglés heparin-binding growth factor 

8), HB-GAM (del inglés heparin-binding growth-associated molecule), factor 1 osteoblasto-

específico, HB-NF (del inglés heparin binding neutrotophic factor) o HARP (del inglés heparin 

affin regulatory peptide) (Mikelis y col., 2007; Papadimitriou y col., 2009). Es una proteína de 18 

kDa, compuesta por 136 aminoácidos, que se secreta poco después de su síntesis por la 

maquinaria intracelular. La MK se conoce también como NEGF2 (del inglés neurite growth-

promoting factor 2) (Tang y col., 2015). Es una proteína de 13 kDa, compuesta por 121 
aminoácidos. La PTN y la MK presentan una homología del 50% en su secuencia de 

aminoácidos, lo que implica que en muchos casos presenten funciones similares (Li y col., 1990; 

Muramatsu, 2014; Xu y col., 2014). 

La PTN está implicada en la supervivencia de las células B, hematopoyesis, haplotaxis 

de los macrófagos y neutrófilos, en el crecimiento de neuritas y su migración y en el proceso de 

la angiogénesis (Papadimitriou y col., 2016; Sorrelle y col., 2017). De hecho, la capacidad 

angiogénica de la PTN juega un papel muy importante en los efectos de esta proteína en distintos 

tipos de cáncer (Papadimitriou y col., 2009). La PTN también está implicada en la regeneración 
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de axones tras un daño en el SNC (Mi y col., 2007) y ejerce efectos neurotróficos en los 

trasplantes neuronales in vivo (Hida y col., 2007). La PTN, producida por pericitos, es 

imprescindible para limitar el daño de tipo isquémico o excitotóxico (Nikolakopoulou y col., 2019). 

Se ha demostrado que la PTN está implicada en la maduración neuronal que tiene lugar en los 

nichos neurogénicos cerebrales, lo cual resulta muy importante en los procesos de memoria, 

aprendizaje y conducta afectiva (Tang y col., 2019). 

La MK juega un papel importante en el crecimiento de neuritas y participa en la migración 
y supervivencia neuronal (Kikuchi y col., 1993; Muramatsu y col., 1991; Owada y col., 1999; Satoh 

y col., 1993; Zou y col., 2006). Está implicada en la migración de macrófagos y neutrófilos e 

inhibe la diferenciación de las células T-reguladoras (Horiba y col., 2000; Sato y col., 2001; 

Takada y col., 1997). La MK también participa en la regeneración de nervios periféricos 

(Sakakima y col., 2009) y en la protección contra el daño cerebral ocasionado por isquemia 

(Muramatsu, 2011; Ooboshi, 2011). Al igual que la PTN, y por similitud de funciones, también se 

la relaciona con el crecimiento tumoral (Hao y col., 2013). 

La PTN y la MK presentan niveles altos de expresión en neuronas y glía durante el 
desarrollo embrionario del SNC (Li y col., 1990; Milner y col., 1989), aunque sus patrones de 

expresión difieren. El pico de expresión de la MK se produce durante la etapa media de la 

gestación mientras que el de la PTN ocurre en el momento del nacimiento (Rauvala, 1989; 

Weckbach y col., 2011). La PTN se expresa durante la fase embrionaria en otros tejidos además 

del cerebro, como pulmón, riñones, intestino y hueso (Mikelis y col., 2007; Papadimitriou y col., 

2016), mientras que la expresión de MK durante la fase embrionaria destaca en el tejido neural, 

epitelial y mesenquimal (Muramatsu, 2010). 
En la etapa adulta los niveles de expresión de la PTN y la MK disminuyen 

considerablemente y se restringen a ciertos tipos celulares, observándose una mayor expresión 

de la PTN en el SNC (concretamente en las neuronas y pericitos), la placenta, el tejido seminal 

y los testículos, el ojo, la vejiga y el estómago (Nikolakopoulou y col., 2019; Papadimitriou y col., 

2016). Los niveles de expresión de la MK en el adulto son relativamente bajos; sin embargo, se 

encuentran niveles detectables de MK en riñones, intestino, epidermis, epitelio bronquial y en 

otras células como linfocitos y macrófagos. La MK va a participar en los procesos inflamatorios 

con dos actividades principales, incrementando la expresión de citoquinas y potenciando la 
migración de neutrófilos y macrófagos  (Muramatsu, 2014). 

La expresión de ambos genes es constitutiva y ambos se sobreexpresan en situaciones 

de daño en distintos tipos de tejidos. Existen diversos factores y citoquinas que pueden provocar 

un aumento de los niveles de expresión de PTN, como TNF-α o el factor de crecimiento 

epidérmico EGF (del inglés epidermic growth factor) (Papadimitriou y col., 2009), el interferón-γ 

(IFN-γ), el cual incrementa la expresión de PTN en macrófagos a través de STAT-1 (transductor 

de señal y activador de la transcripción 1) (Li y col., 2010), PDGF (factor de crecimiento derivado 

de las plaquetas, del inglés platelet-derived growth factor) y bFGF (el factor básico de crecimiento 
de fibroblastos, del inglés basic fibroblast growth factor) (Antoine y col., 2005; Li y col., 1992). 
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Por su parte, el ácido retinoico es el principal inductor de la expresión del gen de la MK 

(Matsubara y col., 1994). 

Como hemos apuntado, los niveles de expresión de PTN y MK pueden aumentar como 

respuesta a distintos tipos de daño (Herradon y col., 2014; Herradon y col., 2019; Vicente-

Rodriguez y col., 2016a). Se incrementan en las áreas tisulares expuestas a un daño y en 

diversas células como macrófagos inflamatorios, microglía, fibroblastos y células endoteliales 

(Jin y col., 2009; Martin y col., 2011; Muramatsu, 2011). La expresión de la MK aumenta en 
múltiples patologías inflamatorias de tipo crónico como en la enfermedad de Alzheimer (Salama 

y col., 2005), la enfermedad de Crohn (Krzystek-Korpacka y col., 2010), la nefropatía diabética 

(Kosugi y col., 2007) o la esclerosis múltiple (Liu y col., 1998; Wang y col., 2008). En algunas de 

ellas, se ha empezado a dilucidar el papel que esta citoquina juega en la patología. En la 

enfermedad de Alzheimer, por ejemplo, la MK inhibe la citotoxicidad y polimerización del péptido 

β-amiloide (Monji y col., 2000; Yu y col., 1998). Asimismo, la deficiencia de MK se ha relacionado 

con una hipofunción dopaminérgica cerebral (Ohgake y col., 2009). 

Por su parte, se han detectado altos niveles de PTN en la SN en pacientes con EP 
(Marchionini y col., 2007) o en modelos animales de isquemia cerebral (Yeh y col., 1998). 

Ensayos in vitro han demostrado que la PTN ejerce un efecto neurotrófico significativo sobre las 

neuronas dopaminérgicas (Jung y col., 2004). En modelos animales, la sobreexpresión estriatal 

de PTN ejerce un efecto neurotrófico y protege frente a agentes parkinsonianos (Gombash y col., 

2012; Taravini y col., 2011).  

 

2.2.1. Papel de PTN y MK en los efectos de las drogas de abuso. 

Como se ha descrito anteriormente, las drogas de abuso producen efectos neurotóxicos, 

alteraciones en las vías del sistema de recompensa, desarrollo de neuroinflamación y 

neurodegeneración (Coelho-Santos y col., 2012; Mohammad Ahmadi Soleimani y col., 2016; 

Sharma y col., 2018).  

Los niveles de expresión de PTN y MK aumentan significativamente en distintas áreas 

cerebrales como la CPF, hipocampo o el cuerpo estriado, después de la administración de 

distintas drogas de abuso como la anfetamina, los opiáceos o el cannabis (Herradon y Pérez-

García, 2014). Además, se ha visto que una dosis aguda de alcohol (2g/kg) en ratones provoca 
un aumento significativo de los niveles de Ptn en la CPF (Vicente-Rodriguez y col., 2014a). Por 

otra parte, se ha demostrado la sobreexpresión de MK en la corteza frontal de pacientes 

alcohólicos (Flatscher-Bader y col., 2006, 2008). Estas evidencias, junto a las resumidas 

anteriormente que apuntan a importantes efectos neuroprotectores de PTN y MK en distintos 

contextos patológicos, sugieren que estas citoquinas podrían modular los efectos neurotóxicos y 

neuroadaptativos de las drogas de abuso. 

En modelos in vitro se ha demostrado que la PTN previene la citotoxicidad inducida por 

cocaína en cultivos de células NG108-15 y PC12 (Gramage y col., 2008). También se han 
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estudiado las acciones de PTN y/o MK sobre los efectos de las drogas de abuso utilizando 

distintos modelos de animales modificados genéticamente como el ratón knock-out de Ptn (Ptn-

/-), el ratón knock-out de Mk (Mk-/-) (Amet y col., 2001; Herradon y col., 2004; Nakamura y col., 

1998) o el ratón transgénico de PTN (PTN-Tg), que sobreexpresa esta citoquina en áreas 

específicas del cerebro, como la CPF y el hipocampo (3 veces mayor expresión que en un animal 

Wt) y en el cuerpo estriado (20% más de expresión que en animales Wt) (Ferrer-Alcón M y col., 

2012; Vicente-Rodriguez y col., 2015; Vicente-Rodriguez y col., 2014a). En estos estudios, se ha 
comprobado que la anfetamina induce una astrocitosis estriatal más exacerbada en los ratones 

Mk-/- y Ptn-/- comparado con los ratones salvajes o Wt (del inglés wild-type) (Gramage y col., 

2011b; Gramage y col., 2010b). Resulta interesante resaltar que en el caso de los animales Ptn-

/-, la anfetamina induce la pérdida de neuronas dopaminérgicas en la SN, efecto ausente en los 

ratones Wt (Gramage y col., 2010b), ya que únicamente derivados anfetamínicos más 

neurotóxicos que la anfetamina son capaces de provocar la pérdida de neuronas dopaminérgicas 

de la SN (Ares-Santos y col., 2014; Granado y col., 2008). Por tanto, estos resultados apuntan a 

un posible papel neuroprotector de la PTN y la MK frente a la neurotoxicidad causada por drogas 
de abuso y a un papel modulador de estas citoquinas en neuroinflamación. 

Respecto a los efectos reforzadores de las drogas de abuso, cabe destacar que la PTN 

y la MK también regulan los efectos comportamentales de distintas drogas (Gramage y col., 

2011a). Uno de los ensayos más habituales para estudiar las propiedades reforzadoras de las 

drogas es el paradigma del condicionamiento preferencial al sitio (del inglés Conditioned Place 

Preference, CPP) (Tzschentke, 2007). En modelos de CPP, se observó que los ratones Ptn-/- 

presentan más dificultades para extinguir el condicionamiento inducido por anfetamina que los 
ratones Wt  (Gramage y col., 2010a). Por su parte, los ratones Mk-/- presentan más dificultades 

para extinguir el condicionamiento inducido por cocaína (Gramage y col., 2013). En cuanto al 

efecto reforzador del alcohol, los animales Ptn-/- y Mk-/- resultan más vulnerables, mientras que 

los efectos reforzadores del alcohol se encuentran ausentes en los ratones PTN-Tg (Vicente-

Rodriguez y col., 2014a; Vicente-Rodriguez y col., 2014b).  

Las evidencias aquí resumidas apuntan a las citoquinas PTN, MK y sus vías de 

señalización como posibles dianas farmacológicas para la modulación de los efectos 

comportamentales y neurotóxicos de las drogas de abuso. 

2.2.2. Mecanismo de acción de PTN y MK. 

Se conocen varios receptores para la PTN y la MK (Figura 2) (Xu y col., 2014). La MK es 

un ligando endógeno del receptor proteína fosfatasa de tirosinas β/ζ (RPTPβ/ζ), también 

conocido como PTPRZ1 (del inglés protein tyrosine phosphatase receptor Z1) (Maeda et al., 

1999). La MK puede también interaccionar con los miembros de la familia de receptores 

relacionados con la lipoproteína de baja densidad (LRP), que están implicados en la 

supervivencia de neuronas embrionarias; con integrinas β1, como la α6β1 o la α4β1, 

relacionadas con el crecimiento de neuritas y con la migración de osteoblastos, respectivamente, 
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(Muramatsu, 2014; Weckbach y col., 2011). Otros receptores también incluyen Nucleolina 

(Hovanessian, 2006), el receptor NOTCH-2 (del inglés Neurogenic locus notch homolog protein 

2), miembros de la familia de los receptores Syndecan (SDC) (Muramatsu y col., 2006) y ALK 

(del inglés Anaplastic lymphoma kinase) (Stoica y col., 2002). En este último caso es destacable 

que la interacción de la MK con ALK resulta fundamental en la proliferación de neuronas 

adrenérgicas inmaduras (Reiff y col., 2011) y en la activación de las vías de señalización que 

desembocan en la activación de NF-κB (Kuo y col., 2007). 
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Figura 2. Representación de los receptores de la PTN/MK y sus vías de señalización más 
relevantes. La PTN y la MK, a través de distintos receptores, modulan diversas vías de señalización. 
Cuando actúan sobre RPTPβ/ζ (receptor proteína fosfatasa de tirosinas β/ζ, también conocido como 
PTPRZ1), inactivan su actividad fosfatasa, regulando así los niveles de fosforilación de los sustratos de 
este receptor como Fyn, β-aducina, β-catenina, P190 Rho/GAP (GTP-ase-activating protein for Rho GTP-
ase), TrkA (Tropomyosin receptor kinase A) y GIT1(de inglés protein-coupled receptor kinase-interactor 
1). ALK (anaplastic lymphoma kinase) es otro sustrato de RPTPβ/ζ pero también es un receptor conocido 
de PTN/MK. A través de la modulación de ALK, PTN/MK regulan distintas vías implicadas en procesos 
relacionados con la supervivencia y proliferación celular. RPTPβ/ζ puede formar complejos 
multimoleculares cuando se asocia con integrinas o con miembros de la familia de los receptores para la 
lipoproteína de baja densidad (LRP) como LRP6 (receptor de lipoproteína 6). La PTN y la MK también 
pueden interaccionar con NOTCH-2 (neurogenic locus notch homolog protein 2), nucleolina, N-CAM 
(molécula de adhesión neuronal cerebral) Versican y con SDC-3 (syndecan-3). Esquema modificado de 
Xu y col, 2014. 
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El primer receptor identificado para la PTN fue SDC-3 (Raulo y col., 1994), el cual está 

implicado en los efectos de PTN sobre el crecimiento de neuritas y en el papel oncogénico de 

PTN en cáncer de páncreas y de próstata (Yao y col., 2009). Se ha demostrado que la PTN 

puede interaccionar directamente con las integrinas αvβ3, imprescindibles en la angiogénesis y 

en la migración celular (Mikelis y col., 2009). La PTN también se puede unir a RPTPβ/ζ y ALK, 

como la MK (Maeda et al., 1996, Meng et al., 2000; (Stoica y col., 2001; Wellstein, 2012). Los 

mayores niveles de expresión de ALK se encuentran en los bulbos olfatorios, CPF, cuerpo 
estriado, hipocampo, tálamo y en los núcleos del mesencéfalo (Bilsland y col., 2008; Iwahara y 

col., 1997; Vernersson y col., 2006). Alteraciones en ALK se han asociado con diversos tipos de 

cáncer, como neuroblastoma, cáncer de pulmón o cáncer de mama (Chen y col., 2008; George 

y col., 2008; Lin y col., 2009; Roskoski, 2013; Soda y col., 2007) y con trastornos por abuso de 

alcohol (Lasek y col., 2011), ya que se encuentra implicado en la regulación de las propiedades 

reforzadoras del alcohol (Dutton y col., 2017), llegándose a considerar como una potencial diana 

para el tratamiento de desórdenes relacionados con el abuso de alcohol (Dutton y col., 2017; 

Wang y col., 2011). Como ya hemos apuntado, se ha propuesto que la activación de ALK por 
PTN/MK puede ser ligando-independiente, resultado de la interacción de PTN/MK con RPTPβ/ζ 

(Perez-Pinera y col., 2007).  

Uno de los receptores de PTN/MK más estudiados por su implicación en los efectos de 

estas citoquinas es RPTPβ/ζ, que está implicado en el desarrollo de oligodendrocitos 

(Lamprianou y col., 2011) y en procesos neuroinflamatorios en el cerebro adulto (Harroch y col., 

2002). Como ya hemos mencionado, PTN y MK inhiben la actividad fosfatasa de RPTPβ/ζ 

provocando un aumento en los niveles de fosforilación de sus sustratos, algunos de los cuales 
juegan un papel importante en el consumo de alcohol como ha demostrado el grupo de la Dra. 

Dorit Ron en el caso de la quinasa Fyn (Morisot y col., 2018) y el grupo de la Dra. Amy Lasek en 

el caso de ALK (Dutton y col., 2017). Es importante señalar que RPTPβ/ζ se encuentra 

principalmente expresado en el SNC en áreas importantes en el circuito de recompensa y el 

consumo de alcohol, como la CPF o la amígdala (Cressant y col., 2017). También se encuentra 

expresado en otros órganos como la piel, estómago y testículos, y su expresión no se 

correlaciona completamente con la expresión de PTN (Papadimitriou y col., 2016). 

El receptor RPTPβ/ζ forma parte de la familia de las proteínas tirosina fosfatasas (PTPs) 
(Tanga y col., 2019). La fosforilación reversible en los residuos de tirosina de las proteínas es 

uno de los mecanismos críticos en el proceso de transducción de la señal y afecta a funciones 

celulares tales como metabolismo, proliferación, adhesión, diferenciación, migración y desarrollo 

(Hunter, 1987; Xu y col., 2012). Este proceso se regula por el equilibrio entre las PTKs (proteínas 

tirosina quinasas) y las PTPs (Tanga y col., 2019). El desequilibro entre PTKs y PTPs se 

encuentra implicado en un gran número de patologías humanas como cáncer, diabetes, y 

enfermedades autoinmunes (Ostman y col., 2006; Tonks, 2006; Xu y col., 2012). 

La familia de los receptores proteína fosfatasa de tirosinas de transmembrana (RPTPs) 
comprende ocho subfamilias (Andersen y col., 2001) en las que la mayoría de los receptores 
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contienen dos dominios PTP intracelulares consecutivos. En los dominios PTP, la actividad 

catalítica se encuentra mayoritariamente en el primer dominio proximal de membrana (PTP-D1) 

y en menor medida en un segundo dominio distal de membrana (PTP-D2). Sin embargo, en la 

subfamilia número 5, a la que pertenece RPTPβ/ζ, el dominio D2 es inactivo y se considera que 

su función es únicamente reguladora (Barr y col., 2009; Tanga y col., 2019; Tonks, 2006; Xu y 

col., 2012). 

A nivel celular, RPTPβ/ζ puede localizarse en la membrana, citoplasma y núcleo 
(Koutsioumpa y col., 2013) (Figura 2). En la membrana celular, puede interaccionar con 

diferentes moléculas de adhesión celular como N-CAM (molécula de adhesión neuronal cerebral) 

(Beltran y col., 2003), Ng-CAM (molécula de adhesión neuro-glial) (Milev y col., 1995), nucleolina 

o contactina (Dubessy y col., 2019), entre otras (Figura 2). Existen tres isoformas mayoritarias 

de RPTPβ/ζ que coexisten en el SNC (Figura 3). RPTPβ/ζ-A constituye la isoforma larga del 

receptor, contiene un dominio N-terminal anhidrasa carbónica, un dominio de tipo fibronectina III 

localizado en la zona extracelular seguido por una región espaciadora, una región 

transmembrana y dos dominios PTP consecutivos localizados en el interior del citoplasma. 
RPTPβ/ζ-B es la isoforma corta del receptor y presenta una supresión de la zona próxima a la 

región espaciadora extracelular de RPTPβ/ζ-A. RPTPβ/ζ-S es la isoforma secretora que se 

corresponde con la porción extracelular de RPTPβ/ζ-A, también denominada 6B4 

proteoglicano/fosfacan (Tanga y col., 2019). Las tres isoformas contienen cadenas de condroitín 

sulfato en la porción extracelular que resultan esenciales para conseguir una alta afinidad de 

unión con sus sustratos (Canoll y col., 1996; Chow y col., 2008; Maeda y col., 1999; Maeda y 

col., 1996; Nandi y col., 2013; Nishiwaki y col., 1998; Tanga y col., 2019). Existe una cuarta 
isoforma de RPTPβ/ζ que también es secretada, pero de menor tamaño que RPTPζ-S, llamada 

PSI (isoforma corta de fosfacán, del inglés phosphacan short isoform) y únicamente se expresa 

en neuronas (Garwood y col., 2003). Estudios funcionales sugieren que PSI está implicada en el 

control del crecimiento de los axones durante el desarrollo debido a su interacción con los 

receptores neuronales L1 y F3/contactina, y que promueve el crecimiento de neuritas de las 

neuronas corticales (Heck y col., 2005). Por otro lado, la isoforma PSI presenta dos lugares de  

unión para la PTN (Maeda y col., 1996), al igual que se ha demostrado que RPTPβ/ζ también  

tiene dos zonas de unión para la MK (Maeda y col., 1999). 



Introducción 

 26 

El receptor RPTPβ/ζ es estructuralmente muy similar a RPTPγ. Ambas fosfatasas forman 
parte de la subfamilia número 5 de RPTPs y presentan altos niveles de expresión en el SNC. Sin 

embargo, RPTPγ se encuentra de manera casi exclusiva en neuronas mientras que RPTPβ/ζ se 

expresa también en células gliales como astrocitos, oligodendrocitos y sus precursores 

(Kuboyama y col., 2016; Lamprianou y col., 2006; Senis y col., 2018; Shintani y col., 1998). Otras 

características que distinguen a estos receptores son que RPTPγ no presenta en su estructura 

las dos cadenas pesadas de condroitín sulfato y que RPTPγ, además de expresarse en el SNC, 

se distribuye de forma ubicua en el organismo, mientras que RPTPβ/ζ se expresa en tejidos 
específicos (Senis y col., 2018; Shintani y col., 1997).  

El modo de unión de la PTN con RPTPβ/ζ se ha estudiado en profundidad. La unión de 

la citoquina con la región extracelular de RPTPβ/ζ provoca la dimerización del receptor, lo que 

hace que se bloquee el acceso de los sustratos al dominio catalítico D1, anulando la actividad 

fosfatasa intrínseca de RPTPβ/ζ (Fukada y col., 2006; Maeda y col., 1999; Maeda y col., 1996). 

Esto hace que aumente el estado de fosforilación de los sustratos del receptor. Por tanto, la 

inactivación del receptor por PTN se considera ligando-dependiente.  

 

Figura 3. Representación esquemática de las isoformas de RPTPβ/ζ. Los cuatro tipos de isoformas 
(dos de transmembrana y dos secretadas) en las que se puede encontrar RPTPβ/ζ son la isoforma larga 
(RPTPβ/ζ-A), corta (RPTPβ/ζ-B), la isoforma secretada (RPTPβ/ζ-S), o también denominada fosfacan, y 
la isoforma PSI. Las cuatro isoformas tienen en común el dominio de anhidrasa carbónica y el de 
fibronectina tipo III. RPTPζ-A, consta también de una secuencia intermedia próxima al dominio 
transmembrana en la que incluyen cadenas de condroitín sulfato, también presentes en RPTPβ/ζ-S. Tanto 
RPTPβ/ζ-A como RPTPβ/ζ-B constan de dos dominios tirosina fosfatasa en el interior celular (dominios 
D1 y D2), siendo el catalíticamente activo el dominio D1. Pesos moleculares en Kilodaltons (kD). Aa 
(aminoácidos), PSI (phosphacan short isoform). Tomada y modificada de Garwood y colaboradores 
(2003). 
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Algunos de los sustratos de RPTPβ/ζ más conocidos y estudiados (Figura 2) son β-

Catenina (Meng y col., 2000), GIT1 (del inglés G protein-coupled receptor kinase-interactor 1) 

(Kawachi y col., 2001), p190-RhoGAP (del inglés GTP-ase-activating protein for Rho GTP-ase) 

(Tamura y col., 2006), MAGI1 (del inglés membrane-asociated guanylate kinase inverted 1) 

(Fukada y col., 2005), la quinasa Fyn (Pariser y col., 2005a), β-aducina (Pariser y col., 2005b; 

Pariser y col., 2005c), ALK (Perez-Pinera y col., 2007) y TrkA (del inglés Tropomyosin receptor 

kinase A) (Shintani y col., 2008). Uno de estos sustratos, β-Catenina, es el efector clave de la 
señalización nuclear mediada por Wnt (de inglés wingless integrated), que está implicada en la 

migración, polaridad y transformación celular, así como en la organogénesis durante el desarrollo 

embrionario (Komiya y col., 2008; Valenta y col., 2012). Por su parte, la β-aducina está asociada 

con la heterocromatina, los centriolos y con la reorganización del citoesqueleto. Se conoce que 

PTN regula la distribución celular de la β-aducina a través de PKC-δ (proteína quinasa C δ) 

(Pariser y col., 2005b). GIT1 es un regulador de la adhesión intracelular (Beltran y col., 2003), y 

es esencial para mantener la estructura del citoesqueleto y la contractibilidad celular (Stiegler y 

col., 2017). MAGI1 forma parte de la familia de las proteínas guanilato-quinasa asociadas a la 
membrana y participa en la asociación de complejos de multiproteínas. Hay estudios que 

sugieren que MAGI1 también está implicada en la transmisión de señales reguladoras desde la 

superficie celular hasta el núcleo, en la regulación de la extensión de neuritas y la modulación 

del dolor (Dobrosotskaya y col., 1997; Ito y col., 2013; Pryce y col., 2019). 

La quinasa Fyn presenta múltiples funciones biológicas relacionadas con su habilidad 

para asociarse y fosforilar a un gran número de moléculas de señalización en sus residuos 

tirosina. Entre sus funciones destacan la activación de los linfocitos T, la regulación de la función 
cerebral y la intervención en procesos de señalización mediados por mecanismos de adhesión 

(Resh, 1998). También participa en la transmisión sináptica excitatoria e inhibitoria, en la 

plasticidad sináptica y en los procesos de memoria y aprendizaje (Chattopadhyaya y col., 2013; 

Grant y col., 1992; Ohnishi y col., 2011). Otras funciones conocidas de Fyn tienen que ver con la 

modulación de la mielinización de los oligodendrocitos (Peckham y col., 2016) inducida por 

BDNF. Cabe destacar también la participación de Fyn en la regulación de la respuesta 

neuroinflamatoria a través de la activación microglial (Panicker y col., 2015) y en otros procesos 

relacionados con la inflamación como la activación del inflamasoma NLRP13 (del inglés Nod-like 

receptor protein 13), a través de la fosforilación de PKC-δ y la consiguiente translocación al 

núcleo de NF-κB-p65 (Panicker y col., 2019). Esta proteína también se encuentra implicada en 

los efectos sedantes el alcohol y en el desarrollo de tolerancia a esta droga a través de su 

interacción con el receptor NMDA2B (N-metil-D-aspartato, receptor 2B) (Yaka y col., 2003). 

Como se ha señalado con anterioridad, la activación de la actividad quinasa de Fyn es uno de 

los eventos moleculares que se encuentran involucrados en la dependencia del alcohol (Pastor 

y col., 2009; Schumann y col., 2003). 

Otros sustratos de RPTPβ/ζ que, al igual que Fyn, son conocidos moduladores de la 
neuroinflamación y/o de los efectos de drogas de abuso, son ALK y TrkA. Como se ha comentado 



Introducción 

 28 

previamente, además de ser un receptor de PTN y de MK, ALK también es un sustrato de 

RPTPβ/ζ (Perez-Pinera y col., 2007). Además de su participación en procesos de desarrollo 

cerebral (Rohrbough y col., 2010; Yao y col., 2013), en la respuesta inmune y en la activación 

del inflamasoma de los macrófagos (Zhang y col., 2018), cabe destacar su implicación en 

procesos inflamatorios de origen diverso (Zeng y col., 2017) y en la modulación de las respuestas 

comportamentales tras la exposición a alcohol (He y col., 2015). Por otra parte, RPTPβ/ζ 

disminuye la fosforilación de TrkA (Shintani y col., 2008), reduciendo así la activación de TrkA 
inducida por su ligando, NGF (factor de crecimiento nervioso, del inglés nerve growth factor). Es 

importante señalar que NGF es un elemento clave de la comunicación entre el sistema inmune 

y el SNC, se encuentra sobreexpresado en tejidos inflamados y puede modular la actividad de 

las neuronas periféricas y su supervivencia (Minnone y col., 2017; Mizumura y col., 2015). Las 

vías de señalización activadas por TrkA incluyen la activación de la proteína Ras, PI3K-AKT 

(fosfatidilinositol 3-quinasa-Proteína quinasa B), PLC-γ1 (fosfolipasa C-γ1) y las vías de 

señalización controladas por este tipo de proteínas, como la vía de las MAPK (Skaper, 2018).  

Las evidencias expuestas hasta este momento, en su conjunto, señalan al eje 
PTN/MK/RPTPβ/ζ como nueva diana farmacológica en patologías centrales que cursen con un 

evidente componente neuroinflamatorio, así como en el tratamiento de la dependencia de drogas 

de abuso y en la prevención de sus efectos neurotóxicos en el SNC. 

 

3. Modulación farmacológica de la vía de señalización de PTN/MK/RPTPβ/ζ. 

La PTN y la MK actúan como inhibidores endógenos de RPTPβ/ζ, y a través de la 

inhibición de la actividad fosfatasa de este receptor, aumentan los niveles de fosforilación y la 
activación de sus sustratos, (Figura 4A, B). De todo lo resumido hasta este momento, surgiría la 

hipótesis de que la potenciación de los efectos de PTN y MK podría producir efectos 

neuroprotectores en patologías neurodegenerativas, proteger frente al daño producido por 

neurotoxinas y limitar los efectos reforzadores de drogas de abuso. Además, de la potenciación 

de los efectos de estas citoquinas cabría esperar una modulación de la neuroinflamación 

característica de los desórdenes mencionados, aunque quizá sea demasiado pronto para 

anticipar el signo de dicha modulación que, por otra parte, probablemente difiera en condiciones 

agudas y crónicas. 
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Una posible estrategia para la potenciación de los efectos de estas citoquinas, ya testada en 

modelos preclínicos, consiste en la inducción de la expresión de la PTN o de la MK, lo que 

potenciaría las cascadas de señalización derivadas de la inhibición de RPTPβ/ζ y el aumento del 

estado de fosforilación de los sustratos del receptor (Figura 4B). Se ha descrito que el aumento 

de la expresión de PTN disminuye el daño dopaminérgico causado por la toxina parkinsoniana 

6-hidroxidopamina en la vía nigroestriatal (Gombash y col., 2012; Taravini y col., 2011). La 

administración intraventricular de MK tiene un efecto citoprotector en patologías isquémicas 
(Yoshida y col., 2001). En este sentido, existen diversos estudios sobre la administración 

intracerebral de factores de crecimiento para el tratamiento de enfermedades como EP y la 

enfermedad de Alzheimer (Allen y col., 2013; Hegarty y col., 2017). Sin embargo, no es posible 

obviar las limitaciones prácticas que supone la administración intracraneal de fármacos.  

Una alternativa a la administración de PTN o MK para potenciar sus vías de señalización 

a través de RPTPβ/ζ, consistiría en el empleo de inhibidores selectivos de este receptor (Figura 

4C). El grupo de Huang y colaboradores desarrolló el primer inhibidor de RPTPβ/ζ, aunque de 

baja potencia y poca selectividad (Huang y col., 2003). Debido al interés que suponía observar 
si la inhibición directa de RPTPβ/ζ presentaba las mismas acciones que la sobreexpresión de la 

 

Figura 4. Mecanismo de acción de PTN/MK y de inhibidores selectivos de RPTPβ/ζ. (A) En su 
forma monomérica en ausencia de ligando, RPTPβ/ζ ejerce su actividad fosfatasa sobre sus sustratos. 
(B) La PTN y la MK, al interaccionar con RPTPβ/ζ provocan la dimerización del receptor, impidiendo el 
acceso de los sustratos al dominio catalítico D1 y, por tanto, aumentan el estado de fosforilación de 
sustratos como Fyn, β-aducina, β-catenina, ALK y TrkA. (C) El empleo de inhibidores selectivos de 
RPTPβ/ζ, como MY10 o MY33-3, produciría el mismo efecto inhibidor sobre el receptor que la PTN, pero 
a través de un mecanismo distinto. Estos compuestos se unen directamente al dominio activo de 
RPTPβ/ζ e impiden su actividad fosfatasa en los sustratos.  
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PTN sobre los efectos adictivos de las drogas de abuso, y basándose en la estructura propuesta 

por Huang y colaboradores (Huang y col., 2003), se desarrollaron pequeños compuestos que 

actúan como inhibidores más selectivos de RPTPβ/ζ, capaces de cruzar la BHE y que mimetizan 

algunos de los efectos conocidos de la PTN y la MK (Figura 4C) (Pastor y col., 2018). Tras el 

proceso de evaluación in vitro, los dos compuestos más prometedores fueron los compuestos 

llamados MY10 y MY33-3 (Figura 5).  

 

                 MY10      MY33-3 

 

Figura 5. Estructura de los inhibidores de RPTPβ/ζ MY10 y MY33-3. 
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HIPÓTESIS Y OBJETIVOS 

La pleiotrofina (PTN) y la midkina (MK) son dos factores importantes para la 

supervivencia y diferenciación de las neuronas catecolaminérgicas. El incremento de sus niveles 

de expresión está ligado a situaciones inflamatorias y tiene lugar en distintas áreas cerebrales 

tras la exposición a diferentes drogas de abuso. Debido a que son capaces de modular los 

efectos neurotóxicos y adictivos de las drogas de abuso, y al interés que supone el desarrollo de 

herramientas terapéuticas para combatir los trastornos caracterizados por una neuroinflamación 

excesiva y aquellos derivados del abuso de alcohol, el objetivo general de este trabajo parte de 

la hipótesis de que la PTN, la MK, y su vía de señalización, constituyen nuevas dianas 
terapéuticas para modular la neuroinflamación y los trastornos por abuso de alcohol. 

 

Los objetivos específicos planteados en este trabajo fueron: 

 

1) Implicación de la pleiotrofina y la midkina en la neuroinflamación y en la 
señalización mediada por TLR4 en un modelo agudo de endotoxemia. Estudio 

de los efectos de LPS y del antagonista de TLR4 TAK-242 en distintos modelos de 
Ptn- y Mk-GEMMS (Genetically engineered mouse models). 

 

2) Evaluación in vivo de los efectos del tratamiento con inhibidores de RPTPβ/ζ 
sobre el consumo de alcohol y los efectos reforzadores de esta droga. Estudio 

de los efectos de MY10 y MY33-3 sobre el condicionamiento preferencial al sitio 

inducido por el alcohol y sobre el consumo de alcohol en ratones salvajes y en 

ratones Ptn-/-. 

 
3) Evaluación in vitro de los efectos del tratamiento con inhibidores de RPTPβ/ζ 

sobre las cascadas de señalización activadas por el alcohol. Estudio de los 

efectos de MY10 y MY33-3 sobre el incremento en los niveles de fosforilación de 

ALK y TrkA inducido por alcohol en células SH-SY5Y. 
 

4) Evaluación de los efectos comportamentales del tratamiento con el inhibidor 
de RPTPβ/ζ MY10 en ratones salvajes y ratones Ptn-/-. Estudio de los efectos del 
tratamiento agudo con MY10 en distintos modelos conductuales en ratones salvajes 

y en ratones Ptn-/-. 
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Resumen 

 La pleiotrofina (PTN) es una citoquina que se sobreexpresa en el cerebro en diferentes 

desórdenes caracterizados por una elevada neuroinflamación, como son las enfermedades 

neurodegenerativas, la adicción a drogas de abuso, traumatismos e isquemia. En el presente 

trabajo, se ha explorado si la PTN modula la neuroinflamación y si el Toll-like receptor 4 (TLR4), 

que resulta crucial en la iniciación de la respuesta inmune, está implicado en dicha función de 

PTN. Mediante ensayos inmunohistoquímicos, se ha estudiado en la corteza prefrontal (CPF) y 

en el cuerpo estriado de ratones con sobreexpresión de PTN en el cerebro (PTN-Tg) y de ratones 
normales (Wt), el efecto de los cambios inducidos por la administración del lipopolisacárido (LPS, 

7,5mg/kg i.p.) en el marcador astrocítico de la proteína ácida fibrilar de la glía (GFAP) y en el 

marcador microglial, molécula adaptadora de unión al calcio 1 (Iba1). Los niveles de expresión 

de citoquinas en CPF se midieron mediante la técnica X-MAP. La influencia de la señalización 

mediante TLR4 en los efectos del LPS en ambos genotipos se estudió mediante el pretratamiento 

con el antagonista de TLR-4 (TAK-242, 3mg/kg i.p.). Las células BV2 (microglía de ratón) se 

trataron con PTN (0,5 μg/ml) y LPS (1 μg/ml) y se evaluó la liberación de óxido nítrico (NO). La 
activación microglial inducida por LPS aumentó significativamente en la CPF de los ratones PTN-

Tg comparado con los ratones Wt. Los niveles de TNF-α, IL-6 y MCP-1 en respuesta a LPS 

aumentaron significativamente en la CPF de los ratones PTN-Tg frente a los Wt. El 

pretratamiento con TAK-242 bloqueó el incremento de la concentración de citoquinas de forma 

similar en ambos genotipos. La incubación de las células BV2 con PTN y LPS potenció 

significativamente la liberación de NO comparado con el tratamiento solo con LPS. Estos 

resultados identifican por primera vez a la PTN como un nuevo y potente modulador de la 

neuroinflamación. La PTN potencia la activación microglial inducida por LPS. Nuestros resultados 
sugieren que la regulación de las vías de señalización de la PTN puede conducir a nuevas 

oportunidades terapéuticas, especialmente en aquellos desórdenes caracterizados por elevados 

niveles de PTN en el cerebro y neuroinflamación. 
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Pleiotrophin regulates microglia-mediated
neuroinflammation
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Abstract

Background: Pleiotrophin (PTN) is a cytokine found highly upregulated in the brain in different disorders characterized
by overt neuroinflammation such as neurodegenerative diseases, drug addiction, traumatic injury, and ischemia. In the
present work, we have explored whether PTN modulates neuroinflammation and if Toll-like receptor 4 (TLR4), crucial in
the initiation of an immune response, is involved.

Methods: In immunohistochemistry assays, we studied lipopolysaccharide (LPS, 7.5 mg/kg i.p.)-induced changes in
glial fibrillary acidic protein (GFAP, astrocyte marker) and ionized calcium-binding adaptor molecule 1 (Iba1, microglia
marker) expression in the prefrontal cortex (PFC) and striatum of mice with transgenic PTN overexpression in the brain
(PTN-Tg) and in wild-type (WT) mice. Cytokine protein levels were assessed in the PFC by X-MAP technology.
The influence of TLR4 signaling in LPS effects in both genotypes was assessed by pretreatment with the TLR4
antagonist (TAK-242, 3.0 mg/kg i.p.). Murine BV2 microglial cells were treated with PTN (0.5 μg/ml) and LPS (1.0 μg/ml)
and assessed for the release of nitric oxide (NO).

Results: We found that LPS-induced microglial activation is significantly increased in the PFC of PTN-Tg mice
compared to that of WT mice. The levels of TNF-α, IL-6, and MCP-1 in response to LPS were significantly increased in
the PFC of PTN-Tg mice compared to that of WT mice. Pretreatment with TAK-242 efficiently blocked increases in
cytokine contents in a similar manner in both genotypes. Concomitant incubation of BV2 cells with LPS and PTN
significantly potentiated the production of NO compared to cells only treated with LPS.

Conclusions: Our findings identify for the first time that PTN is a novel and potent regulator of neuroinflammation.
Pleiotrophin potentiates LPS-stimulated microglia activation. Our results suggest that regulation of the PTN signaling
pathways may constitute new therapeutic opportunities particularly in those neurological disorders characterized by
increased PTN cerebral levels and neuroinflammation.

Keywords: Microgliosis, Microglia activation, Midkine, Neuroimmune response, Neuroinflammation, Pleiotrophin, TLR4

Background
Inflammation is a key event in the healing process of the
damaged tissue, and activation of the innate immune
system is fundamental in the response to inflammation.
When prolonged, however, inflammation can become
deleterious. Within the central nervous system (CNS),
the two main players in neuroinflammation are glial
cells: microglia, the resident macrophages in the CNS,

and astrocytes [1]. Toll-like receptors (TLRs), which are
expressed in the rodent microglia and astrocytes [2], are
key molecules in the activation of innate immunity during
CNS damage. Activation of TLRs triggers the downstream
stimulation of nuclear factor-κB (NFκB) and the induction
of genes that encode inflammation-associated molecules
and cytokines including TNF-α, IL-1β, IL-6, iNOS, and
COX2 [2–4].
Ever-growing evidence points to a key role of in-

flammatory processes in a broad spectrum of diseases
including traumatic brain injury, chronic neurodegenera-
tive diseases, neuropathic pain, ischemia, and neuro-
psychiatric disorders including drug addiction [5–7].
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Psychostimulants such as amphetamine and its derivatives
cause neuroinflammation and limit neurogenesis and in-
duce blood-brain barrier (BBB) damage [8, 9]. All these ef-
fects induced by amphetamines are important for the
dopaminergic injury induced by these drugs in the nigros-
triatal pathway [10], which is the same circuitry affected in
Parkinson’s disease (PD). Interestingly, recent evidence in-
dicate a 3-fold increased risk of PD in these drug addicts
[11], suggesting that common pathogenic mechanisms
could underlie both diseases, PD and amphetamines
abuse, one of which could be neuroinflammation [9, 12].
In the search for validation of new biomarkers and for the
development of new drugs that could modulate the in-
flammatory processes underlying these and other diseases
of the CNS [13], our strategy was to identify proteins with
known regulatory functions in inflammation, whose levels
of expression are upregulated after amphetamine adminis-
trations and in the neurodegenerative areas of the brain of
PD patients.
Pleiotrophin (PTN) is a cytokine that is upregulated in

different brain areas after administration of different drugs
of abuse including amphetamine [14, 15] and in the
nigrostriatal pathway of patients with PD [16]. PTN is im-
portant for CNS repair and for survival and differentiation
of dopaminergic neurons [6]. In addition, evidence points
to a modulatory role of PTN on inflammation. In periph-
eral organs, PTN is known to induce inflammatory media-
tors [17] and its expression levels are significantly reduced
by administration of anti-inflammatory drugs [18]. Little is
known about a possible role of PTN on neuroinflamma-
tion. Transgenic mice with PTN overexpression in the
brain (PTN-Tg) show a ~4-fold increased amphetamine-
induced striatal astrogliosis compared to wild-type (WT)
mice [19]. However, PTN genetically deficient (PTN-/-)
mice show a modest ~20% increase in amphetamine-
induced astrocytosis, possibly reflecting proinflammatory
compensatory mechanisms [19–21]. We hypothesize that
PTN is a novel modulator of neuroinflammation. To test
this hypothesis, we have now comparatively studied the
astrocytic response, microglial activation, and cytokine re-
lease induced by lipopolysaccharide (LPS) in PTN-Tg and
in WT mice. Since previous studies suggest a possible
contribution of PTN to Toll-like receptor 4 (TLR4)-medi-
ated immune response [22] and TLR4 plays a pivotal role
in neuroinflammation, we have also investigated the pos-
sible differential contribution of TLR4 to the neuroinflam-
matory processes induced by LPS in both genotypes.

