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Resumen

La L-DOPA es el farmaco mds eficaz para tratar la enfermedad de Parkinson. Sin
embargo, su administraciéon crénica y la progresiéon de la enfermedad, conducen a la
aparicién de efectos motores adversos como son las discinesias. Resultados de nuestro
laboratorio junto con los de otros grupos, han establecido el papel critico del receptor
dopaminérgico D1 (D1R) y el de su via de sefializacién intracelular en las discinesias, de
manera que modificaciones pre o postsindpticas a esta via modifican el desarrollo de las
mismas. Sin embargo, debido a la complejidad de las interacciones del sistema dopami-
nérgico con otros sistemas, muchos de estos mecanismos atin siguen siendo desconoci-
dos. En esta tesis, se han establecido algunos de estos mecanismos gracias al estudio de
los siguientes aspectos: 1) la interaccion de la dopamina con los principales sistemas de
neurotransmision (glutamato y GABA) mediante HPLC; 2) el metabolismo de la dopami-
na con animales que sobrexpresan la catecol-O-metil transferasa (COMT); 3) la actividad
sindptica de las neuronas de proyeccién dopaminoceptivas mediante la manipulacién del
sistema nitrérgico, y 4) la posible modulacién del receptor D3 (D3R) en los efectos media-

dos por el DIR utilizando ratones transgénicos knockout para el D3.

Nuestros resultados demuestran que los ratones discinéticos tienen una desregu-
lacién en los niveles estriatales de diferentes aminodcidos neuroactivos como GABA y
tirosina. Ademds, destacamos la importancia de varias dianas moleculares que pueden
regular las discinesias inducidas por L-DOPA. Mostramos que, la sobrepresiéon genéti-
ca de la COMT incrementa las discinesias y sus marcadores moleculares, posiblemente
debido al mayor metabolismo de la dopamina y al incremento de 3-MT en el estriado.
Por otro lado, mostramos que el sistema nitrérgico estd implicado en las discinesias, ya
que la inhibicién de la sintesis del 6xido nitrico las alivia. Finalmente, demostramos que
la L-DOPA induce una expresién aberrante del D3R en el estriado y que la inactivacién
de este receptor disminuye las discinesias y sus determinantes moleculares, al modular
la via de sefializacién del D1R. Nuestro trabajo contribuye a una mejor comprensién de
los mecanismos que subyacen a las discinesias inducidas por L-DOPA, y ademds, sugie-
ren dianas terapéuticas que pueden modular principalmente la sefializacién del recep-
tor DIR. Asi, la manipulacién de varios sistemas de neurotransmisores podria reducir

eficazmente las discinesias.
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Abstract

L-DOPA is the most effective treatment of Parkinson’s disease available today; how-
ever, chronic L-DOPA administration and the progression of the disease lead to side mo-
tor effects, such as dyskinesia. Results from our laboratory and others have established
the critical role of the dopamine D1 receptor and its intracellular signaling pathway in
dyskinesia, so that pre- or post-synaptic modifications of this pathway could modulate
dyskinesia. However, because of the complexity of the interactions of the dopaminergic
system with other systems, many of these mechanisms remain unknown. In this thesis,
we studied some of these mechanisms by studying the following aspects: 1) the interac-
tion of dopamine with major neurotransmitter systems (glutamate and GABA) by HPLC;
2) the metabolism of dopamine in animals that over-express COMT; 3) the synaptic activ-
ity of dopaminoceptive projection neurons by manipulation of the nitrergic system; and
4) the possible modulation of the D3 receptor in the effects mediated by the D1 receptor
by using D3 receptor knockout mice.

Our results demonstrate that dyskinetic mice have a striatal dysregulation of differ-
ent neuroactive amino acids, such as GABA and tyrosine. In addition, we highlight the
importance of several molecular targets that can regulate L-DOPA-induced dyskinesia.
We show that the genetic overexpression of catechol-O-methyl transferase increases dys-
kinesia and L-DOPA-induced molecular markers, possibly due to the greater metabolism
of dopamine and increased 3-MT in the striatum. On the other hand, we show that the
nitrergic system is involved in dyskinesia, since the inhibition of nitric oxide synthesis
relieves them. Finally, we demonstrate that L-DOPA induces aberrant D3 receptor ex-
pression in the dorsal striatum whereas the genetic inactivation of the D3 receptor de-
creases dyskinesia and L-DOPA-induced molecular markers by modulating D1 receptor
signaling. Our work contributes to a better understanding of the mechanisms underlying
L-DOPA-induced dyskinesia and also suggests therapeutic targets that can modulate D1
dopaminergic receptor signaling. Thus, manipulation of various neurotransmitter sys-

tems could effectively reduce dyskinesia.
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Introduccion

Sistema dopaminérgico mesencefalico

La dopamina es un neurotransmisor perteneciente a las catecolaminas que estd am-
pliamente distribuido en el sistema nervioso central. Los grupos dopaminérgicos del me-
sencéfalo, ntcleo rojo (A8), sustancia nigra compacta (SNc, A9) y drea tegmental ventral
(ATV, A10), forman las vias dopaminérgicas nigroestriatal y mesocorticolimbica (Gerfen
& Bolam, 2017) (Fig. 1). A través de estas vias, la dopamina participa en varias funciones
fisiolégicas como: el control del movimiento voluntario, emociones, aprendizaje, memo-
ria y recompensa (Bjorklund & Dunnett, 2007; Beaulieu et al., 2015). Ademds, las alte-
raciones en la transmisién dopaminérgica se han relacionado con diferentes trastornos
neurolégicos como son la enfermedad de Parkinson (EP), la enfermedad de Huntington,

la esquizofrenia y la drogadiccién (Rangel-Barajas et al., 2015).

Figura 1. Via nigroestriatal. Seccién sagital de cerebro de ratén tefiida para la tirosina hidroxila-
sa. Barra de calibracién = 1000 um.

En las neuronas dopaminérgicas, la dopamina se sintetiza a partir de la tirosina en
una reaccion enzimdtica de dos pasos. Primero, la tirosina se convierte en L-3,4-dihidroxi-
fenilalanina (L-DOPA) por la tirosina hidroxilasa (TH) en el citosol. Segundo, la L-DOPA
se metaboliza a dopamina por la DOPA descarboxilasa (AADC), y es transportada a los
compartimentos vesiculares. Tras el impulso nervioso, la dopamina vesicular se libera al

espacio sindptico para activar los receptores dopaminérgicos, y la dopamina restante es
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Introduccion

recaptada por la terminal presindptica o por las células gliales con ayuda de los transpor-
tadores de dopamina. Una vez recaptada, la DA puede ser metabolizada o transportada

a las vesiculas para su almacenamiento y reutilizacién (Chinta & Andersen, 2005) (Fig. 2).

Glia

Figura 2. Terminal presinaptica dopaminérgica. Esquema de la sintesis, almacenamiento, lib-
eracion y recaptacion de la dopamina. AADC, dopa descarboxilasa; DA, dopamina; DAT, trans-
portador de de dopamina; DR, receptor dopaminérgico; D2R, receptor dopaminérgico D2; Tyr,
Tirosina; TH, tirosina hidroxilasa; VMAT, transportador de monoaminas vesicular;. Modificado
de Gerfen & Bolam, 2017.

La dopamina ejerce sus efectos a nivel presindptico y/o postsindptico, a través de
la activacién de los receptores dopaminérgicos. Estos receptores estdn clasificados en dos
familias en base a su estructura, farmacologia y sus cascadas de sefializacién. La familia
D1 incluye los receptores D1 y D5, que se expresan en la membrana postsindptica y estdn
acoplados a una proteina G_que estimula la adenilato ciclasa y la produccién de adenosin
monofosfato ciclico (AMPc). La familia D2 incluye los receptores D2, D3 y D4, estos se
encuentran tanto en la membrana presindptica como en la postsindptica, y estdn acopla-
dos a una protefna G, que provoca la inhibicién de la adenilato ciclasa y la produccién
de AMPc (Rivera et al., 2002, 2003; Beaulieu & Gainetdinov, 2011). Los receptores dopa-
minérgicos se expresan abundantemente en los ganglios basales y, en menor densidad, en

otras dreas cerebrales relacionadas (Tabla 1).
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Introduccion

Familia D1 Familia D2
D1R D5R D2R D3R D4R
Estriado dorsal,
Estriado dorsal, Estriado dorsal, Estriado ventral, nucleo

Estriado dorsal,

. estriado ventral, estriado ventral, tubérculo subtaldmico,

estriado ventral, i . o B

A . hipocampo, tubérculo olfatorio, islas de amigdala,
Localizacién tubérculo R . R R
olfatorio, tAlamo corteza cerebral olfatorio, corteza  Calleja, estriado hipocampo,
¢ " (baja expresién en cerebral (baja dorsal (baja hipotdlamo (baja
corteza frontal . L L L

todas las &reas) expresion) expresion) expresién en

todas las dreas)

Respuesta Incrementa Incrementa Disminuye Disminuye Disminuye
P adenilato ciclasa  adenilato ciclasa adenilato ciclasa adenilato ciclasa adenilato ciclasa
Ki (nM)
. 2340 228 1705 27 450
Dopamina

Tabla 1. Familias y subtipos de receptores dopaminérgicos. Elaborado a partir de Rivera et al.,
2002, 2003; Beaulieu & Gainetdinov, 2011.

Organizacion de los Ganglios Basales

Los ganglios basales son un conjunto de estructuras subcorticales formados princi-
palmente por el nicleo estriado (nticleos caudado y putamen), nticleo accumbens, globo
palido externo (GPe) e interno (GPi), nticleo subtaldmico (NST), sustancia nigra reticula-
da (SNr) y sustancia nigra compacta (SNc). Estas estructuras se interconectan entre sf
para constituir una organizacién muy compleja, la cual desempefia un papel bédsico en el
control de la conducta motora y en patologias como la enfermedad de EP (Albin et al.,

1989; Gerfen & Bolam, 2017) (Fig. 3).

NC

GPe (_SNR

Figura 3. Esquema de los ganglios basales. Esquema de un corte sagital de ratén en donde se
muestra el circuito de los ganglios basales. Str: estriado; GPe: globo palido externo; SNc: Sustan-
cia nigra compacta; SNr: sustancia nigra reticulada; Thal: tdlamo. Modificado de Gerfen & Bolam,
2017.
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Introduccion

El principal nticleo de entrada de los ganglios basales es el estriado, que estd com-
puesto principalmente por neuronas espinosas medianas de proyeccién (constituyendo
el 95-97% de la poblacién neuronal), mientras que el 3-5% restante de las neuronas estria-
tales estd representado por interneuronas, que pueden ser clasificadas en interneuronas
colinérgicas e interneuronas gabaérgicas. Las neuronas colinérgicas liberan acetil colina
como neurotransmisor y son las tinicas neuronas ténicamente activas del estriado. Las
interneuronas gabaérgicas pueden ser divididas en: 1) parvalbumina positivas, 2) calre-
tinina positivas, 3) somatostatina, neuropeptido Y y éxido nitrico sintasa positivas y 4)

tirosina hidroxilasa positivas (Darmopil et al., 2008; Tepper & Kods, 2017).

Las neuronas espinosas medianas de proyeccién utilizan al dcido y-amino butirico
(GABA) como neurotransmisor y pueden ser divididas en dos clases: las neuronas es-
triatonigrales que dan lugar a la via directa (dSPN; del inglés direct striatal projection
neurons), y las neuronas estriatopalidales que forman la via indirecta (iSPN; del inglés
indirect striatal projection neurons). Las primeras expresan el receptor dopaminérgico D1
(D1R), mientras que las segundas expresan el receptor dopaminérgico D2 (D2R) (Plenz &
Wickens, 2017) (Fig. 4). Aunque el DIR se expresa mayoritariamente en las neuronas de
la via directa y el D2R en las de la via indirecta, el 2% de las neuronas espinosas medianas

de proyeccién expresan los dos tipos de receptores (Gagnon et al., 2017).

A B C

Figura 4. Neuronas espinosas medianas de proyecciéon. Fotograffas de un corte coronal de un
ratén D1R-tomato, que muestra la expresién del DIR en las neuronas de la via directa en el estria-
do (Ay B). Fotografia de un corte coronal de un ratén D2R-GFP, que muestra la expresién del D2R
en las neuronas de la via indirecta en el estriado (C). Barras de calibracién para las fotografias de
bajo y alto aumento son de 500 um y 25 um respectivamente.
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Introduccion

La via dopaminérgica nigroestriatal regula la actividad de las vias directa e indi-
recta al modular la estimulacién glutamatérgica proveniente principalmente de la cor-
teza (Gerfen & Surmeier, 2011). Las vias directa e indirecta llevan informacién hacia los
ntcleos de salida de los ganglios basales mediante fibras inhibitorias GABAérgicas. Las
neuronas de la via directa envian sus fibras a la SNr y al GPi, mientras que las de la via
indirecta las mandan al GPe, que a su vez envia fibras inhibitorias al NST y éste conecta
con fibras excitatorias glutamatérgicas con los nticleos de salida. Finalmente, el GPi/SNr
envia proyecciones inhibitorias hacia el tdlamo, que proyecta vias excitatorias a dreas cor-
ticales. El modelo clasico de los ganglios basales sugiere que la via directa facilita el mo-
vimiento voluntario, mientras que la via indirecta lo suprime (Albin et al., 1989; Bateup et
al., 2010; Kravitz et al., 2010) (Fig. 5), sin embargo, experimentos con optogenética indican
que ambos tipos de neuronas deben excitarse para que se produzca el movimiento (Cui

et al., 2013; Jin et al., 2014).

ENFERMEDAD
NORMAL DE PARKINSON
Frontal cortex ‘ Frontal cortex
. ] y
{  » PR
Striatum ' Striatum
~ X N

N
N/ \
v \

1 \
e \

(@] .

Substantia nigra ,4\—\

|

y N
STN J/ |\Thalamusj ]

: ;—9/—1 Reduced

voluntary
movement

Figura 5. Esquema simplificado del médelo clasico de los ganglios basales en un individuo
normal y un paciente con la EP. En el estriado se originan la via directa e indirecta. El grosor de
las proyecciones indica el grado de actividad de la proyeccién. Las proyecciones discontinuas
indican que la proyeccién es hipoactiva. Modificado de Jenner, 2008.
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Introduccion

Enfermedad de Parkinson

Hace ahora doscientos afios, en 1817, James Parkinson realizé la primera descrip-
cién detallada de la enfermedad que lleva su nombre, en su monografia “Ensayo sobre
la pardlisis agitante” (Parkinson, 2002). La enfermedad de Parkinson (EP) es un trastorno
neurodegenerativo, severo e incapacitante, siendo uno de los trastornos neurolégicos de
mayor incidencia a nivel mundial, ya que afecta al 1-2% de la poblacién mayor de 60 afios
(Hirsch et al., 2016). La prevalencia en Europa es de mds de 1,2 millones de personas,
mientras que en Espafia se estima que existen al menos 160.000 personas que la padecen
(Andlin-Sobocki et al., 2005; Peias et al., 2015). Debido a que la edad es el principal factor
de riesgo (Collier et al., 2011), y a que la poblacién de adultos mayores de 60 afios y la
esperanza de vida van en aumento, también aumentard el niimero de personas que su-
fren la EP (Hirsch et al., 2016). En la actualidad, no existe cura para esta enfermedad y su

progresion hace que la calidad de vida del paciente se vea deteriorada.

La EP se caracteriza por una pérdida progresiva de las neuronas dopaminérgicas
de la SNc (Ehringer & Hornykiewicz, 1960; Andén et al., 1966), y por la aparicién de
agregados proteicos que contienen a-sinucleina, entre otras muchas proteinas, llamados
cuerpos de Lewy (Goedert et al., 2013). La muerte de las neuronas de la SNc¢ produce una
disminucién en los niveles de dopamina en el nicleo caudado y putamen (Ehringer &
Hornykiewicz, 1960; Hornykiewicz, 1963). Esta disminuciéon de dopamina en el nicleo
caudado y putamen (estriado) estd relacionada con las alteraciones motoras que ocurren
en la EP. Los sintomas motores cardinales son: temblor en reposo, rigidez muscular, bra-
dicinesia e inestabilidad postural, y se ha demostrado que estos sintomas motores apare-
cen cuando la muerte de las neuronas de la SNc sobrepasa el 60% (Fearnley & Lees, 1991;
Kalia & Lang, 2015). Adicionalmente a los sintomas motores aparecen alteraciones en la
olfaccién, dafios cognitivos, desordenes del suefio, disfunciones autonémicas, sintomas

psiquidtricos, dolor y fatiga (Kalia & Lang, 2015).

Existen varios mecanismos que han sido implicados en la muerte de las neuronas

dopaminérgicas, como son: el estrés oxidativo, la disfuncién mitocondrial, agregaciéon
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Introduccion

proteica, autofagia, neuroinflamacién y excitotoxicidad (Dauer & Przedborski, 2003). La
falta de estas neuronas de la SNc produce alteraciones morfoldgicas y funcionales en las
neuronas estriatales de proyeccién (Solis et al., 2007; Suérez et al., 2014; Suarez et al., 2016;
Moratalla et al., 2017). La falta de dopamina produce un desequilibrio entre las dos vias,
promoviendo la hiperactividad de la via indirecta, lo que produce acinesia y depresién
de la via directa. Esto lleva a su vez a la pérdida del movimiento voluntario (Albin et al.,
1989, 1995; Grace, 2008) (Fig. 5). Por tanto, los efectos funcionales de este desequilibrio

van en el mismo sentido, dificultando el movimiento.

Tratamiento de la enfermedad de Parkinson

En 1957, Carlsson y colaboradores demostraron que la L-DOPA era capaz de aliviar
el parkinsonismo inducido por reserpina en modelos animales (Carlsson et al., 1957). Bir-
kmayer y Hornykiewicz reportaron que la inyeccién intravenosa de L-DOPA reducia de
forma significativa la acinesia que caracteriza a la EP (Birkmayer & Hornykiewicz, 1961;
Lees et al., 2015). Posteriormente, Cotzias y colaboradores publicaron que la administra-
cién crénica de dosis altas de L-DOPA mejoraba significativamente los sintomas motores
de la EP (Cotzias et al., 1967). Actualmente, la L-DOPA continta siendo el tratamiento
de eleccién de esta enfermedad. Este formaco se administra con inhibidores de la DOPA
descarboxilasa, como son la carbidopa y la benserazida, que bloquean la conversién de
L-DOPA a dopamina en la periferia. A diferencia de la dopamina, la L-DOPA atraviesa
la barrera hematoencefdlica y accede al cerebro, en donde puede ser descarboxilada y
almacenada en las vesiculas sindpticas de las neuronas dopaminérgicas supervivientes o
de las neuronas serotonérgicas para su posterior liberacién (Jenner, 2008; Prashanth et al.,
2011). Otra de las estrategias para paliar los sintomas motores de la enfermedad se basa
en la administraciéon de agonistas dopaminérgicos directos. Sin embargo, estos tienen
un menor beneficio motor comparados con la L-DOPA. Los agonistas dopaminérgicos
se usan frecuentemente como terapia inicial en pacientes jévenes (<50 afios), para asf re-
trasar el tratamiento con L-DOPA (Obeso et al., 2000; Rascol et al., 2001, 2006; Huot et al.,
2013;).
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Introduccion

Discinesias inducidas por L-DOPA

El tratamiento con L-DOPA resulta muy efectivo durante los primeros afios y de-
bido a esto, este periodo se le conoce como luna de miel. Sin embargo, después de 5-10
afios, alrededor del 60% de los pacientes empiezan a desarrollar movimientos involun-
tarios coreicos y disténicos, conocidos como discinesias y fluctuaciones motoras (Evans
et al., 2011). Generalmente, las discinesias suelen aparecer cuando la concentracién en
cerebro de L-DOPA alcanza la médxima concentracién (discinesias de pico de dosis). Las
fluctuaciones motoras se describen como la alternancia entre periodos con respuesta ade-
cuada a la medicacién (on), y periodos con respuesta deficiente a la medicacién (off), y el
deterioro de fin de dosis (wearing-off) (Martinez-Lapiscina et al., 2012). Se han propuesto
varios factores de riesgo que contribuyen al desarrollo de las discinesias inducidas por
L-DOPA, como son: la edad de inicio de la ED, la progresién de la enfermedad, y la admi-

nistracion pulsatil de la L-DOPA (Bastide et al., 2015).
Mecanismos presinapticos relacionados con las discinesias

En condiciones basales, las neuronas dopaminérgicas son capaces de mantener los
niveles extracelulares fisiol6gicos de dopamina. A pesar de que en los pacientes con la EP
existe degeneracion de estas neuronas, el tratamiento con L-DOPA produce un incremen-
to en los niveles de dopamina, que resulta en un efecto terapéutico. Se ha demostrado que
las neuronas serotonérgicas poseen la maquinaria enzimaética capaz de convertir la L-DO-
PA exégena a dopamina. Sin embargo, las neuronas serotonérgicas no expresan proteinas
capaces de recaptar la dopamina liberada por estas neuronas, dando como resultado un
exceso en los niveles extracelulares de este neurotransmisor (Carta & Bezard, 2011; Mos-
harov et al., 2015) (Fig. 6). Estos niveles elevados de dopamina estimulan los receptores
dopaminérgicos y participan en el desarrollo de las discinesias. Estudios previos, han
demostrado que el sistema serotonérgico estd implicado en el desarrollo de las discinesias
inducidas por L-DOPA, ya que la lesién de las neuronas serotonérgicas evita el desarrollo
de este efecto secundario (Carta et al., 2007; Bastide et al., 2015; Beaudoin-Gobert et al.,
2015).
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5-HT —> 5-HIAA

MAO-B

DA —22 > DOPAC

T AADC
L-DOPA

L-DOPA

Figura 6. Terminales dopaminérgicas y serotonérgicas en la enfermedad de Parkinson. Las
neuronas serotonérgicas captan a la L-DOPA a través del transportador de aminodcidos (LAAT),
para su posterior conversién a dopamina y liberacién junto a la serotonina (5-HT). Las neuro-
nas no expresan transportadores de dopamina (DAT), lo que provoca un exceso en la dopamina
extacelular, después del tratamiento con L-DOPA. 5-HTR, receptor serotonérgico; AADC, dopa
descarboxilasa; MAO, monoamino oxidasa; SERT, transportador de serotonina; Modificado de
Mosharov et al., 2015.

Alteraciones postsinapticas en las neuronas estriatales

Se ha sugerido que, en el pico de las discinesias, los DIR y D2R estdn sobrestimu-
lados por la dopamina generada por la L-DOPA, lo que potencia la activacién de la via
directa e inhibe la via indirecta. Esto provoca un decremento en la actividad de los nd-
cleos de salida de los ganglios basales y, en consecuencia, un incremento en la actividad
del tdlamo, dando lugar a los movimientos involuntarios anormales (Pavén et al., 2006;
Jenner, 2008; Darmopil et al., 2009; Alcacer et al., 2017). Estos resultados también se han
corroborado con estudios farmacolégicos que muestran que tanto los agonistas dopami-
nérgicos D1 como los D2 inducen discinesias, aunque las generadas por los primeros, son

mds severas que las provocadas por los agonistas D2 (Rascol et al., 2001, 2006).

Trabajos realizados en nuestro laboratorio han demostrado que el D1R, y no el D2R,

es critico para el desarrollo de las discinesias (Darmopil et al., 2009), y que, el substra-
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to anatémico de las discinesias son las neuronas estriatales completamente denervadas
(Pavén et al., 2006). Ademds, hemos demostrado que los cambios moleculares inducidos
por la L-DOPA, pertenecen a la cascada de sefializaciéon del DIR y se expresan de manera
aberrante en las neuronas denervadas de la via directa tras el tratamiento de L-DOPA
(Murer & Moratalla, 2011). La activacién del DIR produce una sobreactivacién de la pro-
tefna cinasa A (PKA, del inglés protein kinase A), que fosforila la fosfoproteina neuronal
regulada por dopamina y AMPc (DARPP-32, del inglés dopamine and cAMP-regulated
phosphoprotein of 32 kDa), y la proteina de unién al elemento de respuesta a AMPc
(CREB), el cual induce la expresién de genes de expresion temprana como el FosB. Dife-
rentes estudios han demostrado que la expresion aberrante de DARPP-32 fosforilado y
FosB se correlacionan con la severidad de las discinesias (Andersson et al., 1999; Pavon
et al., 2006; Santini et al., 2007). Por otro lado, la estimulacion del DIR también activa la
via de las cinasas activadas por una sefial extracelular (ERK, del inglés extracellular sig-
nal-regulated kinases), que en condiciones de discinesias estd incrementada, provocando
un incremento en el ERK fosforilado (pERK), que a su vez fosforila a la histona 3 (pAcHS3,
del inglés phospho-acetylated-histone H3) (Pavén et al., 2006; Darmopil et al., 2009; Santi-
ni et al., 2009). La pAcH3 en las neuronas de la via directa estd involucrada en los cambios
en la expresioén de genes relacionados con las discinesias, como es el aumento aberrante

FosB (Ruiz-DeDiego et al., 2015; Feyder et al., 2016).

La activaciéon anormal de la cascada de sefializaciéon del D1R en las neuronas de la
via directa del estriado se correlaciona con la aparicién de las discinesias (Pavon et al.,
2006; Murer & Moratalla, 2011). Por este motivo, la disminucion de los diferentes marca-
dores moleculares asociados a las discinesias (FosB, pAcH3 y pERK), disminuye el desa-
rrollo de las discinesias inducidas por L-DOPA (Westin et al., 2007; Gonzdlez-Aparicio &
Moratalla, 2014; Engeln et al., 2016).

Aminoacidos

Estudios recientes han demostrado que la falta de dopamina altera los niveles plas-

madticos de los aminodcidos, y esta alteraciéon puede contribuir a los sintomas motores
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y no motores de la EP (Yuan et al., 2013; Tong et al., 2015; Zhang et al., 2016). En el sis-
tema nervioso central, el glutamato, GABA, glicina, taurina, aspartato y glutamina son
aminodcidos neuroactivos que participan directamente en la transmisién sindptica. En
el estriado, el glutamato es el responsable de la transmisién excitatoria y GABA de la
inhibitoria. El estriado recibe inervacién glutamatérgica proveniente principalmente de
la corteza y del tdlamo, y controla la actividad motora a través de las dSPN vy las iSPN
que son GABAérgicas (Gerfen & Surmeier, 2011). Ademds de glutamato y GABA, existen
otros aminodcidos que regulan la neurotransmisién estriatal. Por ejemplo, la glicina acttia
como un coagonista de los receptores glutamatérgicos de tipo NMDA (Sergeeva & Haas,
2001), y la taurina tiene un papel importante en el control de la inhibicién GABAérgica
en el estriado, y de la modulacién de la actividad excitatoria glutamatérgica (Sergeeva et
al., 2007). Por otro lado, cuando se presentan niveles altos de aspartato en el estriado se

induce una plasticidad sindptica aberrante (Errico et al., 2008).