Methods
Animals
PTN-Tg mice on a C57BL/6J background were generated
by pronuclear injection as previously described [23, 24].
The acceptor vector contained the regulatory regions re-
sponsible for tissue-specific expression of Thy-1 gene,

which drives neuron-specific expression of transgenes
[25, 26]. PTN-specific overexpression in different
brain areas, including an ~3–4-fold upregulation in the
prefrontal cortex (PFC) and a 20% increase of PTN pro-
tein levels in striatum, was established by quantitative
real-time polymerase chain reaction (qRT-PCR), in situ
hybridization, and by western blot [23, 27, 28].
We used male PTN-Tg and WT animals of 9–10 weeks

(20-25 g). Mice were housed under controlled environ-
mental conditions (22 ± 1 °C and a 12-h light/12-h dark
cycle) with free access to food and water.
All the animals used in this study were maintained in

accordance with the European Union Laboratory Animal
Care Rules (86/609/ECC directive), and the protocols
were approved by the Animal Research Committee of
USP-CEU.

Treatments
To test genotypic differences in LPS-induced neuroin-
flammation and the involvement of TLR4 in LPS effects
in PTN-Tg and WT mice, we assessed the effects of LPS
in mice pretreated with the TLR4 antagonist TAK-242
(Merck Millipore, Madrid, Spain). For this purpose, mice
were injected (i.p.) with TAK-242 (3 mg/kg) or saline
(10 ml/kg; control) 30 minutes before a single i.p. injec-
tion of LPS (7.5 mg/kg) or saline (10 ml/kg; control). As a
result, we obtained four experimental groups in both ge-
notypes: saline + saline (Sal-Sal), saline + LPS (Sal-LPS),
TAK-242 + saline (TAK-Sal), and TAK-242 + LPS
(TAK-LPS). For immunohistochemistry analysis, ani-
mals were sacrificed 16 h after LPS or last saline adminis-
tration (n = 4–5/group/genotype) by perfusion with 4%
p-formaldehyde. For tisular analysis of cytokine levels,
animals were decapitated 16 h after LPS or the last saline
administration (n = 5/group/genotype) and the PFC was
rapidly removed and frozen in dry ice and stored to −80 °C
until the protein extraction procedure.

Immunohistochemistry analysis
Mice were transcardially perfused with 4% p-formaldehyde;
the brains were removed and conserved in p-formaldehyde
for 24 h and then transferred to a 30% sucrose solution
containing 0.02% sodium azide for storage at 4 °C; 30-μm
PFC and striatal free-floating sections were processed as
previously described [20, 21, 29]. Immunohistochemistry
studies were performed in one slice per 180 μm (the PFC
from the bregma −3.08 mm to −2.46 mm; the striatum
from the bregma 1.54 mm to −0.10 mm).
In order to study gliosis, sections were incubated over-

night at 4 °C with anti-glial fibrillary acidic protein
(GFAP; Millipore, Madrid, Spain; 1:1000) and anti-
ionized calcium-binding adaptor molecule 1 (Iba1,
Wako, Osaka, Japan; 1:1000) antibodies, following by 30-
min incubation with the Alexa-Fluor-555 and Alexa-Fluor-
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488 corresponding secondary antibody (Invitrogen,
Waltham, MA, USA; 1:500). Sections were mounted on
gelatin-coated slides and coverslipped with Fluoromount
medium. Photomicrographs were captured with a digital
camera coupled to an optical microscope (DM5500B,
Leica, Solms, Germany). Analysis was performed using
ImageJ (NIH, Bethesda, MD, Version 1.50f), in the three
most central slices of each area. Iba1+ cells and GFAP+
astrocytes were counted in whole sections of the PFC and
in 1100 μm× 1400 μm standardized areas in the striatum
as previously described [21, 29]. In the case of Iba1-ir,
total marked area was calculated as overall image fluor-
escence, subtracting the mean background fluores-
cence. Computer-based analysis of the morphology of
individual Iba1+ cells was performed using the
“Analyze Particle” function in ImageJ software. Images
were segmented and smoothed to best fit cell shape. To
be sure to select only cells entirely present in the acquired
field, cells with an area of >25 μm2 were analyzed. The ob-
jects meeting the minimum size to be analyzed were mea-
sured for the following parameters: area, perimeter, and
circularity. The soma size (cell area) is expressed in square
micrometers. The perimeter was calculated based on the
outline length of a given object. It measures the length
around the periphery of each soma and is expected to be
higher in activated and hypertrophic cells. Circularity was
calculated by the following formula: 4π × (area/perim-
eter2). This parameter varies from 0 (linear polygon) to 1
(perfect circular object). Mean single-cell values for each
parameter were used for statistics.

Cytokine levels
Approximately 5 mg of each sample of the PFC (n = 5/
group) was homogenized in 100 μl of homogenization buf-
fer (0.05% Tween 20 and protease inhibitor cocktail
(Thermo Fisher Scientific Inc., Waltham, MA, USA) in
PBS, pH 7.2). After 3 cycles of 1 min and 50 Hz in the tis-
suelyzer (Quiagen, Germantown, Maryland, USA), samples
were centrifuged at 11000×g for 30 min at 4 °C. After cen-
trifugation, supernatants were transferred to a new tube
and stored at −80 °C until the assay. Total protein content
of each sample was measured using the BCA protein assay
kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Levels of tumor necrosis factor-α (TNF-α), interleukin 1β
(IL-1β), interleukin 6 (IL-6), monocyte chemoattractant
protein-1 (MCP-1), interleukin 4 (IL-4), and interleukin 10
(IL-10) were measured by X-Map technology using a Milli-
plex MADPK-71K adipokine kit according to the manufac-
turer’s description (Merck Millipore, Spain).

BV2 cell cultures
BV2 murine microglial cells
BV2 murine microglial cells were a generous gift from
Professor Antonio Cuadrado (Instituto de Investigaciones

Biomédicas “Alberto Sols” (IIBM), Madrid, Spain). Cells
were routinely maintained in RPMI-1640 medium with
fetal bovine serum (10%), penicillin (100 U/ml), strepto-
mycin (100 μg/ml), and L-glutamine (4 mM) at 37 °C in
5% CO2 humidified air following conditions used by
others [30, 31]. Prior to each experiment, cells were grown
for 24 h on 96-well plates at a concentration of 1 × 104

cells per well.

Measurement of NO production
Nitric oxide (NO) production was quantified by nitrite
accumulation in the culture medium using the Griess re-
active (2.25% sulfanilamide and 0.22% N-(1-naphthyl)-
ethylenediamine dihydrochloride), according to protocols
previously described [32, 33]. After fasting the cells for
24 h, BV2 cells were stimulated with different concentra-
tions of PTN (0.05 μg/ml or 0.5 μg/ml), with or without
LPS (1.0 μg/ml), for another 24 h. The concentrations of
PTN were selected to correlate with the PTN overexpres-
sion in the brain of PTN-Tg mice and are within the range
of concentrations used before to test the effects of PTN in
neuronal injury [34] and in the expansion of human
stem cells [35]. The NO production by cells was
quantified in a microplate reader (Versa-Max, Molecular
Devices, Sunnyvale, CA, USA) at 540 nm and then calcu-
lated with reference to the standard curve generated with
NaNO2.

Statistics
Data are presented as mean ± standard error of the mean
(SEM). Data obtained from image analysis of the striatal
and PFC immunostaining and cytokine levels were ana-
lyzed using two-way ANOVA considering genotype and
treatment as variants. Relevant differences were analyzed
by post hoc comparisons with Bonferroni’s post hoc
tests. Data obtained from BV2 cells were analyzed using
one-way ANOVA followed by post hoc comparisons
with Tukey’s post hoc tests. P < 0.05 was considered as
statistically significant. All statistical analyses were per-
formed using Graph-Pad Prism program (San Diego,
CA, USA).

Results
Differential regulation of LPS-induced astrocytic and
microglial responses in the PFC of PTN-Tg mice. Effect of
TAK-242 on LPS-induced microglial response and changes
in cytokine contents in the PFC of PTN-Tg and WT mice
PTN is a cytokine highly upregulated in the brain in dif-
ferent CNS disorders characterized by neuroinflammation
[6]. We aimed to study the modulatory role of PTN over-
expression (3-fold) in the PFC of PTN-Tg mice [23, 24] on
LPS-induced neuroinflammation. To investigate proin-
flammatory responses in these experiments, we tested the
astrocytic and microglial response in PFC sections of WT
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and PTN-Tg mice treated with saline (Sal-Sal) or LPS
(Sal-LPS). Astrocyte activation was assessed by morph-
ology and expression of GFAP, an astrocyte-specific inter-
mediate filament protein [36]. LPS treatment tended to
increase the number of GFAP+ astrocytes in the PFC of
WT mice, being these cells characterized by large densely
stained cell bodies as well as long and extensive processes
compared to saline-treated animals (Fig. 1). In contrast,
these effects on GFAP+ IR induced by LPS were blocked
in PTN-Tg mice (Fig. 1).
Previous studies have linked LPS-induced activation of

microglia and production of proinflammatory factors to
brain damage and neurodegeneration [37]. To investigate
proinflammatory responses in this experiment, PFC sec-
tions were immunostained with anti-Iba1 microglial anti-
body. In the saline control groups, microglial cells have
resting morphology (Fig. 2a, Sal-Sal). Immunohistochemis-
try for Iba1 did not reflect significant changes in the num-
ber of Iba1+ cells in the PFC of WTand PTN-Tg mice after
LPS treatment (Fig. 2b). However, we observed a clearly

enhanced hypertrophism characterized by activation, soma
enlargement, and sprouting of new ramifications in LPS-
treated PTN-Tg mice compared to that in LPS-treated WT
mice and saline-treated mice from the same genotype
(Fig. 2a, Sal-LPS). Accordingly, the total marked area
(Fig. 2c) tended to increase in LPS-treated PTN-Tg mice
compared to that in saline-treated mice. As expected, the
Iba1+ cell area was increased in LPS-treated mice of both
genotypes compared with that in saline-treated mice
(Fig. 2d); however, LPS induced an increase in cell area that
was significantly enhanced in PTN-Tg mice compared to
that in WT mice (Fig. 2d). The increase in the perimeter
was also higher in LPS-treated PTN-Tg mice (Fig. 2e). The
decrease caused by LPS in the circularity index was more
pronounced in PTN-Tg mice (Fig. 2f). Overall, the data
demonstrate that LPS-induced microglial response is in-
creased in the PFC of PTN-Tg mice compared to that of
WT mice. Interestingly, we observed that the morpho-
logical changes induced by LPS in microglial cells of both
genotypes were not prevented by the previous administra-
tion of the TLR4 antagonist TAK-242 (Fig. 2, TAK-LPS).
We measured the contents of different cytokines in

the PFC of mice from both genotypes. Confirming the
neuroimmune response to LPS administration, we found
that the levels of proinflammatory cytokines such as
TNF-α, IL-6, and MCP-1 were many-fold upregulated in
the PFC of LPS-treated WT mice compared to those of
the saline-treated group (Fig. 3, Sal-LPS vs. Sal-Sal).
More importantly, we found a highly significant ~7-fold
upregulation of the levels of TNF-α in the PFC of LPS-
treated PTN-Tg mice compared to that of WT mice
(Fig. 3). Similarly, the levels of IL-6 in the PFC of LPS-
treated PTN-Tg mice were increased compared to those
of WT mice (Fig. 3). Interestingly, pretreatment with
TAK-242 efficiently blocked LPS-induced increases of
TNF-α and IL-6 in the PFC of mice from both genotypes
(Fig. 3, Sal-LPS vs. TAK-LPS). In addition, we found signifi-
cantly higher levels of MCP-1 in the PFC of LPS-treated
PTN-Tg mice compared to those of WT mice although, in
this case, LPS effect on MCP-1 levels was partially blocked
by previous administration of TAK-242 in both genotypes
(Fig. 3). In contrast, we did not observe relevant genotypic
differences in the levels of IL-1β (Fig. 3). Concerning the
anti-inflammatory cytokines IL-10 and IL-4, we did not
find genotype- or treatment-related significant differences
in their contents in the PFC of LPS-treated PTN-Tg mice
compared to those of WT mice (Fig. 3).
Overall, the data demonstrate that LPS-induced

microglial activation is enhanced in the PFC of PTN-Tg
mice compared to that of WT animals. Interestingly, the
data suggest that TLR4 activation is crucial for LPS-
induced cytokine release in both genotypes but does not
play a significant role in LPS-induced microglial mor-
phological response in either genotype.

Fig. 1 LPS effects on astrocytosis in the PFC of WT and PTN-Tg mice.
Photomicrographs are from GFAP-immunostained PFC sections of
saline + saline (Sal)- or saline + LPS (LPS)-treated animals (n = 4–5/
group). Higher magnification images in the lower right corner of
every representative picture show that astrocytes were hypertrophic
and densely stained in WT mice treated with LPS. The graph
represents quantification of data obtained from the counts of GFAP-
positive cells in PFC whole sections. ##P < 0.01 vs. WT-LPS. Scale bar
= 500 μm, (high magnification, scale bar = 50 μm). SAL saline, LPS
lipopolysaccharide, WT wild-type mice, PTN-Tg mice with transgenic
pleiotrophin overexpression in the brain, GFAP glial fibrillary
acidic protein
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Effects of TAK-242 and LPS in the striatum of WT and
PTN-Tg mice
To investigate the effects of a more modest PTN overex-
pression (~20%, PTN-Tg mouse striatum) [28] on LPS-
induced neuroinflammation, we tested the astrocytic and
microglial response in striatal sections of WTand PTN-Tg
mice treated with saline (Sal-Sal) or LPS (Sal-LPS). We
did not find genotypic- or treatment-related significant
differences in the number of GFAP+ cells between
groups (Fig. 4). Similarly to PFC, LPS treatment tended
to increase the number of GFAP+ cells in the striatum
of WT mice, whereas this tendency was absent in PTN-
Tg mice (Fig. 4). Concerning microglia (Fig. 5),

immunohistochemistry for Iba1 did not reflect signifi-
cant changes in the number of Iba1+ cells or in the
total marked area in the striatum of WT and PTN-Tg
mice after LPS treatment (Fig. 5a, b, c). However, signs
of hypertrophism, soma enlargement, and sprouting of
new ramifications in LPS-treated animals were
observed in both genotypes compared to those in
saline-treated groups (Fig. 5a). The Iba1+ cell area was
significantly increased in both genotypes but especially
in LPS-treated PTN-Tg mice compared to that in WT
mice (Fig. 5d). On the other hand, the increase in the
perimeter was higher in LPS-treated WT mice (Fig. 5e),
whereas no differences between groups were found in

Fig. 2 Effects of TAK-242 and LPS on microglia activation in the PFC of PTN-Tg mice. Photomicrographs are from Iba-1-immunostained PFC sections
of saline (Sal)- or TAK-242 (TAK)-pretreated and saline (Sal)- or LPS-treated animals (n = 4–5/group) (a). Graphs represent quantification of
data (mean ± SEM) obtained from the counts of Iba-1-positive cells (b), total marked area (c), cell area (d), soma perimeter (e), and circularity index (f) in
PFC whole sections. *P< 0.05, ***P< 0.001, ****P < 0.0001 vs. Sal + Sal within the same genotype. #P< 0.05, ##P< 0.01 vs. WT within the same treatment.
Scale bar = 100 μm. SAL saline, LPS lipopolysaccharide, TAK TAK-242, WT wild-type mice, PTN-Tg mice with transgenic pleiotrophin overexpression in the
brain, Iba1 ionized calcium-binding adaptor molecule 1
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the case of the circularity index (Fig. 5f ). We did not
observe significant effects of pretreatment with TAK-
242 on LPS-induced effects on microglia (Fig. 5). Over-
all, the data demonstrate that LPS-induced microglial
response in the striatum is more modest than that in
the PFC and that the moderate PTN overexpression in
this brain area of PTN-Tg mice does not play a signifi-
cant modulatory role on LPS effects.

Pleiotrophin potentiates NO production in LPS-stimulated
BV2 cells
To test the possible direct effects of PTN on murine
microglia in vitro, we investigated its effects on the pro-
duction of NO, which is a key inflammatory mediator in
LPS-stimulated BV2 microglia. First, we did not detect
any effect in BV2 cells incubated with PTN alone (0.05
and 0.5 μg/ml, Fig. 6). LPS (1.0 μg/ml) induced a signifi-
cant increase in the production of NO compared with
control cells (Fig. 6). Concomitant incubation of BV2
cells with LPS (1.0 μg/ml) and PTN (0.5 μg/ml) signifi-
cantly potentiated the production of NO compared to
cells only treated with LPS (Fig. 6).

Discussion
Pleiotrophin is a cytokine that is found highly upregu-
lated in diverse pathologies of the CNS characterized by
overt neuroinflammation including neurodegenerative
diseases, addictive disorders, ischemia, and neuropathic
pain [6, 38, 39]. The goal of this study was to investigate
whether pleiotrophin regulates the astrocytic response
and the activation of microglia in the brain after an in-
flammatory challenge. We used the systemic LPS treat-
ment acute inflammation murine brain model. In the in
vivo study, we found that LPS induced a moderate in-
crease in the number of GFAP+ astrocytes in the PFC
and striatum of WT mice. After LPS treatment, astro-
cytes appear hypertrophic, particularly in the PFC, sug-
gesting a LPS-induced upregulation of GFAP protein
concentrations in astrocytes of WT mice. This response
was significantly reduced in the PFC of LPS-treated
PTN-Tg mice, an area with a more significant PTN over-
expression in this genotype [24]. We previously found a
small (~20%) increase of striatal GFAP+ astrocytes in
amphetamine-treated PTN knockout (PTN-/-) mice
which could be attributed to compensatory mechanisms

Fig. 3 Effects of TAK-242 and LPS on cytokine expression in the PFC of PTN-Tg mice. TNF-α, Il-1β, IL-6, MCP-1, IL-4, and IL-10 protein levels measured
using a Milliplex system in PFC of mice pretreated with saline (Sal) or TAK-242 (TAK) and treated with saline (Sal) or LPS (n = 5/group). *P < 0.05,
***P < 0.001 vs. Sal + Sal within the same genotype. ##P < 0.01, ###P < 0.001 vs. WT within the same treatment. &&P < 0.01, &&&P < 0.001 vs. Sal
+ LPS within the same genotype. SAL saline, LPS lipopolysaccharide, TAK TAK-242, WT wild-type mice, PTN-Tg mice with transgenic pleiotrophin
overexpression in the brain, TNF Tumor necrosis factor-α, IL-1β interleukin 1β, IL-6 interleukin 6, MCP-1 monocyte chemoattractant protein-1, IL-4
interleukin 4, IL-10 interleukin 10
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[19, 21]. Interestingly, we recently found a highly signifi-
cant (13-fold) increase in the number of GFAP+ astro-
cytes in amphetamine-treated PTN-Tg mice suggesting
an enhanced neuroinflammatory response induced by
amphetamine in the presence of higher levels of PTN
[19]. Taking together, these data suggest that PTN differ-
entially regulates the astrocytic response depending on
the inflammatory stimulus.
Although upregulation of GFAP in astrocytes is con-

sidered an indicator of reactive astrogliosis and neuroin-
flammation, the regulation by PTN of two key elements
of neuroinflammation, microglia activation, and cyto-
kines release had not been tested before. In WT mice,
LPS tended to increase the perimeter of Iba1+ cells and
induced a significant increase in these cells area in the
PFC, indicating the presence of hypertrophic microglia.
In addition, LPS induced significant increases in the
levels of TNF-α, IL-6, and MCP-1 in WT mice confirm-
ing LPS-induced neuroinflammation in normal mice.
Interestingly, we found that PTN overexpression en-
hances microglial cell morphological changes to an
activated-form in the PFC of LPS-treated PTN-Tg mice
compared to that of WT mice. This was accompanied
by more pronounced LPS-induced increases of TNF-α,

IL-6, and MCP-1 in PTN-Tg mice compared to WT ani-
mals, indicating an important role of PTN on microglial
activation and neuroinflammation. Interestingly, the
TLR4 antagonist TAK-242 did not have any effect on
LPS-induced microglia morphological changes in either
genotype but efficiently blocked LPS-induced increases
of TNF-α, IL-6, and MCP-1 in both genotypes. This is
the first study showing that PTN overexpression in vivo
significantly potentiates LPS-induced microglial activa-
tion and neuroinflammation. It is important to note that
we did not find differences between genotypes in saline-
treated animals suggesting that PTN is an important
cytokine in the promotion of the effects triggered by the
inflammatory stimulus but does not trigger proinflamma-
tory cascades itself. Accordingly, our studies in vitro in
murine BV2 microglia cells demonstrate that incubation
with PTN alone does not cause significant effects on
microglia. However, PTN significantly enhanced LPS-
induced NO release in BV2 cells. Taking together, these
studies may be of relevance since PTN is found highly up-
regulated in different brain disorders characterized by
neuroinflammation such as Parkinson’s disease [16], Alz-
heimer’s disease [40], addictive disorders [14, 41, 42], tu-
mors [43], and ischemia [44]. However, we must be
cautious because the mechanisms involved in the short-
term inflammatory response induced by LPS might differ
substantially from those involved in the long-term inflam-
mation associated with the brain disorders mentioned
above. In the present work, we have demonstrated for the
first time that PTN potentiates microglial activation and
neuroinflammation after an acute exposure to the inflam-
matory stimulus. Additional studies are needed to describe
its role in chronic conditions of neuroinflammation.
Inflammation is a host defense mechanism mounted

to reduce injury. However, prolonged or uncontrolled in-
flammation can lead to tissue damage and destruction.
On the other hand, recent studies have shown that acti-
vated microglia contributes to the maintenance of tissue
homeostasis and protection of the CNS under various
pathological conditions [45]. Whether microglial activa-
tion primed by elevated levels of PTN contributes to the
deleterious or homeostatic effects of microglia needs to
be clarified. However, it has to be noted that one of the
mechanisms that microglia adopts to downregulate in-
flammation is the production of anti-inflammatory me-
diators such as IL-4 and IL-10, which suppress the
function of proinflammatory cytokines [46]. Here, we
demonstrate that the content of IL-10 and IL-4 is not af-
fected by increased PTN levels in the PFC of PTN-Tg
mice, whereas the proinflammatory cytokines TNF-α,
IL-6, and MCP-1 are highly upregulated compared to
WT mice treated with LPS. Thus, our data suggest that
high PTN levels lead activated microglia to promotion
of neuroinflammation rather than suppression.

Fig. 4 LPS effects on astrocytosis in the striatum of WT and PTN-Tg
mice. Photomicrographs are from GFAP-immunostained striatal
sections of saline + saline (Sal)- or saline + LPS (LPS)-treated animals
(n = 4–5/group). The graph represents quantification of data obtained
from the counts of GFAP-positive cells in the striatum. Scale bar =
200 μm. SAL saline, LPS lipopolysaccharide, WT wild-type mice, PTN-Tg
mice with transgenic pleiotrophin overexpression in the brain, GFAP
glial fibrillary acidic protein
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The mechanism of action of PTN supports our
findings. PTN binds receptor protein tyrosine phos-
phatase (RPTP) β/ζ (a.k.a. PTPRZ1) [47] and inacti-
vates its phosphatase activity. Inhibition of the
phosphatase activity of RPTPβ/ζ by PTN binding reg-
ulates the tyrosine phosphorylation of substrates of
RPTPβ/ζ that are known regulators of neuroinflam-
mation such as Fyn kinase [48]. After stimulation
with LPS, Fyn is activated in microglia by increased
phosphorylation in Y416 [48]. Activated Fyn phos-
phorylates PKCδ at Y311, contributing to an increase
in its kinase activity. The Fyn-PKCδ-signaling axis

further activates the LPS-induced MAP kinase phos-
phorylation and activation of the NFκB pathway, im-
plying that Fyn is a major upstream regulator of
proinflammatory signaling [48]. These signaling events
are observed as well in animal models of PD [48].
Previously, we demonstrated that PTN is a key modu-
lator of tyrosine phosphorylation of Fyn [49], suggest-
ing that PTN could be a major upstream regulator of
microglial neuroinflammatory processes in all those
neurological disorders in which significantly increased
levels of PTN have been detected by triggering
inflammogen-induced increase in Fyn kinase activity.

Fig. 5 Effects of TAK-242 and LPS on microglia activation in the striatum of PTN-Tg mice. Photomicrographs are from Iba-1-immunostained striatal
sections of saline (Sal)- or TAK-242 (TAK)-pretreated and saline (Sal)- or LPS-treated animals (n = 4–5/group) (a). Graphs represent quantification of
data (mean ± SEM) obtained from the counts of Iba-1-positive cells (b), total marked area (c), cell area (d), soma perimeter (e), and circularity index
(f) in the striatum. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sal + Sal within the same genotype. Scale bar = 100 μm. SAL saline, LPS lipopolysaccharide,
TAK TAK-242, WT wild-type mice, PTN-Tg mice with transgenic pleiotrophin overexpression in the brain, Iba1 ionized calcium-binding adaptor
molecule 1
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Conclusions
Our findings identify for the first time that PTN is a
novel and potent regulator of neuroinflammation.
Pleiotrophin potentiates LPS-stimulated microglia ac-
tivation. Our results indicate that the regulation of
PTN signaling pathways may constitute new thera-
peutic opportunities particularly in those neurological
disorders characterized by increased PTN cerebral
levels and neuroinflammation.
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Resumen  
La pleiotrofina (PTN) y la midkina (MK) son dos factores de crecimiento que modulan la 

neuroinflamación. La sobreexpresión cerebral de PTN impide la astrocitosis inducida por LPS, 

pero potencia la activación microglial. La respuesta astrocítica moderada causada por una dosis 

baja de LPS (0,5 mg/kg) está ausente en el cuerpo estriado de ratones Mk-/-, mientras que la 

respuesta microglial no se ve afectada. En esta ocasión, se han evaluado los efectos de una 

dosis intermedia de LPS (7,5 mg/kg) en la respuesta glial de ratones Ptn-/- y Mk-/-. Se descubrió 
que la astrocitosis inducida por LPS se impide tanto en la corteza prefrontal como en el estriado 

de ratones Ptn-/- y Mk-/-. Algunos de los cambios morfológicos inducidos por el LPS sobre la 

microglía tendieron a ser más destacados en los ratones Ptn-/- frente a los animales Wt. Debido 

a que previamente se ha demostrado que PTN potencia la activación inducida por LPS en células 

microgliales BV2, se ha evaluado la activación de la quinasa Fyn, sustrato del receptor de PTN, 

RPTPβ/ζ, y la subsiguiente fosforilación de ERK1/2 en células BV2 tratadas con LPS y PTN. La 

presencia de PTN no tuvo efecto sobre las acciones de LPS en las células BV2, lo que sugiere 
que PTN no recluta la cascada de señalización Fyn-MAPK en la modulación del efecto de LPS 

en células BV2. Por lo tanto, las evidencias demuestran que la regulación de la respuesta 

astroglial frente a la administración de LPS depende en gran manera de los niveles de expresión 

de PTN y MK. Se necesitarán más estudios para esclarecer el posible papel de la expresión 

endógena de PTN y MK en la respuesta microglial inducida por LPS. 

 

Contribución de la doctoranda en este trabajo 
Rosalía Fernández Calle contribuyó en el tratamiento de los animales y el procesamiento 

de muestras. Realizó los experimentos de inmunohistoquímica recogidos en esta publicación y 

en el análisis de los parámetros morfológicos de la microglía. Realizó y analizó los experimentos 

de Western-blot recogidos en la figura 5. Ayudó en el análisis estadístico y con la escritura del 

manuscrito.      
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Rosalía Fernández-Callea, Marta Vicente-Rodrígueza, Esther Gramagea, Carlos de la Torre-Ortiza,
Carmen Pérez-Garcíaa, María P. Ramosb, Gonzalo Herradóna,⁎

a Departamento de Ciencias Farmacéuticas y de la Salud, Facultad de Farmacia, Universidad San Pablo-CEU, CEU Universities, Urbanización Montepríncipe, 28925,
Alcorcón, Madrid, Spain
b Departamento de Química y Bioquímica, Facultad de Farmacia, Universidad San Pablo-CEU, CEU Universities, Urbanización Montepríncipe, 28925, Alcorcón, Madrid,
Spain

A R T I C L E I N F O

Keywords:
Neuroinflammation
Microglia
Astrogliosis
FYN kinase
Pleiotrophin
Midkine

A B S T R A C T

Pleiotrophin (PTN) and Midkine (MK) are two growth factors that modulate neuroinflammation. PTN over-
expression in the brain prevents LPS-induced astrocytosis in mice but potentiates microglial activation. The
modest astrocytic response caused by a low dose of LPS (0.5 mg/kg) is blocked in the striatum of MK-/- mice
whereas microglial response is unaffected. We have now tested the effects of an intermediate dose of LPS
(7.5 mg/kg) in glial response in PTN-/- and MK-/- mice. We found that LPS-induced astrocytosis is prevented in
prefrontal cortex and striatum of both PTN-/- and MK-/- mice. Some of the morphological changes of microglia
induced by LPS tended to increase in both genotypes, particularly in PTN-/- mice. Since we previously showed
that PTN potentiates LPS-induced activation of BV2 microglial cells, we tested the activation of FYN kinase, a
substrate of the PTN receptor RPTPβ/ζ, and the subsequent ERK1/2 phosphorylation on LPS and PTN-treated
BV2 cells. LPS effects on BV2 cells were not affected by the addition of PTN, suggesting that PTN does not recruit
the FYN-MAP kinase signaling pathway in order to modulate LPS effects on microglial cells. Taking together,
evidences demonstrate that regulation of astroglial responses to LPS administration are highly dependent on the
levels of expression of PTN and MK. Further studies are needed to clarify the possible roles of endogenous
expression of PTN and MK in LPS-induced microglial responses.

1. Introduction

Activation of the innate immunity in the Central Nervous System
(CNS) is an important step in the healing process of the damaged brain
tissue. When prolonged, however, neuroinflammation can become de-
leterious [1]. Activation of microglia and astroglia are key events in
neuroinflammatory processes and contribute to the neuronal alterations
characteristic of pathologies with overt neuroinflammation including
neurodegenerative diseases [2], multiple sclerosis [3,4] and drug ad-
diction [5].

The contribution of Toll-like receptors (TLRs) to neuroinflammatory
processes has been shown [6]. However, the genetic background that
modulates neuroinflammation is largely elusive. Recently, we identified

pleiotrophin (PTN) and Midkine (MK) as two novel growth factors that
modulate neuroinflammation in different contexts [7–9]. Pleiotrophin
and MK are the only cytokines that constitute the PTN/MK develop-
mental gene family [10,11] and overlap many functions including
survival and differentiation of neurons [12]. Both PTN and MK bind to
receptor protein tyrosine phosphatase (RPTP) β/ζ (a.k.a. PTPRZ1, (R)
PTPβ or PTPζ) and inhibit its phosphatase activity [13,14], leading to
increased phosphorylation of substrates of RPTPβ/ζ such as FYN kinase
[15]. Pleiotrophin and MK are upregulated in different pathologies of
the CNS characterized by neuroinflammation including neurodegen-
erative diseases, addictive disorders, ischemia and neuropathic pain
[5], which led us to hypothesize a modulatory role of these cytokines in
neuroinflammatory processes. Previously, we observed that highly
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upregulated PTN brain levels enhance amphetamine-induced astro-
cytosis [7] but prevents LPS-induced astrocytic response [9]. Im-
portantly, a 4-fold upregulation of PTN levels in PFC potentiates LPS-
induced microglial activation and release of inflammatory cytokines
[9]. On the other hand, the modest astrocytic response elicited by a
very low dose of LPS (0.5 mg/kg) seems to be blocked in the striatum of
MK-/- mice whereas no significant changes were observed in microglial
response [8]. The data suggest a complex regulatory role of PTN and
MK in important processes of neuroinflammation such as microglial and
astrocytic responses, depending on their own levels of expression and
the nature and intensity of the inflammatory stimulus. In order to assess
the importance of normal endogenous expression of these cytokines in
response to inflammatory stimuli, we aimed to test the effects of an
intermediate dose of LPS (7.5 mg/kg) in glial response in different brain
areas of PTN-/- and MK-/- mice. In addition, since FYN kinase has been
recently shown as an upstream regulator of proinflammatory signaling
[16] and is a substrate of RPTPβ/ζ [15], we have explored the possi-
bility that PTN regulates LPS effects in vitro through its ability to
modulate FYN kinase signaling.

2. Material and methods

2.1. Animals

PTN-/- and MK-/- mice were kindly provided by Dr. Thomas F.
Deuel (The Scripps Research Institute, La Jolla, CA). MK-/- and PTN-/-
mice on a C57BL/6J background were generated by methods previously
described [17,18]. We used male MK-/-, PTN-/- and WT animals of
9–10 weeks (20–25 g). Mice were housed under controlled environ-
mental conditions (22 ± 1 °C and a 12-h light/12-h dark cycle) with
free access to food and water. Mice were maintained in accordance with
both the ARRIVE guidelines and the European Union Laboratory An-
imal Care Rules (Directive 2010/63/EU for animal experiments) and
the protocols were approved by the Animal Research Committee of
USP-CEU.

2.2. Immunohistochemistry

Mice from all experimental groups (n = 4-5/group) received a
single i.p. injection of LPS (Sigma, Madrid, Spain) (7.5 mg/kg) or saline
(control, 10 ml/kg) and were sacrificed 16 h after LPS administration.
This protocol was previously used by our group in mice with transgenic
overexpression of PTN in the brain [9].

Animals were sacrificed by transcardial perfusion with 4% paraf-
ormaldehyde. Brains were removed and 30 μm PFC and striatal free-
floating sections were processed as previously described [7–9]. Im-
munohistochemistry studies were performed in one slice per 180 μm
(PFC from bregma −3.08 mm to −2.46 mm; Striatum from bregma
1.54 mm to−0.10 mm). Sections were incubated overnight at 4 °C with
anti-glial fibrillary acidic protein (GFAP; Millipore, Madrid, Spain;
1:1000) and anti-ionized calcium-binding adaptor molecule 1 (Iba1,
Wako, Osaka, Japan; 1:1000) antibodies, following by 30 min incuba-
tion with the Alexa-Fluor-555 and Alexa-Fluor-488 corresponding sec-
ondary antibody (Invitrogen, Waltham, MA USA; 1:500). Photo-
micrographs were captured with a digital camera coupled to an optical
microscope (DM5500B, Leica, Solms, Germany). Analysis was per-
formed using ImageJ (NIH), in the three most central slices of each
area. Iba1+ cells and GFAP+ astrocytes were counted in whole sec-
tions of PFC and in 1100 μm x 1400 μm standardized areas in the
striatum [9]. Analysis of changes in microglia morphology was per-
formed as recently described [9]. Briefly, total marked area was cal-
culated as overall image fluorescence, subtracting the mean back-
ground fluorescence. The soma size (cell area) is expressed in square
micrometers. The perimeter was calculated based on the outline length
of a given object, is expressed in microns and is expected to be higher in
activated cells. Circularity was calculated by the following formula:

4π × (area/perimeter2). This parameter varies from 0 (linear polygon)
to 1 (perfect circular object). Mean single cell values for each parameter
were used for statistics.

2.3. BV2 murine microglial cell cultures

BV2 murine microglial cells were a generous gift from Professor
Antonio Cuadrado (Instituto de Investigaciones Biomédicas “Alberto
Sols” (IIBM), Madrid, Spain). Cells were routinely maintained in RPMI-
1640 medium with fetal bovine serum (10%), penicillin (100 U/ml),
streptomycin (100 μg/ml) and L-glutamine (4 mM) at 37 °C in 5% CO2
humidified air following conditions used by others [19,20].

To test the effects of PTN (Sigma, Spain) on LPS-stimulated BV2 cell
cultures, cells were incubated for 30 min with LPS (1.0 μg/ml) and/or
PTN (0.5 μg/ml). Total protein from non-stimulated, PTN-, and LPS-
stimulated BV2 cell lysates (Six 60-mm plates/each) was quantified by
the BCA protein assay (Pierce, Rockford, IL). Equilibrated protein
samples were mixed with loading buffer (60 mM Tris pH 6.8, 10%
glycerol, 5% SDS, 0.65% β-mercaptoethanol, and 0.01% bromophenol
blue), boiled for 5 min, and loaded onto 10% polyacrylamide gels
(Invitrogen, Carlsbad, CA) with SDS (SDS-PAGE). The gels were trans-
ferred to nitrocellulose membranes, blocked with 50 mM Tris, 150 mM
NaCl, 0.1% Tween-20 (TBS-T), and 5% non-fat milk for 1 h. We de-
termined the phosphorylation status of the Y416 residue in FYN kinase
activation loop domain by using the phospho Y416 Src family kinase (p-
Y416SFK) antibody (Cell signaling, Danvers, MA), which has been used
extensively to demonstrate FYN kinase activation [16,21,22]. In addi-
tion, membranes were probed with anti-phospho-ERK1/2 (1:1000)
(Cell signaling, Danvers, MA) antibodies and reprobed with anti-FYN
and anti-ERK1/2 (1:1000) (Cell signaling, Danvers, MA) antibodies to
confirm the identity of the protein. Membranes were incubated for one
hour with appropriate secondary antibodies (Santa Cruz biotechnology,
Santa Cruz, CA) conjugated with horseradish peroxidase diluted 1:5000
in TBS-T with 5% non-fat milk for 30 min. The immunoreactive pro-
teins were visualized using the ECL Enhanced method according to the
manufacturer’s instructions (Amersham, San Francisco, CA).

2.4. Statistics

Data are presented as mean ± standard error of the mean (S.E.M.).
Data obtained from immunohistochemistry studies were analyzed using
two-way ANOVA considering genotype and treatment as variants.
Relevant differences were analyzed by post-hoc comparisons with
Bonferroni’s post-hoc tests. Data obtained from BV2 cells were analyzed
using one-way ANOVA followed by post-hoc comparisons with Tukey’s
post-hoc tests. P < 0.05 was considered as statistically significant. All
statistical analyses were performed using Graph-Pad Prism program
(San Diego, CA, USA).

3. Results

3.1. Differential regulation of LPS-induced astrocytic and microglial
responses in the PFC and striatum of PTN-/- and MK-/- mice

First, we found that LPS (7.5 mg/kg) increased the number of GFAP
+ astrocytes in the PFC (Fig. 1) and striatum (Fig. 2) of WT mice. The
upregulation of GFAP levels in astrocytes was apparent since most of
these cells were heavily stained, suggesting astroglial activation. In
contrast, these effects on GFAP+ immunoreactivity induced by LPS
were blocked in PTN-/- and MK-/- mice independently of the brain area
considered (Figs. 1 and 2). The data clearly show that normal levels of
endogenous PTN and MK are required for LPS-induced astrocytic re-
sponse.

PFC and striatal sections were then immunostained with anti-Iba1
microglial antibody. We observed resting morphology of microglia in
the PFC of saline-treated animals independently of the genotype
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(Fig. 3). Immunohistochemistry for Iba1 did not reflect significant
changes in the number of Iba1+ cells in the PFC after LPS treatment
(Fig. 3B). However, we observed signs of enhanced hypertrophism in
LPS-treated mice, particularly in the case of mice lacking endogenous
PTN (Fig. 3). We did not detect significant changes in the total marked
area (Fig. 3C), probably because the number of Iba1+ cells tended to
be lower in PTN-/- mice. The Iba1+ cell area, a parameter expected to
be higher in activated and hypertrophic cells, was significantly

increased by LPS in all genotypes (Fig. 3D). The magnitude of the in-
crease in the perimeter caused by LPS was similar in PFC of all geno-
types although only reached significance in the case of WT mice
(Fig. 3E). The reduction caused by LPS in the circularity index, a
parameter expected to decrease in activated cells, was significantly
more pronounced in PTN-/- and MK-/- mice (Fig. 3F). Interestingly,
these differences between genotypes in the PFC were nearly lost in the
striatum (Fig. 4), a brain area where we only detected that LPS-induced

Fig. 1. LPS effects on astrocytosis in the PFC of WT, MK-/- and PTN-/-
mice. Photomicrographs are from GFAP-immunostained PFC sections
of saline (Sal)- or LPS-treated animals (n = 4–5/group). The graph
represents quantification of data obtained from the counts of GFAP-
positive cells in PFC whole sections. ## P < 0.01 vs. WT with the
same treatment. Scale bar = 500 μm (high magnification: scale
bar = 50 μm).

Fig. 2. LPS effects on astrocytosis in the striatum of WT, MK-/- and
PTN-/- mice. Photomicrographs are from GFAP-immunostained
striatal sections of saline (Sal)- or LPS-treated animals (n = 4-5/
group). The graph represents quantification of data obtained from the
counts of GFAP-positive cells in standardized striatal sections. *
P < 0.05 vs. Sal within the same genotype. # P < 0.05 vs. WT. ##
P < 0.01 vs. WT with the same treatment. Scale bar = 200 μm (high
magnification: scale bar = 50 μm).
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increase of Iba1+ cell area was significantly enhanced in PTN-/- mice
(Fig. 4D). Overall, the data show that some of the LPS-induced micro-
glial morphological changes are differentially regulated in PTN-/- and
MK-/- mice.