Los pacientes con EP presentan alteraciones en los niveles de varios aminodcidos
tanto en muestras del fluido cerebroespinal como en suero (Engelborghs et al., 2003). En
un modelo animal de la EP se han encontrado alteraciones en los niveles de los aminoa-
cidos neuroactivos en el estriado (Tanaka ef al., 1986), aunque estos cambios no se han
observado en pacientes (Rinne et al., 1988). No obstante, atin no se conoce si el trata-
miento con L-DOPA afecta estos niveles, ni siquiera en el pico de las discinesias, cuando
la concentracién de L-DOPA en el estriado es mdxima. La variacion de estos niveles en

discinesias nos ayudaria a entender la fisiopatologia de las mismas.

Catecol-O-metil transferasa

Estudios previos sugieren que el metabolismo de la dopamina tiene un papel im-
portante en el desarrollo de las discinesias (Espinoza et al., 2012). La enzima catecol-O-me-
til transferasa (COMT) estd involucrada en la degradacién de los neurotransmisores cate-
colaminérgicos, entre los que se encuentra la dopamina. El gen que codifica la COMT se
encuentra en el cromosoma 22, en la banda q11.2 (Grossman et al., 1992), y se expresa

principalmente en el cerebro, el higado, y los rifiones (Méannisto & Kaakkola, 1999). En el
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cerebro, se encuentra principalmente unida a la membrana de la glia y de las neuronas
postsindpticas, respecto a las neuronas monoaminérgicas (Schendzielorz et al., 2013). La
COMT tiene un papel importante en la regulacién de las acciones sindpticas de la dopa-
mina y la L-DOPA, ya que cataliza su O-metilacién. La dopamina se metaboliza intraneu-
ronalmente a &cido 3,4-dihidroxifenilacético (DOPAC), por la monoamino oxidasa
(MAO), y extraneuronalmente a 3-metoxitiramina (3-MT) por la COMT. Posteriormente
el DOPAC es convertido a dcido homovanilico (HVA) por medio de la COMT, y la 3-MT
a HVA por medio de la MAO (Ménnist6 & Kaakkola, 1999; Espinoza et al., 2012). Por otro
lado, en la periferia, la COMT metaboliza la L-DOPA a 3-O-metildopa para su excrecién
(Grossman et al., 1992) (Fig. 7).
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Figura 7. Principales mecanismos neuroquimicos que involucran a la COMT en el metabolismo
de la L-DOPA y dopamina, tanto en la periferia como en el sistema nervioso central (SNC). Mod-
ificado de Espinoza et al., 2012).
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En condiciones fisiolégicas, el papel de la COMT en el metabolismo de la dopamina
en el estriado es menos importante que en otras dreas como la corteza frontal y el hipo-
tdlamo (Gogos et al., 1998). Sin embargo, estudios previos han demostrado que el trata-
miento crénico de L-DOPA incrementa la expresién y la actividad de COMT en el estria-
do (Zhao et al., 2001). Ademés, los inhibidores de la COMT podrian reducir las discinesias
inducidas por L-DOPA, ya que incrementarian el acceso de la L-DOPA al cerebro, y tam-
bién prologarian la actividad dopaminérgica en el estriado (Miiller, 2015). Debido a que
actualmente no existe un inhibidor especifico de la COMT que pueda determinar el papel
de esta enzima en el desarrollo de las discinesias, la utilizacién de ratones transgénicos

de COMT es fundamental para abordar especificamente su estudio (Suzuki et al., 2009).

Oxido nitrico

Trabajos anteriores han mostrado que en la EP, existe un desbalance de diferentes
sistemas de transmisores diferentes a la dopamina, entre ellos se ha sugerido al sistema
del 6xido nitrico (nitrérgico) (Jenner, 2008). El 6xido nitrico (ON) es un gas que actda
como mensajero celular y se sintetiza a partir de la L-arginina por medio de la 6xido
nitrico sintasa (NOS, del inglés nitric oxide synthase). La NOS cuenta con tres tipos de
enzima: la neuronal (nNOS), la endotelial (eNOS) y la inducible (iNOS). La nNOS vy la
eNOS sintetizan ON de manera constitutiva, cuando las células que contienen esta enzi-
ma reciben un influjo de Ca?*, mientras que la iNOS lo hace como una respuesta inmuno-
16gica (Calabrese et al., 2007). E1 ON se une a la guanilato ciclasa, e induce la activaciéon de
guanosin monofosfato ciclico (GMPc), que es un segundo mensajero que activa diferentes
cinasas para producir una respuesta celular (Guix et al., 2005). En los ganglios basales, el
ON se sintetiza en las interneuronas nNOS-positivas y participa en la regulacién de la
transmision sindptica corticoestriatal. Ademds, se ha demostrado que el ON modula la
conducta motora al interferir con diferentes sistemas de neurotransmisién en el estriado,
como son: el dopaminérgico, el glutamatérgico, el colinérgico y el serotonérgico (Del Bel

et al., 2005; Park & West, 2009; Sagi et al., 2014).

Cuando el ON se produce en cantidades excesivas, cambia de neuromodulador fi-
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sioldgico a factor neurotdxico (Guix ef al., 2005). El sistema del ON podria contribuir
a las discinesias ya que el tratamiento con L-DOPA incrementa la produccion de ON
en modelos animales (Itokawa et al., 2006; Del-Bel et al., 2015), y en pacientes con la EP
se ha encontrado un aumento en los niveles séricos de GMPc (Chalimoniuk & Stepien,
2004). Ademds, estudios realizados en nuestro laboratorio mostraron que la L-DOPA, en
ratones lesionados con 6-OHDA, induce la expresién aberrante de FosB en las dSPN y
las interneuronas nNOS positivas (Pavén et al., 2006). Por otro lado, estudios realizados
en ratas lesionadas con 6-OHDA muestran que la inhibiciéon de la nNOS atenda las dis-
cinesias inducidas por L-DOPA, aunque los mecanismos por los cuales se produce este

decremento siguen siendo desconocidos (Padovan-Neto ef al., 2009; Takuma et al., 2012).

Receptor dopaminérgico D3

Estudios en modelos animales han implicado al receptor dopaminérgico D3 (D3R)
en varios mecanismos que pueden regular a las discinesias inducidas por L-DOPA (Be-
zard et al., 2003). E1 D3R pertenece a la familia de los receptores D2. En el sistema nervioso
central, se expresa principalmente en las neuronas del estriado ventral, las islas de calleja
y el tubérculo olfatorio (Sokoloff et al., 1990; Xu et al., 1997) (Fig 8). No obstante, el patrén
de expresién del D3R cambia cuando hay modificaciones en el contenido de dopamina
en el estriado. Por ejemplo, tanto en animales lesionados con 6-OHDA como en pacientes
con la EP que no han sido tratados con L-DOPA, existe una disminucién en los niveles
del D3R (Lévesque et al., 1995; Boileau et al., 2009). Los animales lesionados tratados con
L-DOPA desarrollan sensibilizacién conductual y un aumento del D3R en las dSPN del
estriado dorsal (Bordet et al., 1997, 2000). Cabe destacar que el aumento del D3R en el es-
triado dorsal normal mediante infeccién con particulas adenovirales provoca la aparicién

de sintomas discinéticos (Cote et al., 2014).

Recientemente, se ha descrito la formacion de heterémeros D1R-D3R en ratones
discinéticos (Farré ef al., 2015). A pesar de que el D3R esta acoplado a una proteina G, la
presencia de estos heterémeros produce una sobreactivacién de la via de sefializacion

dependiente del DIR en las dSPN mediante la amplificacién de las vias de sefializaciéon
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PKA y ERK (Fiorentini ef al., 2008; Marcellino et al., 2008; Guitart et al., 2014). Ademds, la
actividad anormal de las dSPN también puede estar relacionada con alteraciones en la
internalizacién del D1R provocado por la interaccién con el D3R (Berthet et al., 2009). Se
ha descrito que el tratamiento con L-DOPA promueve la formacién de heterémeros D1R-
D3R, incrementando la sefializacién dependiente del D1R y contribuyendo al desarrollo
de las discinesias (Farré et al., 2015; Fiorentini et al., 2015). Ademads, estudios previos han
mostrado que el tratamiento con antagonistas del D3R atentan el desarrollo de las disci-
nesias (Bézard et al., 2003; Kumar et al., 2009), sin embargo, otros no encontraron ningin
efecto (Mela et al., 2010). Es posible que estos resultados controvertidos sean debidos a
que los antagonistas del D3R que se utilizan actualmente no son totalmente selectivos, ya

que también se unen al D2R.

Figura 8. Expresion del receptor dopaminérgico D3 en el estriado. El D3R se expresa princi-
palmente en el niicleo accumbens (NAc) y en las islas de Calleja (ICj), y en menor medida en el
estriado dorsal (CP). Modificado de Xu et al., 1997.
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Modelos animales de las discinesias inducidas por L-DOPA

Debido a que la L-DOPA es muy efectiva para tratar los sintomas motores de la en-
fermedad de Parkinson, existe la necesidad de encontrar estrategias farmacolégicas que
eviten la aparicién de las discinesias (Iderberg et al., 2012). Para este fin, es indispensable
el uso de modelos animales que las desarrollen. Actualmente, los modelos mads estudia-
dos y aceptados se basan en la lesién con MPTP en primates (ya que en roedor no se desa-
rrollan las discinesias) o con 6-hidroxidopamina en roedor y en el tiinico modelo genético

de la EP (el ratén aphakia) que las desarrolla (Iderberg et al., 2012; Morin et al., 2014).
Modelo de lesiéon con 6-hidroxidopamina

El modelo de la EP basado en la lesién unilateral con 6-hidroxidopamina (6-OHDA)
enroedores fue desarrollado a finales de la década de 1960 (Ungerstedt, 1968). La 6-OHDA
no atraviesa la barrera hematoencefdlica, por lo tanto, la administracién de esta toxina se
realiza directamente en el estriado, en el haz prosencefélico medial o en la SN, lo que
provoca la muerte de las neuronas dopaminérgicas y la disminucién en los niveles estria-
tales de dopamina (Herrera-Marschitz et al., 2010). El mecanismo de accién de esta toxina
estd relacionado principalmente con la formacién de H,O, y radicales libres. El modelo
de lesién unilateral con 6-OHDA estd resultando muy 1til en la investigaciéon de nuevos
compuestos para tratar la EP (Duty & Jenner, 2011), y para desentrafiar los mecanismos

moleculares de las discinesias.

El tratamiento crénico con L-DOPA en los roedores lesionados provoca la apariciéon
de discinesias inducidas por L-DOPA (Cenci et al., 1998; Pavon et al., 2006). Los sintomas
discinéticos reconocidos en los roedores son: las discinesias axiales, de las extremidades y
las orolinguales. Utilizando este modelo se han descrito los mecanismos principales que
subyacen a las discinesias, y se han probado diferentes farmacos con potencial efecto an-
tidiscinético (Andersson et al., 1999; Pavon et al., 2006; Santini et al., 2007, 2009; Darmopil
et al., 2009; Espadas et al., 2012; Gonzalez-Aparicio & Moratalla, 2014; Ruiz-DeDiego et al.,
2015a, 2015b).
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Modelo genético aphakia

Los ratones modificados genéticamente permiten estudiar especificamente meca-
nismos fisiopatolégicos que subyacen a determinadas enfermedades. El ratén aphakia
tiene una deficiencia en el factor de transcripcién Pitx3 (Pitx37/7) que es critica para el
nacimiento y desarrollo de las neuronas dopaminérgicas de la SN¢, dando como resulta-
do una denervaciéon dopaminérgica bilateral en el estriado dorsal, mientras que la parte
ventral permanece sin cambios (Hwang, 2003; Nunes et al., 2003; van den Munckhof et al.,

2003; Espadas et al., 2012).

El ratén Pitx37/~ desarrolla discinesias bilaterales después del tratamiento con
L-DOPA o con agonistas dopaminérgicos, que son atenuadas con agentes antidiscinéti-
cos como la amantadina. Cabe destacar que el ratén Pitx3 es el tinico modelo genético de
la EP que desarrolla las discinesias inducidas por L-DOPA (Duty & Jenner, 2011; Iderberg
et al., 2012; Morin et al., 2014). Ademés, las discinesias en el ratén Pitx3~/~ estdn acompa-
fadas con la apariciéon de los marcadores moleculares asociados a este efecto secundario

motor (Ding et al., 2007, 2011).
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Hipotesis y Objetivos

Hipoétesis

1. El tratamiento crénico con L-DOPA produce un desequilibrio en los niveles es-
triatales de aminoacidos neuroactivos en ratones lesionados con 6-OHDA. Estu-
dios previos en modelos animales y en pacientes con la EP, indican que existe una
interaccion estriatal entre la dopamina y los diferentes sistemas de neurotransmision,
incluyendo los de los aminodcidos GABA y glutamato entre otros. Asi, cambios en los
niveles de dopamina afectan a estos aminodcidos que participan en la fisiopatologia

de la EP.

2. La sobrexpresion genética de COMT aumenta las discinesias inducidas por L-DO-
PA. El tratamiento crénico con L-DOPA incrementa la expresién y la actividad de
COMT en el estriado disminuyendo la vida media de la dopamina y por tanto au-
mentando las discinesias. Por otro lado, estudios clinicos con inhibidores selectivos
de COMT mejoran los sintomas motores, aunque no arrojan datos concluyentes sobre

las discinesias.