3.2. FYN signaling is not involved in the regulation of LPS effects by PTN in
BV2 microglial cells

We recently showed that LPS (1.0 μg/ml)-induced increase of nitric
oxide production in murine BV2 microglial cells is significantly en-
hanced by PTN (0.5 μg/ml), suggesting that PTN potentiates microglial
activation in vitro [9]. In the present study, we determined the phos-
phorylation status of the Y416 residue in FYN kinase activation loop
domain, which was found very low independently of the treatment
(Fig. 5A). PTN alone tended to increase p-Y416 FYN levels; however,
PTN did not exert significant effects in LPS-stimulated BV2 cells
(Fig. 5A). In addition, we studied LPS-induced MAP kinase activation
[16] by assessing the phosphorylation levels of ERK1/2. As expected,
we found that LPS induced robust increases of the phosphorylation

levels of ERK1/2 (Fig. 5B). However, these LPS effects were not affected
by the addition of PTN to LPS-treated BV2 cells. Overall, the data
suggest that PTN does not recruit the FYN-ERK1/2 signaling pathway in
order to regulate LPS effects in BV2 cells [9].

4. Discussion

We previously showed that astrocytosis induced by a very low dose
of LPS (0.5 mg/kg) is prevented in MK-/- mice [8]. In the present study,
astrocytosis induced by a single administration of an intermediate dose
of LPS (7.5 mg/kg) is blocked in the brain of PTN-/- and MK-/- mice.
The data demonstrate that normal endogenous levels of PTN and MK
are required for LPS-induced astrocytic response independently of the
intensity of the inflammatory stimulus. However, we previously found
that transgenic PTN overexpression in the PFC of PTN-Tg mice at-
tenuates LPS-induced astrocytic response [9]. It has to be noted that, in
contrast to the wide distribution of PTN in the CNS during early de-
velopment, this cytokine is only expressed at low levels in a few cell
types in the adult cortex, hippocampus, cerebellum, olfactory bulb and

Fig. 3. Effects of LPS on microglia activation in the PFC of WT, MK-/- and PTN-/- mice. Photomicrographs are from Iba-1-immunostained PFC sections of saline (Sal)- or LPS-treated
animals (n = 4-5/group) (A). Graphs represent quantification of data (mean ± S.E.M) obtained from the counts of Iba-1-positive cells (B), total marked area (C), cell area (D), soma
perimeter (E) and circularity index (F) in PFC whole sections. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Sal within the same genotype. Scale bar = 100 μm (high magnification: scale
bar = 50 μm).
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striatum [5,23]. In contrast, PTN is found highly upregulated in a wide
variety of CNS disorders characterized by neuroinflammation including
neuropathic pain [24,25], Alzheimer’s disease [26], Parkinson’s disease
[27] and brain tumors [28]. Thus, we believe that the data presented
here in PTN-/- mice compared to normal wild type mice, add to the
knowledge of the physiological functions of normal endogenous PTN
levels and their contribution to the response to acute neuroin-
flammatory stimuli. In contrast, studies in transgenic mice with highly
significant overexpression of PTN in the brain may be more relevant to
dissect the contribution of high levels of PTN in neuroinflammatory
pathological conditions [7,9].

Lack of endogenous expression of these cytokines, particularly PTN,
tend to modulate microglia morphological changes in the PFC of LPS-
treated knockout mice compared to WT mice. In the PFC of WT mice,
LPS increased the perimeter and area of Iba1+ cells, suggesting the
presence of hypertrophic microglia. On the other hand, LPS induced a
significant decrease in the circularity index in PTN-/- and MK-/- mice
compared to WT mice. In the striatum, LPS tended to increase the area
and perimeter of microglial cells in all genotypes although this effect
was only found to be significant in the area of microglial cells in PTN-/-.

Little was known about the role of endogenous PTN and MK in the
microglial response to inflammatory insults. This is the first study
showing that normal endogenous expression of PTN and MK in vivo
modulates LPS-induced microglial morphological changes. It is im-
portant to note that we did not find differences between genotypes in
saline-treated animals, suggesting that PTN and MK do not regulate
innate immunity in naïve animals. Taking into account that PTN and
MK are expressed at low levels in the healthy adult brain [5], the
present study suggests that lack of endogenous expression of these cy-
tokines impact the microglial changes in response to the endotoxin.
Taking together all the microglial morphological parameters analyzed,
it is tempting to speculate that absence of these cytokines, particularly
PTN, tends to predispose to an enhanced microglial activation. How-
ever, it is clear that further studies are needed to clarify the roles of
these endogenous cytokines in LPS-induced microglial activation (e.g.
cell-specific knockdown).

We previously showed that exogenous PTN potentiates LPS-induced
activation of BV2 microglial cells [9]. Previous evidence showed that
FYN kinase contributes to MAP kinase phosphorylation during micro-
glial activation [16]. Since FYN is a substrate of the PTN receptor

Fig. 4. Effects of LPS on microglia activation in the striatum of WT, MK-/- and PTN-/- mice. Photomicrographs are from Iba-1-immunostained striatal sections of saline (Sal)- or LPS-
treated animals (n = 4-5/group) (A). Graphs represent quantification of data (mean ± S.E.M) obtained from the counts of Iba-1-positive cells (B), total marked area (C), cell area (D),
soma perimeter (E) and circularity index (F) in standardized striatal sections. * P < 0.05 vs. Sal within the same genotype. Scale bar = 100 μm (high magnification: scale bar = 50 μm).
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RPTPβ/ζ [15], we tested the effects of PTN and LPS on FYN signaling in
BV2 microglial cells. Our results clearly show that treatment of BV2
cells with PTN and/or LPS does not cause relevant changes in the
phosphorylation of Y416 in FYN. On the other hand, LPS-induced in-
creases of phosphorylation of ERK1/2 were not modulated by the ad-
dition of PTN to LPS-stimulated BV2 cells. Taking together, our data
suggest that PTN actions in primed microglia are independent of the
FYN-MAP kinase signaling pathway.

5. Conclusion

Our findings show for the first time that endogenous PTN and MK
modulate the astrocytic response induced by LPS. The data suggest that
PTN and/or MK may be involved in the modulation of LPS-induced
microglial activation but further studies are needed to delineate their
importance.
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Fig. 5. Effects of LPS and PTN on FYN and MAP kinase phosphorylation in BV2 microglial
cells. (A), immunoblots showing p-Y416SFK (FYN) levels in BV2 cell lysates. Total FYN
western blots are shown below the phosphorylated protein blot for comparison. (B),
immunoblots showing the p44/42 (ERK) phosphorylation. Total ERK1/2 western blots
are shown below the phosphorylated protein blot for comparison.
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Resumen 
La pleiotrofina (PTN) y la midkina (MK) son factores neurotróficos que se sobreexpresan 

en la corteza prefrontal tras la administración de alcohol y que han demostrado reducir el 

consumo de alcohol y sus efectos reforzadores. La PTN y la MK son inhibidores endógenos del 

receptor proteína fosfatasa de tirosinas (RPTP) β/ζ, también conocido como PTPRZ1, RPTPβ, 

PTPζ, lo que sugiere un potencial papel de esta fosfatasa en la regulación de los efectos del 
alcohol. Para determinar si RPTPβ/ζ regula el consumo de alcohol, se trataron ratones con 

compuestos inhibidores de RPTPβ/ζ, diseñados recientemente (MY10, MY33-3), antes de 

someterles a un protocolo de consumo de alcohol por atracón denominado “drinking in the dark”. 

Los ratones tratados con los inhibidores de RPTPβ/ζ, especialmente aquellos tratados con MY10, 

bebieron menos alcohol que sus respectivos controles. El tratamiento con MY10 bloqueó el 

condicionamiento preferencial al sitio inducido por el alcohol, presentó un efecto reducido en la 

ataxia inducida por alcohol y potenció los efectos sedantes del alcohol. También se testó si 
RPTPβ/ζ está implicado en las vías de señalización del alcohol. Se descubrió que el tratamiento 

con alcohol en células de neuroblastoma produce un incremento de la fosforilación de ALK 

(quinasa de linfoma aplásico) y TrkA (tropomyosin receptor kinase A), sustratos conocidos de 

RPTPβ/ζ. El tratamiento de células de neuroblastoma con MY10 y MY33-3 también produjo un 

incremento en la fosforilación de ALK y TrkA; sin embargo, el tratamiento concomitante de las 

células de neuroblastoma con alcohol y MY10 ó MY33-3 bloqueó el aumento de p-ALK y p-TrkA. 

Estos resultados demuestran por primera vez que TrkA está implicado en la vía de señalización 

del alcohol y que RPTPβ/ζ modula las vías de señalización activadas por el alcohol y las 
respuestas comportamentales a esta sustancia. Los datos obtenidos apoyan la hipótesis de 

utilizar RPTPβ/ζ como diana farmacoterapéutica para reducir el consumo excesivo de alcohol.  
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a b s t r a c t

Pleiotrophin (PTN) and Midkine (MK) are neurotrophic factors that are upregulated in the prefrontal
cortex after alcohol administration and have been shown to reduce ethanol drinking and reward. PTN
and MK are the endogenous inhibitors of Receptor Protein Tyrosine Phosphatase (RPTP) b/z (a.k.a.
PTPRZ1, RPTPb, PTPz), suggesting a potential role for this phosphatase in the regulation of alcohol effects.
To determine if RPTPb/z regulates ethanol consumption, we treated mice with recently developed small-
molecule inhibitors of RPTPb/z (MY10, MY33-3) before testing them for binge-like drinking using the
drinking in the dark protocol. Mice treated with RPTPb/z inhibitors, particularly with MY10, drank less
ethanol than controls. MY10 treatment blocked ethanol conditioned place preference, showed limited
effects on ethanol-induced ataxia, and potentiated the sedative effects of ethanol. We also tested
whether RPTPb/z is involved in ethanol signaling pathways. We found that ethanol treatment of neu-
roblastoma cells increased phosphorylation of anaplastic lymphoma kinase (ALK) and TrkA, known
substrates of RPTPb/z. Treatment of neuroblastoma cells with MY10 or MY33-3 also increased levels of
phosphorylated ALK and TrkA. However, concomitant treatment of neuroblastoma cells with ethanol and
MY10 or MY33-3 prevented the increase in pTrkA and pALK. These results demonstrate for the first time
that ethanol engages TrkA signaling and that RPTPb/z modulates signaling pathways activated by alcohol
and behavioral responses to this drug. The data support the hypothesis that RPTPb/z might be a novel
target of pharmacotherapy for reducing excessive alcohol consumption.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Alcohol use disorder (AUD) constitutes a public health crisis.
Hazardous use of alcohol is the sixth leading cause of ill health and
premature death in high-income countries (Forouzanfar et al.,
2016). Approximately 70% of the adults in the WHO European
gy, Faculty of Pharmacy, Uni-
Alcorcon, Madrid, Spain.
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Region drink alcohol and most alcohol is consumed in heavy
drinking occasions (60 g of pure alcohol or more on one occasion)
which worsen all risks. Binge drinking accounts for over half of the
approximately 88,000 deaths yearly that are attributed to alcohol
use in the United States, but binge drinkers also put themselves at
increased risk for multiple comorbidities (O'Keefe et al., 2007; Petit
et al., 2014; Zakhari and Li, 2007). In the United States, recent
studies have shown that the prevalence of 12-month alcohol use,
high-risk drinking, and DSM-IV AUD has increased significantly
(Grant et al., 2017). Thus, new therapeutic approaches to treat AUD
are greatly needed.

In an effort to develop new pharmacotherapies to limit alcohol

mailto:herradon@ceu.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2018.04.027&domain=pdf
www.sciencedirect.com/science/journal/00283908
http://www.elsevier.com/locate/neuropharm
https://doi.org/10.1016/j.neuropharm.2018.04.027
https://doi.org/10.1016/j.neuropharm.2018.04.027
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Fig. 1. Structure of the RPTPb/z inhibitors MY10 and MY33-3.
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consumption and prevent alcoholism, the identification of novel
genes and pathways that may predispose individuals to AUD is key.
Two genetic factors that have been recently identified as important
regulators of alcohol behavioral effects are Pleiotrophin (PTN) and
Midkine (MK). PTN and MK are cytokines important in central
nervous system (CNS) functions and repair (Herradon and Perez-
Garcia, 2014). Both PTN and MK are also upregulated in different
brain areas after administration of different drugs of abuse
(Herradon and Perez-Garcia, 2014), suggesting PTN and MK
signaling may be important in the regulation of drug-induced
addictive behaviors. Accordingly, PTN is found upregulated in the
nucleus accumbens after a single administration of amphetamine
(Le Greves, 2005) and has been shown to contribute to the
extinction of amphetamine-seeking behaviors (Gramage et al.,
2010a). Importantly, MK expression is higher in the prefrontal
cortex (PFC) of human alcoholics and mice selectively bred for high
alcohol consumption (Flatscher-Bader and Wilce, 2008; Mulligan
et al., 2006) and PTN is upregulated in the PFC of mice injected
with a rewarding dose of ethanol (Vicente-Rodriguez et al., 2014a).
Both cytokines have been shown to be potent regulators of
behavioral effects induced by ethanol (Chen et al., 2017; Vicente-
Rodriguez et al., 2014a, 2014b). It has been demonstrated that
PTN knockout (PTN�/�) and MK knockout (MK-/) mice are more
sensitive to the rewarding effects of alcohol in the conditioned
place preference test (Vicente-Rodriguez et al., 2014a, 2014b). In
contrast, PTN transgenic overexpression in the mouse brain blocks
the rewarding effects of alcohol (Vicente-Rodriguez et al., 2014a).
Overall, the data suggest that PTN and MK could be used for the
treatment of drug addiction disorders including AUD (Alguacil and
Herradon, 2015).

Both PTN and MK bind to the Receptor Protein Tyrosine Phos-
phatase (RPTP) b/z (a.k.a. PTPRZ1, RPTPb, PTPz), and inactivate its
phosphatase activity (Herradon and Ezquerra, 2009). This leads to
an increase in tyrosine phosphorylation of substrates critical for the
effects of these cytokines such as Fyn kinase (Pariser et al., 2005)
and Anaplastic Lymphoma Kinase (ALK) (Perez-Pinera et al., 2007).
We hypothesize that PTN and MK actions on substance use disor-
ders can be reproduced with rationally designed small molecule
inhibitors of RPTPb/z (Herradon et al., 2009; Herradon and Perez-
Garcia, 2014).

Recently, a new series of blood-brain barrier (BBB) permeable
molecules designed to mimic the activity of PTN/MK in the CNS
were synthesized (Pastor et al., 2018). These compounds exert their
actions by interacting with the intracellular domain of RPTPb/z and
inhibiting its tyrosine phosphatase activity. The most potent com-
pounds MY10 and MY33-3 (IC50 ~ 0.1 mM) significantly increased
the phosphorylation of key tyrosine residues of RPTPb/z substrates
involved in neuronal survival and differentiation such as ALK. More
interestingly, PTN and MK were previously shown to prevent
amphetamine neurotoxicity in vivo and in vitro (Gramage et al.,
2010b, 2011) and these RPTPb/z inhibitors have shown similar
protective effects against amphetamine-induced toxicity (Pastor
et al., 2018).

The purpose of this study was to test inhibitors of RPTPb/z in
binge-like drinking, ethanol conditioned place preference, and
other behavioral responses to ethanol, and to study the possible
interactions of these molecules with ethanol-induced activation of
signaling pathways.

2. Materials and methods

2.1. Subjects

Male C57BL/6J mice (8e10 weeks of age) were tested for
behavior. Mice were housed under controlled environmental
60
conditions (22± 1 �C and a 12-h light/12-h dark cycle) with free
access to food and water. All the animals used in this study were
maintained in accordance with both the ARRIVE guidelines and the
European Union Laboratory Animal Care Rules (86/609/ECC direc-
tive) or the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All protocols were approved by the Animal
Research Committee of USP-CEU or the Animal Care Committee of
the University of Illinois at Chicago and procedures were used to
minimize pain and suffering.

2.2. RPTPb/z inhibitors

MY10 and MY33-3 (Fig. 1) were synthesized as previously
described (Pastor et al., 2018). MY10 and MY33-3 were adminis-
tered at a dose of 60mg/kg in 10% dehydrated ethanol, 20% poly-
sorbate 80, 70% PEG-300 vehicle. Ethanol in the vehicle results in a
dose of less than 0.3 g/kg. Pharmacokinetic studies in mice have
shown that 1 h after oral administration the brain to plasma ratio is
3:1 (Pastor et al., 2018). Mice were administered compounds or
vehicle by oral gavage in a volume of approximately 0.1ml.

2.3. Drinking in the dark (DID)

Binge-like drinking was measured using the two-bottle DID
procedure as previously described using 20% ethanol (Dutton et al.,
2017). Mice were individually housed for 2 weeks in the reverse-
dark cycle room prior to testing ethanol consumption. Three days
before testing ethanol consumption, mice drank water from two
tubes made from 10ml polycarbonate pipettes connected to
stainless steel sipper tubes containing ball-bearings to prevent
leakage (Rhodes et al., 2005) for one day, in order to acclimate them
to the tubes. Three days later mice were given a choice between
20% ethanol and water in the sipper tubes. Fluid consumption was
measured every day for 4 days by measuring the volume of fluid in
the tubes. The position of the bottles (left or right) was changed
every day to control for side preference. On the first 3 days of
testing, mice were given access to the ethanol and water tubes 3 h
into the dark cycle for a period of 2 h. On the fourth day, mice were
given access to ethanol and water tubes for 4 h and the volume
consumedwasmeasured at 4 h. All micewere given vehicle (0.1ml)
by oral gavage on days 1 & 2. On the third and fourth days, mice
were administered 60mg/kg MY10, MY33-3 or vehicle (0.1ml) by
oral gavage 1 h before the drinking session in the DID test (n¼ 12/
group). Preference scorewas calculated as the ratio of the volume of
ethanol consumed over the volume of total fluid consumed (Chen
et al., 2017; Dutton et al., 2017). For the sucrose consumption test,
a separate group of mice were tested exactly as in the ethanol
consumption test, except that mice were provided with two tubes
containing 2% sucrose in water and water instead of 20% ethanol
and water.

Blood samples (20 ml) were collected immediately after the 4-h
drinking session on day 4 to measure blood ethanol concentrations
(BECs). Blood was collected in heparinized capillary tubes via tail
vein puncture. BECswere determined using a nicotinamide adenine
dinucleotide-alcohol dehydrogenase enzymatic assay (Zapata et al.,
2006).
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2.4. Conditioned place preference (CPP)

We used a 2-compartment apparatus; one compartment had a
black floor and walls, and the other had a black floor and white
walls. The phases included preconditioning (Pre-C, day 1), condi-
tioning (days 2e4) and testing (CPP, day 5). During preconditioning,
mice were free to explore the two compartments for a 15-min
period; their behavior was monitored by a videotracking system
(SD Instruments, San Diego, California, USA) to calculate the time
spent in each compartment. The conditioning phase consisted of
two conditioning sessions per day (Gramage et al., 2011). The first
session took place in the morning starting at 8 a.m., in which all
mice received a single injection of saline i.p. (10ml/kg) and were
confined to one compartment for 5min. In the afternoon session,
starting at 3 p.m., the mice were injected (i.p.) with 2.0 g/kg
ethanol, and confined to the other compartment for 5min. The
assignment of the compartments to the ethanol or saline condition
was made at random. The procedure used on days 3 and 4 was the
same but the order of the treatments (morning/evening) was
changed to avoid the influence of circadian variability. Mice were
administered the RPTPb/z inhibitor MY10 (60mg/kg) or vehicle by
oral gavage in a volume of approximately 0.1ml, 1 h before each of
the saline and ethanol conditioning sessions (n¼ 9e10/group). In
the testing phase on day 5, mice received a drug-free, 15-min
preference test. In this phase the animals freely moved
throughout the apparatus, as in the preconditioning phase. The
time spent in each compartment was also registered. The difference
between the time spent in the ethanol-paired compartment in this
phase and the time spent in the same compartment in the pre-
conditioning was considered as indicative of the degree of condi-
tioning induced by ethanol.

For the control CPP experiment in which we conditioned with
MY10 in the absence of ethanol, compound or vehicle were
administered on days 2, 3 and 4 1 h before injecting mice i.p. with
saline (10ml/kg) and confining them to one side of the apparatus
for 5min (n¼ 13/group). In the testing phase on day 5, mice
received a compound-free, 15-min preference test and the amount
of time the mice spent in the MY10-paired compartment was
measured.

2.5. Rotarod test

Micewere trained in 2 sessions on 2 consecutive days by placing
them on the rotarod (Panlab, Barcelona, Spain) rotating drum (rod),
and allowing them to run/climb under continuous acceleration
(2e18 r.p.m) for at least 30 s. The next day, animals were re-trained,
administered 60mg/kg MY10 or vehicle by oral gavage (0.1ml) 1 h
before the 2.0 g/kg ethanol administration (n¼ 8e9/group) and
then placed on the rotarod. In a control experiment, animals were
administered 60mg/kg MY10 or vehicle by oral gavage (0.1ml) 1 h
before saline administration (10ml/kg, i.p.) (n¼ 4e5/group). The
time to fall was recorded and mice were placed back on the rotarod
every 10min until 100min after ethanol (or saline) administration.

2.6. Loss of the righting reflex (LORR)

Mice were administered 60mg/kg MY10 or vehicle 1 h before
the 3.6 g/kg ethanol administration (n¼ 8/group), placed on their
backs and tested for the ability to right themselves. Mice were
considered to have lost the righting reflex if they could not right
themselves 3 times within 30 s and regained the righting reflex if
they could fully right themselves 3 times within 30 s (Lasek et al.,
2011a,b). The duration of LORR was determined as the difference
between the time when the reflex was lost and when it was
regained.
61
2.7. Measurement of blood ethanol concentration for ethanol
clearance study

Blood ethanol concentration (BEC) was measured in mice used
in the LORR experiment one week after the LORR test. Mice were
administered 60mg/kg MY10 or vehicle 1 h before the 2.0 g/kg
ethanol administration (n¼ 5/group) and 20 ml of blood was ob-
tained via tail vein puncture at 30, 60 and 120min post-injection.
BECs were determined using the alcohol dehydrogenase enzy-
matic assay (Zapata et al., 2006).

2.8. Cell culture

The human neuroblastoma cell line SH-SY5Y was purchased
from American Type Culture Collection (ATCC, Manassas, VA, USA)
and was incubated at 37 �C in 5% CO2. SH-SY5Y cells were cultured
in a 1:1mixture of Eagle's minimum essential medium (EMEM) and
F12 medium containing 10% fetal bovine serum (FBS). For treat-
ment with ethanol, cells were cultured to 90% confluence and, 3 h
before ethanol treatment, mediumwas changed to a 1:1 mixture of
EMEM and F12 medium without serum in order to serum-starve
the cells. For concentration-response assays with ethanol, cells
were treated with 10e100mM ethanol for 15min. For time-
response assays with ethanol, cells were treated with 50mM
ethanol for 5, 15 and 30min. For treatment with ethanol and
RPTPb/z inhibitors, cells were treated with 1 mM RPTPb/z inhibitor
(MY10 or MY33-3) for 5min prior to 50mM ethanol for 15min. All
determinations were carried out in 3e6 independent experiments.

2.9. Western blots

SH-SY5Y cells were lysed in 20mM Tris-HCl, pH 7.5, 150mM
NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium
pyrophosphate, 1mM b-glycerophosphate, 1mM Na3VO4, 1 mg/ml
leupeptin, 1 mg/ml aprotinin, and EDTA-free Complete Protease
Inhibitor Cocktail tablets (Roche Diagnostics, Indianapolis, IN, USA).
Lysate protein concentrationwas determined using the BCA Protein
Assay Kit (Pierce, Rockford, IL, USA) and equal amounts of protein
were subjected to sodium dodecyl sulfateepolyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes. Separate blots were probed with antibodies to either
phosphorylated ALK (pALK, Tyr 1278) or phosphorylated TrkA
(pTrkA, Tyr 490) (Cell Signaling Technology, Danvers, MA, USA).
Antibodies were diluted in 5% bovine serum albumin in Tris-
buffered saline with Tween 20 (25mM Tris-HCl, pH 7.4, 137mM
NaCl, and 0.1% Tween 20). Blots were stripped and re-probed with
corresponding anti-TrkA (Upstate, Charlottesville, VA) and anti-ALK
(Life Technologies, Carlsbad, CA) antibodies to measure total pro-
tein levels. To quantify total protein levels of ALK and TrkA, mem-
branes were re-probed with anti-actin antibodies and normalized
against the actin signal (Chemicon, Temecula, CA). Secondary an-
tibodies were horseradish peroxidase-conjugated goat anti-mouse
or anti-rabbit IgG (Santa Cruz, Santa Cruz, CA). The membranes
were developed with enhanced chemiluminescence detection re-
agents (Pierce). Films were scanned and densitometry performed
using ImageJ software.

2.10. Statistical analysis

All data were expressed as the mean± SEM and analyzed using
Prism software (GraphPad, La Jolla, CA, USA). Rotarod data was
analyzed by two-way repeated measures (RM) ANOVA for treat-
ment and time. The DID data was analyzed by Student's t-test for
effects of vehicle vs. compound on day 3 (2 h drinking session) and
on day 4 (4 h drinking session) and for effects of day (day 2 vs. day
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3) within each compound treatment. The preference score datawas
analyzed by Student's t-test for effects of vehicle vs. compound
within each compound treatment day (days 3& 4) and for effects of
day (day 2 vs. day 3 and day 2 vs. day 4) within each compound
treatment. The BEC and LORR data were analyzed by Student's t-
test. The CPP data were analyzed by two-way repeated measures
(RM) ANOVA for treatment and phase followed by Bonferroni's
post-hoc tests. Protein expression analysis in concentration-
response and time-response assays with ethanol was performed
by 1-way ANOVA followed by Tukey's post-hoc tests. Protein
expression analysis in cells treated with compounds and ethanol
was performed by 2-way ANOVA followed by Tukey's post-hoc
tests, considering compound treatment and ethanol treatment as
factors. A p value less than 0.05 was considered a statistically sig-
nificant difference.

3. Results

3.1. RPTPb/z inhibition attenuates binge-like ethanol consumption

To determine if RPTPb/z inhibition affects binge-like ethanol
consumption, we treated mice with the inhibitor MY10 before the
drinking sessions on days 3 (2 h session) and 4 (4 h session). Fig. 2a
shows that MY10-treated mice consumed less ethanol than
vehicle-treated mice on day 3 (t(22)¼ 2.02, P¼ 0.056) and day 4
(t(21)¼ 2.32, P¼ 0.03). In addition, MY10-treated mice consumed
significantly less ethanol on day 3 when compared with day 2
(before MY10 treatment, t(22)¼ 2.57, P¼ 0.018). Consistent with
the decrease in ethanol consumed, mice treatedwithMY10 showed
a reduced preference for the ethanol solution in the 2 h drinking
session on day 3 (Fig. 2b; t(22)¼ 2.32, P¼ 0.03) and in the 4 h
drinking session on day 4 when compared with vehicle-treated
mice (t(21)¼ 2.68, P¼ 0.014) and on days 3 and 4 when
compared with day 2 (t(22)¼ 2.81, P¼ 0.01 and t(21)¼ 3.84,
P¼ 0.001, respectively). Consistent with the reduced ethanol
Fig. 2. RPTPb/z inhibition attenuates binge-like ethanol consumption. (a) Ethanol consu
days 3 and 4, mice were administered 60 mg/kg MY10 or vehicle (n ¼ 12/group) 1 h befor
treated mice, calculated as the ratio of the volume of ethanol consumed over the volume o
ing sessions and on day 4 for a 4 h-drinking session. (c) Blood ethanol concentration (BEC, m
Volume of 2% sucrose solution (ml/kg) consumed during 2 h of drinking on days 1e3 and 4 h
kg) during 2 h of drinking on days 1e3 and during 4 h of drinking on day 4. On days 3 and 4
drinking session in the DID test. (f) Ethanol preference score in vehicle- and MY33-3-treate
total fluid consumed. Ethanol preference on days 1e3 was calculated for 2 h-drinking session
vehicle- and MY33-3-treated mice after the final 4 h-drinking in the dark session on day 4. (h
and the 4 h-drinking session on day 4. On days 3 and 4, mice were administered 60 mg/kg M
*p < 0.05 vs. Vehicle. #p < 0.05 vs. Day 2.
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consumption, BECs were lower in the MY10-treated group
compared with vehicle-treated mice (Fig. 2c; t(20)¼ 2.123,
P¼ 0.046) at the end of the 4 h drinking session (day 4). Sucrose
drinking was not affected by MY10 treatment (Fig. 2d). Treatment
with a second RPTPb/z inhibitor, MY33-3, did not significantly
affect ethanol consumption when compared with the vehicle-
treated group, but did reduce ethanol consumption when
comparing day 2 (before treatment with MY33-3) with day 3 (after
treatment with MY33-3, Fig. 2e, t(22)¼ 2.31, P¼ 0.03). In addition,
mice treated with MY33-3 on day 3 showed a reduced preference
for the ethanol solution when compared to the vehicle-treated
mice (Fig. 2f; t(22)¼ 2.16, P¼ 0.04) and a reduced preference
when comparing days 2 & 3 (t(22)¼ 2.45, P¼ 0.02). However, on
day 4, no significant differences between MY33-3 and vehicle-
treated mice were observed (Fig. 2f). As expected, BECs at the end
of the 4 h drinking session (day 4) were not affected in mice treated
with MY33-3 (Fig. 2g). It is important to note that total fluid con-
sumption (water and ethanol combined) was not affected by any of
the treatments (Fig. 2h). Collectively, these data indicate that
RPTPb/z inhibition reduced ethanol consumption without affecting
sucrose drinking and suggest that MY10 appears to be the most
effective RPTPb/z inhibitor with potential use in AUD.

3.2. RPTPb/z inhibition attenuates ethanol reward

The reduced ethanol consumption in mice treated with MY10
suggests that RPTPb/z might be involved in the rewarding proper-
ties of ethanol. To test this, we performed the ethanol CPP test in
mice treated with MY10 or vehicle daily prior to ethanol and saline
conditioning sessions (Fig. 3a). ANOVA revealed a significant
treatment� phase interaction (F (1, 17)¼ 6.69; p¼ 0.02). Post-hoc
comparisons demonstrated that mice treated with vehicle
showed a significant CPP (Fig. 3b; t(17)¼ 4.89; P< 0.001). In
contrast, mice treated with MY10 did not exhibit CPP (Fig. 3b;
t(17)¼ 1.39). To test if MY10 is rewarding or aversive on its own
med (g/kg) during 2 h of drinking on days 1e3 and during 4 h of drinking on day 4. On
e each drinking session in the DID test. (b) Ethanol preference in vehicle- and MY10-
f total fluid consumed. Ethanol preference on days 1e3 was calculated for 2 h-drink-
g%) in vehicle- and MY10-treated mice after the final 4 h-drinking session on day 4. (d)
on day 4 in mice treated with vehicle (n ¼ 5) or MY10 (n ¼ 5). (e) Ethanol consumed (g/
, mice were administered 60 mg/kg MY33-3 or vehicle (n ¼ 12/group) 1 h before each
d mice, calculated as the ratio of the volume of ethanol consumed over the volume of
s and on day 4 for a 4 h-drinking session. (g) Blood ethanol concentration (BEC, mg%) in
) Total fluid consumed (water þ ethanol, ml) during 2 h-drinking sessions on days 1e3
Y10, MY33-3 or vehicle (n ¼ 12/group) 1 h before each drinking session in the DID test.



Fig. 3. Ethanol (2.0 g/kg)-induced place preference. (a) Scheme showing treatment conditions for the ethanol CPP test (b) Time (seconds) spent on the ethanol-paired side before
conditioning (Pre-C) and after conditioning (CPP) in mice treated with vehicle or 60 mg/kg MY10. The data show that MY10 prevents ethanol CPP. (c) Scheme showing the treatment
conditions for the MY10 CPP test (in the absence of ethanol). (d) Time (seconds) spent on the MY10-paired side before conditioning (Pre-C) and after conditioning (CPP) in mice
conditioned with 60 mg/kg MY10 (n ¼ 13) instead of ethanol. Time spent on the MY10-paired side did not change after conditioning. ***P < 0.001 vs. Pre-C.
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(i.e., in the absence of ethanol), we performed a control experiment
in which mice were place conditioned with MY10 (Fig. 3c). Con-
ditioning with MY10 did not alter the time spent in the MY10-
paired compartment, indicating that RPTPb/z inhibition in the
absence of ethanol does not induce preference or aversion (Fig. 3d).
These data suggest that RPTPb/z inhibition attenuates the
rewarding properties of ethanol.
3.3. RPTPb/z inhibition has a mild effect on ethanol-induced ataxia
and potentiates ethanol sedation

To test the possibility that RPTPb/z could modulate other acute
behavioral responses to ethanol we performed experiments to
assay the ataxic and sedative effects of ethanol in MY10-treated
mice. The motor-incoordinating effects of ethanol were measured
using the rotarod test. We tested the recovery from the ataxic ef-
fects induced by a rewarding dose of ethanol (2.0 g/kg) known to
produce moderate ataxic effects in mice (den Hartog et al., 2013).
Acute administration of 2.0 g/kg ethanol produced ataxia in MY10-
and vehicle-treatedmice illustrated by a reduction in time spent on
the rotarod. There were significant effects of time
(F(10,150)¼ 31.22, P< 0.0001; Fig. 4a) and treatment
(F(1,15)¼ 5.19, P¼ 0.04), but no significant time� treatment
interaction (F(1,150)¼ 0.47, P¼ 0.91). In agreement with studies
reported by others (den Hartog et al., 2013), performance improved
over time although this improvement seemed to be transiently
delayed in MY10-treated mice (Fig. 4a). However, 100min after
ethanol injection a similar recovery from ataxia was observed in
mice treated with MY10 or vehicle (Fig. 4a). Treatment with MY10
or vehicle 1 h before saline injection did not change the amount of
63
time that mice stayed on the rotarod when compared with basal
values (Treatment: F(1,7)¼ 0.04, P¼ 0.84; time: F(10,70)¼ 1.53,
P¼ 0.15; Fig. 4b). These data indicate that RPTPb/z has a limited
effect on the motor incoordinating effects induced by a rewarding
dose of ethanol in mice. We examined BECs at different time points
in mice treated with 60mg/kg or vehicle 1 h before an injection of
2.0 g/kg ethanol. We did not observe a difference in the BECs be-
tween treatments (Fig. 4c), suggesting that MY10 does not affect
clearance of a rewarding and ataxic dose of ethanol in mice.

We also examined MY10- and vehicle-treated mice in a LORR
test using a sedating dose of ethanol (3.6 g/kg). The time to lose the
righting reflex was similar in all mice (data not shown). However,
the data show that the amount of time needed for MY10-treated
mice to recover the righting reflex after ethanol injection was
significantly higher than that in vehicle-treated mice (Fig. 5;
t(14)¼ 2.980, P¼ 0.01). These data suggest that RPTPb/z counter-
acts the sedative effects of ethanol.
3.4. RPTPb/z inhibitors modulate ethanol-induced activation of ALK
and TrkA

In order to study the molecular mechanisms underlying the
actions of RPTPb/z inhibitors in the effects of ethanol, we aimed to
test the hypothesis that pharmacological inhibition of RPTPb/z
regulates ethanol signaling pathways. Previously, it was shown that
ALK is a substrate of RPTPb/z (Perez-Pinera et al., 2007) and that
ethanol rapidly activates ALK signaling through phosphorylation of
Tyr 1278 in neuroblastoma cells (He et al., 2015). Also, inhibition of
RPTPb/z activates TrkA through increased phosphorylation of Tyr
490 (Shintani and Noda, 2008). To determine if ethanol activates



Fig. 4. Ethanol (2.0 g/kg)-induced ataxia. (a) Time spent on a rotarod by mice treated with the RPTPb/z inhibitor MY10 (60mg/kg) or vehicle 1 h before injection of 2.0 g/kg ethanol
(Eth). (b) Time spent on a rotarod by mice treated with the RPTPb/z inhibitor MY10 (60mg/kg) or vehicle (Veh) 1 h before injection of saline (Sal, i.p.). (c) Blood ethanol con-
centration (BEC) in mice pretreated with 60mg/kg MY10 or vehicle and treated with 2.0 g/kg ethanol. Results are presented in mg% over time.

R. Fern�andez-Calle et al. / Neuropharmacology 137 (2018) 86e95 91

Artículo 3
TrkA signaling and to confirm the effects of ethanol on ALK
signaling, we treated SH-SY5Y neuroblastoma cells with different
concentrations of ethanol (10e100mM) for 15min (Fig. 6aee) and
with 50mM ethanol for 5e30min (Fig. 6fej). The doses of ethanol
used in these studies represent blood alcohol concentrations
ranging from intoxicating to sedating. Interestingly, we observed an
effect of ethanol treatment on TrkA phosphorylation after incuba-
tion of SH-SY5Y cells with 10e100mM ethanol (Fig. 6b;
F(5,21)¼ 3.04; P¼ 0.04) and after 5, 15 and 30min of 50mM
ethanol exposure (Fig. 6g; F(3,14)¼ 5.02; P¼ 0.02). We did not
detect significant effects of ethanol treatment on total TrkA protein
levels (Fig. 6c,h). Post-hoc comparisons showed that ethanol
significantly increased phosphorylation of Tyr 490 in TrkA after
15min of 50mM exposure (Fig. 6g). In confirmation of previous
studies (He et al., 2015), we observed a significant effect of treat-
ment with ethanol on ALK phosphorylation [specifically the
140 kDa isoform of ALK] in SH-SY5Y cells (Fig. 6d; F(5,21)¼ 2.87;
P¼ 0.048). Post-hoc comparisons showed significantly increased
ALK phosphorylation after incubation with 50mM ethanol (Fig. 6d,
P< 0.05). In the time-course assays, we observed a trend of ethanol
to increase ALK phosphorylation after 5, 15 and 30min of 50mM
ethanol exposure (Fig. 6i; F(3,15)¼ 3.00; P¼ 0.07). We did not
detect significant effects of ethanol treatment on total ALK protein
levels (Fig. 6e,j).
Fig. 5. Ethanol (3.6 g/kg)-induced loss of righting reflex (LORR). Increased duration
of LORR induced in mice treated with the RPTPb/z inhibitor MY10 (60 mg/kg) or
vehicle 1 h before ethanol injection (3.6 g/kg, i.p.) (n ¼ 8). *P < 0.05 vs. Vehicle.
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We next tested the possibility that treatment of SH-SY5Y cells
with the RPTPb/z inhibitor MY10 (1 mM) modulates these signaling
pathways (Fig. 7aee). Analysis of TrkA phosphorylation by 2-way
ANOVA indicated that there was not a significant main effect of
the compound (Fig. 7b; F(1,10)¼ 0.01, P¼ 0.93), but there was a
significant main effect of ethanol (Fig. 7b; F(1,10)¼ 5.40, P¼ 0.04)
and a significant MY10� ethanol interaction (Fig. 7b; F(1,10)¼ 8.18,
P¼ 0.02). Post-hoc analyses indicated that ethanol significantly
increased phosphorylated TrkA when compared with vehicle
(Fig. 7b, P¼ 0.03), whereas the combination of MY10 and ethanol
did not increase phosphorylated TrkAwhen compared with vehicle
(Fig. 7b, P¼ 0.43). For phosphorylated ALK, there were no signifi-
cant main effects of ethanol (Fig. 7d; F(1,9)¼ 0.30, P¼ 0.59) or
MY10 (Fig. 7d; F(1,9)¼ 0.42, P¼ 0.53); however, there was a sig-
nificant MY10 � ethanol interaction (Fig. 7d; F(1,9)¼ 19.8,
P¼ 0.001). Post-hoc analyses demonstrated that ethanol alone
(Fig. 7d, P¼ 0.03) and MY10 alone (Fig. 7d, P¼ 0.02) significantly
increased phosphorylated ALK when compared with vehicle
treatment, whereas treatment with the combination of MY10 and
ethanol did not increase phosphorylated ALK when compared with
vehicle treatment (Fig. 7d, P¼ 0.84). None of the treatments
significantly altered total TrkA (Fig. 7c) or total ALK protein levels
(Fig. 7e).

We also tested if treatment of SH-SY5Y cells with the RPTPb/z
inhibitor MY33-3 (1 mM) modulates these signaling pathways
(Fig. 7fej). For phosphorylated TrkA, there were no significant ef-
fects of ethanol (Fig. 7g; F(1,18)¼ 0.07, P¼ 0.79) or compound
(Fig. 7g; F(1,18)¼ 3.72, P¼ 0.07); however there was a significant
MY33-3 � ethanol interaction (Fig. 7g; F(1,18)¼ 13.38, P¼ 0.002).
Post-hoc multiple comparisons indicated that ethanol alone
(Fig. 7g, P¼ 0.04) and MY33-3 alone (Fig. 7g, P¼ 0.001) signifi-
cantly increased phosphorylated TrkAwhen compared with vehicle
treatment. However, treatment with the combination of MY33-3
and ethanol did not increase phosphorylated TrkA when
compared with vehicle treatment (Fig. 7g, P¼ 0.40). For phos-
phorylated ALK, we did not observe significant main effects of
ethanol (Fig. 7i; F(1,12)¼ 1.00, P¼ 0.33) or MY33-3 (Fig. 7i;
F(1,12)¼ 3.11, P¼ 0.10) but there was a significant MY33-3 �
ethanol interaction (Fig. 7i; F(1,12)¼ 5.45, P¼ 0.04). Post-hoc
multiple comparisons tests indicated that ethanol alone (Fig. 7i,
P¼ 0.03) significantly increased phosphorylated ALK compared
with vehicle treatment and that the combination of MY33-3 and
ethanol did not significantly increase phosphorylated ALK levels



Fig. 6. Ethanol increases phosphorylation of anaplastic lymphoma kinase (ALK) and TrkA in SH-SY5Y cells. (a) Representative western blots showing phosphorylated ALK
(pALK, Tyr 1278) 140 and phosphorylated TrkA (p-TrkA, Tyr 490) within 15min of 0e100mM ethanol treatment. Total ALK and TrkA western blots are shown below each
phosphorylated protein blot for comparison. Both proteins were detected at ~140 kDa. (b) Graph shows the ratio p-TrkA/TrkA of optical density measurements corresponding to the
p-TrkA and total TrkA protein levels respectively. (c) Graph shows the ratio TrkA/Actin of optical density measurements corresponding to the total TrkA and actin protein levels
respectively. (d) Graph shows the ratio p-ALK140/ALK140 of optical density measurements corresponding to the p-ALK140 and total ALK140 protein levels respectively. (e) Graph
shows the ratio ALK140/Actin of optical density measurements corresponding to the total ALK140 and actin protein levels respectively. (f) Representative western blots showing
phosphorylated ALK (p-ALK) 140 and phosphorylated TrkA (p-TrkA) within 0e30min of 50mM ethanol treatment. Total ALK and TrkA western blots are shown below each
phosphorylated protein blot for comparison. Both proteins were detected at ~140 kDa. (g) Graph shows the ratio p-TrkA/TrkA of optical density measurements corresponding to the
p-TrkA and total TrkA protein levels respectively. (h) Graph shows the ratio TrkA/Actin of optical density measurements corresponding to the total TrkA and actin protein levels
respectively. (i) Graph shows the ratio p-ALK140/ALK140 of optical density measurements corresponding to the p-ALK140 and total ALK140 protein levels respectively. (j) Graph
shows the ratio ALK140/Actin of optical density measurements corresponding to the total ALK140 and actin protein levels respectively. Data are presented as the mean ± SEM.
*p < 0.05 vs. 0 mM ethanol. #p < 0.05 vs. 0 min.
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when compared with vehicle treatment (Fig. 7i, P¼ 0.19). None of
the treatments significantly changed total TrkA (Fig. 7h) or total
ALK protein levels (Fig. 7j).

4. Discussion

We previously showed that MK�/� and PTN�/�mice are more
sensitive to the rewarding effects of ethanol and that these effects
Fig. 7. RPTPb/z inhibitors (MY10 and MY33-3) block ethanol-induced activation of TrkA
ALK (p-ALK, Tyr 1278) 140 and phosphorylated TrkA (p-TrkA, Tyr 490) in cells incubated for 5
ALK and TrkA western blots are shown below each phosphorylated protein blot for compari
optical density measurements corresponding to the p-TrkA and total TrkA protein levels re
responding to the total TrkA and actin protein levels respectively. (d) Graph shows the ratio
total ALK140 protein levels respectively. (e) Graph shows the ratio ALK140/Actin of optic
respectively. (f) Representative western blots showing phosphorylated ALK (p-ALK) 140 and
(control) and then for 15minwith 50mM ethanol. Total ALK and TrkAwestern blots are show
at ~140 kDa. (g) Graph shows the ratio p-TrkA/TrkA of optical density measurements corres
ratio TrkA/Actin of optical density measurements corresponding to the total TrkA and actin p
measurements corresponding to the p-ALK140 and total ALK140 protein levels respectively.
to the total ALK140 and actin protein levels respectively. Data are presented as the mean ±
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are blocked in mice with transgenic PTN overexpression in the
brain (Vicente-Rodriguez et al., 2014a). Also, it has been recently
shown that MK�/� mice drink more alcohol in the DID and 2-
bottle choice ethanol consumption tests than WT mice (Chen
et al., 2017). Since PTN and MK are endogenous inhibitors of
RPTPb/z, and this phosphatase is preferentially expressed in the
CNS (Herradon and Perez-Garcia, 2014), we hypothesized that
small-molecule inhibitors of RPTPb/z would mimic MK and PTN
and ALK in SH-SY5Y cells. (a) Representative western blots showing phosphorylated
min with 1 mMMY10 or DMSO (control) and then for 15minwith 50mM ethanol. Total
son. Both proteins were detected at ~140 kDa. (b) Graph shows the ratio p-TrkA/TrkA of
spectively. (c) Graph shows the ratio TrkA/Actin of optical density measurements cor-
p-ALK140/ALK140 of optical density measurements corresponding to the p-ALK140 and
al density measurements corresponding to the total ALK140 and actin protein levels
phosphorylated TrkA (p-TrkA) in cells incubated for 5min with 1 mM MY33-3 or DMSO
n below each phosphorylated protein blot for comparison. Both proteins were detected
ponding to the p-TrkA and total TrkA protein levels respectively. (h) Graph shows the
rotein levels respectively. (i) Graph shows the ratio p-ALK140/ALK140 of optical density
(j) Graph shows the ratio ALK140/Actin of optical density measurements corresponding
SEM. *p < 0.05, **p < 0.01 vs. unstimulated cells (controls, lane 1).
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actions in the nervous system. Here, we tested the effects of RPTPb/
z inhibitors in a battery of behavioral tests in mice treated with
ethanol. We found that the RPTPb/z inhibitor, MY10, decreased
binge-like drinking in the DID test. MY10 appears to be more
effective in reducing ethanol consumption than the other RPTPb/z
inhibitor, MY33-3, when given at the same dose. It is possible that a
higher dose of MY33-3 might be more effective in reducing ethanol
consumption. It is interesting to note that both inhibitors were
equally potent in in vitro phosphatase assays, but MY33-3 was less
selective since it also inhibited PTP-1B with significant potency
(IC50 ~ 0.7 mM) (Pastor et al., 2018). Thus, we cannot rule out the
possibility that the inhibition of other phosphatases may trigger
signaling events that interfere with this compound's effects.

MY10-treated mice drank less ethanol and exhibited decreased
ethanol preference in the DID test, and BECs were correspondingly
reduced after the 4-h drinking session on the last day of the test.
The effect of MY10 on drinking appears to be specific to ethanol
because treatment with MY10 did not affect sucrose consumption.
These results suggest that MY10 does not cause general anhedonia.
We should point out that mice drank less in our DID test compared
to previous studies (Dutton et al., 2017). This may be related to
several factors. One is that we performed a 2-bottle choice with
water, so mice may have consumed less ethanol when given a
choice betweenwater and ethanol comparedwith access to a single
bottle of ethanol. The second may be due to the acute stress of the
gavage procedure, or the combination of stress and the availability
of water during the drinking test. Nonetheless, MY10 was still
effective in reducing ethanol consumption, suggesting that RPTPb/z
is potentially a viable therapeutic target to reduce excessive
drinking.

To test the possibility that the RPTPb/z inhibitor MY10 decreases
ethanol drinking through its ability to block the rewarding effects of
ethanol, we tested the effects of MY10 in ethanol place condition-
ing. The data presented here demonstrate that MY10 reduces
ethanol-induced CPP. Importantly, it has been shown that ethanol-
induced place preference is blocked in mice with transgenic over-
expression in the brain of PTN, an endogenous inhibitor of RPTPb/z
(Vicente-Rodriguez et al., 2014a). Treatment of mice with MY10 in
the absence of ethanol did not affect place conditioning, indicating
that MY10 alone does not affect reward or aversion. This is
consistent with our sucrose consumption data, indicating that
MY10 may not have a general psychotropic effect, but instead may
specifically affect ethanol-related behaviors. Taken together, these
data provide evidence that RPTPb/z inhibition limits alcohol
Fig. 8. Schematic showing RPTPb/z and ALK interaction and possible involvement
in ethanol consumption and reward. (a) Under normal conditions, RPTPb/z de-
phosphorylates ALK and maintains ALK in an inactive state. (b) Inhibition of RPTPb/z by
inhibitors such as MY10 leads to constitutive ALK phosphorylation and activation. (c)
Activated ALK would undergo endocytosis to desensitize the receptor and render it
unavailable for ethanol-induced activation. (d) ALK inhibitors also block ethanol-
induced activation of ALK. Inactivation of ALK reduces ethanol consumption and
reward.
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reward. However, these results must be interpreted with caution
because performance in the CPP test is dependent on learning of
the ethanol-context association. MY10 may have merely blocked
this learning process instead of the rewarding properties of ethanol.
Future studies are needed to determine the effect of MY10 on
learning and memory to distinguish between its effect on ethanol
reward vs. learning.

The exact mechanisms by which inhibiting RPTPb/z decreases
ethanol consumption and reward are not known and need to be
delineated with additional experiments. This receptor is widely
expressed in the nervous system (Levy et al., 1993) including rele-
vant areas for ethanol reward such as prefrontal cortex, the
nigrostriatal pathway and the ventral tegmental area (Ohyama
et al., 1998; Hayashi et al., 2005; Ferrario et al., 2008). ALK, which
is a substrate for RPTPb/z, is also expressed in those regions
(Bilsland et al., 2008; Iwahara et al., 1997; Vernersson et al., 2006).
Notably, knockdown of ALK in the mouse ventral tegmental area
leads to decreased binge-like ethanol consumption (Dutton et al.,
2017), and treatment of mice with ALK inhibitors reduces drink-
ing and ethanol CPP (Dutton et al., 2017). It is possible that the
effects of RPTPb/z on ethanol consumption and reward are through
its ability to regulate ALK phosphorylation and activity in the
ventral tegmental area.

Here, we found that inhibition of RPTPb/z by MY10 and MY33-3
in neuroblastoma cells increases the phosphorylation of Tyr 1278 in
ALK140. We also demonstrated that ethanol treatment increases
the phosphorylation of ALK140, in accordance with previously
published findings (He et al., 2015). Phosphorylation of Tyr 1278 is
an important initial event in the activation of ALK (Guan et al., 2017;
Hallberg and Palmer, 2016). Surprisingly, we found that pre-
treatment of cells with RPTPb/z inhibitors (particularly MY10)
prior to ethanol reduced ethanol-induced phosphorylation of Tyr
1278 in ALK140. It was initially puzzling as to why both ethanol and
RPTPb/z inhibitors activate ALK when given separately, yet the
combination of the two treatments blocks ALK activation. This
might be explained by ALK trafficking. ALK activation causes
endocytosis of the receptor and effectively desensitizes it (Mazot
et al., 2012). We hypothesize that pre-treatment of neuroblas-
toma cells with RPTPb/z inhibitors leads to increased autophos-
phorylation, activation, and endocytosis of ALK, effectively
desensitizing ALK prior to ethanol treatment. ALK is then unavai-
lable for ethanol-induced activation through its putative ligand MK
(He et al., 2015). A schematic of this is demonstrated in Fig. 8.
Because ALK inhibition reduces ethanol consumption, it is tempting
to speculate that RPTPb/z inhibitors decrease drinking and reward
by promoting ALK endocytosis and interfering with ethanol-
induced activation of ALK.

In addition to affecting ethanol drinking and CPP, treatment
with MY10 delayed recovery from ethanol-induced ataxia, sug-
gesting that the effects of the inhibitor may potentiate the motor
effects of ethanol early after acute administration of the drug. It has
to be noted that RPTPb/z is expressed in the cortex and cerebellum
(Levy et al., 1993; Tanaka et al., 2003), critical areas for ethanol-
induced ataxia (Van Skike et al., 2010). Interestingly, increased ac-
tivity of PKCg has been suggested to be responsible for enhanced
sensitivity to the motor-impairing effects of ethanol (Van Skike
et al., 2010). Inhibition of RPTPb/z by PTN is known to activate
different PKC isoforms (Pariser et al., 2005; Herradon and Ezquerra,
2009), suggesting the possibility that inhibition of RPTPb/z by
MY10 may potentiate ethanol-induced ataxia in the short term
through its ability to modulate the activity of PKCg.

Here, we also demonstrate that ethanol induces a rapid phos-
phorylation of Tyr 490 in TrkA in cultured neuroblastoma cells.
Phosphorylation of this residue is involved in the activation of the
Ras/mitogen-activated protein kinase (MAPK or ERK) and the
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phosphatidylinositol 3-kinase (PI3K)/AKT pathways triggered by
TrkA (Obermeier et al., 1994). Previously, it was shown that
neonatal ethanol exposure downregulates the expression of TrkA in
different regions of the rat brain (Moore et al., 2004). In contrast,
short-term exposure to ethanol resulted in elevated levels of nerve
growth factor (NGF) and TrkA mRNA and protein expression in the
mouse cerebellum (Wang et al., 2010). However, to the best of our
knowledge, the functional consequences of the effects of ethanol on
TrkA have not been studied. Herewe provide the first evidence that
ethanol activates TrkA. The mechanisms by which ethanol engages
TrkA signaling are currently unknown and remain an important
area for investigation. Note that PTN is upregulated in the mouse
PFC after ethanol administration (Vicente-Rodriguez et al., 2014a)
and that MK expression is increased in the PFC of alcoholics
(Flatscher-Bader and Wilce, 2008) and in neuroblastoma cells
incubated with ethanol (He et al., 2015). Both PTN and MK bind to
RPTPb/z (Maeda et al., 1999; Meng et al., 2000). RPTPb/z negatively
regulates TrkA and ALK signaling pathways by dephosphorylating
them (Perez-Pinera et al., 2007; Shintani and Noda, 2008). PTN/MK
inactivates RPTPb/z phosphatase activity, thereby activating TrkA
and ALK signaling. Thus, it is possible that the ability of ethanol to
activate ALK and TrkA is indirect, through MK/PTN binding to and
inactivating RPTPb/z.

We also found that MY10 potentiates the sedative effects of
ethanol, which may be related to either TrkA or ALK activity. ALK
knockout mice exhibit increased ethanol-induced sedation
compared with wild-type mice (Lasek et al., 2011a), so it is possible
that the effect of MY10 on LORR occurs through ALK signaling. TrkA
is widely expressed in the CNS including areas such as cortex,
thalamus and striatum (Holtzman et al., 1995). In the midbrain, it is
known to be expressed in subpopulations of neurons of the inter-
peduncular nucleus (IPN) (Holtzman et al., 1995) which is part of
the limbic system outflow into the brainstem. Interestingly, IPN
plays an important role in sleep (Haun et al., 1992), potentially
implicating the modulation of the TrkA activity by inhibition of
RPTPb/z in the potentiation of ethanol sedative effects caused by
MY10. Clearly, additional mechanistic studies are needed to
determine how and where in the brain RPTPb/z functions to
regulate diverse behavioral responses to ethanol.

5. Conclusion

The data support the concept that RPTPb/zmay be a novel target
of pharmacotherapy for excessive alcohol consumption. Because of
its overall effects in the behavioral assays and its ability to interfere
with ethanol signaling pathways, we suggest that MY10 is a po-
tential new compound that may be useful for the treatment of
alcohol use disorder.
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Resumen 
La pleiotrofina (PTN) y la midkina (MK) son factores neurotróficos que se sobreexpresan 

en la corteza prefrontal tras la administración de alcohol y se ha observado que reducen la 

ingesta de alcohol y sus efectos reforzadores. La PTN y la MK son inhibidores endógenos del 

receptor proteína tirosina de fosfatasas (RPTP) β/ζ. Cabe destacar que, la inhibición 

farmacológica de RPTPβ/ζ reduce el consumo de alcohol y bloquea el condicionamiento 

preferencial al sitio (CPP) inducido por el alcohol en ratones normales (Wt). Debido a que los 
ratones knock-out de PTN (Ptn-/-) son más vulnerables a los efectos reforzadores del alcohol, se 

ha querido evaluar los efectos de MY10, un compuesto inhibidor de RPTPβ/ζ, sobre el CPP 

inducido por alcohol en ratones Ptn-/-. Los datos que aquí se presentan demuestran por primera 

vez que a una dosis de MY10 capaz de bloquear el consumo y los efectos reforzadores del 

alcohol en ratones Wt, también bloquea este efecto en individuos más vulnerables que carecen 

de PTN, los ratones Ptn-/-. Asimismo, como se ha demostrado que MY10 puede atravesar la 

barrera hematoencefálica, se probaron sus efectos en una serie de ensayos comportamentales 
en ratones Wt y Ptn-/-. Los datos obtenidos indican que MY10 no produce efectos 

comportamentales llamativos en animales Wt. Sin embargo, MY10 tiende a producir un efecto 

ansiolítico en ratones Ptn-/- en el paradigma del laberinto elevado en cruz. En general, los datos 

indican que MY10 rescata a los ratones Ptn-/- de su mayor susceptibilidad a los efectos 

reforzadores del alcohol y que puede inducir cierto efecto ansiolítico en individuos con niveles 

funcionales de PTN reducidos o nulos. Se requieren estudios adicionales para confirmar el 

potencial de la inhibición de RPTPβ/ζ como nueva estrategia terapéutica en el tratamiento de los 

desórdenes relacionados con la ansiedad. 
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A B S T R A C T

Pleiotrophin (PTN) and Midkine (MK) are neurotrophic factors that are upregulated in the prefrontal cortex after
alcohol administration and have been shown to reduce ethanol drinking and reward. PTN and MK are en-
dogenous inhibitors of Receptor Protein Tyrosine Phosphatase (RPTP) β/ζ. Interestingly, pharmacological in-
hibition of RPTPβ/ζ reduces ethanol consumption and blocks ethanol-induced conditioned place preference
(CPP) in wild type mice. Since PTN-knockout (Ptn−/−) mice are more sensitive to the conditioning effects of
alcohol, we aimed to test the effects of MY10, a small-molecule inhibitor of RPTPβ/ζ, on ethanol-induced CPP in
Ptn−/− mice. The data presented here demonstrate for the first time that a regular dose of MY10, known to block
ethanol consumption and reward in wild type mice, also blocks the rewarding effects of ethanol in the more
vulnerable individuals lacking PTN, the endogenous inhibitor of RPTPβ/ζ. In addition, since MY10 readily
penetrates the blood brain barrier (BBB), we tested its effects in a series of behavioural tests in Ptn+/+ and Ptn−/

− mice. The data indicate that MY10 does not cause gross behavioural effects in wild type mice. However, MY10
tended to induce anxiolytic effects in Ptn−/− mice in the elevated plus maze paradigm. Overall, the data indicate
that MY10 rescues Ptn−/− mice from their increased susceptibility to the conditioning effects of ethanol and
may induce anxiolytic effects in individuals with reduced or absent PTN functions. Further studies are needed to
confirm the potential of pharmacological inhibition of RPTPβ/ζ as a new therapeutic strategy in the treatment of
anxiety-related disorders.

1. Introduction

Alcohol addiction is a serious condition with unyielding health and
social consequences. According to the Global Status Report on Alcohol
and Health from the World Health Organization (WHO), harmful use of
alcohol in 2016 caused more than 5% of the global disease burden and
more than 3 million deaths [1].

There are different strategies for the treatment of alcoholism that
usually combine cognitive behavioural therapy and pharmacotherapy.
However, there is an urgent need to develop more efficient therapies for
the treatment of alcohol use disorder (AUD). A number of genome-wide
associated studies (GWAS) have been carried out in an effort to unveil

the strong genetic component of alcohol dependence, which have ren-
dered common genetic factors playing roles in other psychiatric dis-
orders including other substance use disorders [2,3]. The identification
of novel genetic factors underlying alcohol dependence is expected to
hand over new pharmacological targets and/or biomarkers useful in the
treatment of AUD.

Pleiotrophin (PTN) and Midkine (MK) are two of those genetic
factors with potential roles in AUD. Midkine expression is found highly
up-regulated in the prefrontal cortex (PFC) of human alcoholics and in
mice selectively bred for high alcohol consumption [4,5]. PTN ex-
pression is up-regulated in the mouse PFC after a single administration
of a rewarding dose of ethanol (2.0 g/kg) [6]. Interestingly, both
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cytokines are also up-regulated in different brain areas after the ad-
ministration of different drugs of abuse including psychostimulants,
opioids and cannabis [7]. Both PTN and MK are important in the central
nervous system (CNS), in which they play a role in repairing the da-
maged brain tissue in different pathological contexts [7]. Accordingly,
these cytokines cause protective effects against amphetamine-induced
neurotoxicity [8,9]. However, the up-regulation of PTN and MK after
treatment with different drugs of abuse also suggests the possibility that
these cytokines can modulate the behavioural responses induced by
these drugs. Accordingly, MK has been shown to modulate the re-
warding effects of cocaine [10] and PTN plays a role in the modulation
of the behavioural effects of amphetamine [8] and opioids [11]. In the
case of alcohol, both cytokines have been shown to regulate the be-
havioural responses induced by this drug [6,12,13]. Importantly, PTN-
knockout (Ptn−/−) and MK-knockout mice (Mk−/−) are more sensitive
to the conditioning effects of alcohol [6,13], whereas Ptn transgenic
over expression in the mouse brain blocks the rewarding effects of al-
cohol [6]. The data suggest that pharmacological potentiating of PTN/
MK signaling pathways could be a new therapeutic strategy for the
treatment of AUD [14].

PTN and MK are endogenous inhibitors of Receptor Protein Tyrosine
Phosphatase (RPTP) β/ζ (a.k.a. PTPRZ, RPTPβ, PTP ζ) [15]. They have
been shown to enforce the dimerization of RPTPβ/ζ, thus denying the
access of substrates to the catalytic site of this receptor [15]. This leads to
an increase in tyrosine phosphorylation of RPTPβ/ζ substrates, among
which Fyn kinase [16] and Anaplastic Lymphoma Kinase (ALK) [17] have
formerly been shown to be involved in the modulation of alcohol signaling
pathways and alcohol-induced behavioural responses [18–20].

Previously, we hypothesized that pharmacological inhibition of
RPTPβ/ζ could replicate the limiting actions of PTN and MK in alcohol
consumption and reward [6,12,13]. To test this hypothesis, new blood-
brain barrier (BBB) permeable molecules designed to mimic the activity of
PTN/MK in the CNS were synthesized and evaluated [21]. These com-
pounds exert their actions by interacting with the intracellular domain of
RPTPβ/ζ and inhibiting its tyrosine phosphatase activity. Recently, MY10,
the most potent compound, was shown to reduce significantly alcohol
consumption and reward in wild type mice by regulating alcohol-induced
signaling pathways including ALK activation [22].

Additional studies are needed to confirm that MY10 is a promising
compound for the treatment of AUD and structure-based approaches
are underway to design new analogues with improved potency, se-
lectivity and/or pharmacokinetic properties. It becomes necessary to
test whether an exogenous inhibitor of RPTPβ/ζ could "rescue" Ptn−/−

mice from the enhanced conditioning effects induced by ethanol in this
genetic model [6]. To fill this gap, we aimed to test the effects of MY10
on alcohol conditioning effects in Ptn−/− mice. Another question that
remains to be elucidated is whether the treatment with MY10 induces
by itself any behavioural effects, since its efficient penetration in the
brain has been proven [21]. For this purpose, we also aim to test
whether MY10 could induce other behavioural effects that may be re-
levant for its potential indications in CNS pathologies.

2. Materials and methods

2.1. Pleiotrophin genetically deficient (Ptn−/−) mice

The animals used in this study were male Ptn−/−, and wild type
(Ptn+/+) mice of 9–10 weeks age (20–25 g). Ptn−/− male mice on a
C57BL/6J background, generated by methods previously described
[23,24], were kindly donated by Dr. Thomas F. Deuel (The Scripps Re-
search Institute, La Jolla, CA). Animals were housed under controlled
environmental conditions (22 ± 1 °C and a 12-h light/12-h dark cycle)
with free access to food and water. All the animals used in this study were
maintained in accordance with the ARRIVE guidelines and the European
Union Laboratory Animal Care Rules (86/609/ECC directive) and the
protocols were approved by the Animal Research Committee of USP-CEU.

2.2. RPTPβ/ζ inhibitor: MY10

MY10 was synthesized as previously described [21]. MY10 was
administered at a dose of 60mg/kg in a vehicle constituted by 10%
dehydrated ethanol, 20% polysorbate 80, 70% PEG-300. Ethanol in the
vehicle results in a dose of less than 0.3 g/kg. Pharmacokinetic studies
in mice have shown good BBB penetration 1 h after oral administration
[21]. Mice were administered with MY10 or vehicle by oral gavage in a
volume of approximately 0.1 ml.

2.3. Ethanol conditioned place preference (CPP)

2.3.1. Apparatus
The apparatus used consisted of two Plexiglas square compartments

of the same size (20 cm long×14 cm high×27 cm wide). One com-
partment had black Plexiglas floor and walls and the other had black
Plexiglas floor and white walls.

2.3.2. Procedure and induction of the CPP
For these experiments, we used naive Ptn−/− mice. The biased

procedure selected for this study was similar to that used in previous
ethanol-induced CPP procedures in Ptn−/− mice [6].

To test the effects of MY10 in ethanol-induced CPP in Ptn−/− mice,
we used a 5-day protocol divided in three phases. These phases in-
cluded preconditioning (Pre-C, day 1), conditioning (days 2–4) and
testing (CPP, day 5). During preconditioning, mice were free to explore
the two compartments for a 15-min period and the time spent in each
compartment was registered using a videotracking system (San Diego
instruments, San Diego, California, USA). The conditioning phase con-
sisted of two conditioning sessions per day. In one session, the mice
received a single injection of saline i.p. (10ml/kg) and were confined to
the initially preferred compartment for 5min. In the other session, mice
were injected (i.p.) with 2.0 g/kg ethanol (20% v/v in isotonic saline)
and confined to the other compartment for 5min [6]. Mice were ad-
ministered the RPTPβ/ζ inhibitor MY10 (60mg/kg) or vehicle by oral
gavage 1 h before each of the saline and ethanol conditioning sessions
(n= 8–12/group) [22]. In the testing phase on day 5, mice received a
drug-free, 15-min preference test in which the animals freely moved
throughout the apparatus. The time spent in each compartment was
registered.

For the control CPP experiment in which we conditioned with MY10
in the absence of ethanol, compound or vehicle were administered on
days 2, 3 and 4, 1 h before injecting mice i.p. with saline (10ml/kg) and
confining them to one side of the apparatus for 5min (n= 6/group). In
the testing phase on day 5, mice received a compound-free, 15-min
preference test and the amount of time the mice spent in the MY10-
paired compartment was measured.

2.4. MY10 behavioural effects

To identify possible behavioural responses induced by MY10 in wild
type mice and in Ptn genetically deficient mice, a series of behavioural
assays was performed in animals from both genotypes after a single
administration of MY10 according to the schematic timeline re-
presented in Fig. 1. The set of Ptn−/− mice used in these experiments
was different from the one used in ethanol-induced CPP experiments. In
all cases, mice were administered MY10 (60mg/kg) or vehicle, by oral
gavage, 1 h before each assay. Based on successful protocols developed
before [25,26], appropriate “washing” periods of time between dif-
ferent behavioural tests (Irwin test, Y-maze, open field, elevated plus
maze and forced swimming) were allowed to avoid any influence of
every behavioural test in subsequent tests (Fig. 1).

2.4.1. Irwin test
A primary behavioural observation was performed following the

protocol by Irwin [27]. Mice (n= 8–9/group) were placed in a
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transparent plastic cylinder (20 cm diameter× 30 cm high) and beha-
vioural alterations were checked according to a standardized observa-
tion grid adapted from Irwin [28]. The grid contained the following
items: loss of balance, ptosis, loss of traction, abnormal gait, piloerec-
tion, low reactivity to touch, altered respiration, aggression, loss of
righting reflex, loss of corneal reflex, salivation, lacrimation and
number of upright standings. Each animal was observed for 15min.
Several symptoms were evaluated by their presence or absence (loss of
balance, ptosis or loss of traction); other symptoms were rated on a 2-

point scale (abnormal gait, piloerection, low reactivity to touch). The
final score was expressed by the sum of all symptoms observed in each
animal. Upright-standings were also counted for each animal.

2.4.2. Y-maze test
A two-trial memory task, based on a free-choice exploration para-

digm in a Y-maze was used as previously described [29] to test re-
cognition processes in response to novelty and working memory in
MY10 or vehicle-pretreated mice of both genotypes (n=7–8/group).
Memory was measured with a 60-min inter-trial interval (ITI) between
acquisition and retrieval. During the first trial (acquisition phase), the
animal was placed in the center of the maze and allowed to visit for
5min the two arms (‘start’ and ‘other’) of a Y-maze constructed of black
plastic with three arms each, 34 cm long, 8 cm wide and 14.5 cm high,
the third being blocked with a door. During the second trial (retrieval,
5 min), the door was opened, and the animal had free access to all three
arms (‘start’, ‘other’ and ‘new’ arms). Discrimination of novelty versus
familiarity could then be studied by comparing exploration of the three
arms. Preference for the ‘new’ arm was calculated as a discrimination
ratio [new/ (new+other)] for number of arm entries. Scores greater
than 0.5 were considered to show preference for the ‘novel’ arm and
indicated the establishment of spatial memory.

2.4.3. Open field test (OFT)
To test general effects of MY10 on locomotion, we performed an

open field assay using a maze that consisted in a 49 cm length×49 cm
width× 42 cm height box with a floor divided into a grid of 16 squares.
Animals (n=8/group) were individually placed inside the open field
maze and monitored for 10min. The number of line crossings was re-
gistered for each animal.

2.4.4. Elevated plus maze (EPM)
The apparatus used is made of a black Plexiglas with four arms

(16 cm long× 5 cm wide) set in cross from a neutral central square
(5 cm×5 cm). Two opposite arms are delimited by vertical walls
(closed arms), while the two other opposite arms have unprotected
edges (open arms). The maze is elevated 60 cm above the ground and
placed in indirect light (100 lx). At the beginning of the 5-min ob-
servation session, each mouse (n=7–8/group) was placed in the cen-
tral neutral zone, facing one of the open arms. The total numbers of
visits and the time spent in the closed and open arms were recorded.

2.4.5. Forced swimming test (FST)
Mice (n= 7–8/group) were gently placed in a beaker (18 cm in

diameter) filled to a depth of approximately 10 cm with water at room
temperature. Each mouse was tested for 6min; the first 2min serving as
habituation period. The time they spent immobile was recorded during
the last 4min of the observation period.

2.5. Statistical analysis

All data are expressed as the mean ± SEM and analyzed using
Prism software (GraphPad, La Jolla, CA, USA). P values lower than 0.05
were considered a statistically significant difference. CPP data were

Fig. 2. Ethanol (2.0 g/kg)-induced place preference in Ptn−/− mice. (a)
Time (seconds) spent on the ethanol-paired side before conditioning (Pre-C)
and after conditioning (CPP) in Ptn−/− mice treated with vehicle or MY10
(n=8–12/group). (b) Time (seconds) spent on the MY10-paired side before
conditioning (Pre-C) and after conditioning (CPP) in Ptn−/− mice conditioned
with MY10 (n=6) instead of ethanol. ** P < 0.01 vs. Pre-C.

Fig. 1. Schedule of MY10 treatment and
testing. Schedule of behavioural testing in
MY10 (60mg/kg)-treated Ptn+/+ and Ptn−/−

mice. OFT: Open field test. EPM: Elevated Plus
Maze. FST: Forced Swim Test.
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3.2. MY10 behavioural effects

To test the possibility that MY10 causes behavioural effects, we
administered this compound (60mg/kg, i.g.) one hour before assessing
behavior in Ptn+/+ mice undergoing a series of behavioural tests
(Fig. 1). In addition, to test the possibility that MY10 may cause dif-
ferent effects in absence of the endogenous inhibitor of RPTPβ/ζ, PTN,
we tested the effects of MY10 treatment in Ptn−/− mice.

3.2.1. Irwin test
To study preliminary MY10 effects on Ptn+/+ and Ptn−/− mice

behaviour, we used the Irwin test. MY10 did not cause gross beha-
vioural effects in mice independently of the genotype (Fig. 3a). One of
the 8 Ptn+/+ mice treated with MY10 experienced loss of balance. Low
reactivity to touch was rated on a 2-point scale. We observed low re-
activity in 50% of Ptn+/+ mice treated with vehicle (one animal scored
1 point and 3 scored 2 points), 62.5% Ptn+/+ mice treated with MY10
(4 animals scored 2 points and 1 scored 1 point), 100% of Ptn−/− mice
treated with vehicle (7 animals scored 2 points and 1 scored 1 point)
and 100% of Ptn−/− mice treated with MY10 (8 animals scored 2
points and 1 animal scored 1 point) (Fig. 3a). Observations point to a
general decreased reactivity to touch in Ptn−/− mice independently of
the treatment and decreased upright standings in this genotype com-
pared to Ptn+/+ mice, the latter tending to disappear after MY10 ad-
ministration (Fig. 3a).

3.2.2. Open field test (OFT)
Open field test was performed to evaluate locomotor activity after

treatment with MY10. 2-way ANOVA showed a significant effect of the
genotype (F(1, 28)= 12.32; P=0.001) and of the treatment (F(1,
28)= 5.184; P=0.030). Concerning the interaction genotype x

Fig. 3. Behavioural performance of Ptn+/+ and Ptn−/− mice in the Irwin test and the open-field test (OFT). (a) The table summarizes the major behavioural
effects observed in the Irwin test (n= 8–9/group). Low reactivity to touch was rated on a 2-point scale, the table shows the percentage of animals that experienced
this symptom. Number of upright standings are represented as mean of all the values obtained for each of the experimental groups. (b) Figure shows mean ± SEM of
number of crossings by Ptn+/+ and Ptn−/− mice pretreated with either vehicle or MY10 in the OFT (n=8/group). * P < 0.05, ** P < 0.01 vs vehicle-treated
Ptn+/+ mice.
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treatment, a trend was observed but did not reach significance (F
(1,28)= 3.662; P= 0.065). Post-hoc analysis revealed that treatment
with MY10 reduced the number of crossings in wild type mice but did
not affect Ptn−/− mice (Fig. 3b); however, it has to be noted that the
number of crossings by vehicle-treated Ptn−/− mice was lower than
that of vehicle-treated wild type mice.

3.2.3. Y-maze behaviour
MY10 did not cause readable effects on this spatial memory task.

Discrimination of novelty was performed efficiently by mice from both
genotypes and was not affected by the treatment (Fig. 4).

3.2.4. Elevated plus maze (EPM)
Two-way ANOVA did not reveal significant effects of the treatment,

genotype or the interaction between both variables on the number of
entries in closed and open arms (Fig. 5a, b). However, a trend is ob-
served when the interaction genotype× treatment is analyzed in the
case of time in open arms (F(1,26)= 3.748, P=0.063). Accordingly,
Fig. 5 clearly shows that treatment with MY10 did not cause significant
changes either in the entries (Fig. 5a, b) or in the time (Fig. 5c, b) spent
in open and closed arms by Ptn+/+ mice. In the case of Ptn−/− mice,
MY10 treatment showed a non-significant trend to increase the number
of entries and time spent in open arms (Fig. 5a, c).

3.2.5. Forced swimming test (FST)
MY10 did not cause significant effects in the time of immobility of

mice in the forced swimming test independently of the genotype (Fig. 5e).

4. Discussion

In a previous work we described the design and synthesis of MY10, a
BBB permeable inhibitor of RPTPβ/ζ [21]. MY10 interacts with the
intracellular domain PD1 of RPTPβ/ζ and inhibits its tyrosine phos-
phatase activity. Interestingly, systemic administration of MY10
(60mg/kg) reduces alcohol consumption and blocks the rewarding ef-
fects of alcohol in mice [22], replicating the effects previously obtained
with transgenic mice that overexpress PTN, the endogenous inhibitor of
RPTPβ/ζ [6]. On the other hand, we previously described that Ptn−/−

mice are more sensitive to the conditioning effects of ethanol [6]. In the
present work, we hypothesized that exogenous systemic administration
of the RPTPβ/ζ inhibitor MY10 could “rescue” Ptn−/− mice from its
phenotype, that is from its increased vulnerability to ethanol con-
ditioning effects. Accordingly, the data presented here show that MY10
blocks ethanol-induced CPP in Ptn−/− mice, in a similar manner as in
wild type mice, which are less sensitive to ethanol conditioning effects
[6,22]. It has to be noted that we have performed the same biased CPP

protocol previously used with Ptn−/− mice [6]. Numerous CPP pro-
tocol variations can be found in the literature, and both biased and
unbiased designs are accepted and extensively used depending on the
type of study and drug tested [30]. In general, a biased design is ap-
propriate when the drug evaluated exerts unquestionably strong con-
ditioning effects [30]. This is the case of the experiments presented here
in which animals conditioned with alcohol spent around 75% of the
time in the ethanol-paired compartment.

The cytokines PTN and MK are known to be upregulated in different
brain areas after alcohol administration to different species [4,6]. Al-
coholism is a disease characterized by a strong genetic component and
significant efforts, through GWAS, are being carried out to unveil the
genetics of this disease. Although several SNPs in the Ptn gene have
been shown to affect bone density [31], other SNPs and mutations have
not been linked to PTN expression or function. Overall, data from ro-
dent models and humans suggest that Ptn may be a genetic determinant
of AUD and mutations leading to decreased PTN functions can confer
increased individual vulnerability to AUD and/or increased probability
of relapse in alcoholics with this genotype. The results presented here
are relevant, since they demonstrate that MY10 does not only prevent
alcohol consumption and reward in normal wild type mice [22], but
also blocks the conditioning effects of ethanol in individuals lacking
endogenous PTN.

Taken together, evidence suggests that MY10 could be a promising
new therapeutic for AUD and/or the lead compound to design and
synthesize improved BBB-permeable RPTPβ/ζ inhibitors for this in-
dication. However, little was known about other potential behavioural
effects that could result from pharmacological inhibition of RPTPβ/ζ.
To fill this gap, we have now performed a behavioural characterization
of MY10 effects in wild type and Ptn−/− mice. Although RPTPβ/ζ
knockout mice exhibit impaired hippocampal-dependent learning
[32,33], the results indicate that inhibition of RPTPβ/ζ by MY10 does
not alter recognition processes in response to novelty and working
memory independently of the expression of PTN. On the other hand,
systemic administration of a single dose of MY10 reduced the loco-
motor activity in the open field test only in wild type mice. However, it
is important to note that Ptn−/− mice showed reduced basal number of
crossings in the open field test compared to wild type mice, probably
reflecting a reduced exploratory response of Ptn−/− mice to the novelty
effect of the environment. More interestingly, the results obtained in
the EPM test, although not significant, suggest potential anxiolytic ef-
fects of MY10 only in Ptn−/− mice, supporting the need to conduct
additional studies to test the possible indication of MY10 in anxiety
disorders in individuals with decreased PTN functionality. However,
MY10 does not seem to modulate depressive-like behavior in mice.
Based on the high prevalence of comorbidity of AUD and conditions

Fig. 4. Behavioural performance of Ptn+/+ and Ptn−/− mice in the Y-maze test. Figure shows mean ± SEM of discrimination ratio for Ptn+/+ and Ptn−/−

mice pretreated with either vehicle or MY10 (n= 7–8/group).
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such as depression and anxiety [34], it would be interesting to see if the
behavioural responses of MY10 described here are replicated in pre-
sence of ethanol given the potential use of MY10 in AUD.

Interestingly, genetic ablation of Ptn has been previously associated
with affective processes [35] and with ethanol reward [6]. The amygdala
is a brain area involved in the control of both processes. One of the pro-
teins that has been consistently shown to regulate behavioral responses to
ethanol in the amygdala is ALK [36]. ALK is a substrate of RPTPβ/ζ that is

modulated by the endogenous inhibitor of this phosphatase, PTN, and by
administration of the exogenous inhibitor, MY10 [22], raising the possi-
bility that the effects of MY10 on ethanol reward and emotional regulation
may involve the modulation of ALK in amygdala.

In summary, the data presented here demonstrate for the first time
that a regular dose of MY10, known to block ethanol consumption and
reward in wild type mice [22], also blocks the rewarding effects of
ethanol in the more vulnerable individuals lacking PTN, the

Fig. 5. Behavioural performance of Ptn+/+ and Ptn−/− mice in the Elevated Plus Maze (EPM) and in the forced swimming test (FST). (a) Figure shows
mean ± SEM of number of entries in the open arms of the EPM by Ptn+/+ and Ptn−/− mice (n= 7–8/group) pretreated with either vehicle or MY10. (b) Figure
shows mean ± SEM of number of entries in the closed arms of the EPM by Ptn+/+ and Ptn−/− mice pretreated with either vehicle or MY10. (c) Figure shows
mean ± SEM of time spent in the open arms of the EPM by Ptn+/+ and Ptn−/−mice pretreated with either vehicle or MY10. (d) Figure shows mean ± SEM of time
spent in the closed arms of the EPM by Ptn+/+ and Ptn−/− mice pretreated with either vehicle or MY10. (e) Figure shows mean ± SEM of time of immobility in the
FST by Ptn+/+ and Ptn−/− mice (n= 7–8/group) pretreated with either vehicle or MY10.
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endogenous inhibitor of RPTPβ/ζ. In addition, the data allow to spec-
ulate that MY10 may induce anxiolytic effects in individuals with re-
duced or absent PTN functions. However, further studies are needed to
confirm the potential of pharmacological inhibition of RPTPβ/ζ as a
new therapeutic strategy in the treatment of anxiety-related disorders.
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DISCUSIÓN 

1. Implicación de la PTN y la MK en la neuroinflamación. 

En respuesta a una agresión en el SNC, los astrocitos y la microglía sufren una serie de 

cambios morfológicos y funcionales que alteran sus mecanismos de regulación de la 

homeostasis cerebral y contribuyen a la neuroinflamación. Uno de los modelos más ampliamente 

utilizados para estudiar neuroinflamación es el modelo de endotoxemia. Se conoce que la 

administración de LPS produce un incremento en la expresión de diversos genes en los astrocitos 

como Lcn2 (del inglés Lipocalin 2), citoquina mayoritariamente secretada por los astrocitos para 

promover la neuroinflamación en respuesta a la inflamación sistémica (Kang y col., 2018; Suk, 
2016; Zamanian y col., 2012), y una elevada expresión del marcador GFAP y de citoquinas 

proinflamatorias como IL-1α, TNF-α o C1q (Liddelow y col., 2017; O'Callaghan y col., 2014).   

Estudios previos de nuestro grupo han demostrado que la sobreexpresión de PTN 

provoca una astrocitosis estriatal muy marcada (~ 300%) en respuesta a la exposición a 

anfetamina (Vicente-Rodriguez y col., 2016b). Curiosamente, esta astrocitosis inducida por 

anfetamina también se encuentra incrementada en ratones Ptn-/- y Mk-/-, aunque de forma muy 

moderada (~ 20-30%) (Gramage y col., 2010a; Vicente-Rodriguez y col., 2016a). Este fenómeno 
en los animales carentes de PTN o de MK quizás pueda deberse a la activación de mecanismos 

compensatorios (Gramage y col., 2010a), ya que, por ejemplo, se ha demostrado que la MK 

regula la expresión de Ptn en diferentes órganos del ratón (Herradon y col., 2005). Estos 

resultados indican que la PTN y la MK regulan la respuesta astrocítica estriatal frente a la 

anfetamina y que altos niveles cerebrales de PTN potencian la respuesta neuroinflamatoria ante 

esta droga de abuso. En esta tesis, quisimos avanzar en el conocimiento de la regulación de la 

astrocitosis por PTN en un modelo diferente de neuroinflamación, inducida por endotoxemia 

(LPS). Para ello, se optó por el empleo del marcador GFAP para la detección de los astrocitos 
reactivos debido a su efectividad como marcador inmunohistoquímico astrocitario, ya que es el 

componente mayoritario de los filamentos del citoesqueleto de los astrocitos (Eng, 1985). 