3. La inhibicién de la sintesis del 6xido nitrico disminuye las discinesias inducidas
por L-DOPA en un modelo genético de la enfermedad de Parkinson. El 6xido nitrico
regula la transmisién sindptica de las neuronas estriatales de proyeccién y estudios
previos de nuestro laboratorio, demuestran que el tratamiento crénico con L-DOPA
aumenta la actividad de las interneuronas NOS positivas en el estriado lesionado y la

produccién de 6xido nitrico en los ganglios basales.

4. Elreceptor dopaminérgico D3 regula las discinesias inducidas por L-DOPA a través
de la sefializacién dependiente del receptor dopaminérgico D1. La L-DOPA aumen-
ta la expresion del receptor D3 en animales discinéticos y la formacién de heterodi-
meros con el receptor D1 (D1R-D3R) potenciando la sefializacién intracelular depen-
diente de AMPc y aumentando la expresién de los determinantes moleculares de las

discinesias en las neuronas D1-positivas.
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Objetivos

1.

Determinar las alteraciones de los niveles estriatales de los aminodcidos neuroactivos
y de los que no participan directamente en la transmisién sindptica en animales par-

kinsonianos y discinéticos.

Evaluar el efecto de la sobrexpresién genética de la COMT en el desarrollo de las dis-

cinesias en el modelo de 6-OHDA en ratén.

Evaluar el papel del sistema nitrérgico en las discinesias inducidas por L-DOPA en el

modelo genético Pitx3~/~ de la enfermedad de Parkinson.

Estudiar la contribucién especifica del receptor dopaminérgico D3 en el desarrollo de

las discinesias inducidas por L-DOPA y su mecanismo de accién.
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Resumen de resultados

Articulo l.

En este articulo hemos abordado el objetivo 1 mediante el estudio de la interaccién
entre la dopamina y aminodcidos estriatales y explorando su posible implicacién en los
sintomas motores del Parkinson y de las discinesias. Los niveles estriatales de los ami-
nodcidos se estudiaron por cromatografia liquida de alta eficacia (HPLC, del inglés high
performance liquid chromatography) en animales hemilesionados con 6-OHDA, tratados
o no con L-DOPA, para producir animales parkinsonianos y discinéticos. Encontramos
que, los niveles de glutamato y aspartato no cambian ni en el parkinsonismo ni en las
discinesias. Sin embargo, la falta de dopamina aumenta los niveles de glutamina, glicina
y taurina, mientras que la L-DOPA los restablece, indicando una interaccién inversa entre
la dopamina y estos aminodcidos. Ademds, la L-DOPA incrementa significativamente los
niveles de GABA y de tirosina en animales discinéticos, lo que concuerda con la actividad

aberrante de las neuronas GABAérgicas de la via directa en discinesias, y con la aparicién

de neurons TH-positivas en el estriado.

Articulo Il

En este articulo hemos abordado el objetivo 2 para estudiar el papel de la COMT en
el desarrollo de las discinesias, utilizando ratones que sobrexpresan a esta enzima (Tg-
COMT). Observamos que los ratones Tg-COMT tienen sintomas discinéticos mds severos
que los WT alo largo de todo el tratamiento, asi como niveles mds altos de los marcadores
moleculares FosB y pAcH3. También encontramos que los animales Tg-COMT tienen
menos dopamina y mds 3-metoxitiramina (3-MT) que los WT, lo que indicarfa un mayor
metabolismo de la dopamina. Ademds, la L-DOPA produce un incremento de 3-MT sig-
nificativamente mayor en los animales Tg-COMT que en los WT, como cabia esperar. El
aumento de discinesias en los ratones Tg-COMT podria deberse a que la 3MT incrementa
la via de sefializacién del receptor D1 mediante la activacién de los receptores asociados

a aminas traza (TAAR1) y/o a la disminucién de la vida media de la dopamina.
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Articulo Il

En este articulo hemos abordado el objetivo 3, que consiste en el estudio del papel
del sistema nitrérgico que potencia la transmisién sindptica de las neuronas estriatales
en las discinesias, y para ello empleamos un modelo genético (ratones Pitx37/~) de la EP.
Encontramos que la inhibicién de la sintesis de ON mediante el uso de 7-nitroindazole (7-
NI), un inhibidor especifico de la nNOS, reduce tanto el desarrollo, como las discinesias
que ya han sido establecidas previamente. Cabe destacar que el 7-NI no afecta el efecto
terapéutico de la L-DOPA. Asimismo, el 7-NI atentia la expresién de FosB y pAcH3 en los
ratones tratados con L-DOPA. Por otro lado, observamos que al aumentar la sefializacién
del 6xido nitrico mediante la administracién de zaprinast (un inhibidor de la fosfodies-
terasa) y molsidomina (un donador de NO), también se reducen las discinesias. Sin em-

bargo, estos efectos interfieren con el efecto terapéutico de la L-DOPA.

Articulo IV

En este articulo hemos abordado el objetivo 4 para estudiar el papel especifico del
receptor D3R en las discinesias (Solis et al., 2017b), y hemos utilizado ratones knockout
del D3R (D37/7) lesionados con 6-OHDA. Observamos que la inactivacién genética del
D3R atentua el desarrollo de las discinesias, sin afectar el efecto antiparkinsoniano de la
L-DOPA, disminuyendo al mismo tiempo la expresiéon de los marcadores moleculares
asociados a las discinesias. Para descartar que los resultados observados en los ratones
D37/~ no se deban a mecanismos de compensacion durante el desarrollo, administramos
un antagonista del D3R a ratones WT, y encontramos resultados similares a los obser-
vados en los ratones D37/~. Por otra parte, mediante el uso de ratones transgénicos que
expresan la proteina fluorescente rojo tomate bajo el promotor del D1R (D1R-tomato) o
la proteina fluorescente verde bajo el promotor del D2R (D2R-GFP), analizamos la ex-
presién del D3R en el estriado dorsal. Encontramos que en ratones intactos y en parkin-
sonianos, el D3R se expresa en menos del 2% de las neuronas de proyeccién, mientras
que la L-DOPA aumenta la expresion del D3R al 60% de las neuronas de la via directa y

al 20% en las de la via indirecta. Finalmente, para ver si el modulador de las discinesias
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Resumen de resultados

del D3R se debe a una interaccién DIR y D3R, utilizamos ratones heterocigotos para
el DIR (D1*/7), que muestran menos discinesias que sus WT. Curiosamente, el bloqueo
farmacolégico del D3R en estos ratones disminuye atn maés las discinesias, asi como sus
marcadores moleculares asociados, sugiriendo que efectivamente hay una interaccién

directa entre el DIR y D3R.
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Abstract Perturbations in the cerebral levels of various
amino acids are associated with neurological disorders, and
previous studies have suggested that such alterations have a
role in the motor and non-motor symptoms of Parkinson’s
disease. However, the direct effects of chronic L-DOPA
treatment, that produces dyskinesia, on neural tissue amino
acid concentrations have not been explored in detail. To
evaluate whether striatal amino acid concentrations are
altered in peak dose dyskinesia, 6-hydroxydopamine (6-
OHDA)-lesioned hemiparkinsonian mice were treated
chronically with L-DOPA and tissue amino acid concen-
trations were assessed by HPLC analysis. These experi-
ments revealed that neither 6-OHDA nor L-DOPA
treatment are able to alter glutamate in the striatum.
However, glutamine increases after 6-OHDA and returns
back to normal levels with L-DOPA treatment, suggesting
increased striatal glutamatergic transmission with lack of
dopamine. In addition, glycine and taurine levels are
increased following dopamine denervation and restored to
normal levels by L-DOPA. Interestingly, dyskinetic ani-
mals showed increased levels of GABA and tyrosine, while
aspartate striatal tissue levels are not altered. Overall, our
results indicate that chronic L-DOPA treatment, besides
normalizing the altered levels of some amino acids after
6-OHDA, robustly increases striatal GABA and tyrosine
levels which may in turn contribute to the development of
L-DOPA-induced dyskinesia.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by progressive motor dysfunction with
bradykinesia and akinesia, cognitive decline, and psychi-
atric symptoms such as depression and mood disorders. PD
is caused by the death of dopaminergic neurons in the
substantia nigra pars compacta, leading to a dramatic
reduction of dopamine (DA) levels in the striatum (Dexter
and Jenner 2013; Granado et al. 2013) causing bradyki-
nesia. DA replacement by its precursor L-3,4-dihydrox-
yphenylalanine (L-DOPA) remains the primary treatment
for PD (LeWitt 2015), however, chronic L-DOPA exposure
leads to severe motor side effects, including L-DOPA-in-
duced dyskinesia (LID). The mechanisms underlying the
development of LID remain largely obscure (Murer and
Moratalla 2011), although it has been associated with
dysfunction of several neurotransmitter systems, including
dopaminergic, glutamatergic, serotonergic, cholinergic,
GABAergic, and endocannabinoid signaling (Carta et al.
2007; Darmopil et al. 2009; Mela et al. 2012; Gonzalez-
Aparicio and Moratalla 2014; Lim et al. 2015; Solis et al.
2015b).

A growing body of evidence suggests that altered
plasma levels of amino acids may contribute to the motor
and non-motor symptoms of PD (Yuan et al. 2013; Tong
et al. 2014). In addition to glutamate and GABA, respec-
tively, the major excitatory and inhibitory neurotransmit-
ters, several other amino acids regulate striatal
neurotransmission (Bido et al. 2011; Rangel-Barajas et al.
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2011; Mela et al. 2012). For example, glycine, besides
activating glycine receptors, acts as a co-agonist at NMDA-
type glutamate receptors (Sergeeva and Haas 2001). Tau-
rine plays a key role in the control of GABAergic inhibi-
tion in the striatum and is involved in the regulation of
movement (Sergeeva et al. 2007). Taurine also modulates
the excitatory activity of glutamate through regulation of
intracellular calcium concentrations (El Idrissi and Tren-
kner 1999) and causes long-lasting enhancement of
synaptic transmission in corticostriatal slices (Chepkova
et al. 2002). In addition, the extracellular concentration of
the excitatory amino acid aspartate increases in the striatum
following electrical or chemical stimulation of the cortex
(Parrot et al. 2003), and abnormally high levels of aspartate
induce aberrant striatal synaptic plasticity (Errico et al.
2008).

In PD patients, dopamine depletion alters the levels of
several amino acids in both serum (Yuan et al. 2013) and
cerebrospinal fluid (Engelborghs et al. 2003). Yet, other
studies showed no changes in the caudate nucleus or in the
temporal cortex of PD patients (Rinne et al. 1988), despite
the close relationship between the levels of amino acids in
plasma and brain tissue (Bongiovanni et al. 2010). In
6-OHDA-lesioned rats, striatal tissue levels of several
amino acids are altered due to dopamine depletion in line
with the changers showed in the cerebrospinal samples in
PD patients (Tanaka et al. 1986; Lindefors and Ungerstedt
1990). However, it is not known how L-DOPA treatment
affects striatal amino acids content in peak dose dyskinesia,
when high levels of L-DOPA triggered dopamine turnover
and abnormal involuntary movements (Zetterstrom et al.
1986; Herrera-Marschitz et al. 2010; Del-Bel et al. 2014).
The present study measured striatal tissue levels of neu-
roactive amino acids including glutamate, glycine, aspar-
tate, GABA, and taurine, as well as amino acids that do not
directly participate in synaptic transmission (e.g., glu-
tamine, alanine, lysine, and tyrosine) in a mouse model of
dyskinesia (Pavon et al. 2006) induced by chronic L-DOPA
administration. Changes in levels of these amino acids may
have an important role in the aberrant synaptic plasticity
that underlies L-DOPA-induced dyskinesia, and to under-
stand the pathophysiology of the disorder.

Materials and Methods

Animals

This study was performed in C57BL/6] mice that were
5-7 months old. The animals were housed with a 12-h
light/dark cycle with food and water available ad libitum.

All studies were conducted in accordance with the Euro-
pean Union Council Directive (86/609/European Economic
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Community) and approved by the Consejo Superior de
Investigaciones Cientificas Ethics Committee.

6-Hydroxydopamine Lesion and L-DOPA
Treatment

Surgical procedures used in this study were as previously
reported (Sudrez et al. 2014; Ruiz-DeDiego et al. 2015a).
Mice were placed in a stereotaxic surgery apparatus (Kopf
instruments, CA, USA) and anesthetized by isoflurane
inhalation (5 % for induction and 2 % for maintenance).
Unilateral infusions were made into the dorsal striatum
with 2 x 2 ul of 6-OHDA HBr (20 mmol/l, containing
0.02 % ascorbic acid; Sigma-Aldrich, Spain; n = 24) at the
following coordinates from bregma and dura: anteropos-
terior (+0.65 mm), lateral (—2.0 mm), and dorsoventral
(—4.0 and —3.5 mm). Thirty minutes before the intrastri-
atal injection of 6-OHDA, mice were injected with desi-
pramine (20 mg/kg, i.p.; Sigma-Aldrich, Spain) to avoid
the destruction of noradrenergic neurons. Three weeks after
surgery, to inhibit de L-DOPA decarboxylation, mice
received daily injections of benserazide (10 mg/kg, i.p.;
Sigma-Aldrich, Spain), followed by either L-DOPA
(20 mg/kg, i.p.; Sigma-Aldrich, Spain) or saline for
2 weeks. SHAM-lesioned animals were subjected to the
stereotaxic surgery but received saline infusion instead of
6-OHDA.