Algunos autores remarcan las limitaciones del uso de GFAP como marcador astrocítico (Matias 

y col., 2019). Por ejemplo, existen ocho posibles isoformas de GFAP y el número de células 

GFAP positivas y su expresión basal puede fluctuar entre diferentes regiones cerebrales 

(Kimelberg, 2004; Rodriguez y col., 2014). Otras limitaciones del uso de GFAP se encuentran 

resumidas en la revisión de Matias y colaboradores (2019). A pesar de ello, el uso de GFAP 
como marcador continúa siendo uno de los más utilizados y fiables para la observación de la 

respuesta astrocítica en situaciones de daño del SNC (Zhang y col., 2017).  

Como cabía esperar, el análisis inmunohistoquímico de GFAP mostró que LPS induce la 

activación astrocítica tanto en la CPF como en el cuerpo estriado de animales Wt. Sin embargo, 

los datos recogidos demuestran que la sobreexpresión de PTN en la CPF bloquea la respuesta 

astrocítica inducida por LPS. Este resultado denota la importancia de la naturaleza del estímulo 

inflamatorio para la caracterización de la respuesta neuroinflamatoria. Al estudiar el cuerpo 
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estriado, se observó una tendencia similar, pero menos intensa. La respuesta astrocítica más 

moderada en el cuerpo estriado podría deberse a que, en los animales PTN-Tg, la 

sobreexpresión de PTN en esta área cerebral es sólo un 20% superior a los niveles basales, 

mientras que en la CPF es 3 veces superior a la expresión basal (Vicente-Rodriguez y col., 2015). 

Curiosamente, al igual que ocurre en el ratón PTN-Tg, la astrocitosis inducida por LPS en la CPF 

y el cuerpo estriado es inexistente en ratones Ptn-/- y Mk-/-. De nuevo, tenemos que hacer notar 

que al ser estos últimos ratones knock-out constitutivos, es posible que se hayan producido 
mecanismos adaptativos durante el desarrollo que puedan enmascarar o modificar los efectos 

de la ausencia de estas citoquinas en este modelo de endotoxemia. Sin embargo, el ratón PTN-

Tg, al aportar especificidad de tejido en el que se sobreexpresa PTN, puede modelizar mejor las 

situaciones patológicas que conllevan neuroinflamación. Por ejemplo, la PTN se encuentra 

sobreexpresada en el circuito nigroestriatal de pacientes con enfermedad de Parkinson 

(Marchionini y col., 2007). En conjunto, los datos demuestran que las citoquinas PTN y MK 

regulan la respuesta astrocitaria de forma diferente dependiendo del estímulo nocivo para el SNC 

y sugieren que la sobreexpresión de PTN característica de patologías centrales que cursan con 
neuroinflamación contribuye regulando la respuesta astrocitaria. 

Por otro lado, el análisis morfológico y cuantitativo de la microglía que hemos realizado, 

ha sido ampliamente utilizado con anterioridad para definir el estado de activación de la microglía 

y si los cambios morfológicos que presentan las células microgliales pueden relacionarse con el 

desarrollo de neurodegeneración (Davis y col., 2017; Streit y col., 2014; Zanier y col., 2015). 

Usando como marcador de la microglía Iba-1 (molécula adaptadora de unión al calcio 1, del 

inglés Ionized calcium binding adaptor molecule 1), observamos en ratones PTN-Tg que la 
sobreexpresión de PTN da lugar a una potenciación de las alteraciones morfológicas de la 

microglía en la CPF tras el tratamiento con LPS. Destaca un fenotipo microglial hipertrófico, 

caracterizado por un aumento del tamaño del soma, del área y del perímetro celular, 

terminaciones celulares retraídas y un incremento de la circularidad celular característicos de la 

activación de la microglía. La sobreexpresión de PTN en el cuerpo estriado también predispone 

a un fenotipo activado de la microglía, siendo este efecto más modesto que en la CPF 

(Fernandez-Calle y col., 2017), lo cual podría estar relacionado con la limitada sobreexpresión 

de PTN en esta área cerebral comparada con la CPF de ratones PTN-Tg (Vicente-Rodriguez y 
col., 2014a). En comparación, observamos que LPS induce menos cambios en los parámetros 

morfológicos de la microglía en ratones Ptn-/- y Mk-/- comparado con ratones Wt. Por ejemplo, el 

aumento en el área de células microgliales inducido por LPS tiende a ser mayor en los ratones 

knock-out mientras que la circularidad tiende a ser menor, en el caso de la CPF. Estas tendencias 

podrían apuntar a un moderado incremento de la activación microglial inducida por LPS en 

ratones Ptn-/- y Mk-/-; sin embargo, la magnitud de estas diferencias en comparación con los 

animales Wt y la ausencia de diferencias en la mayoría de los parámetros, sugieren que la 

ausencia de niveles endógenos de cada una de estas citoquinas no tiene efectos demasiado 
relevantes en la activación microglial inducida por LPS. A los posibles mecanismos 
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compensatorios en ratones Ptn-/- y Mk-/- ya mencionados, deberíamos añadir que los niveles 

endógenos de PTN y MK en el cerebro adulto sano son bajos (Gonzalez-Castillo y col., 2014; 

Herradon y col., 2014). Teniendo en cuenta que la expresión de PTN y MK en el SNC sólo 

incrementa de forma muy significativa en patologías centrales o situaciones de daño del SNC 

(Ezquerra y col., 2008; Ma y col., 2014; Marchionini y col., 2007; Martin y col., 2011), parecen 

más relevantes de nuevo los datos obtenidos en ratones PTN-Tg tratados con LPS. En conjunto, 

los resultados sugieren que PTN y MK son citoquinas que regulan la activación microglial y 
demuestran que la sobreexpresión de PTN en el cerebro potencia la activación de la microglía 

tras el tratamiento con LPS.  

Aunque se conoce que la activación de la microglía y la astrocitosis en respuesta al daño 

del SNC son procesos fundamentales en el desarrollo de la neuroinflamación, es importante la 

determinación de citoquinas en el cerebro para calibrar la importancia de esta. Por este motivo 

resultaba esencial estudiar si la sobreexpresión de PTN en el cerebro, además de potenciar las 

modificaciones morfológicas microgliales y afectar a la respuesta astrocítica inducidas por LPS, 

también influye sobre el contenido de citoquinas. Nuestros resultados demuestran que la 
sobreexpresión de PTN promueve una potenciación del incremento de los niveles de TNF-α, IL-

6 y MCP-1 (del inglés monocyte chemoattractan protein 1) en la CPF (Fernandez-Calle y col., 

2017) de ratones PTN-Tg tratados con LPS. Se ha postulado que la activación de los astrocitos 

a un fenotipo inflamatorio está mediada a través de la liberación de citoquinas proinflamatorias 

como TNF-α o IL-1β por parte de la microglía, y que la microglía activada por estimulación de 

TLR4 parece necesaria para inducir este tipo de fenotipo astrocitario (Liddelow y col., 2017). Por 

tanto, resulta interesante el hecho de que la sobreexpresión de PTN por un lado incrementa los 
niveles de TNF-α en la CPF, mientras que por otro reduce (o prácticamente anula) la reactividad 

astrocítica frente a la administración sistémica de LPS (Fernandez-Calle y col., 2017). Esta 

posible contradicción en los efectos de la sobreexpresión cerebral de PTN en este contexto, urge 

a profundizar en los efectos de esta citoquina en la comunicación entre astrocitos y microglía.  

Resulta importante señalar que no se observaron diferencias en la expresión de las 

citoquinas antiinflamatorias IL-4 e IL-10 en la CPF de animales Wt y PTN-Tg 16 horas tras el 

tratamiento con LPS. Este hecho, sin embargo, no debería llevarnos a descartar por completo la 

posibilidad de que la PTN pueda regular la producción de citoquinas antiinflamatorias por parte 
de la microglía. En estudios recientes sobre la función microglial en dolor crónico, por ejemplo, 

se ha observado que el pico de producción de IL-4 e IL-10 tiene lugar 24h tras la administración 

de LPS (Ha y col., 2019).  

Por otra parte, durante el proceso inflamatorio, además de fomentarse la producción de 

citoquinas proinflamatorias, también se incrementa la liberación de radicales libres, especies 

reactivas de oxígeno y derivados del nitrógeno, lo que se ha demostrado que contribuye al daño 

neuronal y la neurotoxicidad in vitro (Chitnis y col., 2017). Con el fin de determinar si la PTN 

regula también estos procesos, estudiamos en un modelo in vitro de microglía de ratón los 
efectos de la PTN sobre la producción de nitritos inducida por LPS mediante el método de Griess 
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(Giustarini y col., 2008). Los datos demuestran que la PTN potencia la liberación de nitritos por 

parte de la microglía activada con LPS (Fernandez-Calle y col., 2017). 

En conjunto, nuestros datos demuestran que la sobreexpresión de PTN en el cerebro 

potencia de forma muy significativa la activación microglial y la neuroinflamación producida por 

la administración aguda de LPS. Estos resultados concuerdan con estudios muy recientes en 

otros modelos de daño en el SNC, por ejemplo, de esclerosis múltiple, en los que la PTN 

incrementa la transformación de la microglía a un fenotipo activado, la liberación de citoquinas 
proinflamatorias y la inflamación (Miao y col., 2019).  

Para conocer el mecanismo a través del cual la PTN ejerce su efecto proinflamatorio, 

nos centramos en el principal receptor de PTN y MK, RPTPβ/ζ (Meng y col., 2000), sus sustratos 

y su posible relación con la vía p38-MAPK. Aunque como se indicó en el capítulo introductorio 

de esta memoria la PTN tiene otros receptores, en este trabajo nos hemos centrado en la vía de 

señalización a través de RPTPβ/ζ, ya que este receptor se encuentra expresado en el SNC, 

donde se sabe que media muchos de los efectos centrales de la PTN (Herradon y col., 2019). La 

vía p38-MAPK contribuye a la neuroinflamación mediada por células gliales, incluidos astrocitos 
y microglía, y puede activarse en respuesta a distintos tipos de estrés oxidativo, osmótico y 

citoquinas proinflamatorias (Kim y col., 2015). Del mismo modo, se ha observado que la quinasa 

Fyn, sustrato de RPTPβ/ζ (Pariser y col., 2005a), contribuye a la activación de esta vía de 

señalización (Panicker y col., 2015). Estudios previos señalan la participación de PTN en la vía 

de señalización de las MAPK, en la que está implicada también ERK1/2, y destaca su importancia 

como reguladores en la señalización proinflamatoria (Miao y col., 2012; Panicker y col., 2015). 

En base a todo lo anterior, y al hecho de que ya conocíamos que la PTN potencia la producción 
de nitritos inducida por LPS en células microgliales BV2 (Fernandez-Calle y col., 2017), 

decidimos estudiar la posible modulación de los niveles de fosforilación de las quinasas Fyn y 

ERK1/2 en células BV2 tratadas con LPS y/o PTN. Se conoce que la fosforilación en el residuo 

de tirosina (Tyr ó Y) 416, entre otros, conlleva la activación de Fyn (Kouadir y col., 2012; Larson 

y col., 2012; Um y col., 2012; Wake y col., 2011). Sin embargo, el tratamiento de las células BV2 

con LPS no produjo cambios apreciables en la fosforilación de Fyn (Fernandez-Calle y col., 

2018a), independientemente de la suplementación o no con PTN. Sin embargo, estos resultados 

sólo demuestran que la regulación de los efectos de LPS en células BV2 por parte de la PTN, no 
parece implicar la modulación de la activación de Fyn a través de la regulación de sus niveles de 

fosforilación en Tyr416. En este sentido, es importante señalar que hay otros residuos Tyr 

implicados en la activación de Fyn y que existen otras fosfatasas que controlan la actividad de 

las SFKs (del inglés Src family kinases), familia a la que pertenece Fyn; por ejemplo, se sabe 

que PTP-1B, SHP1 y 2 (del inglés Src homology 2 domain-containing tyrosine phosphatases), 

CD45 (cúmulo de diferenciación 45, del inglés cluster of differentiation 45), RPTP-α, RPTP-ε y 

RPTP-λ (Roskoski, 2005) regulan los niveles de fosforilación de Tyr527 en Fyn. Por otro lado, el 

aumento de la fosforilación de ERK1/2 inducido por LPS no se vio alterado por el tratamiento con 
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PTN, por lo que podemos deducir que ERK1/2 no parece estar implicado en el efecto de la PTN 

sobre la activación microglial inducida por LPS. 

También contemplamos la posibilidad de que tuviera lugar una comunicación efectiva 

entre la vía de TLR4, probablemente la vía de señalización involucrada en neuroinflamación más 

estudiada, y la vía de PTN/RPTPβ/ζ. Con el fin de estudiar la posible regulación de la cascada 

de señalización de TLR4 por parte de la PTN y su trascendencia en procesos inflamatorios, se 

llevó a cabo el tratamiento de ratones con TAK-242 antes de la administración sistémica de LPS 
(Fernandez-Calle y col., 2017). El inhibidor selectivo de TLR4, TAK-242, se une al dominio 

intracelular de TLR4 provocando interferencias de tipo proteína-proteína entre TLR4 y sus 

moléculas adaptadoras, tanto de la vía independiente como de la dependiente de MyD88 

(Matsunaga y col., 2011). Estudios in vitro e in vivo han corroborado que TAK-242 bloquea la 

activación de TLR4 en diferentes modelos (Matsunaga y col., 2011; Nduhirabandi y col., 2016), 

incluidos modelos animales de endotoxemia (Ii y col., 2006). A pesar de estos antecedentes, 

nuestros resultados muestran que el pretratamiento con TAK-242 en animales Wt y PTN-Tg 

tratados con LPS no tiene efectos apreciables sobre los parámetros morfológicos microgliales. 
Este resultado sugiere que una única dosis de TAK-242 de 3 mg/kg no es suficiente para modular 

las alteraciones morfológicas inducidas por LPS en la microglia, independientemente de los 

niveles endógenos de expresión de PTN. En este sentido, cabe señalar que existen estudios en 

modelos animales de esclerosis lateral amiotrófica (ELA) en los que un patrón distinto de 

administración de TAK-242 reduce la activación microglial (Fellner y col., 2017). Sin embargo, 

como cabía esperar, el tratamiento con TAK-242 causó una disminución significativa de la 

producción de citoquinas proinflamatorias inducida por LPS en la CPF y de forma independiente 
del genotipo. Teniendo en cuenta que la activación de la vía de TLR4 por LPS está muy bien 

documentada, estos resultados indican que TAK-242, a pesar de no ser capaz de prevenir la 

transformación morfológica microglial inducida por LPS, bloquea la producción de citoquinas 

proinflamatorias a través de su capacidad para inhibir la activación de TLR4 inducida por LPS. 

Más allá, nuestros resultados sugieren que la medida de activación microglial mediante 

parámetros morfológicos debe ser acompañada de la determinación de distintos mediadores 

proinflamatorios para estudiar en detalle los procesos neuroinflamatorios. 

Por otro lado, no hay que obviar el hecho de que el LPS puede participar en otras vías 
de señalización inflamatorias además de la de vía TLR4-NFκB. Se conoce, por ejemplo, que el 

LPS también puede llevar a cabo la activación no canónica de inflamasomas, que resulta 

independiente de TLR4, en la cual la Caspasa-11 (en humanos corresponde a las caspasas 4 y 

5 (Shi y col., 2014)) detecta el LPS intracelular y media directamente la muerte celular y la 

producción de IL-α (Kayagaki y col., 2013). El LPS también puede interaccionar con el receptor 

RAGE (del inglés receptor for advanced glycation endproducts) presente principalmente en 

neuronas dopaminérgicas y que constituye un receptor clave en el eje inflamatorio (Gasparotto 

y col., 2019). Sin embargo, teniendo en cuenta los datos presentados en esta tesis sobre la 
capacidad de PTN de modular los efectos neuroinflamatorios de LPS, nuestros resultados 
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sugieren que la PTN no potenciaría la neuroinflamación inducida por LPS principalmente a través 

de estas vías, sino que lo haría en gran medida a través de TLR4 ya que el antagonista de este 

receptor, TAK-242, bloquea la producción de distintas citoquinas proinflamatorias de forma 

independiente del genotipo. 

2. Modulación farmacológica de RPTPβ/ζ como estrategia terapéutica para regular el 
consumo de alcohol y los efectos conductuales de esta droga. 

Los resultados previamente discutidos destacan la implicación de la PTN y la MK en la 
respuesta neuroinmune que tiene lugar durante un proceso inflamatorio en el SNC. El 

alcoholismo es una enfermedad central que conlleva el consumo excesivo de alcohol y que 

provoca una fuerte activación de la respuesta neuroinmune y el desarrollo de neuroinflamación 

(Coleman y col., 2018a). En este sentido, se han observado marcadores astrocíticos y 

microgliales sobreexpresados en el cerebro postmortem de pacientes alcohólicos, junto con otros 

marcadores neuroinmunes, incluyendo TLR4 (He y col., 2008; Rubio-Araiz y col., 2017). También 

se conoce que la interacción del alcohol con TLR4 promueve que los astrocitos liberen vesículas 

extracelulares que contienen mediadores inflamatorios que amplifican la neuroinflamación 
(Ibanez y col., 2019). Es muy importante señalar que la exacerbación de la respuesta 

neuroinmune provocada por el alcohol es a su vez un mecanismo patogénico implicado en la 

adicción a esta sustancia y al aumento de su consumo (Coleman y col., 2018a; Guerri y col., 

2019). Por otro lado, se sabe que el alcohol provoca una elevación de los niveles de PTN y MK 

en la CPF de pacientes alcohólicos y en ratones (Flatscher-Bader y col., 2008; Vicente-Rodriguez 

y col., 2014a). Dado que ha quedado demostrado en los primeros artículos de esta tesis, junto a 

otros del grupo, que estas citoquinas regulan la respuesta glial y la neuroinflamación producida 
por distintos estímulos como el LPS o la administración de anfetamina, nos pareció razonable 

hipotetizar que la modulación farmacológica de la vía de PTN/MK podría regular los efectos 

comportamentales producidos por el alcohol. 

Nuestra hipótesis se ve además apoyada por evidencias previas de nuestro grupo y de 

otros que establecen una relación entre los niveles endógenos de PTN y MK y los efectos 

comportamentales del alcohol. La CPF es un área cerebral implicada en la pérdida del control 

sobre el consumo de alcohol y el aumento de posibilidades de recaída (Abernathy y col., 2010). 

Como ya hemos comentado, las proteínas PTN y MK son citoquinas que se sobreexpresan en 
la corteza cerebral de pacientes alcohólicos y en la CPF de ratones tras la administración de 

alcohol (Herradon y col., 2014), lo que sugiere la posibilidad de que estas proteínas regulen los 

efectos del alcohol. En esta línea, nuestro grupo demostró que los efectos reforzadores del 

alcohol aumentan significativamente en los ratones Mk-/- y Ptn-/-, mientras que la sobreexpresión 

transgénica de PTN en el cerebro de ratón bloquea los efectos reforzadores de esta droga 

(Vicente-Rodriguez y col., 2014a; Vicente-Rodriguez y col., 2014b). Además, el grupo de la Dra. 

Lasek en la Universidad de Illinois ha demostrado recientemente que los ratones Mk-/- consumen 

más alcohol utilizando el modelo de drinking in the dark (DID) (Chen y col., 2017). 
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Según lo descrito anteriormente, PTN y MK son ligandos inhibidores endógenos del 

receptor RPTPβ/ζ. Ambas proteínas, PTN y MK, inhiben la actividad fosfatasa de este receptor 

provocando un aumento en los niveles de fosforilación de sus sustratos, algunos de los cuales 

juegan un papel importante en el consumo de alcohol como ha demostrado el grupo de la Dra. 

Dorit Ron en el caso de la quinasa Fyn (Ron y col., 2018) y el grupo de la Dra. Amy Lasek en el 

caso de ALK (Dutton y col., 2017). Además, se conoce que algunos polimorfismos de un solo 

nucleótido (SNPs) en este receptor se encuentran asociados a una mayor susceptibilidad a 
patologías mentales como la esquizofrenia (Buxbaum y col., 2008). Es importante señalar que 

RPTPβ/ζ se encuentra principalmente expresado en el SNC en áreas importantes en el circuito 

de recompensa y el consumo de alcohol, como la CPF o la amígdala (Cressant y col., 2017). 

Todo ello nos llevó a pensar que compuestos inhibidores de RPTPβ/ζ ejercerían las mismas 

acciones que PTN y MK en el sistema nervioso, incluidos los efectos limitadores del consumo de 

alcohol en modelos animales. Para probar esta hipótesis, se diseñaron inhibidores con un perfil 

farmacocinético y farmacodinámico óptimo para actuar en cerebro tras su administración 

sistémica (Pastor y col., 2018). El 4-trifluorometilsulfonilbenzil 4-trifluorometilsulfonilfenil éter era 
el único inhibidor de RPTPβ/ζ descrito con cierto grado de selectividad por esta fosfatasa (Huang 

y col., 2003). Por ello, se seleccionó este compuesto para llevar a cabo su síntesis, y la de 

análogos estructurales diseñados utilizando técnicas computacionales. Esto nos llevó a 

identificar el compuesto MY10 como líder de los inhibidores de RPTPβ/ζ estudiados (IC50 ~ 

0.1μM). Además, estudios farmacocinéticos llevados a cabo en colaboración con el Dr. Antonio 

Pineda (Centro de Investigación Príncipe Felipe, Hospital Universitario y Politécnico La Fe, 

Valencia), en idénticas condiciones a las utilizadas en la presente tesis (1h tras la administración 
oral del compuesto (60 mg/kg)), demostraron que el compuesto MY10 cruza la BHE y presenta 

un ratio cerebro:plasma 3:1 (Pastor y col., 2018). El segundo compuesto en interés fue MY33-3, 

que presentó una potencia similar a MY10, aunque menor selectividad, ya que también era capaz 

de inhibir la actividad fosfatasa de PTP-1B (IC50 ~ 0.7μM) (Pastor y col., 2018).  

Nuestros resultados demuestran que el compuesto MY10 reduce de manera significativa 

el consumo de alcohol en ratones, mientras que el MY33-3 mostró la misma tendencia, pero de 

forma más modesta. Estos efectos de MY10 sobre el consumo de alcohol parecen ser 

específicos de esta droga puesto que el mismo experimento realizado con un reforzador natural, 
la sacarosa, no modificó el consumo o la preferencia de los animales por esta sustancia. No se 

puede obviar el hecho de que los ratones, en general, bebieron menos cantidad de alcohol en 

nuestro protocolo DID comparado con estudios previos (Blednov y col., 2017; Dutton y col., 2017) 

y de forma independiente del tratamiento. Esto puede achacarse a diferencias experimentales 

relevantes. Por ejemplo, en nuestro ensayo, los animales pueden escoger entre una botella con 

alcohol y otra con agua en lugar de tener acceso a una única botella con alcohol. También puede 

tener cierta influencia el pretratamiento con MY10 o vehículo mediante administración 

intragástrica, al suponer cierto estrés para los animales. 
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Para evaluar la posibilidad de que los efectos de MY10 sobre el consumo estén mediados 

por la modulación de los efectos reforzadores del alcohol, llevamos a cabo un protocolo de CPP 

con el compuesto MY10, puesto que fue el inhibidor de RPTPβ/ζ con resultados más 

prometedores en el test DID (Fernandez-Calle y col., 2018b). Los datos obtenidos demuestran 

que MY10 es capaz de bloquear el CPP generado por el alcohol, lo que sugiere que la inhibición 

de RPTPβ/ζ no sólo limita el consumo de alcohol, sino que también reduce los efectos 

reforzadores de esta droga. En este sentido, es interesante recordar que resultados previos de 
nuestro grupo demostraron que la sobreexpresión cerebral de PTN bloquea los efectos 

reforzadores del alcohol en ratones, por lo que los datos obtenidos en esta tesis confirman que 

la inhibición exógena del receptor que produce MY10 replica los efectos anteriores descritos en 

modelos transgénicos de animales con sobreexpresión del inhibidor endógeno PTN (Fernandez-

Calle y col., 2018b; Vicente-Rodriguez y col., 2014a). Es importante señalar que estos efectos 

de MY10 sobre el condicionamiento inducido por el alcohol no deberían estar enmascarados por 

efectos reforzadores o aversivos per se de MY10, ya que en estudios de condicionamiento 

llevados a cabo únicamente con MY10 demostraron la carencia de efectos de este compuesto 
en este tipo de ensayos. Sin embargo, sí que debemos tener en cuenta que el CPP depende del 

aprendizaje de la asociación del alcohol a un determinado contexto y que el compuesto MY10 

podría tener algún efecto sobre dicho proceso de aprendizaje, lo que podría contribuir en la 

modulación de los efectos reforzadores del alcohol. De hecho, se ha observado que los ratones 

knock-out de RPTPβ/ζ presentan deficiencias en el aprendizaje dependiente de hipocampo, ya 

que RPTPβ/ζ participa en la memoria modulando la actividad de la GTPasa Rho a través de la 

desfosforilación del residuo Tyr1105 de esta proteína (Niisato y col., 2005; Tamura y col., 2006). 
En este sentido, cabe destacar que como parte de esta tesis llevamos a cabo también una 

caracterización de los efectos comportamentales de MY10 en ratón (Fernandez-Calle y col., 

2019), y en el ensayo de memoria y aprendizaje realizado, el test del laberinto en Y, MY10 no 

mostró efectos significativos. Por último, quisimos ir un paso más allá teniendo en cuenta los 

resultados del MY10 sobre el consumo y los efectos reforzadores del alcohol, y comprobar si 

este compuesto es capaz de rescatar del condicionamiento preferencial al sitio inducido por 

alcohol a los ratones Ptn-/-, carentes del inhibidor endógeno de RPTPβ/ζ, que resultan más 

vulnerables a los efectos reforzadores del alcohol (Vicente-Rodriguez y col., 2014a). 
Efectivamente, nuestros resultados demuestran que el compuesto MY10 también es capaz de 

bloquear los efectos reforzadores del alcohol en ratones Ptn-/- de forma similar a como lo hizo en 

ratones Wt.  

La inhibición de RPTPβ/ζ con MY10 produjo una marcada potenciación del efecto 

sedante/hipnótico del alcohol en los ratones Wt durante el ensayo de LORR (del inglés loss of 

righting reflex). En el laberinto elevado en cruz, se apreció un potencial efecto ansiolítico de MY10 

únicamente en los animales Ptn-/- (Fernandez-Calle y col., 2019). Estos hechos podrían 

relacionarse con la modulación de la actividad de dos sustratos de RPTPβ/ζ, ALK y TrkA, por 
parte de MY10 ya que los animales Ptn-/-, al no tener PTN endógena, podrían ser más sensibles 
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a la inhibición de RPTPβ/ζ con MY10. En este sentido, es importante señalar que los ratones 

knock-out de ALK sufren una mayor sedación inducida por el alcohol (Lasek y col., 2011) y que 

TrkA, aparte de en el sistema límbico, se expresa en poblaciones neuronales del núcleo 

interpeduncular (Holtzman y col., 1995), lo que sugiere un posible papel de TrkA en la modulación 

de los efectos sedantes del alcohol por MY10. Además, ALK podría tener un papel en los efectos 

de MY10 sobre el consumo de alcohol y las propiedades reforzadoras de esta droga ya que se 

ha observado que ciertos polimorfismos en ALK están asociados con la dependencia del alcohol 
(Kapoor y col., 2013) y que ALK regula las respuestas comportamentales al alcohol tanto en la 

amígdala (Schweitzer y col., 2016) como en el ATV (Dutton y col., 2017). Por todas estas 

razones, nos pareció interesante acometer ciertos estudios in vitro para observar los efectos de 

MY10 sobre las cascadas de señalización del alcohol, centrándonos en TrkA y ALK. 

Se había demostrado previamente que el alcohol induce la fosforilación del residuo 

Tyr1278 de ALK (Guan y col., 2017; He y col., 2015). Por otra lado, se conoce que la exposición 

paternal al alcohol puede provocar la disrupción del eje NGF-TrkA en la descendencia (Ceccanti 

y col., 2016), lo cual apunta a TrkA, otro sustrato de RPTPβ/ζ, como potencial mediador de los 
efectos del alcohol. Usando el modelo de células de neuroblastoma (SH-SY5Y) tratadas con 

etanol, decidimos estudiar la posible modulación de la fosforilación de TrkA y ALK inducida por 

alcohol a través de la inhibición de RPTPβ/ζ con MY10 y MY33-3. Los resultados confirmaron 

que el alcohol aumenta la fosforilación de Tyr1278 en ALK y dejaron patente, por primera vez, 

que el etanol también induce la fosforilación de Tyr490 en TrkA (Fernandez-Calle y col., 2018b). 

Como cabía esperar, el tratamiento de las células SH-SY5Y únicamente con MY10 o MY33-3 

provoca un aumento de los niveles de fosforilación de ALK y de TrkA. Sin embargo, la pre-
incubación con los inhibidores MY10 y MY33-3 seguida de una exposición a alcohol bloquea la 

fosforilación de ALK y TrkA inducida por el alcohol (Fernandez-Calle y col., 2018b). Este efecto 

podría explicarse teniendo en cuenta que las células SH-SY5Y tienen una membrana celular muy 

enriquecida en ALK, y que esta proteína tiende a internalizarse para su degradación por el 

proteosoma o lisosoma cuando está excesivamente activada (Mazot y col., 2012). Por tanto, 

resulta posible que la activación de ALK a través del incremento de la fosforilación de su residuo 

Tyr1278 por MY10 o MY33-3, unida a un efecto similar inducido por el alcohol, provoque una 

excesiva activación de ALK y su consiguiente internalización. Aunque se deberían llevar a cabo 
más estudios para terminar de dilucidar el mecanismo completo de la implicación de RPTPβ/ζ en 

las respuestas comportamentales al alcohol, estos resultados nos llevan a hipotetizar que el 

tratamiento con MY10 puede causar una disminución del consumo de alcohol en animales por la 

capacidad de MY10 de provocar la disminución de los niveles de ALK mediante su 

internalización. Esta hipótesis se ve fundamentada por el hecho de que tanto la disminución de 

la expresión de ALK en el ATV como el tratamiento con inhibidores de ALK provocan un descenso 

significativo del consumo de alcohol en ratones (Dutton y col., 2017).  

Los resultados obtenidos con MY10 sobre los efectos comportamentales del alcohol 
sugieren que la inhibición farmacológica de RPTPβ/ζ en general, y el uso de este compuesto en 
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particular, puede ser una nueva estrategia terapéutica en los desórdenes por consumo excesivo 

de alcohol. Es importante destacar como limitación de nuestros estudios la falta de más ensayos 

de selectividad de este compuesto. Como hemos comentado, se ha demostrado que MY10 no 

tiene efecto inhibitorio sobre la actividad de otra fosfatasa, PTP-1B. Sin embargo, investigaciones 

recientes de nuestro grupo han mostrado una inhibición residual de RPTPγ por parte de MY10, 

por lo que no se puede desechar la posibilidad de que acciones de MY10 sobre otras fosfatasas, 

o incluso otras dianas, pueda contribuir a los efectos farmacológicos de este compuesto. En este 
sentido, es interesante señalar que no existen evidencias que apunten a un papel de otros 

receptores de membrana con actividad fosfatasa en la modulación del consumo de alcohol; sin 

embargo, recientemente, el grupo de Uhl y colaboradores han observado que la inhibición de 

otro subtipo de esta familia de fosfatasas, RPTPD, causa una disminución de los efectos 

reforzadores de la cocaína y disminuye su autoadministración en modelos animales (Uhl y col., 

2019). Por tanto, se necesitan estudios adicionales para descartar posibles efectos de MY10 

sobre otras fosfatasas, especialmente sobre RPTPD por su relevancia en el campo de las 

adicciones. 
Dado el potencial de MY10 discutido en este capítulo, como ya hemos ido apuntando 

cuando resultaba relevante, decidimos hacer una caracterización de otros posibles efectos 

conductuales de MY10 en ratones Wt y Ptn-/-. En general, MY10 presentó pocos efectos 

relevantes en los ratones Wt. Por ejemplo, los resultados obtenidos en el laberinto del campo 

abierto señalan que MY10 disminuye la distancia recorrida por los animales Wt, lo que podría 

influenciar las acciones de MY10 sobre los efectos conductuales del alcohol. Sin embargo, en el 

ensayo del Rotarod para observar el efecto del MY10 sobre la recuperación de la ataxia inducida 
por alcohol, no se observaron diferencias entre los animales tratados con MY10 y los tratados 

con su vehículo. Respecto a los efectos de MY10 en ratones Ptn-/-, aparte del ya discutido 

bloqueo de los efectos reforzadores del alcohol, tan sólo cabe destacar cierta tendencia a 

incrementar el número de visitas al brazo abierto en el laberinto elevado en cruz, así como el 

tiempo de estancia en dicho brazo. Estos datos sugieren que MY10 podría causar efectos 

ansiolíticos, aunque únicamente en situaciones de carencia de PTN endógena, ya que estos 

efectos no se observan en animales Wt. No obstante, estos resultados, a nuestro juicio, son 

demasiado preliminares y únicamente apoyan la necesidad de hacer más ensayos 
comportamentales para evaluar en profundidad un posible efecto ansiolítico de MY10. 

 

3. Modulación del eje de señalización de PTN//MK/RPTPβ/ζ como estrategia terapéutica. 
Perspectivas futuras. 

Los artículos y resultados derivados de esta tesis, así como otros trabajos del grupo, 

demuestran que se pueden reproducir los efectos de la PTN (y/o MK) con inhibidores selectivos 

del receptor RPTPβ/ζ obtenidos a través del programa de diseño racional de fármacos discutido 

en esta memoria (Pastor y col., 2018). Aún más importante, el compuesto líder inhibidor de 
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RPTPβ/ζ descubierto a través de dicho programa, MY10, disminuye significativamente el 

consumo de alcohol en ratones en un modelo de consumo por atracón y bloquea el 

condicionamiento preferencial al sitio inducido por el alcohol, probablemente a través de la 

capacidad de MY10 de activar ALK y, a través de este mecanismo, provocar la disminución de 

su expresión por internalización (Fernandez-Calle y col., 2019; Fernandez-Calle y col., 2018b). 

Estos resultados demuestran por primera vez el papel fundamental de RPTPβ/ζ en la modulación 

de los efectos comportamentales del alcohol. 
Por otra parte, se ha demostrado que el eje PTN/MK/RPTPβ/ζ regula la neuroinflamación 

desencadenada por distintos estímulos como la administración de anfetamina (Vicente-

Rodriguez y col., 2016b) o LPS (Fernandez-Calle y col., 2017). Tras haber demostrado ya que 

este eje regula el consumo de alcohol y sus efectos reforzadores, se podría plantear que esta 

vía de señalización también regula la respuesta neuroinmune desencadenada por el alcohol, la 

neuroinflamación y el daño neuronal, todos ellos efectos conocidos del alcohol. Resultaría 

interesante estudiar esta hipótesis ya que, de confirmarse, la inhibición farmacológica de 

RPTPβ/ζ podría ser una nueva estrategia terapéutica no sólo para su uso potencial en la 
reducción del consumo de alcohol, sino también para la modulación de la neuroinflamación y la 

reducción del daño neuronal observados tras el consumo crónico y excesivo de alcohol. 

En esta tesis, hemos hablado fundamentalmente de la potenciación farmacológica de la 

vía de PTN y MK a través del uso de inhibidores de RPTPβ/ζ. Las evidencias demuestran que 

esta estrategia es efectiva en la prevención del consumo excesivo de alcohol y la reducción de 

las propiedades reforzadoras de esta droga. Los datos provenientes de los modelos animales 

genéticos de carencia o sobreexpresión de MK y PTN sugieren que esta estrategia farmacológica 
también podría causar efectos neuroprotectores ante el daño producido por las drogas de abuso, 

por ejemplo. Sin embargo, en el campo de la neuroinflamación, nuestros datos demuestran que 

el eje PTN/MK/RPTPβ/ζ regula la neuroinflamación, pero el signo de esta modulación parece 

depender de la naturaleza del estímulo y, probablemente, de la duración de este ya que en esta 

memoria sólo hemos analizado el efecto neuroinflamatorio de la administración aguda de LPS. 

Además, aunque no sea el objeto de esta tesis, también se ha observado que la PTN y la MK 

modulan la inflamación mediante su capacidad para regular la respuesta inmune en el marco de 

las patologías con componente inflamatorio periférico como la artritis o las asociadas a 
resistencia a insulina, como la obesidad o el envejecimiento (Sevillano y col., 2019). Para hacer 

el contexto aún más complejo, estas patologías se asocian a estados de neuroinflamación 

crónica de baja intensidad, lo cual ha llevado a sugerir que este fenómeno puede estar detrás de 

la mayor prevalencia de patologías centrales, como las neurodegenerativas, en pacientes 

obesos, por ejemplo (Herradon y col., 2019). Tomando todas estas evidencias en conjunto, 

podríamos concluir que todavía no conocemos lo suficiente para afirmar cuando convendría 

potenciar la vía PTN/MK/RPTPβ/ζ, o inhibirla, para lograr la modulación adecuada de la 

inflamación periférica y la neuroinflamación en las diferentes patologías en las que se 
encuentran. Afortunadamente, existen distintas estrategias con potencial de trasladarse a la 
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clínica en el medio plazo con el objetivo de potenciar o inhibir estas vías de señalización en 

diferentes contextos patológicos (Herradon y col., 2019). En la figura 6 se resumen las distintas 

estrategias existentes actualmente para la inhibición o potenciación de la vía de señalización de 

PTN y MK. Debido a la implicación de la PTN y la MK en angiogénesis, proliferación de células 

tumorales y metástasis, se ha señalado estas citoquinas como dianas para la terapia de distintos 

tipos de cáncer (Takei y col., 2001; Zha y col., 2017). En este caso, la opción más estudiada es 

el silenciamiento de la PTN y la MK mediante siRNA (del inglés small interfering RNA) para el 
tratamiento de tumores y metástasis (Erdogan y col., 2019; Zha y col., 2017). En este campo 

también se han sugerido pequeñas moléculas inhibidoras de MK, como el llamado iMDK (Figura 

6A), que han mostrado eficacia significativa en modelos animales de distintos tipos de cáncer 

(Erdogan y col., 2017; Hao y col., 2013; Matsui y col., 2010). Por otro lado, debido a la implicación 

de la MK en procesos inflamatorios sistémicos, también se han diseñado aptámeros de ARN 

anti-Mk para el tratamiento de enfermedades autoinmunes como la encefalitis (Wang y col., 

2008). 

Figura 6. Estrategias de modulación de la vía de señalización de PTN/MK/RPTPβ/ζ. (A) Inhibidores 
directos de la PTN o de la MK. De acuerdo con las evidencias existentes, esto se traduciría en la 
disminución de la respuesta inmune e inflamación. (B) La inhibición de las acciones de la PTN o la MK 
mediante la inhibición directa de los sustratos de RPTPβ/ζ se traduciría en la disminución de la respuesta 
inmune e inflamación. (C) La potenciación de las acciones de la PTN y la MK mediante la inhibición 
directa de RPTPβ/ζ con MY10 podría dar lugar al aumento de la respuesta inmune e inflamación 
características de las acciones de PTN y MK. 
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Otra alternativa, con mayor potencial de traslación a la clínica actualmente, sería el 

bloqueo de estas vías de señalización a través de la inhibición directa de los sustratos de 

RPTPβ/ζ. En la Tabla 1 se resumen los inhibidores de diferentes sustratos de RPTPβ/ζ que 

podrían emplearse para minimizar las consecuencias de la interacción de la PTN o la MK con su 

receptor (Figura 6). En este sentido, cabe destacar que se han propuesto inhibidores de la 

quinasa ALK o de Fyn para tratar trastornos por abuso del alcohol y distintos tipos de cáncer, e 

inhibidores de TrkA para dolor crónico o sarcoma. 
Por último, la estrategia de potenciación de esta vía consiste en el uso de inhibidores de 

RPTPβ/ζ como MY10, objeto de esta tesis, y que se esquematiza en la figura 6C. Los datos 

preclínicos presentados en esta tesis sugieren el posible uso de esta estrategia para tratar 

enfermedades relacionadas con el consumo excesivo de alcohol y la dependencia de esta droga. 

Basados en las acciones conocidas de los inhibidores endógenos de RPTPβ/ζ, PTN y MK, 

podríamos sugerir que la administración de inhibidores exógenos como MY10 podría redundar 

en un aumento de la respuesta inmune y los procesos inflamatorios subsecuentes (Figura 6C), 

lo cual podría resultar beneficioso en la reparación de tejidos a corto plazo, pero podría provocar 
efectos deletéreos a largo plazo si contribuye a la cronificación de la inflamación. 
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Nombre Estructura 
Mecanismo de 
acción 

Indicación Evidencias  

Sacaratinib 

(AZD0530) 

 

Inhibidor de 

Fyn  

Trastornos por 

abuso de 
alcohol, 

enfermedad de 

Alzheimer,  
cáncer. 

Modelos animales 

(Morisot y col., 2018). 
Ensayos clínicos fase II 

(fracaso) (Hennequin y 

col., 2006). 
 

Si308 

 

Inhibidor de 

Fyn  
Linfoma. 

Ensayos in vitro (Fallacara 

y col., 2019). 

NVP-TAVE684 
(TAE684) 

 

Inhibidor de 
ALK 

Neuroblastoma, 

trastornos por 
abuso de 

alcohol. 

Ensayos in vitro (Najem y 

col., 2016). 

Modelos animales  de 

consumo de alcohol 
(Mangieri y col., 2017). 

Ceritinib 

(Zykadia ®) 

 

Inhibidor 2ª 

generación de 
ALK 

Cáncer de 

pulmón tipo 
NSCLC. 

Aprobado para su uso 
clínico y comercializado 

en 2014 (Raedler, 2015). 

 

Alectinib 
(Alecensa ®) 

 

Inhibidor 2ª 

generación de 

ALK 

Carcinomas de 
pulmón con el 

gen de fusión 

de ALK-EML4.  