Behavioral Testing

Two weeks after the lesion, mice were assessed for fore-
limb asymmetry using the cylinder test, as previously
described (Espadas et al. 2012). Briefly, SHAM-lesioned
and 6-OHDA-lesioned mice were individually placed in a
transparent cylinder and videotaped for 3 min. We scored
the number of supporting wall contacts made by the mice
with the ipsilateral and the contralateral forepaw, relative
to the lesion. Data are expressed as percentage of con-
tralateral paw touches to the wall. Motor coordination and
balance were evaluated in the rotarod (UgoBasile, Rome,
Italy), as previously described (Granado et al. 2008; Solis
et al. 2015a). All mice underwent training for one trial on
the rotarod (Ugo Basile) at a constant speed (10 rpm) for
10 min. If the mouse fell from the rotarod during this
period, it was placed back on. On the test day, animals
were evaluated following a uniformly accelerating protocol
from 4 rpm to a maximum of 40 rpm over a 5 min period
and latency to fall off the rod was measured.

To quantify LID, lesioned mice were randomized to one
of the following groups: (i) parkinsonian treated with saline
(saline, n = 16) or (ii) treated with L-DOPA (dyskinetic;
n = 8). Each animal was individually videotaped 3 times
per week in a transparent cylinder, and their behavior was
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analyzed during a 4-min time period at 40 min after the
injection of L-DOPA or saline. The videotapes were ana-
lyzed for axial (A), limb (L), and orolingual (O) dyskinesia
subtypes by a trained observer blind to the treatment of
each animal. The rating for dyskinesia was based on a scale
ranging from O (not present) to 4 (severe) (Suarez et al.
2014; Solis et al. 2015b). The total score represents the sum
of the scores for the three dyskinetic subtypes (Sum of
ALO score). On day 15, mice were evaluated every 20 min
over a period of 180 min after L-DOPA injection. The
investigator performing behavioral experiments was blind
to lesion condition and treatment.

Amino Acid Quantification

Free tissue levels of amino acids and dopamine were
assessed by high-performance liquid chromatogra-
phy (HPLC), indicating that our results represent the total
content, including the extracellular and the intracellular
compartments. Mice were sacrificed by decapitation 1 h
after the last L-DOPA or saline administration. The brain
was quickly removed, and the striatum was dissected on
ice. Tissue samples were taken separately from the left and
right striatum and frozen at —80 °C until analysis. The
amino acids were analyzed using HPLC, as previously
described (Perucho et al. 2015). Briefly, striatal tissue was
homogenized in 0.4 N perchloric acid for deproteinization.
Pellets were used for protein quantification (BCA assay).
Supernatants were precolumn derivatized with ortho-ph-
thal-dialdehyde (OPA). The reagent was a mixture of
32 mg OPA in borate buffer 0.4 M pH 9.5 (7140 pl)
containing 60 pl of 3-mercaptopropionic acid. The fluo-
rescent derivatized amino acids were separated by a “Ul-
trasphere ODS Beckman” (150 x 4.6 mm, particle size
5 um) using gradient elution. Gradients were performed
with two degassed mixture solvents. Solvent A was 0.05 M
sodium acetate pH 5.88: methanol (90:10), and solvent B
was methanol: H20 (70:30). (Gradient profile: time = 0
min % B 2, time = 0.1 min % B 15, time =1 % B 47,
time = 6 % B 100, time =9 % B 2); at time = 13 the
column is ready for a new sample injection. The solvent
flow rate was adjusted to 1 ml/min and the injection vol-
ume was 10 pl. Fluorescence detection was accomplished
with Jasco detector (model FP-2020) at 240 and 450 nm for
excitation and emission wavelengths, respectively. Amino
acids were identified by their retention times, and their
concentrations were calculated by comparison to calibrated
amino acid external standard solutions (1.5 pM).

Dopamine Determination

The levels of DA were measured by HPLC with an ESA
Coulochem III detector, according to Mena et al. (1984)

with minor modifications. Briefly, samples from the same
brain region indicated above were sonicated in 8 volumes
(w/v) of 0.4 N perchloric acid (PCA) with 0.5 mM Na,
S,0s5 and 2 % EDTA and then centrifuged for 10 min.
Tissue dopamine levels were determined from 20 pl of the
supernatant. The chromatographic conditions were as fol-
lows: a column ACE 5 C18, 150 x 4.6 mm (UK); the
mobile phase, a 109.3 mM citrate buffer/1.1 mM acetate
buffer, pH 3.55 with 10 % methanol, 1 mM EDTA and
5 mM sodium 1-heptanesulfonate, flow rate 1 ml/min.
Dopamine was identified by their retention time, and its
amount calculated against a calibrated external standard
solution (0.6 pM).

Statistical Analysis

Motor performance and forelimb asymmetry data were
analyzed using an unpaired ¢ test. Repeated measures
ANOVA followed by the Bonferroni post hoc comparison
was used to determine the statistical significance of dysk-
inesia scores over time. The amino acid levels were nor-
malized such that the mean amino acid value of SHAM-
lesioned mice was set to 100 %. The amino acid levels of
parkinsonian and dyskinetic mice were expressed as per-
centage of SHAM-lesioned mice. DA and amino acid data
were analyzed by a one-way ANOVA followed by Bon-
ferroni post hoc tests. Statistical analysis was performed
with GraphPad Prism 5 (La Jolla, CA, USA). Data are
expressed as the mean =+ standard error of the mean
(SEM). The significance level was set at p < 0.05.

Results
Cylinder and Rotarod Tests

Motor impairments in the cylinder and rotarod tests were
used to behaviorally evaluate the extent of dopamine
depletion (Heuer et al. 2012; Espadas et al. 2012; Solis
et al. 2015b). In the cylinder test (Fig. 1a), SHAM-lesioned
animals did not present any significant asymmetry of
forepaw use, as cylinder touches with the contralateral paw
were ~50 % of total forepaw touches. In contrast, the
dopamine-depleted mice displayed severe forelimb use
asymmetry (ca. 20 %; p < 0.001). Similarly, lesioned mice
exhibited greatly impaired performance in the rotarod task,
as their latency to fall (Fig. 1b) was significantly lower
than that of SHAM-lesioned mice (p < 0.001).

L-DOPA-Induced Dyskinesia

Three weeks after 6-OHDA injection, lesioned mice were
chronically injected with saline or L-DOPA.
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Fig. 1 Mice unilaterally lesioned with 6-OHDA exhibit motor
impairment. Hemiparkinsonian mice displayed forelimb asymmetry
measured by the cylinder test (a). Motor coordination and balance
assessed in the rotarod was impaired in the 6-OHDA-injected mice
(b). *¥***p < 0.0001 versus SHAM-lesioned animals (unpaired # test).
Data are expressed as the mean = SEM. n = 5-23 for each group

Administration of L-DOPA resulted in a progressive
increase in the development of dyskinetic symptoms during
the first week of treatment, and reached a plateau in the
second week of treatment, we found significant main
effects of time and treatment, as well as a significant time
and treatment interaction (p < 0.0001; Fs79 = 51.22).
Saline-treated hemiparkinsonian mice did not develop
dyskinesia (Fig. 2a). The time course analysis showed that
L-DOPA-treated mice displayed the highest intensity of
dyskinesia between 40 and 60 min post-injection. LID was
present for at least 160 min after administering L-DOPA
(Fig. 2b). This behavioral pharmacological profile of LID
is in register with those published earlier by our group
(Darmopil et al. 2009; Suarez et al. 2014; Ruiz-DeDiego
et al. 2015a; Solis et al. 2015a, b) and those of others (Mela
et al. 2012; Del-Bel et al. 2014).
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Fig. 2 L-DOPA induces severe dyskinesia in hemiparkinsonian
mice. Cumulative axial, limb, and orolingual (ALO) scores were
measured 40 min after L-DOPA injection on the indicated days (a).
On day 15 of L-DOPA treatment, dyskinetic scores were measured
every 20 min during 180 min (b). Data are expressed as the
mean = SEM. n = 8-16 for each group

DA Content in the Striatum

After the completion of all behavioral experiments, brains
were analyzed to assess the degree of DA denervation in
the lesioned mice (Fig. 3). We measured the total (intra-
cellular and extracellular) DA tissue content in the ipsi-
lateral and contralateral striatum relative to the lesion using
HPLC analysis. SHAM-lesioned animals showed no dif-
ference in DA levels between hemispheres. However, in
accordance with the behavioral results in lesioned animals,
we found that 6-OHDA injection induced a severe decrease
(91 %) in DA concentration in the ipsilateral striatum
compared with the contralateral, or compared with samples
from SHAM-lesioned animals. Dyskinetic mice also
showed a marked reduction (93 %) of DA tissue content in
the ipsilateral striatum. Somewhat surprisingly, the tissue
levels of DA in either the contralateral or ipsilateral stria-
tum did not differ between parkinsonian and dyskinetic
mice in agreement with Del-Bel et al. (2014). Finally, DA
tissue content in the contralateral striatum of parkinsonian
and dyskinetic animals was similar to that of the SHAM-
lesioned animals.

Amino Acid Levels in the Striatum

As expected, the tissue levels of the amino acids tested in
the ipsilateral and contralateral striatum of SHAM-lesioned
animals were very similar. Therefore, to reduce the number
of animals to the minimum required for valid statistical
analysis, the data of the amino acid tissue content in the
ipsilateral and contralateral striatum of SHAM-lesioned
mice (n = 6) were analyzed as a single collective group for
statistical analysis to reach n = 12. Similarly, because the
total (intracellular and extracellular) amino acid tissue
content in the contralateral striatum of lesioned animals is

Striatal dopamine tissue levels
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Fig. 3 Dopamine tissue content in the striatum of hemiparkinsonian
mice. Both parkinsonian and dyskinetic mice exhibit decreases in
dopamine content in the ipsilateral striatum. ***p < 0.001 versus
contralateral striatum (two-way ANOVA followed by a Bonferroni
test). Data are expressed as the mean + SEM. n = 6-16 for each
group
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very similar to that in SHAM-lesioned animals, we only
represent the data of the ipsilateral striatum.

Total tissue levels of the excitatory amino acid gluta-
mate in the striatum did not differ significantly in the
parkinsonian and dyskinetic groups compared to the con-
trol group (Fig. 4a). Then, we also studied glutamine which
is involved in the metabolism of glutamate and GABA in
neurons and astroglia (Bak et al. 2006). Tissue levels of
glutamine significantly increased after dopamine depletion
indicating an over-activation of the glutamatergic system
by the lack of dopamine (p < 0.05). Interestingly, glu-
tamine tissue levels returned to control values with chronic
L-DOPA administration (p < 0.01) (Fig. 4a). Aspartate
levels were not altered either by 6-OHDA or by subse-
quence treatment with L-DOPA (Fig. 4a), although we
observed a slight increase in dyskinetic animals. In term of
the inhibitory amino acids, analysis of GABA levels
showed no difference between SHAM-lesioned and
parkinsonian mice, but showed a significant increase in
dyskinetic animals treated with L-DOPA (p < 0.05)
(Fig. 4b). In addition, glycine and taurine striatal tissue
concentration showed a significant increase in parkinsonian
compared with SHAM-lesioned mice, and, interestingly,
L-DOPA treatment in dyskinetic mice returned these ele-
vated glycine and taurine levels to control values (Fig. 4b).

Like glycine and taurine, lysine increased after dopa-
mine depletion and returned to control values with chronic
L-DOPA administration (p < 0.05) (Fig. 5). Interestingly,
alanine levels, though unchanged after the lesion, were

Fig. 4 Effect of chronic
L-DOPA treatment on the tissue
levels of neuroactive amino
acids in the striatum of
6-OHDA-injected mice. Striatal
content of glutamate, glutamine,
and aspartate (a) at peak LID.
Striatal content of GABA,
glycine, and taurine (b) at peak
LID. #p < 0.01 versus SHAM-
lesioned; *p < 0.05 versus
parkinsonian mice (one-way
ANOVA followed by a
Bonferroni test). Data are
expressed as the mean = SEM.
Striatal content of glutamate
(406 pmol/ng protein),
glutamine (293 pmol/ug
protein), aspartate (90 pmol/pg
protein), GABA (106 pmol/pg
protein), glycine (35 pmol/pg
protein), and taurine (591 pmol/
pg protein) in SHAM-lesioned
animals. n = 8-16 for each
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significantly lower in dyskinetic mice compared with
SHAM-lesioned animals (p < 0.05) (Fig. 5). In contrast,
tyrosine striatal tissue concentrations were not changed
after dopamine depletion in parkinsonian animals, but were
significantly and robustly increased in dyskinetic mice
compared with both the SHAM-lesioned and the parkin-
sonian groups (p < 0.001) (Fig. 5).

Discussion

Our results reveal an overall loss of homeostasis in total
levels of free neuroactive amino acids in the DA-depleted
striatum, in mouse models of PD and LID. Although
dopamine denervation with 6-OHDA does not alter gluta-
mate in the striatum, it increases glutamine, indicating an
enhanced  glutamatergic = neurotransmission,  while
dopaminergic activation with L-DOPA returns glutamine
levels to control values, restoring glutamatergic transmis-
sion. Accordingly, the inhibitory amino acids glycine and
taurine increase following the lesion and decrease after
L-DOPA treatment possibly to counteract glutamatergic
activity. In addition, we found that GABA tissue levels are
increased in dyskinetic animals in agreement with the
hyperactivation of direct pathway striatal neurons in this
condition. For the non-neuroactive amino acids, alanine is
decreased in dyskinetic animals while tyrosine is robustly
increased in line with the increase in TH-positive neurons
in the striatum after L-DOPA (Espadas et al. 2012). These
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Fig. 5 Effect of chronic L-DOPA treatment on the tissue levels of
non-neuroactive amino acids in the striatum of 6-OHDA-injected
mice. Striatal content of lysine, alanine, and tyrosine at peak LID.
#p <0.05, ™ p < 0.001, and #*p < 0.0001 versus SHAM-Iesioned;
*p < 0.05 and ****p < 0.0001 versus parkinsonian mice (one-way

results provide further evidence of the modulation of glu-
tamatergic neurotransmission by dopamine and suggest
that dysregulation of amino acid levels of glutamate, glu-
tamine, GABA, glycine, and taurine contributes to the
motor deficiencies in PD and LID.

Previous reports have shown that striatal 6-OHDA
lesion in mice causes impaired motor performance, indexed
as forelimb asymmetry and deficits in the rotarod task.
These behaviors are related with dopamine denervation in
the striatum and are capable of differentiating a near-
complete lesion from a SHAM-lesioned animal (Herrera-
Marschitz and Ungerstedt 1984; Heuer et al. 2012; Espadas
et al. 2012; Ruiz-DeDiego et al. 2015a). The degree of
denervation can predict the development of LID after
L-DOPA administration (Darmopil et al. 2009; Smith et al.
2012). The LID model used in this study has been well
validated and recapitulates the major clinical symptoms
and molecular markers of L-DOPA-induced dyskinesia in
PD patients (Pavon et al. 2006). We and others have pre-
viously used this model to show that repeated L-DOPA
exposure in parkinsonian animals causes long-lasting
changes in the striatonigral neurons that are critical for the
development of dyskinesia and is associated with the
expression of FosB, activation of histone 3, and externally
regulated kinase ERK phosphorylation (Pavon et al. 2006;
Darmopil et al. 2009; Ruiz-DeDiego et al. 2015a). The role
of the striatopallidal pathway in dyskinesia remains
uncertain, we demonstrated that the dopamine D2 receptor
is not critical for LID (Darmopil et al. 2009). However,
L-DOPA selectively restores the number of the dendritic
spines in the D2R-striatopallidal neurons (Suarez et al.
2014) that decreases following 6-OHDA lesion (Solis et al.
2007). In addition to alterations in dopaminergic signaling,
it has shown disruptions in the glutamatergic, and
GABAergic circuitry (Rangel-Barajas et al. 2011; Mela
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ANOVA followed by a Bonferroni test). Data are expressed as the
mean = SEM. Striatal content of lysine (66 pmol/pig protein), alanine
(25 pmol/pg protein), and tyrosine (1.96 pmol/pg protein) in SHAM-
lesioned animals. n = 8-16

et al. 2012; Engeln et al. 2015). However, only a few
previous studies have investigated the amino acid levels.

To study neurotransmission in the striatum, we per-
formed “ex vivo” experiments in striatal homogenates by
HPLC (Mena et al. 1984; Perucho et al. 2015). This
methodology allows us to determine the total content (ex-
tracellular and intracellular) of neurotransmitters, but can-
not differentiate  between intra or extracellular
compartments.

We found no differences in the levels of striatal gluta-
mate in either parkinsonian or dyskinetic mice in agree-
ment with a former study in rats sacrificed 1 month after
6-OHDA-surgery (Tanaka et al. 1986). However, glu-
tamine levels were significantly increased in parkinsonian
mice, indicating an increased activation of the gluta-
matergic neurotransmission suggested by the increased
transformation of glutamate into glutamine in dopamine-
depleted conditions. In the glutamate/glutamine cycle,
glutamate released by neurons is rapidly taken up by
astroglia cells that convert it into glutamine by glutamine
synthetase, thus, glutamatergic neurotransmission activity
can be measured by the metabolism of glutamate into
glutamine (Shen 2013). Interestingly, chronic L-DOPA
restored the increased levels of glutamine to control values,
while glutamate levels were still unchanged, suggesting the
restoration of the glutamatergic neurotransmission. These
results are in line with a previous work from our lab, using
nuclear magnetic resonance spectroscopy in the reserpine
mouse model. We showed that dopamine depletion ele-
vates the concentration of cerebral glutamine and L-DOPA
treatment reverted the glutamine levels to normal (Ro-
drigues et al. 2007) without changing glutamate levels.
Thus, in dopamine-depleted conditions after 6-OHDA,
there is an increase in striatal glutamatergic activity, that it
is restored back to normal by L-DOPA. Our results further
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confirm a strong inverse interaction between the
dopaminergic and the glutamatergic neurotransmission
systems in the striatum, possibly via D1 receptors stimu-
lation as suggested by Rodrigues et al. (2007).

We found that striatal GABA was unaltered in the
parkinsonian group but significantly increased in dyskinetic
mice. It is possible that this higher GABA concentration in
the striatum of dyskinetic mice may be due to an increased
activation of GABAergic striatal neurons via D1 receptors
by repeated exposure to L-DOPA (Darmopil et al. 2009;
Ruiz-DeDiego et al. 2015b). In fact, these neurons are
hypersensitive and respond to L-DOPA with an aberrant
FosB induction (Solis et al. 2015b). Because glutamate
levels are not changed, the GABA increase could be
achieved at the expense of glutamine through glutamate
metabolism. This would be in line with the decrease in
glutamine we observed after L-DOPA treatment and with
the increased activity of glutamic acid decarboxylase (en-
zyme that catalyzes the decarboxylation of glutamate to
GABA) observed in the hemiparkinsonian rat (Segovia
et al. 1991).

Taurine and glycine levels were elevated in the stria-
tum of parkinsonian mice and restored to SHAM-lesioned
levels by L-DOPA treatment. To our knowledge, this is
the first examination of taurine and glycine levels at peak
LID in the striatum. These two amino acids are inhibitory
and bind glycine receptors present in the striatum with
different affinities (Han et al. 2004). Glycine can also
modulate striatal GABAergic transmission (Chepkova
et al. 2002) affecting synaptic plasticity in the striatum.
Therefore, it is possible that their increase after dopamine
depletion responds to a homeostatic mechanism to coun-
teract the increased glutamatergic activity after the
dopamine lesion. The decrease after L-DOPA could also
be part of this counteracting mechanism since gluta-
matergic activity returns to normal in dyskinetic animals.
In fact, we and others have recently demonstrated that
L-DOPA re-establishes the functional -corticostriatal
connectivity that is lost in PD (Suarez et al. 2014; Fie-
blinger et al. 2014). Therefore, it is possible that taurine
and glycine return to control levels as a consequence of
this adaptation.

Another important modulatory amino acid in the stria-
tum is aspartate, which activates the NMDA receptor and
facilitates NMDA receptor-dependent synaptic plasticity
(Errico et al. 2008). Interestingly, a mouse model with
increased levels of aspartate exhibited loss of corticostriatal
synaptic depotentiation and a facilitated onset of LID
(Errico et al. 2011). Interestingly, Pettersson et al. (1996)
showed that DIR stimulation, in the dopamine-depleted
striatum, increases the presence of aspartate-immunoreac-
tive interneurons. These results could be related to the
slight increase in the content of aspartate we found in

dyskinetic mice, although it did not reach statistical sig-
nificance. It is possible that the levels of aspartate we
observed in dyskinetic mice may be a compensatory
mechanism to avoid further alterations in glutamatergic
transmission.

We also studied the concentration of amino acids that do
not directly participate in synaptic transmission such as
lysine, alanine, and tyrosine. We found that lysine tissue
levels are increased in the parkinsonian mice, but are
restored after L-DOPA in dyskinetic mice, however, its
role remains elusive. Tyrosine is a precursor of the cate-
cholamine neurotransmitters dopamine and
pinephrine. We found a several-fold increase in the
concentration of tyrosine in the striatum of dyskinetic
animals compared to the parkinsonian and the SHAM-le-
sioned mice. This increase is in line with an increase in
tyrosine hydroxylase, as demonstrated by the appearance of
tyrosine hydroxylase-positive neurons in the striatum
(Darmopil et al. 2008; Espadas et al. 2012). Although the
role of increased tyrosine levels in LID is currently
unknown, previous studies demonstrated that tyrosine
depletion influences the release of DA (Le Masurier et al.
2013). It is possible that under dyskinetic conditions, the
remaining catecholaminergic neurons increase tyrosine
concentration to provide more DA. Alternatively, it may be
possible as well that the increase in tyrosine reflects a
decrease turnover induced by the chronic treatment with
L-DOPA. Nevertheless, the elevated levels of tyrosine in
LID suggest that this amino acid could be involved in LID
pathophysiology.

In summary, our results show that L-DOPA restores
back to normal the increased amino acid levels in the
striatum of 6-OHDA-lesioned mice, in line with the
synaptic plasticity. Moreover, L-DOPA produces a strong
increase in GABA and tyrosine levels that correlate with
the hyperactivation of D1R-containing striatal neurons and
with the appearance of striatal TH-positive neurons,
respectively. These findings advance our understanding of
the striatal mechanisms underlying development of dyski-
nesia and behavioral abnormalities. Further studies are
needed to determine the role of these amino acid level
changes in LID, and how it affects dopaminergic, sero-
tonergic, and cholinergic systems.
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ABSTRACT

Catechol-O-methyltransferase (COMT) degrades dopamine and its precursor L-DOPA and plays a critical role in
regulating synaptic dopamine actions. We investigated the effects of heightened levels of COMT on dopamine-
regulated motor behaviors and molecular alterations in a mouse model of dyskinesia. Transgenic mice overex-
pressing human COMT (TG) and their wildtype (WT) littermates received unilateral 6-OHDA lesions in the dorsal
striatum and were treated chronically with L-DOPA for two weeks. .-DOPA-induced dyskinesia was exacerbated
in TG mice without altering L.-DOPA motor efficacy as determined by contralateral rotations or motor coordina-
tion. Inductions of FosB and phospho-acetylated histone 3 (molecular correlates of dyskinesia) were potentiated
in the lesioned striatum of TG mice compared with their WT littermates. The TG mice had lower basal levels of
dopamine in the striatum. In mice with lesions, L-DOPA induces a greater increase in the dopamine metabolite
3-methoxytyramine in the lesioned striatum of dyskinetic TG mice than in WT mice. The levels of serotonin
and its metabolite were similar in TG and WT mice. Our results demonstrate that human COMT overexpression
confers a heightened susceptibility to L-DOPA-induced dyskinesia and alters molecular and neurochemical re-
sponses in the lesioned striatum of mice.

Striatum

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Chronic use of the dopamine (DA) precursor L-3,4-dihydroxyphe-
nylalanine (L.-DOPA) for effective noninvasive treatment of Parkinson's
disease (LeWitt, 2015) induces abnormal involuntary motor move-
ments known as .-DOPA-induced dyskinesia (LID). In mice, these ab-
normal involuntary movements appear in the limbs as hyperkinetic
and jerky stepping movements of the forelimbs or small circular move-
ments of the forelimb to and from the snout. There are also axial (lateral
flexion of the neck or torsional movements) and orolingual (bursts of

Abbreviations: BAC, bacterial artificial chromosome; COMT, catechol-O-
methyltransferase; DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; D1R,
dopamine receptor 1; H3, histone 3; HPLC, high performance liquid chromatography; L~
DOPA, 1-3,4-dihydroxyphenylalanine; LID, .-DOPA-induced dyskinesia; pAcH3, phospho-
acetyl-histone 3; TG, transgenic mice that carry a BAC comprising a 190-kb region of
human chromosome 22q11.2 (BAC467.8); TH, tyrosine hydroxylase; WT, wild type; 3-
MT, 3-methoxytyramine; 5-HT, serotonin; 5-HIAA, 5-hydroxyindoleacetic acid; 6-OHDA,
6-hydroxydopamine hydrobromide.

* Corresponding author at: Cajal Institute, CSIC, Av. Dr. Arce 37, Madrid 28002, Spain.

E-mail address: moratalla@cajal.csic.es (R. Moratalla).
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0969-9961/© 2017 Elsevier Inc. All rights reserved.

masticatory movements from facial, jaw, and tongue muscles) areas
(Pavon et al., 2006; Cenci and Lundblad, 2007). LID has been associated
with pulsatile stimulation of dopamine receptors (Bastide et al.,
2015)—mainly the sensitized dopamine D1 receptors (Darmopil et al.,
2009; Hernandez et al., 2017), which increase cell-surface expression
and traffic (Porras et al., 2012; Berthet et al., 2009). This activation
leads to aberrant expression of .-DOPA-induced molecular markers
such as FosB and phospho-acetylated histone3 (pAcH3)
(Ruiz-DeDiego et al., 2015; Solis et al., 2015).

The enzymes that regulate DA concentrations may play a role
in the development of LID (Marin and Obeso, 2010; Miiller, 2015).
Catechol-O-methyltransferase (COMT) is encoded within the 22q11.2
chromosomal segment. It has been linked to LID. COMT catalyzes the
O-methylation of catecholamines including DA and plays an important
role in regulating the synaptic actions of DA and its precursor .-DOPA
(Mtiller, 2015). The role of COMT in dopamine (DA) metabolism in
the striatum is less important than in other areas such as the frontal cor-
tex and the hypothalamus (Gogos et al., 1998). However, previous stud-
ies have demonstrated that L-DOPA treatment increases the expression
and activity of COMT in the striatum (Zhao et al., 2001). Clinical obser-
vations suggest that the impact of COMT in regulating LID is
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underscored by the fact that COMT inhibitors can reduce LID by enhanc-
ing the L.-DOPA delivery to the brain and prolonging DA action in the
striatum (Miiller, 2015). However, these studies were not conclusive
(Stocchi et al., 2010; Nyholm et al., 2011; Muhlack et al., 2014), possibly
because of the lower efficiency of COMT inhibitors in the brain than in
the periphery.