 

Aprobado para su uso 

clínico en 2015 (Gadgeel, 

2018). 

Lorlatinib 
(Lorbrena ®) 

 

Inhibidor 3ª 

generación de 

ALK 

Cáncer de 

pulmón tipo 

NSCLC. 

Aprobado para su uso 

clínico y comercializado 
en 2018 (Akamine y col., 

2018). 

Compuesto 1 

 

Inhibidor de 

TrkA 
Dolor crónico. 

Ensayos in vitro (Su y col., 

2017). 
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K252a 

 

Inhibidor de 
TrkA 

Sarcoma de 
Ewing. 

Ensayos in vitro (Heinen y 
col., 2016). 

Tabla 1. Algunos de los inhibidores existentes de los sustratos de RPTPβ/ζ y sus posibles indicaciones 
terapéuticas. ALK (anaplastic lymphoma kinase), EML4 (del inglés chinoderm microtubule-associated protein-like 4) 
NSCLC (del inglés non-small-cell lung cancer), TrkA (Tropomyosin receptor kinase A). 
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CONCLUSIONES 

1) La pleiotrofina y la midkina endógenas modulan la respuesta astrocítica y la activación 

microglial inducida por LPS. Los datos indican que los niveles fisiológicos de ambas 

citoquinas son necesarios para la astrocitosis inducida por LPS, mientras que sus efectos 

reguladores sobre la activación microglial son más limitados y aparentemente 

independientes de la vía de señalización FYN-MAP quinasas. 

 
2) La pleiotrofina es un potente modulador de la neuroinflamación y su sobreexpresión 

aumenta la activación microglial inducida por LPS. Los datos sugieren que la regulación 

de la vía de señalización de la PTN puede ser una nueva estrategia terapéutica en 

patologías centrales caracterizadas por el incremento de los niveles cerebrales de PTN. 

 

3) El tratamiento con inhibidores de RPTPβ/ζ, como MY33-3 y MY10, reduce 

significativamente el consumo de alcohol y los efectos reforzadores de esta droga en 

ratones. MY10 emerge como posible nueva estrategia terapéutica para tratar los 
desórdenes por consumo excesivo de alcohol. 

 

4) El tratamiento con el inhibidor de RPTPβ/ζ MY10 es capaz de reducir significativamente 

el condicionamiento preferencial al sitio inducido por el alcohol en ratones carentes de 

pleiotrofina, inhibidor endógeno de RPTPβ/ζ, que son más sensibles a los efectos 

reforzadores de esta droga. En conjunto, los resultados sugieren que la inhibición 

farmacológica de RPTPβ/ζ puede ser una nueva estrategia terapéutica en trastornos por 
consumo excesivo de alcohol, incluso en individuos más susceptibles a los efectos 

reforzadores de esta droga.  

 

5) El tratamiento con el inhibidor de RPTPβ/ζ MY10 causa efectos comportamentales muy 

limitados y de poca relevancia en ratones salvajes y en ratones knock-out de pleiotrofina. 
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CONCLUSIONS 

1) Endogenous levels of pleiotrophin and midkine modulate the astrocytic response and 

microglial activation induced by LPS. The data indicate that physiological levels of both 

cytokines are required for LPS-induced astrocytosis, whereas their modulatory effects on 

microglial activation are more limited and, apparently, independent of the FYN-MAPK 

pathway. 

 
2) Pleiotrophin is a potent modulator of neuroinflammation and its overexpression enhances 

LPS-induced microglial activation. The data suggest that modulation of the PTN signaling 

pathway may represent a novel therapeutic strategy for the treatment of CNS pathologies 

characterized by increased PTN brain levels. 

 

3) The treatment with RPTPβ/ζ inhibitors, such as MY10 and MY33-3, significantly reduces 

alcohol consumption and its rewarding effects in mice. MY10 emerges as a potential new 

therapeutic strategy for the treatment of alcohol use disorders. 
 

4) The treatment with the RPTPβ/ζ inhibitor MY10 significantly reduces alcohol-induced 

conditioned place preference in mice lacking pleiotrophin, the endogenous inhibitor of 

RPTPβ/ζ, which are more vulnerable to the rewarding effects of alcohol. Taking together, 

the results suggest that pharmacological inhibition of RPTPβ/ζ may be a novel 

therapeutic approach for the treatment of alcohol use disorders, even in more vulnerable 

individuals to the rewarding effects of alcohol. 
 

5)  The treatment with the RPTPβ/ζ inhibitor MY10 induces very limited and slightly relevant 

behavioral effects in wild-type mice and in Pleiotrophin knockout mice. 
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Abstract
It was previously shown that mice with genetic deletion of the neurotrophic factor pleiotrophin
(PTN-/-) show enhanced amphetamine neurotoxicity and impair extinction of amphetamine
conditioned place preference (CPP), suggesting a modulatory role of PTN in amphetamine
neurotoxicity and reward. We have now studied the effects of amphetamine (10 mg/kg,
4 times, every 2 h) in the striatum of mice with transgenic PTN overexpression (PTN-Tg) in the
brain and in wild type (WT) mice. Amphetamine caused an enhanced loss of striatal
dopaminergic terminals, together with a highly significant aggravation of amphetamine-
induced increase in the number of GFAP-positive astrocytes, in the striatum of PTN-Tg mice
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compared to WT mice. Given the known contribution of D1 and D2 dopamine receptors to the
neurotoxic effects of amphetamine, we also performed quantitative receptor autoradiography
of both receptors in the brains of PTN-Tg and WT mice. D1 and D2 receptors binding in the
striatum and other regions of interest was not altered by genotype or treatment. Finally, we
found that amphetamine CPP was significantly reduced in PTN-Tg mice. The data demonstrate
that PTN overexpression in the brain blocks the conditioning effects of amphetamine and
enhances the characteristic striatal dopaminergic denervation caused by this drug. These
results indicate for the first time deleterious effects of PTN in vivo by mechanisms that are
probably independent of changes in the expression of D1 and D2 dopamine receptors. The data
also suggest that PTN-induced neuroinflammation could be involved in the enhanced neurotoxic
effects of amphetamine in the striatum of PTN-Tg mice.
& 2016 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

According to the European Monitoring Centre for Drugs and
Drug Addiction, it is estimated that more than 2% of young
people (15–34) used amphetamines in 2010 in different
European countries including Czech Republic (3.2%), Denmark
(3.1%), and the United Kingdom (2.3%). Ever in lifetime use of
amphetamines among young people in those countries varies
considerably, with levels of 30–70%. Despite widespread use of
amphetamine-type stimulants, the long-term medical conse-
quences of these drugs abuse and dependence have not been
addressed until recently. During the past two decades, pre-
clinical studies have demonstrated that this type of psychos-
timulants damages dopaminergic neurons, causing striatal
dopaminergic denervation and dopaminergic cell death in
the substantia nigra among other effects (Moratalla et al.,
2015). However, clinical correlation was not studied until
Callaghan et al. (2012) probed a �77% increased risk of
Parkinson's disease (PD) in amphetamine-type drug abusers
(Callaghan et al., 2012). Similarly, a recent report indicates a
3-fold increased risk of PD in these drugs users (Curtin et al.,
2015). Existence of genetic factors underlying individual
vulnerability to the rewarding effects of amphetamine and
dopaminergic neurotoxicity after consumption of this type of
psychostimulants is known. Uncovering those genetic factors is
not only clinically relevant but will also help to develop new
therapeutic strategies for substance use disorders.

Pleiotrophin (PTN) is a neurotrophic factor known to play
a role in amphetamine-induced neurotoxicity (Alguacil and
Herradon, 2015). A single amphetamine administration
causes a significant upregulation of PTN mRNA levels in
the rat brain (Le Greves, 2005) suggesting that PTN takes
part in a modulatory mechanism against the effects of
amphetamine in the brain. Accordingly, extinction of
amphetamine-induced conditioned place preference (CPP)
is impaired in PTN genetically deficient (PTN-/-) mice
(Gramage et al., 2010a). Furthermore, a periadolescent
amphetamine treatment was found to produce transient
cognitive deficits only in PTN-/- mice, not in wild type (WT)
mice (Gramage et al., 2013a). Interestingly, amphetamine-
induced neurotoxic effects in the nigrostriatal pathway are
enhanced in PTN-/- mice compared to WT mice (Gramage
et al., 2010b; Soto-Montenegro et al., 2015). Also, it has to
be noted that amphetamine-induced increase of GFAP-
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positive astrocytes, a hallmark of the neuroinflammation
induced by this type of psychostimulants, was slightly
increased in the striatum of PTN-/- mice (Gramage et al.,
2010a). Overall, the data clearly suggest a modulatory
role of PTN on amphetamine effects (Herradon and
Perez-Garcia, 2014). However, the knockout mouse models,
although invaluable as screening tools in research, have
intrinsic limitations including ubiquitous absence of the
targeted gene and possible developmentally-related
mechanisms of compensation. To overcome these limita-
tions, we have now studied the rewarding and neurotoxic
effects of amphetamine in mice with transgenic neuronal
PTN overexpression in the brain (PTN-Tg mice). In addition,
it is interesting to note that overstimulation of dopamine D1
(D1R) and D2 receptors (D2R) significantly contributes to the
neurotoxic effects of amphetamine (Moratalla et al., 2015).
Furthermore, dopamine is a crucial transmitter in the
neuroimmune network (Kustrimovic et al., 2014) and D2R
is identified as an important component controlling innate
immunity and inflammatory response in central nervous
system (Shao et al., 2013). To test the possibility that
differences in these receptors could underlie the different
genotypic susceptibility to the neurotoxic and neuroinflam-
matory effects of amphetamine, we carried out quantita-
tive receptor autoradiography of D1, D2 receptors in the
brains of PTN-Tg and WT mice.
2. Experimental procedures

2.1. Animals

PTN-Tg mice on a C57BL/6 J background were generated by pro-
nuclear injection as recently described (Ferrer-Alcón et al., 2012;
Vicente-Rodriguez et al., 2014a). The acceptor vector used was
pTSC-a2 and contained the regulatory regions responsible for tissue
specific expression of Thy-1 gene, which drives neuron-specific
expression of transgenes (Aigner et al., 1995; Caroni, 1997). PTN
specific overexpression in different brain areas, including a 20%
increase of PTN protein levels in striatum, was established by
quantitative Real Time-Polymerase Chain Reaction (qRT-PCR),
in situ hybridization, and by Western blot (Ferrer-Alcón et al.,
2012; Vicente-Rodriguez et al., 2015, 2014b). Relevant to the
behavioral study presented here, there were no differences in
motor activity and exploration between both genotypes at baseline
(Ferrer-Alcón et al., 2012).
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We used male PTN-Tg and WT animals of 9-10 weeks (20–25 g).
Mice were housed under controlled environmental conditions
(2271 1C and a 12-h light/12-h dark cycle) with free access to
food and water.

All the animals used in this study were maintained in accordance
with European Union Laboratory Animal Care Rules (86/609/ECC
directive) and the protocols were approved by the Animal Research
Committee of USP-CEU.
2.2. Amphetamine treatment

PTN-Tg and WT mice received 4 injections (i.p.) of amphetamine
(10 mg/kg) or saline (control, 10 ml/kg), allowing between injec-
tions a 2 h interval. This regimen of administrations of ampheta-
mine was previously used to dissect differences between WT and
PTN-/- mice (Gramage et al., 2010a, 2010b) and is known to cause
significant damage to striatal dopaminergic terminals (Krasnova
et al., 2001) and astrocytosis (Krasnova et al., 2005), a neuroin-
flammatory hallmark in the striatum that has been suggested to
underlie the cognitive deficits, depression, and parkinsonism
reported in amphetamine-type drugs addicts (Krasnova et al.,
2016). Four days after the animals received the first administration
of amphetamine or saline (control), mice were euthanized differ-
ently for immunohistochemistry and autoradiography studies.
2.3. Immunohistochemistry studies

Mice were transcardially perfused with 4% p-formaldehyde and
brains were removed and conserved in p-formaldehyde for 24 h and
transferred to a 30% sucrose solution containing 0.02% sodium azide
for storage at 4 1C. The brains were cut at a thickness of 30 mm
using a vibratome (Leica, Wetzlar, Germany). Immunostaining was
performed in one slice per 180 mm from bregma 1.54 mm to bregma
0.10 mm. Striatal free-floating sections were processed as pre-
viously described (Gramage et al., 2010a,b). In order to study
astrogliosis or dopaminergic terminals, sections were incubated
overnight at 4 1C with anti-GFAP antibodies (1:1000) (n=4/group) or
anti-TH antibodies (1:1000) (n=6–7/group), respectively. Both
antibodies were purchased from Millipore (Madrid, Spain). The
sections were then rinsed in PBS three times for 10 min and
incubated for 30 min with the biotinylated secondary antibodies
in PBS at room temperature. The avidin–biotin reaction was
performed using a Vectastain Elite ABC peroxidase kit following
the protocol suggested by the manufacturer. The immunoreactivity
was visualized using 0.06% diaminobenzidine and 0.03% H2O2 diluted
in PBS. The sections were mounted on gelatin/chrome alume-
coated slides, air-dried overnight, dehydrated through graded
ethanols, cleared in xylene, and coverslipped with DPX medium.
Photomicrographs were captured with a digital camera coupled to
an optical microscope (DMLS, Leica, Solms, Germany).

Image analysis was performed in the three most central slices of
each animal. GFAP-positive astrocytes were counted in
325� 435 mm standardized areas and TH-immunostaining density
was analyzed in 230� 140 mm areas, both located in the medial
striatum (Gramage et al., 2010a,b).

The counting of GFAP-positive cells was accomplished with the
help of the software Scion Image 4.02 (Scion Corporation, Frederick,
MD, USA). As previously performed (Gramage et al., 2010b), cell
counts were made in standardized areas obtaining the mean from
three sections per animal. Striatal TH-positive fiber staining was
assessed by optical density (OD) measurements using Image-Pro Plus
software (Version 3.0.1; Media Cybernetics, Silver Spring, MD). For
each animal, the nonspecific background correction in each section
was done by subtracting the OD value of the corpus callosum from
the striatal OD value obtained from the same section.
13
2.4. D1, D2 dopamine receptor and DAT
autoradiography

Different cohorts of mice (n=5–6/group) were sacrificed 4 days after
the last injection of saline or amphetamine. The brains were
immediately removed, quickly frozen in isopentane (�351C) and
stored at �80 1C until sectioning. Quantitative autoradiography was
performed as detailed previously for D1, D2 dopamine receptor
binding and DAT binding (Bailey et al., 2008) using general procedures
of Kitchen et al. (1997). Adjacent 20-mm brain coronal sections were
cut at an interval of 300 mm for the determination of total and non-
specific binding (NSB) of [3H]SCH-23390 (containing 1 mM mianserin),
[3H]raclopride and [3H]mazindol (containing 0.3 μM desipramine) to
D1R, D2R and DAT, respectively. Ligand concentrations were 3-4 x Kd,
with all ligands used at a concentration of 4 nM. This sub-saturation
concentration of radioligand was deliberately chosen in order to
maximize the detection of binding differences if present. For
instance, following this rationale we previously showed a clear
downregulation of striatal [3H]raclopride (4 nM) receptors in rats
treated with chronic escalating dose “binge” cocaine administration
paradigm but not following chronic steady dose “binge” cocaine
administration (Bailey et al., 2008). NSB was defined in the presence
of cis-flupentixol (10 mM), sulpiride (10 mM) or unlabeled mazindol
(10 mM) for [3H]SCH-23390, [3H]raclopride and [3H]mazindol binding,
respectively. Following incubation binding for a period of 90 min or
60 min at room temperature or 45 min at 4 1C for D1R, D2R and DAT,
respectively, and washing in ice-cold buffer (6� 1 min for D1R and
D2R binding and 2� 1 min for DAT binding), the slides were apposed
to MR film (Eastman Kodak Co., Rochester, NY, USA) in X-ray cassettes
together with a set of tritium standards ([3H]Microscale™, Amer-
sham, UK) for 6 weeks. Sections were processed together in a paired
protocol. Films were developed using 50% Kodak D19 developer.
Quantitative analysis of brain receptors was performed as detailed
previously (Kitchen et al., 1997; Lena et al., 2004). Using a MCID
image analyser (Image Research, Canada), brain structures were
identified using the mouse brain atlas of Franklin and Paxinos (1997).
Brain images were analyzed using left and right hemispheres to allow
duplication of results. The cortical and olfactory tubercle structures
were analyzed by sampling five to eight times with a box size
15� 15 mm2 in a box tool. All other regions were analyzed by
freehand drawing tools.

2.5. Conditioned place preference (CPP)

A biased apparatus was used as previously described (Vicente-
Rodriguez et al., 2014a). One compartment had black floor and walls,
and the other had black floor and white walls. The phases of CPP
included preconditioning (day 1), conditioning (days 2–4) and testing
(day 5). During preconditioning, mice were free to explore the two
compartments for a 30-min period; their behavior was monitored by a
videotracking system (San Diego, California, USA) to calculate the time
spent in each compartment. Mice were counterbalanced such that half
the animals started in one chamber and half started in the other. The
compartment with white walls was the non-preferred compartment in
a similar manner by both genotypes (30–40% stay of total time in the
preconditioning phase). This `biased` apparatus and subject assign-
ment, in which mice are paired with the drug in the non-preferred
compartment, was previously used to study genotypic differences in
amphetamine- and cocaine-induced CPP (Gramage et al., 2013b,
2010b). The conditioning phase consisted of double conditioning
sessions (Gramage et al., 2013b). The first one involved a morning
session starting at 8 a.m.. All animals received a single injection of
saline i.p. (10 ml/kg) and were confined to the initially preferred
compartment for 30 min. In the evening session, starting at 3 p.m., the
animals were injected (i.p.) with 3.0 mg/kg amphetamine (n=10–15/
group), or 10 ml/kg saline (n=5–7/group) as a conditioning control,
and confined to the initially non-preferred compartment for 30 min.
3
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The procedure used in days 3 and 4 was the same but the order of the
treatments (morning/evening) was changed to avoid the influence of
circadian variability. In the testing phase, mice received a drug-free,
30-min preference test. The time-spent in the non-preferred (drug-
paired) compartment was calculated in all cases. The increase in the
time-spent in the drug-paired compartment in day 5 compared to day
1 (preference score) was considered as indicative of the degree of
conditioning induced by amphetamine.
Figure 1 TH expression in striatum of PTN-Tg and WT mice after am
of mice treated with saline (Sal) or amphetamine (Amph) (n=6–7/g
increases amphetamine-induced TH loss. (B) Graph represents the o
vs. Sal. ***po 0.001 vs. Sal. # po0.05 vs. WT-Amph. Scale bar 300
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2.6. Statistics

All data were expressed as the mean7SEM and analyzed using Prism
software (GraphPad, La Jolla, CA, USA). Data obtained from image
analysis of striatal immunostaining and autoradiography were
analyzed using two-way ANOVA. Relevant differences were analyzed
pair-wise by post-hoc comparisons with Bonferroni's post-hoc tests,
considering genotype (PTN-Tg, WT) and treatment (saline,
phetamine administration. TH-immunostained striatal sections
roup). (A) Photomicrographs illustrate that PTN overexpression
ptical density (OD) measures of TH-ir in the striatum. **po0.01
μm.
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amphetamine) as between-subjects factors. Amphetamine prefer-
ence scores from CPP were confirmed to follow a normal distribu-
tion with Kolmogorov-Smirnov, D’Agostino and Pearson Omnibus and
Shapiro-Wilk normality tests, so they were analyzed using a
Student's t-test. Po0.05 was considered as statistically significant.
3. Results

3.1. Enhanced amphetamine-induced loss
of dopaminergic terminals in the striatum
of PTN-Tg mice

Since one of the most relevant consequences of amphetamine
administration is the loss of dopaminergic terminals in the
striatum (Bowyer et al., 1998), we analyzed TH expression by
immunohistochemistry and DAT expression by autoradiogra-
phy in the Caudate Putamen (CPu) of PTN-Tg and WT mice
treated with either amphetamine or saline (control). Two-
way ANOVA revealed a significant effect of the genotype (F
(1,21)=9.148; P=0.0064), of the treatment (F(1,21)=44.66;
Po0.0001) and a significant interaction between genotype
Figure 2 [3H]mazindol binding in WT and PTN-Tg mice treated w
mazindol binding to DAT in the brain sections of WTand PTN-Tg mice
Representative autoradiograms of non-specific binding (NSB) was
represents pseudo-color interpretation of black and white film imag
mazindol binding in the brain of amphetamine- and saline-treate
**po0.01 vs. Sal. ***po0.001 vs. Sal. Abbreviations: CPu, Caudate
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and treatment (F(1,21)=5.749; Po0.0259) on striatal TH
expression. Amphetamine caused a �40% depletion of TH
contents in the CPu of WT mice compared with saline-treated
WT mice (Figure 1). We detected a significantly greater
decrease of TH levels in the CPu of amphetamine-treated
PTN-Tg mice compared to WT mice (Figure 1). However, we
did not find significant differences in the levels of TH in the
striatum of saline-treated PTN-Tg and WT mice (Figure 1).

In order to discard the possibility that genotypic differ-
ences in amphetamine-induced TH loss could be related to
differences in this enzyme's transcription and non-
necessarily to an enhanced loss of dopaminergic term-
inals, we tested DAT expression by autoradiography in the
CPu (Figure 2). As expected, amphetamine showed a
significant impact in striatal DAT contents (F(1,20)
=28.54; Po0.0001). Amphetamine tended to produce a
greater decrease of DAT levels in the CPu of PTN-Tg mice
(Figure 2(B)). Considering the medial CPu, DAT levels were
significantly reduced by amphetamine treatment only in
PTN-Tg mice (Figure 2(C)), whereas reduction of DAT
levels was not statistically different in the lateral CPu of
both genotypes (Figure 2(B)).
ith amphetamine. (A) Representative autoradiograms of [3H]
treated with saline (Sal) or amphetamine (Amph) (n=6/group).
determined in the presence of 10 μM mazindol. The color bar
es in fmol/mg tissue. (B) Quantitative autoradiography of [3H]
d WT and PTN-Tg mice in CPu, (C) in CPuM and (D) in CPuL.
putamen; CPuL, Lateral part of CPu; CPuM, Medial part of CPu.
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Figure 3 Amphetamine induces astrocytosis in the striatum of WT and PTN-Tg mice. (A) Photomicrographs are from GFAP-
immunostained striatal sections of saline (Sal)- or amphetamine (Amph)-treated animals (n=4/group). Higher magnifications images
in the lower right corner of every representative picture show that some of the astrocytes were hypertrophic and densely stained in
WT mice treated with amphetamine whereas this effect was generalized in PTN-Tg mice treated with amphetamine. (B) The graph
represents quantification of data obtained from the counts of GFAP-positive cells in standardized areas of the striatum. ***Po0.001
vs. Sal. ###Po0.001 vs. WT-Amph. Scale bar 5x=200 μm, 40x=50 μm.
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3.2. Enhanced amphetamine-induced increase
of GFAP-positive astrocytes in the striatum
of PTN-Tg mice

In these experiments, very few GFAP-positive astrocytes
were observed in the striata of saline-treated mice (Figure 3
(A)). These cells were characterized by small cell bodies as
well as very fine and short processes. In contrast, after
amphetamine administrations, GFAP-positive astrocytes
developed large cell bodies as well as long and extensive
136
processes (Figure 3(A)). In the case of amphetamine-treated
PTN-Tg mice, astrocytes developed larger densely stained
cell bodies as well as longer processes compared with WT
mice (Figure 3(A)). In addition, two-way ANOVA revealed a
significant effect of the genotype (F(1,12)=24.08;
P=0.0004), of the treatment (F(1,12)=62.93; Po0.0001)
and a significant interaction between genotype and treat-
ment (F(1,12)=20.48; Po0.001) on the number of GFAP+
cells/mm2 in the striatum. The number of GFAP+ cells in
amphetamine-treated mice increased in both genotypes



Figure 4 [3H] SCH23390 binding in WT and PTN-Tg mice treated with amphetamine. (A) Representative autoradiograms of [3H]
SCH23390 binding to D1 in the brain sections of WTand PTN-Tg mice treated with saline (Sal) or amphetamine (Amph) (n=6/group).
Representative autoradiograms of non-specific binding (NSB) was determined in adjacent sections in the presence of 10 μM cis-
flupentixol. The color bar represents pseudo-color interpretation of black and white film images in fmol/mg tissue. (B) Quantitative
autoradiography of [3H] SCH23390 binding in the brain of amphetamine- and saline-treated WT and PTN-Tg mice in CPu, (C) in CPuL
and (D) in CPuM. Abbreviations: CPu, Caudate putamen; CPuL, Lateral part of CPu; CPuM, Medial part of CPu.
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when compared to the saline-treated groups (Figure 3(B)).
However, a highly significant increase in the number of
GFAP-positive astrocytes in the striata of PTN-Tg mice
compared to WT mice was found (Figure 3(B)).
3.3. D1, D2 binding in the brains of WT and PTN-
Tg mice

No significant differences in D1, D2 receptors binding were
observed in the CPu of PTN-Tg and WT mice (Figures 4 and
5). When medial and lateral CPu were analyzed separately,
D1R and D2R binding was found to be similar in both
genotypes (Figures 4 and 5). In addition, no significant
genotype or treatment effect was detected in D1 binding
(Table 1) and in D2 binding (Table 2) in any of the regions
analyzed.
13
3.4. Decreased amphetamine-induced
conditioned place preference in PTN-Tg mice

To test the possibility that PTN could modulate ampheta-
mine rewarding effects, we performed conditioning studies.
We used a medium dose of amphetamine (3.0 mg/kg, i.p.)
known to induce CPP in this mouse strain (Gramage et al.,
2010a; Tzschentke, 2007). Thus, as expected, amphetamine
caused a robust CPP in WT mice (Figure 6). However,
amphetamine place preference score was decreased by
65% in PTN-Tg mice (Figure 6, [t(22)=2.29, P=0.031]). As
shown before with the same genotypes (Vicente-Rodriguez
et al., 2014a), saline conditioning did not show significant
changes on place preference compared to preconditioning
values of both genotypes (data not shown). The data
confirm an important role of PTN in the regulation of the
rewarding effects of amphetamine.
7



Figure 5 [3H]raclopride binding in WT and PTN-Tg mice treated with amphetamine. (A) Representative autoradiograms of [3H]
raclopride binding to D2 in the brain sections of WTand PTN-Tg mice treated with saline (Sal) or amphetamine (Amph) (n=6/group).
Representative autoradiograms of non-specific binding (NSB) was determined in adjacent sections in the presence of 10 μM sulpiride.
The color bar represents pseudo-color interpretation of black and white film images in fmol/mg tissue. (B) Quantitative
autoradiography of [3H]raclopride binding in the brain of amphetamine- and saline-treated WT and PTN-Tg mice in CPu, (C) in
CPuL and (D) in CPuM. Abbreviations: CPu, Caudate putamen; CPuL, Lateral part of CPu; CPuM, Medial part of CPu.
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4. Discussion

In previous studies, it was shown that PTN-/- mice exhibit
exacerbated amphetamine-induced dopaminergic damage in
the nigrostriatal pathway (Gramage et al., 2010a, 2010b).
Thus, we hypothesized a possible neuroprotective role of PTN
in response to the neurotoxic effects of amphetamine.
However, one has to be cautious in making conclusions from
knockout mice assays as data collected in these mice are
subjected to the inherent limitations of a constitutive knock-
out animal model. To evaluate the potential neuroprotective
role of PTN against amphetamine-induced neurotoxicity, we
have now studied the effects of this drug in the striatum of
mice with transgenic overexpression of PTN in the brain. In
support of this rationale, studies with parkinsonian toxins had
previously shown that overexpression of PTN exerts neuro-
protection in mouse models of PD (Gombash et al., 2012,
2014). Unexpectedly, we found that amphetamine-induced
loss of striatal TH and DAT contents is increased in PTN-Tg
mice, suggesting that dopaminergic denervation caused by
138
amphetamine is facilitated by PTN overexpression. This
apparent discrepancy in the data collected from
amphetamine-treated PTN-/- and PTN-Tg mice may reflect
the possibility of compensatory mechanisms triggered by the
elimination of PTN during development in the PTN knockout
mice. These compensatory mechanisms are not clear but
could be related to the signaling pathways regulated by PTN.
PTN binds Receptor Protein Tyrosine Phosphatase (RPTP) β/ζ
(also known as PTPRZ1) and inactivate its intrinsic tyrosine
phosphatase activity (Gramage and Herradon, 2011). As a
result, PTN causes increases in the phosphorylation levels of
substrates of RPTPβ/ζ known to be important for neuronal
function (e.g. Fyn kinase and β-catenin) which, in turn,
trigger other signaling pathways involved in different func-
tions including mitogenic, differentiation, survival and
inflammation (Herradon and Perez-Garcia, 2014). Thus, it
seems reasonable to hypothesize that some substrates of
RPTPβ/ζ, or downstream factors in their signaling pathways,
could be involved in compensatory developmental mechan-
isms in PTN-/- mice.



Table 1 Quantitative autoradiography of [3H]SCH23390 binding to D1 in brain sections of WT and PTN-Tg treated with
amphetamine (Amph) or saline (Sal) (n=6/group).

Region [3H]SCH23390-specific binding (fmol/mg tissue)

Sal Amph

WT PTN-Tg WT PTN-Tg

Nucleus accumbens core 360.8740.3 369.2739.2 367.5743.7 362.8744
Nucleus accumbens shell 332744.1 346.8742.7 349.1737.4 339.7740
Olfatory tubercle 290726.4 285.9724.2 288.4731 299.4734.8
Clastrum 112.2719.3 99.8715 101.7715.3 95.4714.6
Cingulate cortex 26.972.9 25.272 24.876.7 2974.4
Motor cortex 17.572.5 19.472.5 2073.9 20.873.1
Amygdala 46.276.9 49.677.5 52.776.7 47.277.2
Thalamus 18.472.9 24.375.1 26.975.6 26.176.9
Hypothalamus 14.673.5 21.574.2 18.673.3 2173.6
Hippocampus 26.274 26.376.6 38.576.4 28.176.1
Substantia nigra 184718.3 191.8710.8 204.1713.6 181710.2
Ventral tegmental area 21.373.4 13.672.9 18.675.2 25.878.2

Table 2 Quantitative autoradiography of [3H]raclopride binding to D2 in brain sections of WT and PTN-Tg treated with
amphetamine (Amph) or saline (Sal) (n=6/group).

Region [3H]raclopride-specific binding (fmol/mg tissue)

Sal Amph

WT PTN-Tg WT PTN-Tg

Nucleus accumbens core 67.5711.8 54.272.1 67.63711.8 60.6711.1
Nucleus accumbens shell 71.5712.5 70711.4 64.8711.4 69.3712.6
Olfatory tubercle 86.8716.5 76.6714.6 81.1715.6 82721.2

Figure 6 Amphetamine-induced conditioned place preference
in PTN-Tg and WT mice. Preference score after amphetamine
(3.0 mg/kg) conditioning, showing a significantly decreased
amphetamine CPP in PTN-Tg mice. *Po0.05 vs. WT.
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The neuroprotective effects of PTN against cocaine- and
amphetamine-induced toxicity have been proven in vitro. PTN
(3 μM) limits amphetamine- and cocaine-induced decrease in
PC12 and NG108-15 cell viability (Gramage et al., 2008,
2010a, 2010b). However, our results show that the net effect
produced by PTN seems to differ in vivo, suggesting overall
deleterious effects triggered by activation of PTN down-
stream pathways that could counteract its trophic actions
13
on neurons. For instance, PTN induces the proliferation of
immune cells and the expression of inflammatory cytokines
including TNF-alpha, IL-1beta and IL-6 (Achour et al., 2001,
2008), suggesting a proinflammatory role of PTN. Previously,
we showed a modest increase (�20%) of amphetamine-
induced GFAP-positive astrocytes in PTN-/- mice (Gramage
et al., 2010a). We now show a 13-fold upregulation of GFAP+
cells in the striatum of amphetamine-treated PTN-Tg mice.
Since merely a few astrocytes were sparsely detected
throughout the striatum of control mice and it is known that
GFAP labeling of striatal astrocytes can be sparse compared
with other astrocyte markers in naïve animals (Kalman and
Hajos, 1989; Krasnova et al., 2005; Tong et al., 2014), our
data should not be interpreted as changes to astrocyte
density without further confirmation. Most likely, our data
reflect a highly significant amphetamine-induced upregulation
of GFAP protein concentrations in astrocytes. Although a
limitation of the present study is that microglial response
has not been assessed, it has to be noted that overexpression
of GFAP is an indicator of reactive astrogliosis and neuroin-
flammation, important events in a wide variety of CNS
disorders and pathologies (Sofroniew and Vinters, 2010).
Thus, the robust increase of GFAP-positive astrocytes in
amphetamine-treated PTN-Tg mice suggests an enhanced
neuroinflammation induced by amphetamine in the presence
9



Figure 7 Schematic model of the effects of amphetamine in genetically engineered PTN mouse models. In normal WT mice,
amphetamine (Amph) induces striatal denervation and an increase in the expression levels of PTN. PTN exerts neurotrophic actions
on striatal dopaminergic terminals but also contribute to astrogliosis and cytokine release causing deleterious effects in the
striatum. PTN-/- mice show an increased striatal denervation and a modest increase of astrogliosis, possibly caused by compensatory
mechanisms triggered by factors downstream of PTN signaling pathways. PTN-Tg mice show an exacerbated striatal dopaminergic
denervation after amphetamine treatment, together with a highly significant (4-fold) increase of astrogliosis which will overtake the
possibly augmented neurotrophic effects caused by overexpression of PTN and will aggravate striatal dopaminergic injury.
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of higher levels of PTN. Indeed these findings clearly indicate
that PTN is involved in the neuroinflammatory promoting
effect of amphetamine. A proposed model for this is illu-
strated in Figure 7. It is important to note that different drugs
of abuse, including amphetamine and its derivatives, induce
neuroinflammation (Coelho-Santos et al., 2012) and that
exacerbated neuroinflammatory responses, including astrocy-
tosis, have been linked to neurodegenerative processes and
CNS injury in different models (Qin et al., 2007; Sanchez-
Guajardo et al., 2013). Our current findings, together with
the fact that amphetamine administration increases the
levels of expression of PTN in the brain (Le Greves, 2005),
suggest the possibility that PTN may be one of the mediators
facilitating amphetamine-induced neuroinflammation and, as
a result, neurotoxicity (Figure 7).

The major cause of amphetamines neurotoxicity in the
striatum is the dysregulation of dopamine and dopamine
receptors (Ares-Santos et al., 2013). It has been shown that
D1R antagonists protect against amphetamines-induced
decreases in DAT binding in the striatum (Angulo et al.,
2004) and inhibit the striatal denervation caused by these
drugs (Xu et al., 2005). In a similar manner, inactivation of
D2R prevents methamphetamine-induced reductions of stria-
tal TH and DAT levels (Ares-Santos et al., 2013). Interestingly,
the use of antagonists or genetic inactivation of D1R and D2R
has been shown to reduce the enhanced striatal astrogliosis
induced by amphetamines (Ares-Santos et al., 2013; Xu et al.,
2005), suggesting that both receptors are also involved in the
neuroinflammation caused by this type of drugs. However, our
data demonstrate that D1R and D2R binding is not altered by
amphetamine treatment and is similar in all the brain regions
analyzed, including striatum, of PTN-Tg and WT mice. The
data clearly suggest that amphetamine-induced enhanced
fiber loss and astrogliosis in the striatum of PTN-Tg mice is
independent of D1R- and D2R-related mechanisms at least at
the receptor expression level.
140
Finally, we also tested the rewarding effects of ampheta-
mine in PTN-Tg and WT mice. We previously found that
amphetamine induces place preference in both PTN knockout
and WT mice in a similar manner (Gramage et al., 2010a).
However, extinction of amphetamine-induced CPP was
delayed in PTN-/- mice suggesting a possible role of PTN in
amphetamine reward. In the present work, our results
uncover that overexpression of PTN significantly blocks
amphetamine-induced conditioned place preference, sug-
gesting an important role of PTN in the limitation of the
rewarding effects of amphetamine. Interestingly, it was
recently shown that alcohol-induced CPP was completely
absent in PTN-Tg mice (Vicente-Rodriguez et al., 2014a).
Overall, the data suggest a hyporeactive rewarding system of
PTN-Tg mice in response to different drugs of abuse that is
not related to deficits in D1, D2 receptors expression levels.

In summary, the present study clarifies the role of PTN in
amphetamine-induced neurotoxicity and reward. We
demonstrate for the first time that brain overexpression of
PTN blocks amphetamine-induced CPP. We also demonstrate
that the net effect of brain overexpression of PTN is the
enhancement of amphetamine-induced neurotoxic effects
in the striatum despite previous evidences in PTN-/- mice
pointing to an overall neuroprotective role of PTN in this
context. In addition, the data demonstrate that increased
amphetamine neurotoxicity in the striatum caused by over-
expression of PTN is not related to changes in D1R and D2R
expression. The data suggest that enhanced neuroinflamma-
tion triggered by PTN overexpression could be involved in
the greater striatal dopaminergic denervation caused by
amphetamine in PTN-Tg mice.
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Midkine (MK) is a cytokine that modulates amphetamine-induced striatal astrogliosis, suggesting a possible role of MK in
neuroinflammation induced by amphetamine. To test this hypothesis, we studied astrogliosis and microglial response induced
by amphetamine (10mg/kg i.p. four times, every 2 h) in different brain areas of MK−/−mice and wild type (WT) mice. We found
that amphetamine-inducedmicrogliosis and astrocytosis are enhanced in the striatum ofMK−/−mice in a region-specific manner.
Surprisingly, LPS-induced astrogliosis in the striatum was blocked in MK−/− mice. Since striatal neuroinflammation induced by
amphetamine-type stimulants correlates with the cognitive deficits induced by these drugs, we also tested the long-term effects
of periadolescent amphetamine treatment (3mg/kg i.p. daily for 10 days) in a memory task in MK−/− and WT mice. Significant
deficits in the Y-maze test were only observed in amphetamine-pretreatedMK−/−mice.The data demonstrate for the first time that
MK is a novel modulator of neuroinflammation depending on the inflammatory stimulus and the brain area considered. The data
indicate that MK limits amphetamine-induced striatal neuroinflammation. In addition, our data demonstrate that periadolescent
amphetamine treatment in mice results in transient disruption of learning and memory processes in absence of endogenous MK.

1. Introduction

Drugs of abuse, such as alcohol and amphetamine and its
derivatives, induce neuroinflammation [1]. Proliferation of
inflammatory cells such as microglia and astrocytes [2] is
a signature of neuroinflammation and a hallmark of patho-
genesis associated with different events including neurode-
generation [3–5]. Evidence suggests the possibility that neu-
roinflammatory processes in drug addiction disorders could
lead to neurodegeneration in specific brain areas targeted
by drugs of abuse. Accordingly, striatal neuroinflammation
induced by methamphetamine seems to underlie cognitive

deficits, depression, and parkinsonism reported in metham-
phetamine addicts [6]. In addition, independent studies have
demonstrated a highly significant increase in the prevalence
of Parkinson’s disease (PD) among addicts to amphetamine-
type stimulants [7, 8]. Thus, identification and character-
ization of new genetic factors involved in drug addiction
disorders and inflammation are relevant for validation of new
biomarkers and for the development of new drugs that could
modulate neuroinflammation processes underlying addic-
tion disorders [9].

Midkine (MK) is a cytokine with important functions in
peripheral inflammatory processes in different pathological

Hindawi Publishing Corporation
Mediators of Inflammation
Volume 2016, Article ID 9894504, 11 pages
http://dx.doi.org/10.1155/2016/9894504

Anexo 2

145

http://dx.doi.org/10.1155/2016/9894504


Mediators of Inflammation

In the study with LPS, MK−/− and WT mice received
a single i.p. injection of LPS (Sigma, Madrid, Spain)
(0.5mg/kg) or saline (control, 10mL/kg) and were sacrificed
8 h after the treatment. In order to better dissect possible
genotypic differences we used a low dose of LPS that was
shown to be useful to test neuroinflammation in mice [25].

2.2.2. Immunohistochemistry Analysis. An equal or greater
𝑛 = 4/group was used in all studies. Mice were transcardially
perfused with 4% p-formaldehyde, and brains were removed
and conserved in p-formaldehyde for 24 h and transferred to
a 30% sucrose solution containing 0.02% sodium azide for
storage at 4∘C. 30 𝜇m striatal and hippocampal free-floating
sections were processed as previously described [21, 26, 27].
Immunohistochemistry studies were performed in one slice
per 180 𝜇m (striatum from bregma 1.54mm to 0.10mm;
hippocampus from bregma −1.06mm to −2.54mm).

In order to study astrogliosis, sections were incubated
overnight at 4∘C with anti-GFAP antibody (Millipore, Mad-
rid, Spain; 1 : 1000) and then for 30 minutes with the ap-
propriate biotinylated secondary antibody (Vector Labo-
ratories, Burlingame, CA, USA; 1 : 5000) in PBS at room
temperature; the avidin-biotin reaction was performed using
Vectastain EliteABCperoxidase kit (Vector Laboratories) fol-
lowing the protocol suggested by themanufacturer; immuno-
labeling was visualized by using 3,3󸀠-diaminobenzidine
(DAB). Sections were mounted on gelatin-coated slides, air-
dried overnight, dehydrated through graded ethanol, cleared
in xylene, and mounted with DPX medium. To study striatal
microgliosis, sections were incubated overnight at 4∘C with
anti-Iba1 antibody (Wako, Osaka, Japan; 1 : 1000), followed
by 30 minutes of incubation with Alexa-Fluor-488 sec-
ondary antibody (Invitrogen, Waltham, MA USA; 1 : 500).
Photomicrographs were captured with a digital camera cou-
pled to an optical microscope (DM5500B, Leica, Solms,
Germany). Analysis was performed using ImageJ (NIH), in
the three most central slices of each area. GFAP+ astrocytes
were counted in 325 × 435 𝜇m standardized areas in the
medial striatum as previously described [21, 26] and in the
lacunosum moleculare (LMol) located in CA1 area, in the
hippocampus. Iba1+ cells were counted in 1100 𝜇m × 1400 𝜇m
standardized areas in the striatum.