To establish the impact of COMT in LID, we used bacterial artificial
chromosome (BAC)-transgenic mice (TG) that overexpress a 190-kb
human chromosomal segment of 22q11.2 including the genes
TXNRD2, COMT, and ARVCF. In this BAC-transgenic mouse, COMT enzy-
matic activity in the striatum, prefrontal cortex, and hippocampus is
2-fold greater compared with their wild-type littermates (Suzuki et
al., 2009). We used a LID model as a reliable and robust method to in-
duce abnormal limb movements (Pavon et al., 2006; Solis et al., 2017)
and measured markers of cellular responses of striatal neurons FosB
and histone 3 (H3) activation (Hiroi and Graybiel, 1996; Hiroi et al.,
2002; Ruiz-DeDiego et al., 2015; Solis et al., 2015) and levels of DA, se-
rotonin (5-HT), and their metabolites.

2. Materials and methods
2.1. Animals

This study was carried out using congenic transgenic mice that carry
a BAC comprising a 190-kb region of human chromosome 22q11.2
(BAC467.8) containing TXNRD2, COMT, and ARVCF. These mice were
backcrossed into the C57BL/6] line for more than ten generations
(Suzuki et al., 2009). We used the offspring of BAC-transgenic (TG)
and wild-type (WT) breeder pairs. Genotypes were determined by po-
lymerase chain reactions of tail-tip DNA. Mice aged 5-7 months were
used for all experiments. The animals were housed and maintained in
accordance with the guidelines of the European Union Council Directive
(86/609/European Economic Community). The protocol was approved
by the Consejo Superior de Investigaciones Cientificas ethics committee.

2.2. 6-OHDA lesions and treatment

Mice were anesthetized with isoflurane and placed in a stereotaxic
apparatus (Kopf Instruments, CA, USA). As previously described (Solis
et al., 2017), the animals received unilateral injections of either 2 x 2
L of 6-hydroxydopamine hydrobromide (6-OHDA) (20 mmol/L con-
taining 0.02% ascorbic acid; Sigma-Aldrich, Spain) or saline solution
(0.9% NaCl) into the dorsal striatum at the following coordinates:
(mm from bregma/dura) anteroposterior, + 0.65; lateral, —2.0; and
dorsoventral, —4.0 and — 3.5. Desipramine (20 mg/kg, i.p.; Sigma-Al-
drich, Spain) was injected 30 min before the intrastriatal injections of
6-OHDA to avoid destroying noradrenergic neurons. Two to three
weeks after the lesion procedures, mice were treated daily with
benserazide (10 mg/kg, i.p.; Sigma-Aldrich, Spain) and L-DOPA
(20 mg/kg, i.p.; Sigma-Aldrich, Spain) for 2 weeks. Benserazide and L-
DOPA were freshly prepared before use and injected in a volume of
10 mL/kg.

2.3. Behavioral assessment

To evaluate LID, animals were placed in clear-glass cylinders and
were rated by a trained observer. Dyskinesia was evaluated for 4 min
2-3 times per week 40 min after L.-DOPA was injected. Previous studies
demonstrated that the incidence and intensity of abnormal involuntary
movements are maximal 30 and 60 min following .-DOPA administra-
tion (Pavon et al., 2006; Solis et al., 2015). Three subtypes (axial, limb,
and orolingual) of dyskinetic symptoms were give scores ranging from
0 (not present) to 4 (severe) (Suarez et al., 2014; Ruiz-DeDiego et al.,
2015). The total score represents the sum of these three dyskinetic sub-
types (ALO score). To evaluate the time course of LID, on day 16 of

treatment, we evaluated LID for 1 min, every 30 min for a period of
180 min immediately after L-DOPA was injected.

Motor coordination was assessed using the rotarod test following an
accelerating protocol with increasing speed from 4 to 40 rpm over a 5-
min period as previously described (Ruiz-DeDiego et al., 2015; Solis et
al., 2017). The latency to fall off the rod was measured before 6-OHDA
lesions (prelesion), before treatment with L-DOPA (pre-L.-DOPA; day
0), and during the chronic L-DOPA treatment on day 14 (post-L-
DOPA). This latter measure was carried out 90 min after the .-DOPA,
to avoid the peak of dyskinetic symptoms.

Rotational behaviors were measured to evaluate behavioral sensiti-
zation. All animals were videotaped with a vertically mounted video
camera for 15 min starting 5 min after .-DOPA injection on days 3, 6,
9, 12, and 14. Contralateral turns were analyzed in Viewer2 (Biobserve
GmbH, Bonn, Germany). All experiments were performed by investiga-
tors blinded to the treatment conditions and mouse genotypes.

24. Immunohistochemistry

The mice were deeply anesthetized with pentobarbital and perfused
transcardially with cold saline followed by a solution of 4% formalde-
hyde in phosphate-buffered saline 1 h after the last L-DOPA injection.
Immunostaining was performed on free-floating coronal brain sections
as described previously (Solis et al., 2015) with the following rabbit an-
tibodies: tyrosine hydroxylase (TH, 1:1000; Chemicon, Temecula,
California), FosB (1:7500; Santa Cruz Biotechnology, Dallas, Texas),
and phospho-(Ser10)-acetyl (Lys14)-histone 3 (pAcH3; 1:1500; Up-
state Biotechnology, Inc., Lake Placid, New York).

The extent of the dopaminergic lesions was quantified using Stereo
Investigator (MBF Bioscience, Williston, Vermont) by depicting the bor-
ders of the dorsal striatal areas with complete loss of TH-immunoreac-
tive fibers under 4 x objective in 5-7 serial rostrocaudal sections per
animal. The lesioned areas were quantified as the percentage volume
of the dorsal striatum without TH immunostaining (Supplementary
Fig. 1). Quantification of FosB and pAcH3-positive cells was carried out
using ImageJ. The numbers of immunolabeled cells were determined
for all animals in each group using two serial rostrocaudal sections per
animal from the lesioned dorsolateral striatum for a total of six images
per animal. The digital images were obtained under a Leica microscope
using a 40 x objective. The data are presented as the number of stained
nuclei per mm? in the lesioned striatum.

2.5. Neurochemical procedures

A separate cohort of mice was sacrificed by decapitation 60 min after
the last injection of L-DOPA (dyskinetic group) or saline (sham-operat-
ed and Parkinsonian groups). The brains were removed rapidly, and the
dorsal striata were dissected.

Separate tissue samples were taken from the left and right dorsal
striata and were frozen at — 80 °C for analyses of neurotransmitter con-
tents. The levels of monoamine neurotransmitters and metabolites
were determined by high performance liquid chromatography (HPLC)
using electrochemical detection (Solis et al., 2016). Briefly, levels of
DA, 3,4-dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine (3-
MT), 5-HT, and 5-hydroxyindoleacetic acid (5-HIAA) were measured
with an ESA Coulochem III detector according to Mena et al. (1984)
with minor modifications. Samples were sonicated in 8 volumes (w/v)
of 0.4 N perchloric acid with 0.5 mM Na,S,05 and 2% EDTA, and then
centrifuged for 10 min. DA levels were determined from 20 L of the su-
pernatant. The chromatographic conditions were as follows: column
ACE 5 C18, 150 x 4.6 mm (UK); mobile phase, 109.3 mM citrate buff-
er/1.1 mM acetate buffer (pH 3.55) with 10% methanol, 1 mM EDTA,
and 5 mM sodium 1-heptanesulfonate at a flow rate of 1 mL/min.
Peaks of DA, 5-HT, and their metabolites were identified by their reten-
tion time, and their amounts were calculated against a calibrated
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external standard solution (0.6 pM). The investigator performing HPLC
measurements was blinded to the sample identities.

2.6. Statistical analysis

Data were analyzed by repeated measures analyses of variance
(ANOVAs) with levels of significance adjusted by Bonferroni corrections
or by unpaired t-tests. Statistical analyses were performed with SPSS
23.0 for Windows. The data are expressed as the means =+ standard er-
rors (SEM). The minimal significance level was set at 5%.

3. Results
3.1. Overexpression of COMT increases LID

To assess the role of COMT overexpression in the development of
LID, WT and TG mice were depleted of DA in the striatum in one hemi-
sphere and treated daily with .-DOPA (20 mg/kg, i.p.) for 2 weeks. As
expected, this treatment induced dyskinetic behaviors in lesioned
mice. TG mice displayed more severe axial, limb, and orolingual dyski-
netic behaviors than their WT littermates (Fig. 1A-C). The total dyski-
netic scores were also greater in TG mice than in WT controls (Fig. 1D).

LID persisted for at least 180 min after L-DOPA was injected, but the
greatest difference between TG and WT mice occurred during the first
hour (Fig. 2A). LID was present but very mild before a 30-min time
point (data not shown) and peaked at 30 and 60 min, at which times
the phenotypic differences between TG and WT mice were most pro-
nounced. However, the overall effect during the entire 180 min was
still robust; the sum of all observation periods over the entire 180-min
period shows that TG mice displayed enhanced dyskinesia compared
with that in WT mice (Fig. 2B).

A Axial
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We measured motor coordination using the rotarod test (Solis et al.,
2017). Basal motor coordination was indistinguishable between the TG
and WT animals (Fig. 2C, prelesion). 6-OHDA lesions decreased the la-
tencies to fall from the rotarod equally in the two genotypes (Fig. 2C,
pre-L-DOPA). L-DOPA treatment restored motor coordination equally
in WT and TG mice (Fig. 2C, post-L.-DOPA).

The repeated administration of L-DOPA results in behavioral sensiti-
zation that can be measured by the development of contralateral rota-
tions (Pavon et al., 2006). We assessed this behavior for 15 min
beginning 5 min after .-DOPA was injected. Contralateral rotations in-
creased gradually over several days, reaching a plateau at approximate-
ly day 9 of treatment. We found no differences in .-DOPA-induced
contralateral rotations between the TG and WT mice (Fig. 2D).

3.2. Overexpression of COMT potentiates L-DOPA-induced FosB and pAcH3
expression in the dorsal striatum

LID has been attributed to enhancement of dopamine receptor 1
(D1R) signaling (Darmopil et al., 2009; Santini et al., 2009). We mea-
sured D1R-dependent molecular responses, FosB and pAcH3 expres-
sion, in DA-depleted striatum. Immunostaining for TH confirmed that
DA denervation was similar in TG and WT mice (Fig. 3A, B). However,
TG mice had significantly greater densities of FosB™ (Fig. 3C) and
pAcH3™" (Fig. 3D) cells than WT mice.

3.3. Overexpression of COMT alters basal levels of DA and its metabolite but
not 5-HT or its metabolite in mouse striatum

As one of the three genes in the 190-kb segment (COMT) encodes for
an enzyme that degrades DA and its metabolites, we next examined

striatal monoamine levels. We used HPLC to analyze the levels of DA
and its metabolites DOPAC and 3-MT in WT and TG mice that were
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Fig. 1. Dyskinetic responses to L-DOPA are potentiated in COMT-overexpressing mice. Scores for axial (A), limb (B), orolingual (C), and the sum total (ALO) (D) dyskinetic behaviors were
evaluated for 4 min, 40 min after .-DOPA injections in mice. A repeated two-way ANOVA indicated significant main effects for axial ([A] genotype, Fy 17 = 13.21, P = 0.0021; day, F465 =
34.59, P<0.0001; interaction, F4 65 = 0.63, not significant [n.s.]), limb ([B] genotype, F; 17 = 10.00, P = 0.0057; day, F46s = 37.65, P<0.0001; interaction, F46s = 0.60, n.s.), orolingual ([C]
genotype, Fy 17 = 8.73, P = 0.0089; day, F4 63 = 22.46, P < 0.0001; interaction, F46s = 0.44, n.s.), and total ([D] genotype, F; ;7 = 13.62, P = 0.0018; day, F463 = 78.53, P < 0.0001;
interaction, F4 63 = 0.38, n.s.) dyskinesia. Data are expressed as the means -+ SEM. *P < 0.05 and **P < 0.01 vs. WT as determined by Bonferroni post hoc test; n = 9-10/group.
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Fig. 2. Overexpression of COMT enhances dyskinesia in mice but not motor coordination or rotational behaviors. (A) Time course of dyskinetic (axial, limb, and orolingual [ALO]) behaviors
on day 16, evaluated for 1 min once every 30 min during a 180-min period following L.-DOPA treatment. A repeated two-way ANOVA indicated significant main effects (genotype, F; 17 =
5.88, P = 0.0268; time, F5 g5 = 191.63, P < 0.0001; interaction, F5 g5 = 1.45, P = 0.215), and a genotype effect at each time point, as determined by Bonferroni's tests. *P < 0.05 vs. WT. (B)
Sum of all scores over the 180-min period (t[17] = 2.425) *P = 0.0268 vs. WT. (C) Motor coordination and balance assessed on the rotarod before 6-OHDA lesions (prelesion), 3 weeks
after lesions (pre-L.-DOPA), and 90 min after L-DOPA was injected on day 14 of the chronic treatment (post-.-DOPA). A two-way ANOVA indicates a significant group effect only (genotype,
F1.17 = 0.02, not significant [n.s.]; group, F2 34 = 60.70, P < 0.0001; interaction, F; 54 = 0.06, n.s.). ***P < 0.001 vs.TG pre-L-DOPA, ###P < 0.001 vs. WT pre-L.-DOPA as determined by
Bonferroni post hoc tests. (D) Contralateral turns were measured for a period of 15 min, 5 min after .-DOPA was injected during chronic treatment. A repeated two-way ANOVA
indicates a significant effect of day only (genotype, F; 1; = 0.46, n.s.; day, F4 63 = 18.12, P<0.0001; interaction, F4 65 = 1.10, n.s.). Data are expressed as the means 4 SEM. n = 9-10/group.

sham-operated, 6-OHDA-lesioned (Parkinsonian [Park] group), or 6-
OHDA lesioned and treated with .-DOPA (dyskinetic [dysk] group).
We confirmed that TG mice in this cohort also displayed more severe
dyskinesia than their WT littermates (see Supplementary Fig. 2).

The levels of DA in the striatum were significantly lower in sham-op-
erated TG mice than in their WT counterparts (Fig. 4, sham). 6-OHDA le-
sions induced severe decreases in DA levels in the ipsilateral (I) striatum
compared with levels in the contralateral (C) striata in TG and WT mice
(Fig. 4, Park). Chronic L.-DOPA treatment did not alter DA levels in the
striatum ipsilateral to lesions in dyskinetic WT or TG mice, although it
increased DA levels in contralateral striatum in TG mice (Fig. 4, dysk).

Regarding DA metabolites, DOPAC levels were not significantly dif-
ferent between TG and WT sham-operated mice (Fig. 4, DOPAC,
Sham). 6-OHDA lesions decreased DOPAC levels equally in the ipsilater-
al striatum of the two genotypes (Fig. 4, DOPAC, Park). Similarly, chronic
treatment with .-DOPA increased DOPAC levels equally in the two ge-
notypes (Fig. 4, DOPAC, dysk). Levels of 3-MT were significantly elevat-
ed in the striatum of sham-operated TG mice compared with the levels
in WT mice. 6-OHDA lesions reduced the levels 3-MT in the striatum ip-
silateral to 6-OHDA lesions equally in TG and WT mice (Fig. 4, 3-MT,
Park). .-DOPA increased the levels of 3-MT to a greater extent in the stri-
atum ipsilateral to lesions in TG mice than in WT mice (Fig. 4, 3-MT,
dysk).

We next assessed the levels of 5-HT and its metabolite 5-HIAA. There
were no differences in the levels of 5-HT or 5-HIAA between WT and TG
mice under any condition. We found that the striatal 5-HT levels were
similar in sham-operated TG and WT mice (Fig. 5, 5-HT, sham). 5-HT
levels were augmented equally in the lesioned (DA-depleted) striatum
of TG and WT mice (Fig. 5, 5-HT, Park). .-DOPA treatment in 6-OHDA-

lesioned mice normalized this effect equally in the two genotypes (Fig.
5, 5-HT, dysk). 5-HIAA striatal levels mirrored 5-HT levels in the sham
and Park groups; 5-HIAA levels remained elevated in the striatum ipsi-
lateral to lesions in both WT and TG mice (Fig. 5, 5-HIAA).

4. Discussion

Our findings show that the overexpression of COMT included in a
190-kb segment of 22q11.2 in mice confers a heightened susceptibility
to abnormal axial, limb, and orolingual movements. We also observed
potentiated expressions of FosB and pAcH3 and DA metabolism in DA-
depleted striatum concomitant with lower basal DA levels in mice with-
out 6-OHDA lesions. In contrast, the overexpression of COMT had no ef-
fect on the therapeutic actions of L-DOPA in mice as measured by
contralateral rotations and motor coordination and by levels of 5-HT
and its metabolite.

The constitutive transgenic mouse is ideal for testing our hypoth-
esis that COMT overexpression confers altered susceptibility to
dyskinesia. However, the BAC transgene construct could potentially
have disrupted or interacted with endogenous murine genes. As
such, the observed phenotypes might reflect these secondary effects
rather than the effects from overexpressing genes that are encoded
in the BAC.

Although the TG mice express TXNRD2, COMT, and ARVCEF, it is not
clear which of these contributed to the observed phenotypes. The
existing evidence suggests that COMT and DA contribute to dyskinesia
(de Lau et al., 2012). We previously demonstrated that this TG mouse
has 2-fold higher levels of COMT enzymatic activity in the brain includ-
ing in the striatum (Suzuki et al., 2009). Our data also show that basal
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Fig. 3. Induction of FosB and pAcH3 in the striatum of COMT-overexpressing mice. (A) Immunostaining for TH, FosB, and pAcH3. Photomicrographs of adjacent coronal striatal sections of
the lesioned striatum at low and high (40x) magnification from WT and TG mice. Scale bar = 100 pm for low-magnification and 50 pm for high-magnification images. The continuous
outline represents the dorsal striatum and the dashed outline represents the completely denervated striatum in the low magnification TH pictures. (B) The extent of striatal lesions
was assessed by quantifying the percentage of striatal volume that did not stain for TH (t[17] = 0.53, n.s.). The densities of FosB-positive (C) (t[17] = 2.38, P = 0.0292) and pAcH3-
positive (D) (t[17] = 2.80, P = 0.0123) cells in the lesioned striatum. Data are expressed as the means + SEM. *P < 0.05 vs. WT mice; n = 9-10/group.

levels of DA—an enzymatic target of COMT but not 5-HT—are signifi- There is an interesting dissociation between the motor effects in-

cantly reduced in the striatum of TG mice. Thus, we surmise that duced by L-DOPA. Although the transgenic mice used here demonstrate

COMT contributed to the observed phenotypes. more severe LID, the basal locomotor activity is not altered (Suzuki et al.,
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Fig. 4. Levels of DA and its metabolites in lesioned mice after .-DOPA treatment. Levels of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), and 3-methoxytyramine (3-MT) in the
striatum contralateral (C) and ipsilateral (I) to 6-OHDA lesions in sham-operated, lesioned and saline-administered (Park), and lesioned and .-DOPA-administered (dysk) mice. Mice were
sacrificed 60 min after the last saline or L-DOPA injection, and levels were measured by HPLC. A three-way ANOVA with significant P levels adjusted by Bonferroni corrections showed
genotype x condition interactions for DA (F,29 = 10.838, P = 0.001) and DOPAC (F, 25 = 6.326, P = 0.005). For 3-MT levels, significant effects were found according to genotype
(Fy29 = 21.205, P < 0.001), condition (F;29 = 11.01, P < 0.001), and hemisphere (F;,9 = 71.61, P < 0.001) without interactions (genotype x condition, F;>9 = 0.659, P = 0.525;
genotype x hemisphere, F; ;9 = 0.026, P = 0.873; genotype x condition x hemisphere, F;,9 = 0.588, P = 0.562). *P < 0.05 and **P < 0.01 vs. WT ipsilateral striatum. The data are
shown as the means + SEM. n = 5-7/group.
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Fig. 5. Levels of serotonin and its metabolite in lesioned mice after L-DOPA treatment. Levels of serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) in the striatum contralateral (C)
and ipsilateral (I) to 6-OHDA lesions in sham-operated, lesioned and saline-administered (Park), and lesioned and L-DOPA-administered (dysk) mice. Mice were sacrificed 60 min after the
last saline or L-DOPA injection, and levels were measured by HPLC. A three-way ANOVA with significant P levels adjusted by Bonferroni corrections showed significant differences for
effects of condition (F, 29 = 8.215, P = 0.001) and a condition x hemisphere interaction (F, 29 = 12.61, P < 0.001) for 5-HT; no other effect was significant. For 5-HIAA, no main or
interaction effect involving genotype was significant (genotype, F; .5 = 0.018, not significant [n.s.]; genotype x condition, F; 55 = 0.283, n.s.; genotype x hemisphere, F; 5 = 0.415,
n.s.; genotype x condition x hemisphere, F, 55 = 0.543, n.s.). *P < 0.05 and **P < 0.01 vs. contralateral striatum. Data are presented as the means + SEM. n = 5-7/group.

2009) nor were the therapeutic behavioral effects on motor coordina-
tion and rotational behavior. TG mice exhibit elevated basal levels of
COMT and reduced levels of DA. Thus, L-DOPA treatment likely induces
a shorter duration of dopaminergic stimulation in these mice. This con-
dition is known to induce severe dyskinesia (Papathanou et al., 2011;
Mulas et al., 2016). On the other hand, continuous L.-DOPA administra-
tion reduces LID in Parkinson's patients (Timpka et al., 2016) and pro-
longs the half-life of L.-DOPA via COMT inhibition to decrease
dyskinesia (Espinoza et al., 2012; Miiller, 2015). Thus, elevated COMT
levels might cause repeated and short stimulation by L.-DOPA thereby
potentiating the dyskinetic phenotype.

Our interpretations on the lack of phenotypes in contralateral turns
and rotarod tests should be considered with caution because the results
might have been due to the timing of the testing. Contralateral turns
were measured for 15 min starting 5 min after .-DOPA. Mice were ex-
amined for motor coordination on the rotarod before and 3 weeks
after 6-OHDA lesions and again 90 min after the last injection on day
14. In contrast, dyskinesia was measured 40 min after I-DOPA injection
or for 180 min on day 16 of .L-DOPA treatment. A significant genotype ef-
fect on dyskinetic responses was seen 30 and 60 min after .-DOPA on
day 16, but not thereafter. The time points for rotational and motor co-
ordination assessments were chosen to avoid the secondary effects of
dyskinesia, which non-selectively interferes with their detection. The
data show that the therapeutic effects of L-DOPA (i.e., restoration of
motor coordination and contralateral turns) were equally maintained
in both WT and TG mice while inducing more severe dyskinesia in TG
mice than in WT mice.

Although the post-synaptic mechanisms for potentiated dyskinetic
responses in TG mice remain unclear, LID is associated with aberrant ex-
pression of protein kinases, transcription factors, and epigenetic modifi-
cations (Pavon et al., 2006; Westin et al., 2007; Santini et al., 2009). In
particular, the expression of the transcription factor FosB is enhanced
in the denervated striatum upon chronic .-DOPA treatment in a D1R-
dependent manner (Darmopil et al., 2009; Murer and Moratalla, 2011;
Porras et al., 2012; Berthet et al., 2009; Ruiz-DeDiego et al., 2015). H3 ac-
tivation also contributes to the L.-DOPA-induced accumulation of FosB
(Feyder et al., 2016), which occurs in the direct striatal pathway
(Pavon et al., 2006; Darmopil et al., 2009; Suarez et al., 2016; Solis et
al,, 2017). Upon repeated injection of L-DOPA, pronounced and continu-
ous LID develops due to the pulsatile stimulation of DA receptors
(Bastide et al., 2015). These results from the sensitization (Darmopil et
al., 2009) and increased cell-surface expression and trafficking (Porras
et al., 2012; Berthet et al., 2009) of D1R consequently causes aberrant
expression of FosB and pAcH3 (Ruiz-DeDiego et al., 2015; Solis et al.,

2015). A future challenge is to definitively determine that FosB and
PAcH3 in the dorsal striatum functionally contribute to heightened LID
intensity in TG mice.

COMT catalyzes DA to produce 3-MT (Mdnnistdé and Kaakkola,
1999). In accordance with this, we observed lower levels of DA and
higher levels of 3-MT in the striatum of TG mice than in their WT coun-
terparts. However, these differences disappeared after the 6-OHDA le-
sions. In dyskinetic animals, L-DOPA treatment does not increase DA
levels in the lesioned striatum (Del-Bel et al., 2014; Solis et al., 2016). In-
terestingly, dyskinetic TG animals had higher DOPAC and 3-MT levels in
the lesioned striatum than dyskinetic WT mice. Previous studies sug-
gested a modulatory effect of striatal 3-MT on dyskinesia due to activa-
tion of trace-amine associated receptor 1 (TAAR1) (Rajput et al.,, 2004;
Sotnikova et al., 2010; Espinoza et al., 2012). Therefore, the increase in
LID seen in the TG mice might be due to the increase in 3-MT.

TH staining was completely absent (TH-negative) in ~50% of the en-
tire dorsal striatum in WT and TG mice after 6-OHDA lesions. We ap-
plied a stringent criterion to judge the absence of TH-positive fibers;
an area where weakly or very weakly stained fibers were present was
regarded as a TH-positive area. Our HPLC analysis showed ~90%
reduction in DA levels in the dorsal striatum. The explanation for this
apparent discrepancy is that either dopaminergic cells with weakly
TH-labeled fibers were not sufficient to produce DA or that residual
TH-positive fibers included dying cells.

Since the serotonergic system is also implicated in the development
of LID (Carta et al., 2007), we evaluated whether 5-HT and its metabolite
5-HIAA were modified in TG mice. The 5-HT and 5-HIAA levels were in-
distinguishable between TG and WT mice, and 5-HT and 5-HIAA levels
were increased in both WT and TG mice with DA-depleted striatum. In-
terestingly, .-DOPA treatment restored 5-HT levels to normal in both TG
and WT mice. Thus, 5-HT might not be involved in the potentiated dys-
kinetic responses in TG mice, although we do not rule out the possibility
that it—along with its pre- and post-synaptic components (e.g., 5-HT
transporters and receptors)—might exert an inhibitory effect on
dyskinesia.

Human studies have identified a low-activity allele of COMT with a
methionine at position 108 as well as a high-activity allele with valine
at the same position (Mdnnistd and Kaakkola, 1999; Tunbridge, 2010).
The role of this COMT polymorphism in dyskinesia in I-DOPA-treated
Parkinson's disease patients is not clear. One study found that the
high-activity COMT allele was associated with an increased risk of de-
veloping LID (de Lau et al., 2012), but others failed to find any significant
association (Bialecka et al., 2008; Contin et al., 2005; Watanabe et al.,
2003). On the other hand, patients with higher erythrocyte COMT
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activity displayed more dyskinesia (Reilly et al., 1980; Rivera-Calimlim
and Reilly, 1984).

Our results are consistent with the idea that prolonging the half-life
of L-DOPA through COMT inhibition can decrease dyskinesia (Espinoza
et al., 2012; Miiller, 2015). This work using genetically modified mice
strengthens and consolidates clinical studies using COMT inhibitors.
To the best of our knowledge, this is the first study to show that over-ex-
pressing COMT increases LID.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nbd.2017.03.006.
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