2.3. Behavioral Studies: Y-Maze. Four independent experi-
ments were performed to reach an appropriate number of
subjects per experimental group in Y-maze assays. Treat-
ments began during periadolescence (4-week-old mice).
Male MK−/− and WT mice were randomly allocated and
injected with either amphetamine (3mg/kg, i.p.) dissolved in
saline or saline (10mL/kg, i.p.), once daily for 10 consecutive
days. Six days after the last administration of amphetamine
(or saline), behavioral testing started following previously
published protocols [28] and leaving appropriate “washing”
periods of time between different Y-maze assays.

In order to study recognition processes in response to
novelty and working memory in mice, we used the Y-maze
test as previously described [29].Memory wasmeasured with
a 60min intertrial interval (ITI) between acquisition and
retrieval. During the first trial (acquisition), the animal is
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conditions [10, 11]. MK facilitates the migration of macro-
phages and neutrophils [12–14] and prevents differentia-
tion of regulatory T-cells by inhibiting the development of 
tolerogenic dendritic cells [15, 16]. In the central nervous 
system (CNS), the role of MK in inflammation i s poorly 
understood. It has been shown that this cytokine is not 
involved in the development of astrogliosis or activation of 
microglia in a spinal cord injury model [17]. However, MK 
is found highly upregulated in pathologies characterized by 
inflammation s uch a s c erebral i nfarction and neurodegen-
erative diseases [18, 19] and in different b rain a reas after 
administration of drugs of abuse [20]. This evidence supports 
the hypothesis that MK could play an important role in 
neuroinflammation. To t est t his h ypothesis, w e h ave now 
confirmed that amphetamine-induced striatal astrogliosis is 
enhanced in MK knockout (MK−/−) mice [21], and we have  
tested for the first time striatal microglial response induced 
by amphetamine in MK−/− and wild type (WT)mice.  To test  
the possibility of a region-specific regulation of astrogliosis 
by MK, we have also tested the effects o f amphetamine in 
the hippocampus, an area that draws increasing attention as 
a responsive brain region in psychostimulants actions [22]. 
We have also investigated if MK regulates glial response 
depending on the inflammatory stimulus by comparing the 
effects of lipopolysaccharide (LPS) injection in MK−/− and 
WT mice. In addition, since early onset of drug abuse causes 
a wide range of adverse outcomes in adulthood including 
cognitive deficits [23], which correlates with the capacity of 
these drugs to induce striatal neuroinflammation [6], we also 
tested the long-term effects of periadolescent amphetamine 
treatment in a memory task in MK−/− mice.

2. Materials and Methods

2.1. Animals. MK−/− mice were kindly provided by Dr. 
Thomas F. Deuel (The Sc ripps Re search In stitute, La  Jolla, 
CA). MK−/− mice were generated as previously described 
[24]; 8–10-week-old male MK−/− and WT mice on a 
C57BL/6J background were used for immunohistochemistry 
studies; 4-week-old male MK−/− andWTmice were used for  
periadolescent amphetamine treatment prior to behavioral 
assessment.

The animals used in this study were maintained in accor-
dance with both the ARRIVE guidelines and the European 
Union Laboratory Animal Care Rules (Directive 2010/63/EU 
for animal experiments) and the protocols were approved by 
the Animal Research Committee of USP-CEU.

2.2. Histological Studies: Gliosis

2.2.1. Treatments. MK−/− and WT mice received 4 injec-
tions (i.p.) of amphetamine (10 mg/kg) or saline (control, 
10 mL/kg), allowing between injections a 2-hour interval. 
This regimen of administration of amphetamine was previ-
ously used to observe differences in the striatal astrocytosis 
induced by this drug in WT and MK−/− mice [21]. Four 
days after t he a nimals r eceived t he fi rst administration of 
amphetamine or saline (control), mice were euthanized for 
immunohistochemistry studies as described below.
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placed in the centre of the maze and allowed to visit for
5min two arms (“start” and “other” arms) of a Y-maze with
three arms each 34 cm long, 8 cm wide, and 14.5 cm high,
the third being blocked with a door. During the second
trial (retrieval, 5min), the door is opened, and the animal
is free to access all three arms (“start”; “other”; and “novel”
arms). During the test, the number of entries into each arm
(when a mouse places all four paws into an arm) was
recorded. Discrimination of novelty versus familiarity was
studied by calculating the preference for the “novel” arm as a
discrimination ratio (Novel/[Novel + Other]) for number of
arm entries. Scores greater than 0.5 show preference for the
“novel” arm indicating the establishment of spatial memory.

Mice (WT: saline, 𝑛 = 15; amphetamine, 𝑛 = 15, and
MK−/−: saline, 𝑛 = 9; amphetamine, 𝑛 = 9) were tested in
the Y-maze at 6 weeks of age (6 days after last amphetamine
administration) and 7 and 9weeks of age. All the experiments
were conducted during the light phase.

2.4. Statistical Analysis. Data were analyzed using two-way
ANOVA considering genotype and treatment as variants.
Relevant differences were analyzed by post hoc comparisons
with Bonferroni’s post hoc tests. All statistical analyses were
performed usingGraphPadPrism6program (SanDiego, CA,
USA).

3. Results

3.1. Amphetamine-Induced Gliosis in the Striatum Is Enhanced
in MK−/−Mice. In order to confirm the previously reported
enhanced astrocytosis induced by amphetamine in MK−/−
mice [21], immunohistochemical analysis of GFAP-positive
cells in the striata of MK−/− and WT mice was performed.
Compared to saline-treated animals from both genotypes,
amphetamine induced reactive astrocytes characterized by
large densely stained bodies with longer and extensive pro-
cesses (Figure 1(a), black arrows). As expected, amphetamine
efficiently increased the number of GFAP+ cells in both
genotypes (Figure 1(b)). The number of GFAP+ astrocytes in
the striata of amphetamine-treated MK−/− mice was signif-
icantly higher than that in WT mice (Figure 1(b)). The data
confirm that MK regulates amphetamine-induced striatal
astrocytic response.

Augmented microglial response is a hallmark of amphet-
amine derivative-induced neurotoxicity [30] and a signa-
ture of neuroinflammation. Immunohistochemistry for Iba1
revealed a significant increase in the number of Iba1+ cells in
the striata of WT mice 4 days after amphetamine treatment
(Figure 2). Compared to saline-treated mice, we found a
more pronounced increase in Iba1-ir following amphetamine
administration to MK−/− mice (Figure 2). The data demon-
strate for the first time that MK modulates the microglial
response induced by amphetamine.

3.2. Genetic Inactivation of Midkine Prevents Amphetamine-
Induced Astrogliosis in Hippocampus. The data obtained in
the striatum of WT and MK−/− mice suggest that MK reg-
ulates the glial response induced by amphetamine. The data
are particularly robust in the case of the astrocytic response

which is highly increased after amphetamine treatment in
MK−/− mice. To test the possibility that MK regulates
astrocytosis depending on the brain area considered, we
also assessed the effects of amphetamine in the hippocam-
pus of MK−/− and WT mice (Figure 3(a)). Amphetamine
induced different effects in WT and MK−/−mice (Figure 3).
In contrast to the astrocytic response in the striatum, a
significant decrease of GFAP+ astrocytes in amphetamine-
treatedMK−/−mice compared toWTmice (Figure 3(b)) was
observed.Thedata demonstrate a regional-specific regulation
of amphetamine-induced astrocytosis by MK.

3.3. Genetic Inactivation of Midkine Differentially Regulates
LPS-Induced Striatal Gliosis. MK is not only found upregu-
lated in the brain after administration of different drugs of
abuse.The cerebral levels of expression ofMKare increased in
different diseases that share neuroinflammation as a common
pathogenic mechanism, including ischemia and neurode-
generative diseases [20]. To test the possibility that MK
regulates the glial response depending on the inflammatory
stimulus used, we assessed the effects of LPS in MK−/−
and WT mice. As expected, a low dose of LPS (0.5mg/kg)
induced a moderate ∼2-fold increase in the number of
GFAP+ cells in the striatum of WT mice, an effect that was
completely absent in MK−/− mice (Figure 4). In the case of
microglia, LPS induced a robust response in both genotypes
(Figure 5).However, compared to their corresponding saline-
paired control groups, the increases in the number of Iba-
1+ cells in the striatum after LPS administration tended
to be similar in WT and MK−/− mice (Figure 5(b)). The
data demonstrate that MK modulates the astrocytic, but not
microglial, response induced by LPS in the striatum.

3.4. Effect of Amphetamine on Y-Maze Behavior. The data
presented here demonstrate for the first time an important
role of MK in the modulation of the neuroinflammatory
processes induced by amphetamine in the striatum. These
processes have been related to the cognitive deficits caused
by amphetamines abuse in humans [6]. Thus, we next tested
the possibility that endogenous MK modulates the cognitive
effects caused by a 10-day amphetamine treatment during
adolescence, a stage especially vulnerable to the cognitive
deficits induced by these drugs [23, 31]. Six days after the
last amphetamine (or saline) administration, we assessed for
the first time the behavior of six-week-old mice from both
genotypes on the Y-maze (Figure 6). To test the possible long-
term effects of amphetamine treatment during adolescence
on the behavioral performance of WT and MK−/− mice
on a memory task, we tested them again one week (7-
week-old mice) and three weeks later (9-week-old mice).
First, it was found that control (saline-treated) WT and
MK−/− mice efficiently established spatial memory in a
similar manner (Figures 6(a)–6(c)). Amphetamine treatment
during adolescence tended to impair the recognitionmemory
in the Y-maze in 6-week-old MK−/− mice (Figure 6(a)).
This amphetamine-induced impairment of the recognition
memory was exacerbated in 7-week-oldMK−/− compared to
WTmice (Figure 6(b)). However, this effect of amphetamine
in recognition memory of 6- and 7-week-old MK−/− mice
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Figure 1: Amphetamine induces astrocytosis in the striatum ofWT andMK−/−mice. (a) Photomicrographs are fromGFAP-immunostained
striatal sections of saline- (Sal-) or amphetamine- (Amph-) treated animals. Amphetamine induced reactive astrocytes characterized by
larger densely stained bodies with longer and extensive processes (black arrows) compared to saline-treated mice (white arrows). (b) The
graph represents quantification of data (mean ± SEM) obtained from the counts of GFAP-positive cells in standardized areas of the striatum.
Significant effects of the genotype (F(1,16) = 8.051, 𝑃 = 0.01), the treatment (F(1,16) = 200.3, 𝑃 < 0.0001), and genotype by treatment variant
interaction (F(1,16) = 5.896, 𝑃 = 0.03) were found. ∗∗∗∗𝑃 < 0.0001 versus Sal. ##𝑃 < 0.01 versus WT. Scale bar = 200 𝜇m. Magnified inset =
50 𝜇m.

was found to be transient since it was abolished in 9-week-
old mice (Figure 6(c)). The data indicate that the cognitive
impairment caused by periadolescent amphetamine treat-
ment is modulated by endogenous MK.

4. Discussion

According to the European Monitoring Centre for Drugs
and Drug Addiction, ever in lifetime use of amphetamines

among young people in Europe varies considerably, with
levels of 30–70%. Despite widespread use of amphetamine-
type stimulants, the medical consequences of these drugs
abuse and the mechanisms underlying them are only par-
tially understood. These drugs cause neuroinflammation
[1], a pathogenic mechanism contributing to amphetamine-
induced dopaminergic injury in the nigrostriatal path-
way [32]. Accordingly, significant increases in the preva-
lence of PD in amphetamine-type drug abusers have been
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Figure 2: Amphetamine induces microgliosis in the striatum ofWT andMK−/−mice. (a) Photomicrographs are from Iba-1-immunostained
striatal sections of saline- (Sal-) or amphetamine- (Amph-) treated animals. (b) The graph represents quantification of data (mean ± SEM)
obtained from the counts of Iba-1-positive cells in standardized areas of the striatum. Significant effects of the genotype (F(1,10) = 4.597,
𝑃 = 0.05) and treatment (F(1,10) = 46.12, 𝑃 < 0.0001) were found. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 versus Sal. Scale bar = 200 𝜇m.

reported [7, 8]. In the present work, we have confirmed
that amphetamine-induced astrogliosis in the striatum, a
hallmark of amphetamine-type drugs-induced neuroinflam-
mation, is potentiated by genetic inactivation of MK [21].
More importantly, we demonstrate for the first time that

amphetamine-induced striatal microglial response is also
enhanced in MK−/− mice. The data indicate that MK is a
genetic factor that regulates the neuroinflammatory effects
induced by this type of psychostimulants. In this context, it is
also important to note that MK expression and signaling are
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Figure 3: Amphetamine-induced astrocytosis in the hippocampus of WT and MK−/− mice. (a) Photomicrographs are from GFAP-
immunostained hippocampal sections of saline- (Sal-) or amphetamine- (Amph-) treated animals. (b)The graph represents quantification of
data (mean ± SEM) obtained from the counts of GFAP-positive cells in standardized areas of the CA1 region of hippocampus. A significant
effect of the genotype (F(1,12) = 4.88, 𝑃 = 0.04) was found. #𝑃 < 0.05 versus WT. Scale bar = 200 𝜇m. Magnified inset = 50 𝜇m.

activated in the brain after administration of different drugs
of abuse [33–35]. Taking together, our data suggest that the
previously shownneuroprotective effects ofMKagainst drug-
induced neurotoxicity [20, 36] could be related to its ability to
prevent neuroinflammation.

The counteractive effect of MK against amphetamine
astrogliosis seems to be region-specific since it is observed
in the striatum, the main area affected by the neurotoxic
effects of amphetamine, but not in the hippocampus. One
possible explanation for these differences could be related to
the different pattern of expression of MK after injury in both
areas. While increased expression of MK is found in GFAP+
astrocytes in the injured mouse hippocampus [37], MK
expression in the neurodegenerative nigrostriatal pathway
is mainly found in neurons [20]. Thus, it is reasonable to
hypothesize that constitutive genetic deletion of MK could

cause different effects in response to injury depending on the
area considered.

Midkine expression levels in the brain are also upreg-
ulated in different pathologies characterized by overt neu-
roinflammation [3, 10, 20, 38]. Midkine is known to exert
neuroprotective effects in someof these pathologies including
Alzheimer’s disease [18] and brain ischemia [39]. Thus, it
is reasonable to hypothesize that the ability of MK to limit
neuroinflammation could contribute to its neuroprotective
actions in different pathological contexts. However, our data
indicate that microglial response after LPS administration is
not significantly regulated by MK. In contrast, LPS-induced
striatal astrogliosis was blocked by genetic inactivation of
MK. The data demonstrate a differential regulation of astro-
cytosis by MK depending on the inflammatory stimulus.
The data presented here provide novel insights in the
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Figure 4: LPS-induced astrocytosis in the striatum of WT and MK−/−mice. (a) Photomicrographs are from GFAP-immunostained striatal
sections of saline- (Sal-) treated or 0.5mg/kg lipopolysaccharide- (LPS-) treated animals. (b) The graph represents quantification of data
(mean ± SEM) obtained from the counts of GFAP-positive cells in standardized areas of the striatum. Scale bar = 200𝜇m. Magnified inset =
50 𝜇m.

mechanisms and roles played by MK in CNS disorders in
which astrogliosis is known to play pivotal roles. For instance,
MK is expressed in senile plaques of Alzheimer’s disease
patients [40]. Astrocytosis facilitates A𝛽 plaque deposition in
Alzheimer’s disease [41] suggesting the interesting possibility
that MK decreases A𝛽 plaque deposition [18] through its
ability to prevent astrogliosis.

The mechanism of action of MK supports our findings.
One receptor for MK is Receptor Protein Tyrosine Phos-
phatase 𝛽/𝜁 (RPTP𝛽/𝜁) (a.k.a. PTPRZ1) [42]. MK binds to
RPTP𝛽/𝜁 and inactivates its phosphatase activity. Inhibition

of the phosphatase activity of RPTP𝛽/𝜁 by MK binding
regulates the tyrosine phosphorylation levels of substrates of
RPTP𝛽/𝜁 which are known regulators of neuroinflammatory
processes such as TrkA [43]. Signaling pathways downstream
of MK/RPTP𝛽/𝜁 which are also known to participate in glio-
sis include MAPK pathways [10]. Further studies are needed
to test the possible involvement of these signaling pathways
in the modulatory actions of MK in neuroinflammation.

Overall, the data presented here are relevant because the
roles of MK in promoting inflammation had been described
in detail in peripheral organs such as kidney and liver [10]
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Figure 5: LPS-induced microgliosis in the striatum of WT and MK−/−mice. (a) Photomicrographs are from Iba-1-immunostained striatal
sections of saline- (Sal-) treated or 0.5mg/kg lipopolysaccharide- (LPS-) treated animals. (b) The graph represents quantification of data
(mean ± SEM) obtained from the counts of Iba-1-positive cells in standardized areas of the striatum. Significant effects of the genotype (F(1,12)
= 5.17, 𝑃 = 0.04) and treatment (F(1,12) = 47.41, 𝑃 < 0.0001) were found. ∗∗𝑃 < 0.01 and ∗∗∗𝑃 < 0.001 versus Sal. Scale bar = 200 𝜇m.

but little was known about a possible role of MK in central
inflammation. We now demonstrate for the first time that
MK is a novel modulator of amphetamine-induced neuroin-
flammation in a brain area-dependent manner. We also show
thatMK differentially regulates astrogliosis depending on the
noxious stimulus that triggers neuroinflammatory processes.

Our data support the need of further studies to dissect the
specific modulatory roles of MK on neuroinflammation in
the different brain pathologies in which MK has been shown
to be upregulated.

In addition to its involvement in neurotoxicity and neu-
rodegeneration, neuroinflammation significantly contributes
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Figure 6: Behavioral performance in the Y-maze of WT and MK−/−mice treated with amphetamine during adolescence. (a) Figure shows
mean ± SEM of discrimination ratio for 6-week-old WT and MK−/− mice pretreated with amphetamine during adolescence. Significant
effects of the genotype (F(1,44) = 5.04, 𝑃 = 0.03) and the treatment (F(1,44) = 6.03, 𝑃 = 0.02) were found. (b) Figure shows mean ± SEM
of discrimination ratio for 7-week-old WT and MK−/− mice pretreated with amphetamine. Significant effects of the genotype (F(1,44) = 5.1,
𝑃 = 0.03) and treatment (F(1,44) = 10.46, 𝑃 = 0.002) were found. (c) Figure shows mean ± SEM of discrimination ratio for 9-week-old WT
and MK−/−mice pretreated with amphetamine. #𝑃 < 0.05 versus WT.

to behavioral alterations possibly by affecting synaptic func-
tion [44]. Accordingly, new experimental therapeutics pro-
vide correlation between reduction of neuroinflammation
and improved cognitive impairment in Alzheimer’s dis-
ease [45]. Interestingly, behavioral changes associated with
amphetamine treatment during adolescence are cognitive
deficits [31]. Our data demonstrate that periadolescent am-
phetamine treatment has modest consequences in WT mice
in the Y-maze test but causes a transient disruption of
the working memory in the Y-maze in MK−/− mice. The
data suggest that genetic inactivation of MK confers greater
vulnerability to the transient cognitive impairment asso-
ciated with a periadolescent amphetamine treatment. It is
tempting to connect these behavioral data with the reduced

amphetamine-induced astrocytosis in the MK−/− mouse
hippocampus, a relevant area for recognition memory.
However, in the case of this type of drugs, it has been
recently shown that neuroinflammatory processes induced by
methamphetamine in the striatum underlie cognitive deficits
in this drug’s addicts [6]. Our data support the correla-
tion between cognitive deficits and enhanced amphetamine-
induced striatal neuroinflammation in MK−/−mice.

5. Conclusions

The data demonstrate for the first time that MK is a novel
regulator of neuroinflammation in a stimulus and brain re-
gion-dependent manner. The data presented here indicate
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that MK limits amphetamine-induced striatal neuroinflam-
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tion of learning and memory processes in MK−/− mice, effect 
that could be related to the absence of the counteractive 
actions of MK in striatal neuroinflammation.

Competing Interests

The authors do not have any conflict of interests to declare.

Acknowledgments

This w ork h as b een s upported b y G rants SAF2014-56671-
R from Ministerio de Economı́a y Competitividad of Spain 
and USP-BS-APP03/2014 from Universidad CEU San Pablo 
and Banco de Santander. Marta Vicente-Rodŕıguez and 
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A new series of blood-brain barrier permeable molecules designed to mimic the activity of Pleiotrophin
in the CNS has been designed and synthesized. These compounds exert their action by interacting with
the intracellular domain PD1 of the Protein Tyrosine-Phosphatase Receptor Z1 (PTPRZ1), and inhibiting
its tyrosine phosphatase activity. The most potent compounds 10a and 12b (IC50 ¼ 0,1 mM) significantly
increase the phosphorylation of key tyrosine residues of PTPRZ1 substrates involved in neuronal survival
and differentiation, and display protective effects against amphetamine-induced toxicity. Docking and
molecular dynamics experiments have been used to analyze the binding mode and to explain the
observed selectivity against PTP1B. An In vivo experiment has demonstrated that 10a can cross the BBB,
thus promoting the possibility of moving forward these candidates for the development of drugs for the
treatment of CNS disorders, such as drug addiction and neurodegenerative diseases.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Pleiotrophin (PTN) and Midkine (MK) are neurotrophic factors
that share over 50% identity in amino acid sequence [1]. Both PTN
and MK play important roles in development and repair of the
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c acid; MK, Midkine; PAMPA-
in barrier; PTN, Pleiotrophin;
DB, strategic drug delivery to
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central nervous system (CNS) [2]. The PTN andMK genes are widely
expressed at different times in different cell types during devel-
opment [3]. However, their expression levels are highly restricted
to a few cell types in adults [4]. Both PTN andMK are upregulated at
sites of injury, inflammation and repair in different cells of the CNS
[5]. It is important to note that both PTN and MK regulate neuro-
inflammation depending on the inflammatory stimulus and the
brain area considered [6]. In addition, MK and PTN are expressed in
senile plaques of patients with Alzheimer's disease [7] and PTN
upregulation has been also observed in the substantia nigra of
Parkinson's Disease (PD) patient [8]. Both cytokines are also upre-
gulated in different brain areas after administration of different
drugs of abuse [9], suggesting PTN andMK signaling may be critical
in different steps of wound repair in neurotoxic and neurodegen-
erative processes. Accordingly, in studies carried out in PTN
knockout (PTN�/�) mice, it was shown that PTN prevents
7
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amphetamine-induced dopaminergic injury in the nigrostriatal
pathway [10]. In concordance with these data, striatal over-
expression of PTN in different mouse models of dopaminergic
injury exerts neuroprotective effects [11].

These cytokines also modulate addictive behaviors. MK and PTN
contribute to the extinction of cocaine- and amphetamine-seeking
behaviors, respectively [10c,12] PTN limits morphine withdrawal
syndrome [13] and both, PTN and MK, are potent regulators of
behavioral effects induced by ethanol [14]. Particularly, it has been
demonstrated that PTN transgenic overexpression in the brain
blocks the rewarding effects of alcohol [14a,14b]. Overall, the data
suggest that PTN and MK could be used for the treatment of
neurodegenerative diseases, for prevention of drugs of abuse-
induced neurotoxicity and for the treatment of a wide variety of
drug addiction disorders. Like other proteins, PTN and MK exert
suboptimal drug-like properties/inability to cross the blood-brain
barrier (BBB). Although strategic drug delivery to the brain has
been successfully used with other proteins [15], the risks in many
occasions outweigh the benefits. If possible, pharmacological
modulation of the signaling pathways triggered by PTN and MK
may be preferred [9].

Both PTN and MK bind to the Protein Tyrosine-Phosphatase
Receptor Z1 (PTPRZ1; a.k.a. (R)PTPb or RPTPb/z), induce its oligo-
merization and inactivate its phosphatase activity [16]. This leads to
an increase in tyrosine phosphorylation of substrates critical for the
effects of these cytokines such as b-catenin16b, Fyn kinase [17] and
Anaplastic Lymphoma Kinase (ALK) [18]. We hypothesize that PTN
and MK actions on neurodegenerative diseases and drug addiction
disorders described above can be reproduced with rationally
designed small molecule inhibitors of PTPRZ1 [5a,9].

PTPRZ1 inhibitors have been recently tested in tumor models
[19]. However, these molecules were unable to cross the cell
membrane and required intracellular delivery by liposome carriers
precluding use for the treatment of CNS diseases. In the present
work, we propose to modulate the phosphatase activity of PTPRZ1
through the design and synthesis of small molecules that can cross
the BBB and mimic the actions of PTN and MK.

Many known phosphatase inhibitors contain multi-charged
phosphate-mimicking components, and show poor cellular up-
take. Huang et al. [20] described, for the first time, one compound
carrying an uncharged phosphate mimic (compound 1, Table 1)
with a moderate activity against PTPRZ1 (IC50 ¼ 3.5 mM), and a
certain degree of selectivity against other related phosphatases.
Table 1
Values of calculated TPSA, logP/logD and results of the Phospho-Tyr and PTPRZ1
inhibition test at 1.0 mM.

Comp. TPSA LogP/LogD Phospho-Tyr PTPRZ1 inhibition
at 1.0 mM

1 94.27 5.35 X e

4a 79.70 7.26 ✓ X
4b 79.70 7.37 ✓ X
4c 79.70 6.99 ✓ ✓

4d 79.70 6.88 ✓ ✓

5a 114.14 4.88 X e

5b 114.14 5.00 ✓ ✓

5c 114.14 4.62 ✓ X
10a 59.83 7.73 ✓ ✓

10b 51.75 6.54 X e

10c 47.42 4.34 ✓ X
12a 62.63 7.55 ✓ X
12b 62.63 7.50/6.64 ✓ ✓

12c 41.91 5.43/4.41 X
12d 37.33 5.48 ✓ ✓

12e 37.33 5.99 X
13 79.14 11.72/11.56 ✓ X
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Considering 1 as a hit compound, we have followed a classical
medicinal hit to lead optimization for the discovery of new PTPRZ1
inhibitors with a potential increased activity and selectivity and,
more importantly, capable of crossing the BBB.

2. Results and discussion

2.1. Design rationale

The structure of compound 1 and all the analogs synthesized in
this work is depicted in Schemes 1e3.

We have analyzed the effect of the substitution in the aromatic
rings present in 1, and the nature and length of the connecting
linker. In compounds 5a-c, the ether linkage was substituted by
amides of different length (Scheme 1). Topological Polar Surface
Area (TPSA) for these sulfoxides and the possibility of establishing
ten hydrogen bond acceptors (see Table 1) predict a low bioavail-
ability for a successful CNS drug [21]. To analyze whether the
sulfoxide group is necessary for activity, and with the aim of
improving pharmacokinetic properties, sulfides 4a-d, and 10a-b
(Scheme 2) were also biologically tested. Calculated logP values for
these sulfides are higher than the optimal 5 value. For this reason,
sulfide 10c, where an aromatic ring was substituted by a pyridine,
and sulfides 12a-e (Scheme 3) carrying an amino linker, were also
selected for synthesis and biological evaluation.

2.2. Chemistry

The synthesis of compounds 4 and 5 is depicted in Scheme 1.
Sulfides 4a and 4d were synthesized by reaction of 4-((tri-
fluoromethyl)thio) benzoyl chloride (2a) and the corresponding
amine 3. For the synthesis of amides 4b and 4c, a (EDCI) catalyzed
coupling between 2-(4-((trifluoromethyl)thio)phenyl)acetic acid
(2b) and the corresponding amine 3was followed. Oxidation of 4a-
c with m-chloroperbenzoic acid provided sulfones 5a-c.

Compounds 10 were synthesized by arylation of benzylic alco-
hols 8 and 9with (4-fluorophenyl)(trifluoromethyl)sulfane (6) or 1-
fluoro-4-(trifluoromethylsulfonyl)benzene (7), using sodium hy-
dride as base (Scheme 2). Sulfones 7 and 1 were obtained by
oxidation of 6 and 10a with m-chloroperbenzoic acid.

Amines 12a-e were obtained by reductive amination of alde-
hydes 11 with amines 3 using sodium triacetoxyborohydride as
reductive agent (Scheme 3).

Reductive amination of 11a with 3b gave, together with the
expected compound 12b, a tertiary amine 13, which was also
included for biological evaluation.

2.3. Biological evaluation

As a preliminary screening, we tested the total levels of phos-
phorylation of tyrosine residues in HeLa cells treated with different
concentrations (0.1,1.0 and 10.0 mM) of all 17 compounds (Phospho-
Tyr in Table 1). The compounds that induced at least a 10% increase
of Phospho-Tyr levels at any of the used concentrations were
selected for further evaluation of inhibition of the phosphatase
activity of PTPRZ1 (Fig. 1S, see supplementary material). The
selected compounds were 4a-d, 5b-c, 10a, 12a-b, 12d, and 13. A
limitation of this approach is that HeLa cells constitutively express
other tyrosine phosphatases that may compensate for the inhibi-
tion of PTPRZ1 induced by these compounds. Thus, it is possible
that some of the inhibitors of PTPRZ1 that we designed and syn-
thesized were discarded as false negatives. This may be the case of
compound 1, the PTP1B inhibitor synthesized by Huang et al.20 that
also exerted some inhibition on PTPRZ1 (IC50 ¼ 3.5 mM) and other
phosphatases. However, we chose this strict selection criterion to
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Table 2
IC50 Values (in mM) of PTPRZ1 and PTP1B inhibition.

Phosphatase 4c 4d 5b 10a 12b 12d

PTPRZ1 0.8 >100 >10 0.1 0.1 5.0
PTP1B NDa e e NDa 0.7 1.0

a ND ¼ Non Detected.
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select the most potent inhibitors for the next phase.
Next, we performed an enzymatic assay of PTPRZ1 using the

selected 11 compounds mentioned above. After optimizing the
assay conditions, we performed a screening test to assess the ca-
pacity of a single concentration (1.0 mM) of each of these com-
pounds to induce at least a 10% inhibition of the phosphatase
activity of PTPRZ1. Six compounds, 4c-d, 5b, 10a, 12b and 12d, met
this criterion and underwent concentration-response studies to
calculate the half-maximal inhibitory concentration (IC50). Among
the remaining compounds, we found that 10a,12b and 4c exhibited
the most potent inhibition, with a range of IC50 values between 0.1
and 0.8 mM (Table 2). In contrast with the results of Huang et al.
[20], it should be noted that compound 1 failed to inhibit PTPRZ1
phosphatase activity in our assays. These apparent discrepancies
may reflect significant methodological differences. First, while we
have used a commercial PTPRZ1 protein, plasmids containing the
16
PTPRZ1 active domain fragment were used in the previous report to
subclone the fragment for expression in insect cells [20]. Second,
we have used a different method of detection of inorganic phos-
phate in the PTPRZ1 enzymatic assay, the phosphate sensor reagent
that binds inorganic phosphate in a rapid, tight (Kd ~ 0.1 mM) and
more sensitive manner.

We also assessed the inhibitor selectivity of all six compounds
for PTP1B. We selected PTP1B as the most prominent PTP currently
9
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investigated as a pharmacological target [22]. As shown in Table 2,
10a and 12b strongly and selectively inhibit PTPRZ1. Compound 4c,
although less potent, displays a remarkable selectivity against
PTP1B. To further study the selectivity of the most potent com-
pounds, we decided to test their effects on the phosphorylation
levels of specific substrates of PTPRZ1 in an in vitro biological assay.
As relevant substrates of PTPRZ1, we chose TrkA [23] and anaplastic
lymphoma kinase (ALK) [18] because they are known to be involved
in the neuroprotective effects of PTN, the endogenous inhibitor of
PTPRZ1 [9]. We used neuroblastoma SH-SY5Y cells, which are
known to express PTPRZ1 [24]. We stimulated SH-SY5Y cells with
different concentrations of 10a and 12b (1.0, 5.0 and 10.0 mM) for
20 min, and evaluated using western blots the phosphorylation of
those specific tyrosine residues in TrkA (Tyr490) and ALK (Tyr1278),
which are involved in the activation of both proteins. It has to be
noted that previous evidence suggests that PTPRZ1 preferentially
dephosphorylates Y674 and/or Y675 [23]. However, we chose to
study Y490 because phosphorylation of this residue results in a
cascade of molecular events and survival effects in vitro that re-
sembles the ones found in PTN-stimulated cells [10c]. We chose to
study ALK (Tyr1278) because treatment of SH-SY5Y cells with mid-
kine (MK), the only other member of the PTN family of cytokines
that also binds PTPRZ1 and inhibits its phosphatase activity [25],
causes a significant increase in the phosphorylation of ALK (Tyr1278)
in SH-SY5Y cells [26]. We chose these concentrations of the in-
hibitors as relevant for the subsequent functional studies described
below. Western blots probed with anti-phospho-TrkA antibodies
demonstrated that steady state levels of tyrosine phosphorylation
of TrkA increased 2e3-fold after treatment with both 10a and 12b
(Fig. 1). Western blots probed with anti-phospho-ALK antibodies
demonstrated that both compounds caused a 2-fold increase in the
phosphorylation of one isoform of ALK (the 140 kDa protein [27])
(Fig. 1).

The data clearly demonstrate that two of the inhibitors, 10a and
12b, significantly increase the phosphorylation of key tyrosine
residues of the PTPRZ1 substrates TrkA and ALK, in agreement with
Fig. 1. (a) Representative western blots showing 10a-induced increases in phosphorylated T
shown below each phosphorylated protein blot for comparison. (bec) Quantification of west
in pTrkA and pALK. Total TrkA and ALK western blots are shown below each phosphorylated
presented as mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to
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their IC50 values (Table 2). It is interesting to note that TrkA is the
high affinity nerve growth factor (NGF) receptor. NGF activates the
kinase activity of TrkA by increasing the phosphorylation of Y490 in
TrkA, which is critical for NGF-induced survival and neuro-
protective effects [28]. Increased phosphorylation of Y1278 in ALK is
also involved in neuronal survival and differentiation [9]. The data
suggest that the ability of PTPRZ1 inhibitors to increase the phos-
phorylation of the same residues in TrkA and ALK, by inhibiting the
phosphatase activity of PTPRZ1 on its substrates, will induce similar
neuroprotective effects. Accordingly, the endogenous inhibitor of
the phosphatase activity of PTPRZ1, PTN, has been shown to pre-
vent amphetamine-induced neuronal injury in vitro and in vivo
[10b,10c]. To test the possibility that PTPRZ1 inhibitors could pro-
tect cell cultures from amphetamine-induced toxicity, we used
catecholaminergic PC12 cells, which express readable levels of
PTPRZ1 [29]. PC12 cells were incubated for 24 h with amphetamine
(1 mM) and/or 10a or 12b (1.0 mM). Interestingly, 10a significantly
prevented amphetamine-induced loss of PC12 cell viability (Fig. 2a)
and the same trend was observed with 12b (p ¼ 0.06). These data
demonstrate that PTPRZ1 inhibitors mimic the protective effects of
PTN against amphetamine-induced toxicity in PC12 cells [10c].
2.4. In vivo permeability study

To test the ability of the designed compounds to cross the BBB,
compound 10a was selected to carry out an in vivo experiment.
Samples were obtained from mice sacrificed 1h post-gavage with
60 mg/kg of 10a and analyzed by GC-MS. Extracted ion chro-
matograms (EIC) showed the presence of a peak at the same
retention time as a standard 10a solution, in both plasma and brain
samples, while this peak was not present in samples from un-
treated mice. A preliminary quantification of the permeability has
been carried out, showing that the estimated concentration of 10a
in brain samples is of 500e1000 ng/mL, while the concentration in
plasma is 100e300 ng/mL. Moreover, we have recently shown that
treatment with 10a completely blocked alcohol-induced reward in
rkA (pTrkA) and the 140 kDa ALK isoform (pALK). Total TrkA and ALK western blots are
ern blots using ImageJ. (d) Representative western blots showing 12b-induced increases
protein blot for comparison. (eef) Quantification of western blots using ImageJ. Data are
vehicle controls (0.0 mM).



Fig. 2. Effects of 10a and 12b on amphetamine-induced toxicity in PC12 cells. PC12 cells cultured with media supplemented with amphetamine (Amph; 1 mM) and/or 10a (1.0 mM)
and/or 12b (1.0 mM) for 24 h. Cellular viability was assessed by the MTT test. Results are expressed as mean ± S.E.M. **p < 0.01, ***p < 0.001 vs. vehicle-treated (control) cells.
###p < 0.001 vs. Amphþ10a-treated cells.
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mice [30] andmodulation of the rewarding effects of drugs of abuse
such alcohol, requires direct actions in the brain.
2.5. Computational studies

Despite its biological interest, PTPRZ1 has not been thoroughly
studied to date as a druggable target. The first crystal structure
obtained for PTPRZ1 was deposited as 5AWX [19]. However, in-
hibitors failed to crystalize along with the protein. To consider
several conformations of the target macromolecule, together with
the available apo form (5AWX), a computational study was carried
out. Since no crystal structure was available for holo conformations
of PTPRZ1, homology models were built using Receptor-type
Tyrosine-Protein Phosphatase Gamma (PTPRG) [19] as a template,
based on the 73.61% of sequence homology between both phos-
phatases [31]. PTPRZ1 belongs to the receptor-associated Class I PTP
subfamily, which contains a highly conserved phosphatase domain
(PD1) and a cysteine in the active site [32]. The general structure of
the PD1 is constituted by an active site motif C(X)5R [33] and
several surrounding loops implicated in the catalytic cycle and
substrate recognition process. The WPD-loop plays an acid-base
role, carried out by the Trp-Pro-Asp motif and therefore is impli-
cated in the recycling of the active site. The pTyr-loop [34] is
implicated in the recognition of the phosphotyrosine substrate; and
the Q-loop, has a relevant role in the activation of a key water
molecule during the catalytic cycle. The templates used for the
homology modeling can be classified according to the different
conformations of the WPD-loop as follows: i) closed conformation:
when the phosphatase domain is bound to a substrate-like ligand
[35] or a competitive inhibitor (PDB code 3QCC) [35,36]; ii) a
“superopen” conformation: when the phosphatase is bound to an
inhibitor that alters the overall conformation of theWPD-loop (PDB
code 3QCH) [35] by acting as a wedge between the WPD-loop and
the rest of the protein; and iii) open conformation: when the pro-
tein is in the apo form (PDB code 5AWX) [33,37]. Models for PTPRZ1
were generated with the SWISS-MODEL web server [38]as
described elsewhere [31]. They were subsequently used for docking
experiments carried out as described in the experimental section,
using compounds 4c, 4d, 5b, 10a, 12b and 12d, as ligands. The
highest docking scores for all compounds inside the different
conformations of PTPRZ1 were obtained for the “superopen”
conformation. The general binding mode predicted for these
compounds implies the enclosing of the trifluoromethylthiobenzyl
moiety within the hydrophobic pocket that is accessible by the
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displacement of the WPD-loop. Among the amino acids that line
the hydrophobic pocket, the main van der Waals interactions are
established between the trifluoromethylthiobenzyl moiety and the
aromatic side chains of Trp1989 and Phe1984, and the aliphatic and
cycloaliphatic side chains of Arg1939 and Pro1905, respectively. The
rest of the molecule, in all cases, interacts with the surroundings of
the WPD-loop and the active site, with no direct interaction with
the catalytic site (Table S1 and Fig. S2, see Supplementarymaterial).

To assess the stability of the proposed binding modes, 10 ns
molecular dynamics (MD) simulations were carried out for all
complexes. Binding energies were analyzed making use of the fast
and versatile MM-ISMSA program [39]. Results confirm the com-
plexes stability in the “superopen” conformation for all compounds
bound to PTPRZ1 as can be seen by the stable RMSD values
(Table S2 and Fig. S3, see Supplementary material).

Given their high selectivity and drug-like properties, the binding
modes for 4c,10a and 12bwere intensively inspected, and the most
populated conformations explored during 97% (4c), 78% (10a) and
77% (12b) of the simulation time, respectively, were selected for the
per-residue energy decompositions (Fig. 3). Results show that the
previously described van der Waals interactions established with
the hydrophobic pocket in the initial docking binding models are
maintained during most of the simulation time for the three
complexes and that those having a higher energetic contribution
are the pep stacking and T-shaped interactions established be-
tween the trifluoromethylthiobenzyl moiety of the ligands and the
aromatic side chains of Phe1984 and Trp1889. Furthermore, com-
pound 4c interacts strongly with the side chains of Pro1900, Val1904

and the aliphatic part of the side chain of Glu1980 of the WPD-loop.
In addition, the amide moiety of 4c stablishes alternating hydrogen
bonding interactions to either the side chain NH of Gln1981 or the
backbone carbonyls of Pro1905 and Glu1980. In the complex of 10a
with PTPR1Z, the hydrophobic interactions persist, whereas elec-
trostatic interactions are weaker, since the previously described
hydrogen bonds cannot be established. This bindingmode is shared
by all the other studied compounds in their most populated con-
formers except for 12b-PTPRZ1 complex, because of its protonated
state. Compound 12b can stablish strong interactions between the
positively charged amine moiety and the side chains of Glu1980 and
Asp1987 and with the backbone carbonyl of Glu1906, all three located
at the entrance of the hydrophobic pocket. Furthermore, compound
12b, due to its high flexibility, folds to establish an intramolecular
pep interaction between the two trifluoromethylthiobenzyl moi-
eties. In this folded conformation, compound 12b establishes van
1



Fig. 3. Proposed binding modes of 4c, 10a and 12b inside PTPRZ1. (Left) PyMOL stick and cartoon representation of the proposed binding modes for 4c, 10a and 12b inside PTPRZ1.
Structures shown correspond to the most populated conformations along the MD simulations in the PTPRZ1 superopen conformation. 4c, 10a and 12b are represented in orange,
green and light pink sticks, respectively. Residues involved in interactions are shown as sticks. The protein is colored cyan and the active site, WPD-loop and Q-loop are highlighted
in green, magenta and grey, respectively. (Right) Per-residue energy decomposition of each complex with PTPRZ1. Orange, green and pale magenta bars represent the van der Waals
contributions and deep green, red and magenta bars represent electrostatic binding energies for 4c, 10a and 12b. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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der Waals interactions between the trifluoromethylthiobenzyl
moieties and the hydrophobic residues that line the hydrophobic
pocket, some of which are located in the WPD-loop (Fig. S4, see
Supplementary material).

With the aim of rationalizing the high selectivity displayed by
4c, 10a and 12b, the same computational approach was carried out
172
for PTP1B. The PTP1B structures were obtained from the PDB in the
closed and open conformation (PDB codes 1PTY and 3A5J, respec-
tively) and a homology model for the “superopen” conformation
was built using as template PDB structure 3QCH. Docking calcula-
tions were carried out as described previously and, in this case, the
highest docking scores were obtained for all compounds bound to
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the closed conformation of PTP1B (Table S1, see Supplementary
material) where they share an overall similar bindingmode (Fig. S5,
see Supplementary material). Corresponding 10 ns MD simulations
were carried out and the binding modes were further analyzed.
Lower affinity towards PTP1B were found, as demonstrated by the
unstable binding modes calculated through MM-ISMSA and the
shifting RMSD values, that are comparatively higher than the ones
obtained for the PTPRZ1 complexes (Table S2 and Fig. S3, see sup-
plementary material). It is noteworthy that the only stable binding
modes in PTP1B, which have the most similar RMSD fluctuations if
compared to those of PTPRZ1 complexes, are shown by compounds
4d and 5b along with 4c. The other compounds fluctuate during the
MD simulation and slowly unbind from the original binding mode,
resulting in completely different conformations that can be
extracted from the MD simulations (Fig. S6, see Supplementary
material). The per-residue energy decompositions of the complexes
between PTP1B and 4c, 10a and 12b were also carried out. The 4c-
PTP1B complex showed worse energy interactions compared to
those found for PTPRZ1. The main interactions established by
compound 4c are with Tyr46, Asp48 and Val49 from the described P-
loop, Phe182 from the WPD-loop, Ser216 and Ala217 from the active
site, and Gln262 from the Q-loop (Fig. S7, see Supplementary ma-
terial). Meanwhile, compound 10a in complex with PTP1B, pre-
sented no stable binding mode during the simulations, which
resulted in an unbounding from the active site, clearly observed by
the rising RMSD values after 1.4 ns of the MD simulation and the
reduced per-residue interactions of the binding. The complex of
12b and PTP1B rendered no stable binding within the active site
during the simulation. Nevertheless, after ~2.5 ns 12b moves away
from the active site and establishes a strong hydrogen bonding
interaction between the protonated amine and the side chain of the
Gln262 present in the Q-loop, which is maintained throughout the
rest of the simulation (Figs. S4 and S7, Supplementary material).

These results clearly account for the lower affinity towards
PTP1B displayed by compounds 4c, 10a and 12b, and most impor-
tantly, they are in complete agreement with the remarkable
PTPRZ1/PTP1B selectivity profile described above.
3. Conclusion

PTN has a protective role in the CNS through its interaction with
PTPRZ1. The interaction of PTN with PTPRZ1 inactivates its intrinsic
tyrosine phosphatase activity, increasing the phosphorylation level
of substrates which are crucial to prevent neurodegenerative and
drug addiction disorders.

In this work, we have designed and synthesized a series of small
molecules capable of mimicking the activity of PTN, by interacting
with the active site of the intracellular domain PD1 of PTPRZ1.

The most active compounds 10a and 12b (IC50 ¼ 0,1 mM) are
selective against PTP1B, and significantly increase the phosphory-
lation of key tyrosine residues of TrkA and ALK, two PTPRZ1 sub-
strates involved in neuronal survival and differentiation. Moreover,
both compounds mimic the PTN protective effects against
amphetamine-induced toxicity in PC12 cells.

Docking and MD experiments have allowed to propose the
binding mode of all these compounds inside PTPRZ1 and assess the
stability of the corresponding complexes along the simulation time.
More importantly, these methods have allowed to explain the
remarkable PTPRZ1/PTP1B selectivity displayed by 4c and 10a.

We have demonstrated that 10a can cross the BBB and, there-
fore, we propose this compound as a promising candidate for the
development of new drugs for the treatment of CNS disorders, such
as addictive and neurodegenerative diseases.
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4. Experimental section

4.1. Chemistry

4.1.1. Materials
All reagents and solvents were obtained from different com-

mercial sources (Sigma-Aldrich, Fluka, Acros Organics, Alfa Aesar or
Scharlab) and used without further purification. Tetrahydrofuran
and dichloromethanewere dried by the solvent purification system
Technical Bulletin AL-258.

4.1.2. General methods
Reaction progress was monitored using analytical thin-layer

chromatography (TLC) on Merck silica gel 60 F-254 plate. Visuali-
zation was achieved by UV light (254 nm). Flash chromatography
was performedwith Scharlau silica gel 60 (0.04e0.06mm) packing.
1H and 13C spectra were recorded on a Bruker Advance III 400 MHz
instrument. Signals are quoted as s (singlet), d (doublet), t (triplet),
q (quartet) or m (multiplet). Chemical shifts (d) are expressed in
parts per million relative to solvent resonance as the internal
standard. Coupling constants (J) are in hertz (Hz). Elemental ana-
lyses were performed by the Microanalytical Service Laboratory of
the Universidad Complutense (Madrid) on a LECO CHNS-932
apparatus. Analyses indicated by the symbols of the elements or
functions were within ±0.4% of the theoretical values. Melting
points were determined on a Stuart Scientific (BIBBY) melting point
apparatus. Mass spectrometry was performed by the CEMBIO
Analytical Service Laboratory of the Universidad CEU San Pablo on a
MS/IT Esquire 3000 Bruker Daltonics apparatus. All final products
were analyzed for purity by reverse-phase high-performance liquid
chromatography (HPLC) on Agilent Technologies 1260 Infinity II
apparatus. HPLC methods used for each compound shown in Sup-
plementary material.

4.1.3. 1-((Trifluoromethyl)sulfonyl)-4-((4-((trifluoromethyl)
sulfonyl)benzyl)oxy)benzene (1)

To a solution of 10a (153 mg, 0.39 mmol) in dry DCM (10 mL)
was added MCPBA (688 mg, 3.98 mmol). The reaction mixture was
stirred at 80 �C for 48 h in a sealed tube. The crudewaswashedwith
NaOH 1M, brine and dried (MgSO4). The drying agent was filtered
off and the solvent was evaporated. The crude was purified by
column chromatography on silica gel using hexane-EtOAc as eluent
(8: 2 v/v) to afford 120 mg (67%) of 1 as a white solid. Mp.
139e141 �C. 1H NMR (400 MHz, CDCl3): d 8.11 (d, J ¼ 8.2 Hz, 2H,
ArH), 8.02 (d, J ¼ 8.9 Hz, 2H, ArH), 7.76 (d, J ¼ 8.2 Hz, 2H, ArH), 7.21
(d, J ¼ 8.9 Hz, 2H, ArH), 5.33 (s, 2H, -CH2). 13C NMR (100 MHz,
CDCl3): d 164.6, 144.9, 133.5, 131.4, 131.4 (“q”, J ¼ 2 0.0 Hz), 128.3,
123.4 (q, J ¼ 2.0 Hz), 112.0 (q, JCF ¼ 325.8 Hz), 112.0 (q,
JCF ¼ 325.8 Hz), 116.1, 69.3. HPLC Purity >98%, tR ¼ 4.436, Method 1.
Anal. C15H10F6O5S2 (C, H, F, O, S).

4.1.4. 4-((Trifluoromethyl)thio)-N-(4-((trifluoromethyl)thio)
phenyl)benzamide (4a)

To a solution of K2CO3 (174 mg, 1.26 mmol) in 4 mL of dry THF at
0 �C were subsequently added 11a (100 mg, 0.42 mmol) and aniline
3a (128 mg, 0.66 mmol). The resulting mixture was stirred at RT
under argon till completion was seen by TLC (20 h). The solvent of
the reactionwas evaporated and the residuewas suspended in H2O.
The aqueous layer was extracted with EtOAc, and the combined
organic layers were washed with 1M HCl and brine, dried (MgSO4),
filtered and evaporated to give 4a as awhite solid (31 mg, 19%). Mp.
162e164 �C (hexane/EtOAc). 1H NMR (400 MHz, CDCl3): d 7.91 (d,
J ¼ 8.4 Hz, 2H, ArH), 7.87 (s, 1H, -NH), 7.80 (d, J ¼ 8.4 Hz, 2H, ArH),
7.73 (d, J ¼ 8.8 Hz, 2H, ArH), 7.68 (d, J ¼ 8.8 Hz, 2H, ArH). 13C NMR
(100 MHz, CDCl3): d 164.8, 140.2, 137.8, 136.7, 136.4, 129.6(q,
3
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JCF ¼ 308.3 Hz), 129.4 (q, JCF ¼ 308.3 Hz), 129.3 (q, J ¼ 2.0 Hz), 128.2,
120.8, 119.9(q, J ¼ 2.0 Hz). HPLC Purity >98%, tR ¼ 4.734, Method 5.
LC/MS (ESI) m/z 398.0 [MþH]þ. Anal. C15H9F6NOS2 (C, H, F, N, O, S).

4.1.5. N-2-Bis(4-((trifluoromethyl)thio)phenyl)acetamide (4b)
To a solution of acid 2b (200 mg, 0.64 mmol) in 2.5 mL of DMF

were added HOBt (104 mg, 0.77 mmol), EDCI (139 mg, 0.90 mmol)
and the corresponding aniline 3a (247 mg, 1.28 mmol). The
resulting mixture was stirred at RT till completion was seen by TLC
(72 h). The mixture was then diluted with EtOAc and washed with
NaHCO3 saturated solution, NH4Cl and brine. The organic layer was
dried (MgSO4), filtered and evaporated to give 4b as a white solid
(208 mg, 78%). Mp. 163e165 �C (hexane/EtOAc). 1H NMR (400 MHz,
CDCl3): d 7.69 (d, J ¼ 7.9 Hz, 2H, ArH), 7.59 (d, J ¼ 8.5 Hz, 2H, ArH),
7.54 (d, J ¼ 8.5 Hz, 2H, ArH), 7.41 (d, J ¼ 7.9 Hz, 2H, ArH), 7.18 (s, 1H,
-NH), 3.78 (s, 2H, -CH2).

13C NMR (100 MHz, CDCl3): d 168.3, 140.1,
137.6, 137.1, 130.7, 129.6 (q, JCF ¼ 308 Hz), 129.6 (q, JCF ¼ 308 Hz),
124.1 (q, J ¼ 2.0 Hz), 120.4, 119.5 (q, J ¼ 2.0 Hz), 44.5. HPLC Purity
>98%, tR ¼ 3.690, Method 5. LC/MS (ESI) m/z 412.00 [MþH]þ. Anal.
C16H11F6NOS2 (C, H, F, N, O, S).

4.1.6. N-(4-((Trifluoromethyl)thio)benzyl)-2-(4-((trifluoromethyl)
thio)phenyl)acetamide (4c)

To a solution of 2b (200 mg, 0.64 mmol) in 2.5 mL of DMF were
added HOBt (104 mg, 0.77 mmol), EDCI (139 mg, 0.90 mmol) and
amine 3b (199mg, 0.96 mmol). The resulting mixture was stirred at
RT till completion was seen by TLC (72 h). The mixture was then
diluted with EtOAc and washed with NaHCO3 saturated solution,
NH4Cl and brine. The organic layer was dried (MgSO4), filtered and
evaporated to give 4c as a white solid (105 mg, 39%). Mp.
124e126 �C (hexane/EtOAc). 1H NMR (400 MHz, CDCl3): d 7.65 (d,
J ¼ 8.1 Hz, 2H, ArH), 7.59 (d, J ¼ 8.1 Hz, 2H, ArH), 7.35 (d, J ¼ 8.2 Hz,
2H, ArH), 7.25 (d, J ¼ 8.1 Hz, 2H, ArH), 5.75 (s, 1H, -NH), 4.47 (d,
J ¼ 6.0 Hz, 2H, -CH2-NH-), 3.65 (s, 2H, -CH2CO). 13C NMR (100 MHz,
CDCl3) d 170.1, 141.3, 137.9, 137.0, 136.8, 130.6, 129.6 (q,
JCF ¼ 308.2 Hz), 129.6 (q, JCF ¼ 308.2 Hz), 128.6, 123.7 (q, J ¼ 2.1 Hz),
123.6 (d, J ¼ 2.1 Hz), 43.2, 43.1. HPLC Purity >97%, tR ¼ 3.073,
Method 6. LC/MS (ESI)m/z 425.9 [MþH]þ. Anal. C17H13F6NOS2 (C, H,
F, N, O, S).

4.1.7. 4-((Trifluoromethyl)thio)-N-(4-((trifluoromethyl)thio)benzyl)
benzamide (4d)

To a solution of K2CO3 (87 mg, 0.63 mmol) in 2 mL of dry THF at
0 �C were subsequently added chloride 2a (50 mg, 0.21 mmol) and
amine 3b (68 mg, 0.33 mmol). The resulting mixture was stirred at
RT under argon till completion was seen by TLC (20 h). The solvent
of the reaction was evaporated and the residue was suspended in
H2O. The aqueous layer was extracted with EtOAc, and the com-
bined organic layers were washed with 1M HCl and brine, dried
(MgSO4), filtered and evaporated. To give 4d as a white solid
(119.5 mg, 34%). Mp. 117e119 �C (hexane/EtOAc). 1H NMR
(400 MHz, CDCl3): d 7.84 (d, J ¼ 8.3 Hz, 2H, ArH), 7.74 (d, J ¼ 8.3 Hz,
2H, ArH), 7.65 (d, J ¼ 8.1 Hz, 2H, ArH), 7.41 (d, J ¼ 8.1 Hz, 2H, ArH),
6.48 (s, 1H, -NH), 4.70 (d, J ¼ 5.9 Hz, 2H, -CH2). 13C NMR (100 MHz,
CDCl3) d 166.5, 141.2, 136.9, 136.3, 129.7 (q, JCF ¼ 308.3 Hz), 129.4 (q,
JCF ¼ 308.3 Hz), 128.9, 128.7 (q, J ¼ 2.0 Hz), 128.1, 123.8 (q,
J ¼ 2.0 Hz), 43.7. HPLC Purity >98%, tR ¼ 4.534, Method 5. LC/MS
(ESI) m/z 412.00 [MþH]þ. Anal. C16H11F6NOS2 (C, H, F, N, O, S).

4.1.8. 4-((Trifluoromethyl)sulfonyl)-N-(4-((trifluoromethyl)
sulfonyl)phenyl)benzamide (5a)

To a solution of 4a (65 mg, 0.16 mmol) in dry DCM (10 mL) was
added MCPBA (276 mg, 1.6 mmol). The resulting mixture was stir-
red at 100 �C in a sealed tube until the reactionwas completed (TLC)
(72 h). The reaction mixture was washed with NaOH 2M, NaCl sat.
174
and H2O. The organic layer was then dried (MgSO4), filtered and
evaporated to give 5a as a white solid (40.6 mg, 55%). Mp.
194e196 �C (hexane/EtOAc). 1H NMR (400 MHz, CDCl3): d 8.23 (d,
J ¼ 8.4 Hz, 2H, ArH), 8.17 (d, J ¼ 8.4 Hz, 2H, ArH), 8.08 (d, J ¼ 8.8 Hz,
2H, ArH), 8.00 (d, J ¼ 8.8 Hz, 2H, ArH). 13C NMR (100 MHz, DMSO)
d 165.0, 147.0, 142.3, 132.4, 132.2, 131.2, 130.2, 123.0, 120.9, 119.5
(“q”, J ¼ 324.11), 119.4 (“q”, J ¼ 326.40). HPLC Purity >97%,
tR ¼ 4.277, Method 5. LC/MS (ESI) m/z 461.9 [MþH]þ. Anal.
C15H9F6NO5S2 (C, H, F, N, O, S).

4.1.9. N,2-bis(4-((trifluoromethyl)sulfonyl)phenyl)acetamide (5b)
To a solution of 4b (102 mg, 0.248 mmol) in dry DCM (10 mL)

was added MCPBA (428 mg, 2.48 mmol). The resulting mixture was
stirred at 100 �C in a sealed tube until the reaction was completed
(TLC) (24 h). The reactionmixturewas washedwith NaOH 2M, NaCl
sat. and H2O. The organic layer was then dried (MgSO4), filtered and
evaporated to give 5b as awhite solid (80 mg, 68%). Mp. 171e173 �C
(hexane/EtOAc). 1H NMR (400MHz, CDCl3): d 8.07 (d, J¼ 8.3 Hz, 2H,
ArH), 8.00 (d, J ¼ 8.9 Hz, 2H, ArH), 7.83 (d, J ¼ 8.9 Hz, 2H, ArH), 7.67
(d, J ¼ 8.3 Hz, 2H, ArH), 7.57 (bs, 1H, -NH), 3.97 (s, 2H, -CH2).; 13C
NMR (100MHz, CDCl3) d 167.6,144.9,143.0,132.6,131.5,131.1,130.8,
125.9119.9, 119.9 (q, JCF ¼ 325.7 Hz), 119.8 (q, JCF ¼ 325.7 Hz), 44.4.
HPLC Purity >97%, tR ¼ 5.674, Method 3. LC/MS (ESI) m/z 475.9
[MþH]þ. Anal. C16H11F6NO5S2 (C, H, F, N, O, S).

4.1.10. N-(4-((trifluoromethyl)sulfonyl)benzyl)-2-(4-
((trifluoromethyl)sulfonyl)phenyl)acetamide (5c)

To a solution of 4c (42 mg, 0.1 mmol) in dry DCM (10 mL) was
added MCPBA (260 mg, 1.5 mmol). The resulting mixture was
stirred at 100 �C in a sealed tube until the reaction was completed
(TLC) (48 h). The reactionmixturewas washedwith NaOH 2M, NaCl
sat. and H2O. The organic layer was then dried (MgSO4), filtered and
evaporated to give 5c as awhite solid (33 mg, 67%). Mp. 164e170 �C
(hexane/EtOAc). 1H NMR (400MHz, CDCl3): d 8.03 (d, J¼ 8.0 Hz, 2H,
ArH), 7.99 (d, J ¼ 8.0 Hz, 2H, ArH), 7.63 (d, J ¼ 7.9 Hz, 2H, ArH), 7.54
(d, J ¼ 7.9 Hz, 2H, ArH), 6.03 (bs, 1H, -NH), 4.60 (d, J ¼ 6.1 Hz, 2H,
-CH2NH), 3.77 (s, 2H, -CH2CO). 13C NMR (100 MHz, CDCl3) d 169.1,
147.7, 140.03, 131.4, 131.0, 130.5, 130.47, 128.95, 119.9 (q,
JCF ¼ 323.7 Hz), 43.5, 43.3. HPLC Purity 95%, tR ¼ 4.549, Method 3.
LC/MS (ESI)m/z 489.9 [MþH]þ. Anal. C17H13F6NO5S2 (C, H, F, N, O, S).

4.1.11. 1-Fluoro-4-((trifluoromethyl)sulfonyl)benzene (7)
To a solution of 6 (100 mg, 0.51 mmol) in dry DCM (10 mL)

MCPBA (440 mg, 2.55 mmol) was added and the mixture was
heated at 80 �C in a sealed tube for 6 h. The reaction crude was
diluted with DCM (10 mL) and the organic layer was washed with
NaOH 1 M, brine and dried (MgSO4). The drying agent was filtered
off and the solvent was removed at vacuum to give 7 as a light-
orange oil. The compound was used in the next reaction without
further purification.

4.1.12. (Trifluoromethyl)(4-((4-((trifluoromethyl)thio)benzyl)oxy)
phenyl)sulfane (10a)

To a solution of 8 (303 mg, 1.46 mmol) in 5 mL of dry DMF, was
added NaH (60%) (42 mg, 1.75 mmol) at 0 �C under an argon at-
mosphere. After stirring for 15 min, compound 6 (0.22 mL,
1.53 mmol) was added and the mixture was stirred at RT. The re-
actionwas monitored with TLC until completion (24 h). The solvent
was evaporated, the residue was solved in EtOAc, washed with
brine and H2O, dried (MgSO4), filtered and evaporated. The crude
was purified by column chromatography on silica gel using hexane-
EtOAc as eluent (9.75: 0.25 v/v) to afford 10a as a white solid
(350mg, 62%). Mp.114e116 �C. 1H NMR (400MHz, CDCl3): d 7.69 (d,
J ¼ 8.2 Hz, 2H, ArH), 7.59 (d, J ¼ 8.8 Hz, 2H, ArH), 7.48 (d, J ¼ 8.2 Hz,
2H, ArH), 6.99 (d, J ¼ 8.8 Hz, 2H, ArH), 5.12 (s, 2H, -CH2). 13C NMR
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(100 MHz, CDCl3): d 160.8, 139.5, 138.5, 136.8, 129.8 (q,
JCF ¼ 308 Hz), 129.7 (q, JCF ¼ 308 Hz), 128.3, 124.4 (q, J ¼ 2.1 Hz),
115.9, 115.8 (q, J ¼ 2.1 Hz), 69.4. HPLC Purity >98%, tR ¼ 5.215,
Method 1. Anal. C15H10F6OS2 (C, H, F, O, S).

4.1.13. (Trifluoromethyl)(4-((4-((trifluoromethyl)sulfonyl)phenoxy)
methyl)phenyl)sulfane (10b)

To a solution of 8 (106 mg, 0.51 mmol) in 5 mL of dry DMF, was
added NaH (60%) (15 mg, 0.61 mmol) at 0 �C under an argon at-
mosphere. After stirring for 15 min, fluorine derivative 7 (116 mg,
0.51 mmol) was added, the mixture was stirred at RT and the re-
actionwas monitored with TLC until completion (2 h). The reaction
mixture was poured into a mixture of HCl (1M)/H2O (1:1) and then
extracted with DCM. The organic layer was dried (MgSO4), filtered
and evaporated. The crudewas purified by column chromatography
on silica gel using hexane-DCM as eluent (9:1 v/v) to afford 10b as a
white solid (121 mg, 31%). Mp. 110e112 �C. 1H NMR (400 MHz,
CDCl3): d 7.98 (d, J ¼ 8.9 Hz, 2H, ArH), 7.72 (d, J ¼ 8.1 Hz, 2H, ArH),
7.49 (d, J ¼ 8.1 Hz, 2H, ArH), 7.18 (d, J ¼ 8.9 Hz, 2H, ArH), 5.22 (s, 2H,
-CH2).

13C NMR (100 MHz, CDCl3): d 164.8, 138.2, 136.7, 133.4, 129.5
(q, JCF ¼ 308 Hz), 128.3, 124.7 (q, J ¼ 2.0 Hz), 122.7 (q, J ¼ 2.0 Hz),
119.9 (q, JCF ¼ 308 Hz), 115.9, 69.8. HPLC Purity >97%, tR ¼ 7.296,
Method 2. Anal. C15H10F6O3S2 (C, H, F, O, S).

4.1.14. 4-((4-((Trifluoromethyl)thio)phenoxy)methyl)pyridine (10c)
To a solution of 9 (111 mg, 1.02 mmol) in 5 mL of dry DMF, was

added NaH (60%) (29 mg, 1.23 mmol) at 0 �C under an argon at-
mosphere. After stirring for 15 min, derivative 6 (0.15 mL,
1.02 mmol) was added, the mixture was stirred at RT until the re-
action was completed (TLC) (72 h). The reaction mixture was
poured into a mixture of H2O/Ice and the solution was taken to
pH ¼ 7 with NaHCO3 saturated solution. The precipitate was then
filtered and washed with H2O. The crude was purified by column
chromatography on silica gel using hexane-EtOAc as eluent (2: 8 v/
v) to afford 10c as awhite solid (66mg, 23%). Mp. 97e99 �C. 1H NMR
(400 MHz, CDCl3): d 8.63 (d, J ¼ 4.6 Hz, 2H, ArH), 7.59 (d, J ¼ 8.7 Hz,
2H, ArH), 7.34 (d, J ¼ 5.2 Hz, 2H, ArH), 6.98 (d, J ¼ 8.7 Hz, 2H, ArH),
5.11 (s, 2H,-CH2). 13C NMR (100 MHz, CDCl3): d 160.4, 150.2, 145.3,
138.4, 129.6 (q, JCF ¼ 308.2 Hz), 121.4, 115.9 (q, J ¼ 2.0 Hz), 115.7,
68.3. HPLC Purity >98%, tR¼ 4.674, Method 3. LC/MS (ESI)m/z 286.0
[MþH]þ. Anal. C13H10F3NOS (C, H, F, N, O, S).

4.1.15. 4-((Trifluoromethyl)thio)-N-(4-((trifluoromethyl)thio)
benzyl)aniline (12a)

To a solution of aldehyde 11a (200 mg, 1.04 mmol) and aniline
3a (214 mg, 1.04 mmol) in dry DCM (10 mL) were added, under
argon, NaBH(OAc)3 (438mg, 2.07 mmol) and CH3COOH (59 mL). The
resulting solution was stirred at RT until the reaction was
completed (TLC) (6 h). The reaction mixture was neutralized with
NaOH 1M aqueous solution, and the organic phase was washed
with brine and H2O, dried (MgSO4), filter and evaporated. Column
chromatography on silica gel using as eluent hexane-EtOAc (9.5: 0.5
v/v) gave 12a as awhite solid (207mg, 52%). Mp. 87e89 �C. 1H NMR
(400 MHz, CDCl3): d 7.65 (d, J ¼ 8.1 Hz, 2H, ArH), 7.43 (d, J ¼ 8.8 Hz,
2H, ArH), 7.41 (d, J ¼ 8.1 Hz, 2H, ArH), 6.61 (d, J ¼ 8.8 Hz, 2H, ArH),
4.42 (s, 2H, -CH2). 13C NMR (100 MHz, CDCl3): d 149.9, 141.9, 138.5,
137.0, 130.0 (q, JCF ¼ 308.1 Hz), 129.8 (q, JCF ¼ 308.1 Hz), 128.5, 123.7
(q, J ¼ 1.8 Hz), 113.6, 111.0 (q, J ¼ 1.8 Hz), 47.6. HPLC Purity >98%,
tR ¼ 5.010, Method 4. Anal. C15H11F6NS2 (C, H, F, N, S).

4.1.16. Bis(4-((trifluoromethyl)thio)benzyl)amine hydrochloride
(12b) & tris(4-((trifluoromethyl)thio)benzyl)amine (13)

To a solution of aldehyde 11a (237 mg, 1.15 mmol) and amine 3b
(0.18 mL, 1.15 mmol) in dry DCM (10 mL) were added, under argon,
NaBH(OAc)3 (1459 mg, 6.88 mmol) and CH3COOH (66 mL). The
17
resulting solution was stirred at RT until the reaction was
completed (TLC) (72 h). The reaction mixture was neutralized with
NaOH 1M aqueous solution, and the organic phase was washed
with brine and H2O, dried (MgSO4), filter and evaporated. Column
chromatography on silica gel using hexane-EtOAc (gradient from
9.25:0.75 to pure EtOAc) as eluent, gave amines 13 (40 mg, 6%) and
12b (80 mg, 17%).

For 13: 1H NMR (400 MHz, CDCl3) d 7.62 (d, J ¼ 7.9 Hz, 6H, ArH),
7.45 (d, J ¼ 7.9 Hz, 6H, ArH), 3.61 (s, 6H, 3x -CH2). Bubbling HCl(g)
through an ethereal solution of the compound and isolation by
filtration gave the corresponding hydrochloride (84%). Mp.
115e117 �C. HPLC Purity >94%, tR¼ 6.346, Method 5. LC/MS (ESI)m/
z 588 [MþH]þ. Anal. C24H19ClF9NS3 (C, H, Cl, F, N, S).

For 12b: 1H NMR (400 MHz, CDCl3): d 7.59 (d, J ¼ 7.9 Hz, 4H,
ArH), 7.42 (d, J ¼ 7.9 Hz, 4H, ArH); 3.60 (s, 4H, 2 x -CH2). 13C NMR
(100 MHz, CDCl3): d 142.1, 135.5, 128.6 (q, JCF ¼ 309.0 Hz), 128.1,
121.8 (q, JCF ¼ 2.0 Hz), 51.5.

Bubbling HCl(g) through an ethereal solution of the compound
and isolation by filtration gave the corresponding hydrochloride
(87%). Mp. 197e199 �C. HPLC Purity >98%, tR ¼ 5.108, Method 5. LC/
MS (ESI) m/z 398.00 [MþH]þ. Anal. C16H14ClF6NS2 (C, H, Cl, F, N, S).

4.1.17. N-benzyl-1-(4-((trifluoromethyl)thio)phenyl)methanamine
(12c)

To a solution of aldehyde 11c (0.048mL, 0.483mmol) and amine
3b (0.08 mL, 0.48 mmol) in dry DCM (5 mL) were added, under
argon, NaBH(OAc)3 (204 mg, 0.97 mmol) and CF3COOH (96 mL). The
resulting solution was stirred at RT until the reaction was
completed (TLC) (48 h). The reaction mixture was neutralized with
NaOH 1M aqueous solution, and the organic phase was washed
with brine and H2O, dried (MgSO4), filtered and evaporated. Col-
umn chromatography on silica gel using as eluent hexane-DCM
(gradient from 4:6 v/v to 1:1 v/v) gave 12c (50 mg, 34%). 1H NMR
(400 MHz, CDCl3): d 7.62 (d, J ¼ 8.1 Hz, 2H), 7.42 (d, J ¼ 8.1 Hz, 2H),
7.35e7.27 (m, 5H), 3.85 (s, 2H) 3.82 (s, 2H). 13C NMR (100 MHz,
CDCl3): d 143.5, 139.9, 136.6, 129.8 (q, JCF ¼ 307.0 Hz), 129.3, 128.6,
128.3, 127.3, 122.8 (q, J ¼ 2.0 Hz), 53.3, 52.5. Bubbling HCl(g)
through an ethereal solution of the compound and isolation by
filtration gave the corresponding hydrochloride (53%). Mp.
244e246 �C. HPLC Purity >97%, tR ¼ 3.020, Method 4. LC/MS (ESI)
m/z 298.00 [MþH]þ. Anal. C15H15ClF3NS (C, H, Cl, F, N, S).

4.1.18. N-benzyl-4-((trifluoromethyl)thio)aniline (12d)
To a solution of aldehyde 11c (329mg, 3.11mmol) and aniline 3a

(0.15 mL, 1.04 mmol) in dry DCM (10 mL) were added, under argon,
NaBH(OAc)3 (1974 mg, 9.32 mmol) and CH3COOH (59 mL). The
resulting solution was stirred at RT until the reaction was
completed (TLC) (72 h). The reaction mixture was neutralized with
NaOH 1M aqueous solution, and the organic phase was washed
with brine and H2O, dried (MgSO4), filtered and evaporated. Col-
umn chromatography on silica gel using as eluent hexane-EtOAc
(9.7:0.4 v/v) gave the 12d (83 mg, 73%). 1H NMR (400 MHz,
CDCl3): d 7.45 (d, J ¼ 8.6 Hz, 2H, ArH), 7.39e7.33 (m, 5H, ArH), 6.63
(d, J ¼ 8.6 Hz, 2H, ArH), 4.37 (s, 2H, -CH2). 13C NMR (100 MHz,
CDCl3): d 150.3, 138.5, 138.3, 129.9, (q, JCF ¼ 308.0 Hz), 128.9, 127.7,
127.6, 113.3, 110.1 (q, J ¼ 2.0 Hz), 48.0. Bubbling HCl(g) through an
ethereal solution of the compound and isolation by filtration gave
the corresponding hydrochloride (27%). Mp. 146e148 �C. HPLC
Purity >98%, tR ¼ 4.601, Method 5. LC/MS (ESI)m/z 284.00 [MþH]þ.
Anal. C14H13ClF3NS requires (C, H, Cl, F, N, S).

4.1.19. N-(4-chlorobenzyl)-4-((trifluoromethyl)thio)aniline (12e)
To a solution of aldehyde 11b (437mg, 3.11mmol) and aniline 3a

(0.15 mL, 1.04 mmol) in dry DCM (10 mL) were added, under argon,
NaBH(OAc)3 (1091 mg, 5.18 mmol) and then CH3COOH (1.05 mL).
5
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The resulting solution was stirred at RT until the reaction was
completed (TLC) (48 h). The reaction mixture was neutralized with
NaOH 1M aqueous solution, and the organic phase was washed
with brine and H2O, dried (MgSO4), filtered and evaporated. Col-
umn chromatography on silica gel using as eluent hexane-DCM
(9.8:0.2 v/v) gave 12e (160 mg, 49%). 1H NMR (400 MHz, CDCl3):
d 7.44 (d, J ¼ 8.6 Hz, 2H, ArH), 7.34 (d, J ¼ 8.5 Hz, 2H, ArH), 7.29 (d,
J¼ 8.5 Hz, 2H, ArH), 6.60 (d, J¼ 8.7 Hz, 2H, ArH) 4.39 (“t”, J¼ 5.4 1H,
-NH), 4.39 (d, J ¼ 5.42 Hz, 2H, -CH2). 13C NMR (100 MHz, CDCl3):
d 150.0, 138.4, 137.1, 133.4, 129.8 (q, JCF ¼ 308 Hz), 128.7, 128.4, 110.4
(q, J ¼ 2 Hz), 47.3. Bubbling HCl(g) through an ethereal solution of
the compound and isolation by filtration gave the corresponding
hydrochloride (68%). Mp. 170e172 �C. HPLC Purity >98%, tR ¼ 4.787,
Method 5. LC/MS (ESI) m/z 318.00 [MþH]þ. Anal. C14H12Cl2F3NS (C,
H, Cl, F, N, S).

4.2. Molecular modelling

The crystal structure of PTPRZ1 in the open conformation was
obtained from the Protein Data Bank deposited under the accession
code 5AWX. Homology models for the closed and “superopen”
conformations of PTPRZ1 were built using the SWISS-MODEL web
server [40] and using the phosphatase domain (PD1) of PTPRG in
the PDB structures 3QCC and 3QCH, respectively, as templates. The
crystal structures of the open (PDB code 3A5J) and closed (PDB code
1PTY) conformations of PTP1B were used, and the homologymodel
of the “superopen” conformation of PTP1B was also built using the
PDB structure 3QCH as template.

Using the Protein Preparation Wizard module of the
Schr€odinger Suite (http://www.Schrodinger.com), missing chains
and residues were added to the crystal structures and the receptor
geometries were optimized. The protonation states of charged
amino acids were calculated with the PROPKA module of the
Schr€odinger Suite, and the catalytic cysteine is protonated in all
PTPRZ1 and PTP1B structures. The described ligands were built
with the LigPrep module of Maestro, generating all possible states
at pH 7 ± 2. Receptor grid was calculated using the catalytic
cysteine as the center of the 13 Å-size box that enclosed the cata-
lytic site and the induced pocket from the superopen conformation,
ensuring all possible ligand poses. Docking calculations were per-
formed using extra precision (XP) mode of the GLIDE module and a
van der Waals radii scale factor of 1.0/0.8. The best ligand poses
were considered for further analysis of the ligand-receptor in-
teractions using molecular dynamics (MD) simulations.

For the selected compounds, geometry optimization and charge
distributions were calculated quantummechanically (RHF/3-21G*//
RHF/6-31G**) with Gaussian 03 [41]. MD simulations for each
complex in the lowest energy docking pose for PTPRZ1 and PTP1B
were carried out with the general AMBER14 (http://ambermd.org/)
force field and the GAFF force field for the parametrization of the
small molecules [42]. Systems were introduced in a truncated oc-
tahedron box of approximately 10 000 TIP3P water molecules with
13 Å cut-off distance and adding from 2 or 15 chlorine ions
depending on the system. Smooth particle mesh Ewald (PME) [43]
method with a spacing grid of 1 Å was used for electrostatic in-
teractions and SHAKE algorithm applied to all hydrogen bonds with
2.0 fs integration step [44]. An initial energy minimization of the
water molecules and counter-ions was carried out on each system.
The systems were further heated from 100K to 300K in 25 ps, and
solvent molecules progressively allowed to move freely. To explore
the complex between ligand and macromolecule 10 ns MD simu-
lations where carried out without any restraints, generating snap-
shots each 20 ps for further analysis. The trajectories were collected
and the cpptraj module [45] of AMBER14 was used to calculate the
root mean square deviation (RMSD) of the atomic positions of the
176
ligands and the most populated conformers. The MM-ISMSA pro-
gram was used to calculate the total binding energies for each
complex [39] giving the complex per-residue energy
decomposition.

4.3. Biological assays

4.3.1. ELISA
HeLa cells were cultured in RPMI-1640 medium (Sigma, Spain)

supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich,
Madrid, Spain), 0.005% Penicillin-Streptomycin and 0.005% Gluta-
mine. Trypsin/EDTA (Sigma-Aldrich, Madrid, Spain) was used to
release cells for subculturing. When cells reached 90% confluence
they were seeded in 96 well-plates at 2 � 104 cells per well in
triplicates. After 24 h of serum starvation, HeLa cells were treated
for 10 min with 50 ng/mL epidermal growth factor (EGF; Sigma-
Aldrich, Madrid, Spain) as a positive control to induce tyrosine
phosphorylation. Cells were treated for 10 min with three different
concentrations of each compound (10.0, 1.0 and 0.1 mM) and control
0.25% DMSO. A tyrosine phosphorylation ELISA Kit (Raybiotech,
Norcross, GA, USA) was used following the manufacturer's
instructions.

4.3.2. In vitro dephosphorylation assays
Human recombinant PTPRZ1 and PTP1B proteins were pur-

chased from Sigma (Madrid, Spain). The inhibitory activities of the
studied compounds were determined using the phosphate sensor
reagent (Thermofisher, Waltham, MA, USA) [46], using p-NPP
(Sigma-Aldrich, Madrid, Spain) as substrate. PTPRZ1 and PTP1B
were used at a concentration of 0.1 mM. Increasing concentrations
of the different compounds were used (0.001e100 mM) to calculate
the IC50. In each experiment, the hydrolysis of the p-NPP residue
was determined as an increase in fluorescence at 450 nm (excita-
tion at 430 nm) using a Hitachi F4500 Fluorescence Spectrometer.

4.3.3. Western-blots
The human neuroblastoma cell line SH-SY5Y was purchased

from American Type Culture Collection (ATCC, Manassas, VA, USA)
and was incubated at 37 �C in 5% CO2. SH-SY5Y cells were cultured
in a 1:1mixture of Eagle's minimum essential medium (EMEM) and
F12 medium containing 10% FBS. Just before treatments, medium
was changed to 1:1 mixture of EMEM and F12 medium without
serum. Cells were treated with 10a and 12b (1.0, 5.0 and 10.0 mM)
and DMSO vehicle for 20 min. Cells were lysed in 20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, leu-
peptin, 1 mg/mL aprotinin, and EDTA-free Complete Protease In-
hibitor Cocktail tablets (Roche Diagnostics, Indianapolis, IN, USA).
Lysate protein concentrationwas determined using the BCA Protein
Assay Kit (Pierce, Rockford, IL, USA) and equal amounts of protein
(20 mg) were subjected to sodium dodecyl sulfateepolyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride
membranes. Membranes incubated with anti-phospho-TrkA (Y490)
and anti-phospho-ALK (Y1278) antibodies and reprobed with anti-
TrkA (Upstate, Charlottesville, VA) and anti-ALK (Life Technolo-
gies, Carlsbad, CA) antibodies to confirm the identities of the pro-
teins. Secondary antibodies were horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit IgG. The membranes
were developed with enhanced chemiluminescence detection re-
agents (Pierce, Rockford, IL, USA). Films were scanned using a
Chemidoc System (Bio-Rad, Madrid, Spain) and densitometry was
performed with ImageJ software.

4.3.4. Cell viability
Rat pheochromocytoma PC12 cells (ATCC, Manassas, VA, USA)

http://www.Schrodinger.com
http://ambermd.org/
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were cultured with RPMI-1640 Medium supplemented with 10%
FBS in 96-well plates (104 cells/well). To test the effects of 10a and
12b on amphetamine-induced toxicity in cell cultures, PC12 cells
were incubated for 20 h with amphetamine (1.0 mM) and 10a or
12b (1.0 mM). Cellular viability was studied with the MTT assay
(Sigma-Aldrich, Madrid, Spain). Briefly, cells were washed with PBS
and incubated in fresh medium including 20 mL of 5 mg/mL MTT.
MTT solution was removed after 4 h of incubation, DMSO added
into each well and the plate was shaken for 10 min at RT. Absor-
bance was determined at 570 nm in a Versamax microplate reader
(Bionova, Madrid, Spain).

4.3.5. Statistics
Data from Western blots and cell viability assays are presented

as mean ± standard error of the mean (S.E.M.). Data were analyzed
using one-way ANOVA followed by post-hoc comparisons with
Tukey's post-hoc tests. P < 0.05 was considered as statistically
significant. All statistical analyses were performed using Graph-Pad
Prism program (San Diego, CA, USA).

4.3.6. In vivo compound detection
Compound detection in plasma and brain tissue was performed

using GC-MS analysis (Agilent 7890A gas chromatograph coupled
to an Agilent 7200 accurate mass high resolution GC/Q-ToF). Sep-
aration was performed using an Agilent DB-5ms þ DG capillary
column (30 m � 0.25 mm i.d., 0.25 mm film thickness þ 10 m
Duraguard) using Helium as carrier gas. Mass analysis was operated
on EI conditions, recording data in full-scanmode at 70 eV in amass
range of m/z 50 to 600. Ion source, quadrupole and transfer line
temperatures were 250 �C,150 �C and 290 �C respectively. The oven
temperature program was: from 60 �C (1 min) to 325 �C (hold
10 min) at 20 �C/min.

Reliability of the method was based on the detection of a stan-
dard solution of 10a at a concentration of 2 mg/mL in ethanol. Then,
a working standard solution was prepared by dilution of this stock
solution at 5 mg/mL in heptane. Subsequent working solutions of
the analyte were prepared by serial half dilution with heptane.

Biological samples were processed depending on their nature: i)
frozen mouse brain tissues (50e100 mg) were placed in tubes
containing CK14 ceramic beads from Precellys. ethyl acetate was
added to each sample as extraction solvent and homogenization
performed in a Precellys 24 Dual system equipped with a Cryolys
cooler. Supernatants were evaporated to dryness in a speedvac
concentrator and reconstituted in heptane before injection; ii)
100 mL of mouse plasma samples were subjected to standard pro-
tein precipitation. For this, three volumes of cold methanol were
added and then samples maintained at �2 �C for 20 min. After
centrifugation, supernatants were dried in a speedvac concentrator
and the residue was reconstituted in heptane for further analysis.

Detection of 10a was performed on extracted ion chromato-
grams (EIC) at m/z 191.0137, corresponding to the fragment
C8H6F3S. The 10a peak presented a limit of quantification (LOQ) in
standards of 70 ng/mL, approximately.
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